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Emulsions, which are collections of immiscible droplets, have elicited scientific and commercial
interests for decades. However, droplet microfluidics has only recently emerged due to advances
in microfluidics and physical chemistry. Droplet microfluidics uniquely allows encapsulation into
monodisperse and stable droplets. Those properties represent the two pillars of the technology because
they enable manipulating droplets as independent micro-reactors both on-chip and off-chip. Droplets
are generated and processed with high precision in microfluidic circuits that can include different
modules in series.

Since its inception, droplet microfluidics has inspired numerous research topics, ranging from fluid
hydrodynamics to biology, chemistry, and material sciences. The field is indeed highly interdisciplinary
as it combines fluid dynamics, microfabrication, physical-chemistry, chemistry, and biology. Droplet
microfluidics has also garnered commercial success through applications such as digital PCR or
single-cell genomics.

This special issue is a collection of eight articles that perfectly illustrate the breadth of this
vibrant field. It represents a testimony to the creativity involved in the development of droplet
microfluidics. Six articles cover automation and templating capabilities of droplet microfluidics for
biological, chemical, and material sciences applications; the last two articles present novel modules
that proposes a solution to the limited mixing in single phase microfluidics and that provides new
sorting abilities for biological applications.

Droplet microfluidics promises workflow automation with improved throughput and reduced
reagent consumption. The paper by Lindong Weng et al. [1] reviews the advantages of droplet
microfluidics to screen large libraries for directed evolution. Directed evolution is arguably the initial
impetus behind the development of droplet microfluidics because droplets readily link the genotype
(coding sequence) to the phenotype (protein) via encapsulation. The paper also provides a thorough
review of the microfluidic modules used to manipulate and process droplets at high throughput and
thus serves as a perfect introduction to the technology. Mark Davies et al. [2] present a droplet-based
commercial system’s theory and practice to generate combinatorial drug libraries for high throughput
screening. The combinatorial power of droplets combined with reagent consumption reduction
surpasses conventional technologies such as robotics for large and complex screening strategies.
Hoon Suk Rho et al. [3] introduce a system that combines droplet microfluidics with on-chip valves,
two technologies that have been recently combined together. Their low throughput platform enables
fine droplet control and the design of complex chemical and biological reactions. Finally, Nan Shi
etal. [4] demonstrate a screening platform with automated calibration that provides real-time correction
for fluorescence drift. The repeated calibration is essential to improve the quality of analytical assays,
especially those that rely on expensive reagents.

Micromachines 2020, 11, 1086; d0i:10.3390/mi11121086 1 www.mdpi.com/journal/micromachines
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Microfluidics droplets can be used as templates for manufacturing original microscale objects.
For instance, Jianhua Guo et al. [5] harness osmotic pressure to precisely tune the thickness of the
ultrathin shell of microparticles manufactured athigh throughput. Employing unusual fluids, Qingming
Hu et al. [6] demonstrate the generation of liquid metal droplets numerically and experimentally.
These two papers exemplify the ability to use droplet microfluidics to create new materials with novel
properties and applications in very diverse fields.

The approach of Xiaoyu Jia et al. [7] contrasts with the typical use of droplets as microreactors
by utilizing them as actuators. They overcome the limited mixing of single-phase microfluidics by
creating chaotic convective turbulent flow with air bubbles. Finally, Chandler Dobso et al. [8] use a
photo-reactive surfactant to tag droplets of interest that can then be passively sorted out due to the
induced change in interfacial energy. Unlike conventional sorting methods, where the sorting decision
is made just before sorting, this functionality temporaly uncouples observation, decision algorithm,
and sorting. This uncoupling opens up the ability of long term observation of droplets before sorting.

We are grateful to all the authors who submitted their papers to this special issue dedicated to
droplet microfluidics. We are also indebted to all the reviewers who dedicated their time and helped
improve the quality of the submitted papers.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: We present a method to photo-tag individual microfluidic droplets for latter selection by
passive sorting. The use of a specific surfactant leads to the interfacial tension to be very sensitive to
droplet pH. The photoexcitation of droplets containing a photoacid, pyranine, leads to a decrease
in droplet pH. The concurrent increase in droplet interfacial tension enables the passive selection
of irradiated droplets. The technique is used to select individual droplets within a droplet array as
illuminated droplets remain in the wells while other droplets are eluted by the flow of the external oil.
This method was used to select droplets in an array containing cells at a specific stage of apoptosis.
The technique is also adaptable to continuous-flow sorting. By passing confined droplets over
a microfabricated trench positioned diagonally in relation to the direction of flow, photo-tagged
droplets were directed toward a different chip exit based on their lateral movement. The technique
can be performed on a conventional fluorescence microscope and uncouples the observation and
selection of droplets, thus enabling the selection on a large variety of signals, or based on qualitative
user-defined features.

Keywords: microfluidics; droplet microfluidics; sorting; passive sorting; photo-tag; droplet array

1. Introduction

Droplet microfluidics confines chemicals or cellular reagents in picoliter droplets transported
in inert oil and is well suited for large-scale chemical or biological analysis [1,2]. The selection of
droplets is a basic operation for applications such as cell screening, [3,4] enzyme directed evolution [5],
and metabolic engineering [6,7]. In active sorting, [8] droplets that exceed a fluorescence signal
threshold, are synchronized with an electric field, [9,10] magnetic field, [11] acoustic wave, [12]
pneumatic pressure [13], or light [14] to direct selected droplets to a predetermined channel exit.
For example, fluorescence-activated droplet sorting (FADS) [10] uses electric fields for robust selection
at rates as high as 30 kHz [15].

Although powerful, these techniques are endpoint measurements that require the observation
and active sorting to be performed close to each other in both time and space. Droplets are observed in
series and the order of droplets must be maintained to ensure that the active sorting component selects
the correct droplets. This limits the sorting criteria in two major ways. The fluorescence signals must
generally be measured just prior to active sorting. Therefore, droplets cannot be selected based on
the time evolution of signals or signals that would develop or saturate much earlier in time. Second,
in-line sorting also limits the observation time of droplets to approximately the droplet sorting time.
For fast sorting, the selection signal is based on moving droplets integrated for milliseconds or less.
The signal must be easily interpretable without user intervention. Selection is thus primarily based
on fluorescence signals, [10,16] and, in rare occasions, fluorescence lifetime [17] and absorbance [18].

Micromachines 2020, 11, 964; d0i:10.3390/mi11110964 3 www.mdpi.com/journal/micromachines
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It excludes weak signals that would require longer integration or signals that would require specialized
equipment or user interpretation. Examples of techniques that would be difficult to integrate with
active droplet sorting due to a combination of instrumentation and long signal integration include
FT-IR [19] and Raman detection [20], UV-Vis absorbance, fluorescence anisotropy, [21], and droplet
radiofluidics [22]. Cell selection based on subtle differences in cell morphology, important criteria for
determining cell type and state, often requires user interpretation. Kinetic measurements in droplets,
such as fast kinetics [23] and Michaelis-Menton kinetic measurements [24], are also difficult to integrate
with current active droplet sorting technology.

Droplet arrays [25-27] provide a platform for extended observation of droplets with selection
either by mechanical means with pneumatic valves [28] or via photoactivation, producing an air droplet
that selectively pushes the droplet out of the well [29,30]. Both methods have potential drawbacks.
Valves increase the complexity and control elements of the device. Photoactivation requires a UV or
NIR laser and can cause localized heating that may damage droplet content. Moreover, as selection
is based on droplet location or address in the array, both the droplet observation and selection must
be performed on the array. This can limit the type of operations or steps that can be performed on
the droplets.

We present here a simple and inexpensive method that can be performed on a conventional
fluorescence microscope that uncouples the observation and selection of droplets allowing the selection
on a larger variety of signals.

We have recently developed a passive technology, Sorting by Interfacial Tension (SIFT), [31,32]
that sorts droplets based on differences in interfacial tension that is linked to droplet pH. The technique
was used previously to sort droplets containing enzymes [31] and cells [32,33]. In both these cases,
the change in the pH was due to processes incurred by droplet content not user control. In the case of
enzymes, the change of pH was from the production of an acidic byproduct. For cells, the release of
protons associated with glycolysis induced a pH change. Hence, these applications did not allow the
selection of an arbitrary droplet by the user.

Photoacids have the property of becoming more acidic upon light excitation. Droplets containing
the photoacid, 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), henceforth called by its
common name pyranine, were excited, leading to a decrease in pH and a concurrent increase in droplet
interfacial tension. This provides a method to “tag” droplets of interest for latter passive sorting based
on differences in interfacial tension.

The “tagging” of droplets for selection uncouples the observation step from the sorting step.
This is a departure from most sorting techniques, such as FADS, where the observation and sorting
are required to occur close together in both time and space. The observation step can be as long as
needed. This opens the door for selection of droplets from signals that require specialized equipment,
long integration time, or user intervention (i.e.,: absorbance, kinetic data, cell morphology, IR, Raman,
fluorescence lifetime, anisotropy, and droplet radiofluidics). The technique is easy to perform and
requires only a conventional fluorescence microscope. It is flexible as the tagging can be performed
anywhere on the chip. This simplifies device design and the integration of measurement and sorting
within the same chip. The technique does not require the detector, active sorting element, and related
electronics of FADS. Thus, it can greatly decrease the cost and complexity of an analysis.

The mechanism and application of the sorting method are presented here. First, the change
in pH of droplets as a function of the duration of light excitation is characterized. The technique
is used to select individual droplets within a droplet array. Spatial separation is demonstrated by
exciting or tagging specific droplets long before the downstream passive sorting of these same droplets.
The technique is also used to select desired cells in a droplet array based on user-determined apoptosis
stage. By uncoupling the measurement and sorting of droplets, this novel method presents a simple
way to increase the variety and complexity of signals that can be used as the basis for droplet selection.
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2. Materials and Methods

2.1. Microfluidic Device

Polydimethylsiloxane (PDMS) microfluidic chips with channel depth modulations were fabricated
using the dry-film photoresist soft lithography technique described by Stephan et al. [34]. The technique
enabled rapid prototyping of multi-level structures. The PDMS chips were then plasma-bonded to a
glass slide. To render the internal channel surface hydrophobic, Novec™ 1720 Electronic Grade Coating
(8M) was flowed into the microchannel and the chip was heated for 30 min at 150 °C. The surface
treatment prevented wetting and contact of the aqueous droplets with the channel walls.

2.2. Beads

A solution of 2 um fluorescent red beads (Sigma-Aldrich, Milwaukee, WI, USA) in a 1:20,000 ratio
was prepared in 2.5 mM PBS buffer supplemented with Optiprep (15% v/v, Fresenius Kabi Norge AS
for Axis-Shield PoCAS, Oslo, Norway), Pluronic F-68 (1% w/w, Affymetrix Inc., Maumee, OH, USA),
and 2 mM pyranine (AAT Bioquest Inc., Sunnyvale, CA, USA). Optiprep was added to limit bead
and cell sedimentation in the tubing and droplets, whereas Pluronic F-68 increased cell viability and
droplet stability. Pyranine is a photoacid and used in these experiments to selectively mark then sort
droplets. In addition, it serves as fluorescent ratiometric probe for pH analysis of droplets, based on a
calibration curve of droplets of known pH.

2.3. Cells

Jurkat, Clone E6-1 (ATCC TIB-152, human acute T-cell leukemia) cells were grown in
ATCC-formulated RPMI-1640 Medium, containing 10% fetal bovine serum (HyClone, GE Healthcare
Life Sciences, Logan, UT, USA) and 1% penicillin-streptomycin (Gibco, Life Technologies Corporation,
Grand Island, NY, USA). The growing conditions were 37 °C and 5% CO,.

A population of Jurkat cells was harvested through centrifugation, washed with PBS,
and resuspended in PBS. The harvested cells were kept for 1-3 days on the bench to induce apoptosis.
On the day of experiment, cells were centrifuged, resuspended in 2.5 mM PBS buffer supplemented
with Optiprep, Pluronic F-68 and pyranine as described above. Both, pH and osmolality (determined
with Vapro Vapor Pressure Osmometer 5520, Wescor, ELITech Biomedical Systems, Logan, UT, USA)
of the solutions were analyzed and adjusted to match physiological values (pH 7.4; 280-320 mOsmol).
Around 2 drops/mL of Invitrogen Propidium Iodide ReadyProbes™ Reagent (Fisher Scientific) were
added to visualize apoptosis based on membrane integrity under fluorescent light.

On the day of experiment, a second population of Jurkat cells was harvested and prepared for
on-chip experiments following the same procedure as described above. Both apoptotic and freshly
harvested cells were mixed in a 1:1 ratio before injection onto the chip to ensure a variety of cell viability
stages for the experiment. To reduce the amount of double occupied droplets, the cell density was
analyzed with a Cellometer Auto T4 Bright Field Cell Counter (Nexcelcom Bioscience LLC, Lawrence,
MA, USA) and adjusted to about 1 x 10° cells/mL prior to injection.

2.4. Measurements

The temperature of the chip was maintained at 37 °C using a microscope heating stage with
control module with temperature feedback (CHS-1 heating plate with TC-324C temperature controller,
Warner Instruments). Fluid flow was controlled using computer-controlled syringe pumps (Nemesys,
Cetoni). Droplets were produced in 0.1% Picosurf in perfluorinated oil, Novec 7500 (Sphere Fluidics,
Cambridge, UK). Another perfluorinated oil with dissolved surfactant, Droplet Generation Oil for
Probes (Bio-Rad, Hercules, CA, USA), hereby called QX100, was used to push out droplets from the
array and within the sorting rail region.

Images and videos were taken on an inverted fluorescence microscope (Olympus IX-51) with
a shuttered LED fluorescence excitation source (Spectra-X light engine, Lumencor, Beaverton, OR,
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USA) and a high-speed camera (VEO-410, Vision Research, Wayne, NJ, USA). The excitation source
had individual addressable LEDs that included violet (395 nm BP 25 nm), blue (436 nm BP 28 nm),
and green (561 nm BP 14 nm) light. Based on manufacturer specifications, each LED had approximately
300 mW of power. The excitation source was coupled to an Arduino (Arduino LLC, Scarmagno,
Italy) to rapidly alternate between different colored LEDs or to use two simultaneously using simple
TTL triggering. For photo-tagging droplets, a 40x objective was used with a partially closed iris
to limit the area of excitation. The microscope filter cube contained a dual-edge dichroic mirror
(Di03-R488/561-t1-25 x 36, Semrock, IDEX Health & Science LLC Rochester, NY, USA) and dual-band
emission filter (FF01-523/610-25, Semrock) that enabled transmission of both pyranine and the red
fluorescence of the beads or propidium iodide.

Droplets containing fluorescent beads were identified using green excitation light. Cell apoptosis
stage was identified using a 40x magnification. Live cells (spherical) and necrotic cells (decomposed)
were identified by morphology using bright field. Late apoptosis cells were distinguished from early
apoptosis cells by propidium iodide fluorescence using green excitation. Images and videos were
analyzed using Image]J [35].

3. Results and Discussion

In droplet microfluidics, reagents are encapsulated in aqueous droplets transported in inert
oil enabling increases in throughput in applications such as digital PCR, directed evolution, drug
screening, and single-cell analysis [4,5,10,16]. A critical step for many applications is the selection and
recovery of droplets of interest. Sorting is performed by first observing the droplet, then using an
active component to direct desired droplets to a different chip exit.

We have recently developed a label-free technique to sort droplets based on pH. The technique is
based on the observation that the interfacial tension of droplets can be very sensitive to droplet pH for
a specific oil and surfactant combination. In particular, for droplets in the external oil and surfactant
combination of QX100, interfacial tension increases from 12 to 24 dyn/cm as pH decreases from 8 to
6 [32]. These pendant-drop measurements were performed with QX100 solution diluted 100-fold with
perfluorinated oil. Droplets of undiluted QX100 quickly detached from the needle. The interfacial
tension of droplets in undiluted QX100, as used in experiments, is much lower and estimated to be a
few dyn/cm from calculations [31]. The source of the pH sensitivity of QX100 is suspected to be due to
a change in protonation state of the surfactant; however, the proprietary nature of the product renders
it difficult to confirm the exact mechanism [31].

In a technique dubbed Sorting by Interfacial Tension (SIFT), differences in interfacial tension
of droplets provides a handle to sort droplets based on pH. The method utilizes flattened droplets,
confined by the top and bottom of the channel. Droplets encounter a microfabricated trench, or rail,
of increased channel height (rail geometry in Supplemental Figure S1). The droplets expand into the
rail, decreasing their surface area and energy. To leave the rail, droplets need to be squeezed again.
Droplets of low interfacial tension enter the rail but are pushed off due to the drag of the external oil
flow. The oil flow is insufficient to push droplets of higher interfacial tension off the rail. These droplets
follow the tapered rail oriented at 45 degrees relative to the direction of flow. These droplets leave at a
different lateral position as compared to droplets of low interfacial tension. Using different channel
exits, droplets of different interfacial tension and hence pH are sorted. The technique has been utilized
for label-free sorting of different enzymes based on activity [31] and of cells based on glycolysis [32,33].
In these applications, the pH change was induced by droplet content rather than external control.

The SIFT technique is expanded here by using light to induce a selective pH change in a droplet
containing a fluorescent dye. The fluorophore pyranine is a water-soluble dye that is used as a
staining agent, pH indicator, and model system for excited-state proton transfer (ESPT) [36,37]. It is
cell membrane impermeant and considered biocompatible [38]. When excited, pyranine gives off a
characteristic yellow-green fluorescence. It is a ratiometric pH indicator as the excitation spectrum is
modulated by pH, shifting from blue (440 nm) to violet (405 nm) with decreasing pH [39].
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It was observed that the excitation of a solution of pyranine leads to a decrease in solution pH as
measured with a pH meter. No change in pH was observed in the absence of pyranine. The change in
pH was characterized as a function of irradiation time with light for a linear array of stationary droplets
(Figure 1). The droplets were irradiated simultaneously with both violet (395 nm BP 25 nm) and blue
(436 nm BP 28 nm) light using a 40x objective. After irradiation, the fluorescence was monitored
with either blue or violet light with a 10x objective. For the blue excitation channel (Figure 1A),
the fluorescence intensity decreases as a function of irradiation time. In contrast, for violet excitation
(Figure 1B), the fluorescence intensity remains mostly constant with irradiation time.

7.30 - o
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7.10 - °
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"9
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0 10 20 30 40

Time Excitation (ms)

Figure 1. Linear array of droplets with increasing irradiation times from left to right. (A) Fluorescence
from blue excitation (436 nm). (B) Fluorescence from violet excitation (395 nm). pH of droplets as
determined from blue to violet fluorescence intensity ratio based on calibration curve as shown in
Supplemental Figure S2. (C) Droplet pH with increasing irradiation time with fit to a linear regression.

The pH of droplets after irradiation can be determined by the ratio of blue to violet excitation
of pyranine using a calibration curve (Supplemental Figure S2). The decrease in pH is correlated
with irradiation time (Figure 1C) and is observed to be mostly linear. For long irradiation times
(>100 ms), the ratio of violet to blue was no longer proportional to excitation time. It was found that
the change of pH was faster with the irradiation of droplets with a combination of violet and blue
LED lights than either alone (data not shown). The monitoring of droplet pH could itself induce a pH
change. To limit this effect, the exposure time was limited and a lower numerical aperture objective
was used for monitoring (10X magnification with a numerical aperture of 0.30) than for irradiation
(40x magnification with a numerical aperture of 0.60).
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Itis worth noting that the ratio of violet to blue fluorescence for a given pH was the same regardless
of whether a change in pH was induced by light or the addition of a strong acid (Supplemental Figure S3).
This shows that pyranine can serve both to induce a pH change as well as to report droplet pH.

As a photoacid, pyranine shows a marked increase in acidity in the excited state with a pKa that
decreases from 7.4 to 0.4 in the excited state [40]. Thus, the photoexcitation of pyranine would lead to
a release of a proton. This proton would be expected to return upon relaxation to the ground state.
However, intense excitation can lead to photooxidation and radical reactions of the pyranine in the
excited state, [41,42] and lead to the observed change in droplet pH. The destruction of fluorophore is
consistent with the constant fluorescence intensity upon violet excitation (Figure 1B) as an increase
would otherwise be expected at lower pH for a constant pyranine concentration.

The decrease in droplet pH upon irradiation can be used to select specific droplets of a droplet
array as shown in Figure 2 and Video S1. Figure 2A shows the channel geometry as well as the inlets
and outlets of the microfluidic device. The droplets at an initial pH of 7.46 were anchored in an array
of wells using a technique called Rails and Anchors, [26] where confined droplets expand into wells
(Figure 2B). Droplets were approximately the size of the wells. To exit the well, droplets need to be
squeezed from their height in the well (50 pm) to the height of the channel (25 pm). In the presence of
QX100, interfacial tension increased with decreasing droplet pH. Therefore, droplets of higher pH are
pushed out of the wells at lower external flow rates (Supplemental Figure S4). The flow required for
droplet ejection also provided an estimate of droplet pH. This was useful for longer irradiations and
lower pH when ratiometric readings of pyranine fluorescence did not provide an accurate estimate of
droplet pH.

X
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Figure 2. (A) Array device channel geometry. The location of the droplet array is highlighted by
a dashed red square. (B) Bright-field image of droplet array. All wells are occupied with droplets
that are approximately the same size as the wells. (C) Fluorescence from blue excitation. Irradiated
droplets have lower fluorescence intensity. (D) Droplet array after the elution of non-irradiated
droplets. Fluorescence excitation light was used in combination with bright-field image to increase
droplet visibility.
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Selected droplets were irradiated for about a second as described above with violet and blue
light using a 40x objective. This excitation led to a decrease of over 1 pH unit as estimated from the
external flow required for elution. The droplets were noticeably dimmer when excited with blue light
(Figure 2C). Next, QX100 was flowed at high flow rates, 80-100 uL/min, into the device. The droplets
at higher pH were quickly displaced from the wells. However, for the irradiated droplets at lower pH
and hence higher interfacial tension, the hydrodynamic drag was insufficient to push out the droplets.
These droplets remained in the wells as seen in the fluorescence image in Figure 2D (letters “S” and
“C” produced with droplets). Increasing the flow to a much higher rate, typically around 150 uL/min,
caused the elution of all droplets in the array. The photoselection of droplets was dependent on both
the presence of pyranine in the droplet and the use of QX100 oil. The absence of either led to no
correlation between droplet excitation and droplet elution (Supplemental Figure S5).

By the general method described above, the observation and selection can be uncoupled in time.
Droplets can be observed and studied in the array for an arbitrary length of time. The droplets of
interest can then be selected, either by irradiation to remain in the array (positive selection) or through
elution (negative selection) by irradiating undesired droplets.

A similar technique can also be used to separate the observation and selection in space,
each performed in different regions of a microfluidic device. In contrast to the use of a droplet
array, this variant, using a microfabricated rail (Figure 3A), would be more amenable to continuous
sorting rather than batch processing. As a demonstration, droplets were produced of which a small
percentage, <2%, contained fluorescent beads. Flow was slowed and droplets containing beads were
selectively irradiated for 1 s as shown in Figure 3B, inset. This illumination induced a decrease in
pH of about 1 unit from the initial pH of 7.4 based on a similar exposure in the droplet array device.
As visible from the image, the illumination area was slightly larger than the droplet leading to the
slight irradiation of the neighboring droplets. However, this off-target illumination was insufficient to
lead to a sizable change in pH or to influence sorting.

Approximately 90-120 s after irradiation, illuminated droplets were flowed to the sorting region.
The sorting region was located over 2 cm downstream from the location of droplets irradiation. As the
droplets enter the sorting region, QX100 is introduced into the channel. The external oil flow and
hence the drag can be controlled in the sorting region. This control is provided by an additional QX100
inlet, denoted as the Oil Entrainment Inlet in Figure 3A. Supplemental Table S1 provides typical flow
rates in the device. Figure 3B and Video S2 show the sorting of droplets containing beads. Empty
droplets, that were not irradiated, enter the sorting rail but are quickly pushed off by the entrainment
flow and exit the chip via the unselected exit. The irradiated droplets containing beads have higher
interfacial tension in the presence of QX100. The external flow of oil is insufficient to push the droplets
off the rail. The droplets followed the tapered rail upwards leaving near the end point. These droplets
(circled in green) exit the chip via the selected exit.

The method is able to isolate photo-tagged droplets within a large excess of droplets. In this
case, a large change in pH was induced by light to ensure clearly differentiated droplet populations.
However, the entrainment flow provides an independent user-defined parameter that can be finely
tuned to select between droplets with smaller pH differences. For example, droplets irradiated for
50 ms and with a pH difference of 0.4 units were separated using the device as shown in Supplemental
Figure S6. When droplets come in contact with QX100, they become more acidic as revealed by the
dimmer droplets with blue excitation near the rail. This is likely because the surfactant in QX100 is
acidic, however the proprietary nature of the product makes this difficult to confirm.

As a demonstration of an application of the technique, cells contained in droplets were selected
on the basis of their stage in apoptosis through visual characterization, without fixing the cells. Cell
apoptosis is programmed cell death, which is a vital part of biological cell turnover and an important
process to ensure proper development. Improper apoptosis is linked to many disease states [43].
Apoptosis can be identified through distinct morphological changes of a cell. Using the technique
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presented, different cell states (viable, early apoptosis, late apoptosis, necrosis) can be observed,
evaluated, selected, and collected for further analysis.

Using the device shown in Figure 2A, cells at different stages of cell death were encapsulated in
droplets and anchored within an array. The cells were then evaluated and categorized (viable, early
apoptosis, late apoptosis, necrosis) by user observation as described in the Materials and Methods
(Figure 4A). A droplet containing a cell identified as early apoptosis (yellow diamond) was illuminated
with light leading to a decrease in pH from 7.4 to 6.5. This change in pH can be observed as a decrease
in fluorescence signal when excited with blue light (Figure 4B). QX100 was introduced into the chip at
a flow rate of 120 puL/min ejecting empty droplets and droplets containing cells of different apoptosis
stages from the array. The sole remaining droplet in the array contains the photo-tagged droplet
containing the early apoptosis cell. This selected droplet can be ejected by increasing the flow rate
even higher to 140 pL/min.

Droplet Incubator
A .

Oil Entrainment Inlet

o @
Oil Outlet oilmet | | | HEEBEEBBRERE™T Un-Selected

Droplet
Outlet

Target Droplet
Outlet

Sorting Rail

Aqueous Inlet

QX100 Inlet

0il and Droplet
Outlet

Figure 3. (A) Rail device channel geometry. The location of the images in (B) are shown. Location of
droplet irradiation is indicated by a blue dashed rectangle and the sorting rail is highlighted by a dashed
red rectangle. (B) Droplets containing fluorescent beads, circled in green, were previously irradiated
with light. Irradiated droplets have lower pH and hence higher interfacial tension. They follow the rail
upwards and leave at a higher lateral position toward the selected exit. Other droplets are immediately
pushed off the rail by the flow of oil toward the unselected exit. Inset: A droplet circled in green was
irradiated prior to sorting. Neighboring droplets are also partially irradiated. The red arrow indicates
a fluorescent bead.
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Figure 4. (A) Bright-field image of droplet array. Droplets containing cells were classified as viable
(green circle), early apoptosis (yellow diamond), late apoptosis (red square), and necrosis (black square).
(B) Fluorescence image with blue excitation. The droplet with an early apoptosis cell was irradiated
and displays lower fluorescence intensity. (C) Droplet array after the elution of non-irradiated droplets.
The only droplet remaining in the array contains the early apoptosis cell.
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The method presents a way to select droplets and hence cells of interest. Here, the droplet with
the cell of interest was irradiated and remained in the array. Alternatively, the undesired droplets can
be irradiated with the desired droplets ejected. Depending on the application, this may be preferable
as the excitation and decrease of the pH could damage cells. This would also limit exposure to the
surfactant, QX100, that may have limited biocompatibility [32,44]. For the collection of multiple cell
types, several illumination times could be used to induce different pH changes. This would allow for
sequential elution of droplets by increasing flow rates.

4. Conclusions

We present a method to photoselect and then recover individual droplets by passive sorting. It can
be used to select droplets in a droplet array or to direct photo-tagged droplets toward a different chip
exit using a microfabricated rail. The technique is simple and inexpensive to adapt as it requires only
a conventional fluorescence microscope without the need for the detector, active sorter, and related
electronics used for fluorescence-activated droplet sorting (FADS). The technique uncouples the
observation and sorting of droplets, thus facilitating the selection based on signals that are difficult to
adapt to FADS including weak signals, kinetic data, long integration times, or qualitative features.

The method presented here can be adapted for efficiency and sensitivity. With the LED excitation
source used, excitation times required here for sorting were as little as 50 ms. This time can likely be
decreased with a more intense laser source. Likewise, both lowering the buffering capacity or increasing
the pyranine concentration of solution will also decrease the excitation times. Pyranine, with an
excitation spectrum that spans up to 500 nm, may interfere with some assays. Other photoacids, [45]
could possibly be used instead to provoke a light-induced pH change. Ideal droplet tagging would
cause a minimum change or perturbation to the droplet. In this initial demonstration, the change in
pH was large which allowed for robust selection. However, by carefully tuning the flow conditions,
consistent selection can be performed based on small pH differences, as little as 0.05 units [33]. Excitation
position was adjusted here by hand using the microscope stage. A computer-controlled excitation
source, using galvanometric mirrors, [46] could allow more precise and automated droplet tagging.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2072-666X/11/11/964/s1.
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Abstract: It is known that in many cases a combination of drugs is more effective than single-drug
treatments both for reducing toxicity and increasing efficacy. With the advent of organoid screens,
personalised medicine has become possible for many diseases. Automated pipetting to well plates is
the pharmaceutical industry standard for drug screening, but this is relatively expensive and slow.
Here, a rotary microfluidic system is presented that can test all possible drug combinations at speed
with the use of droplets. For large numbers of combinations, it is shown how the experimental
scale is reduced by considering drug dilutions and machine learning. As an example, two cases
are considered; the first is a three-ring and three radii configuration and the second is a four ring
and forty-eight radii configuration. Between these two, all other cases are shown to be possible.
The proposed commercial instrument is shown to be flexible, the user choosing which wells to fill
and which driver-computational sub-routine to select. The major issues addressed here are the
programming theory of the instrument and the reduction of droplets to be generated by drug dilutions
and machine learning.

Keywords: dilutions; Microfluidics; drug combinations; screening; droplets

1. Introduction

Combinatorial drug therapy has shown promising results for treating complex diseases such as
cancer, HIV, or malaria [1-3]. The administration of multiple compounds has shown a reduction in
side effects and toxicity compared to monotherapy and lowers the risk of resistance development [4-8].
With drug combinations, a more targeted treatment known as personalized medicine becomes possible
as different drugs can be tested on the cells of individual patients, thus customizing the care towards
their specific response [9-13]. This will be particularly important with the use of 3D cell culture
technologies such as organoids. Organoids can be established from patient-derived healthy and tumour
tissue samples that self-organise in culture to acquire in-vivo like organ complexity that have been
shown to be more translatable to in-vivo physiology [14-16]. However, to achieve this, large libraries
consisting of many active ingredients must be screened to find the required response [17]. Currently,
drug combinatorial tests are limited to combinations of two due to constraints in modern technology
specific to drug screening [18]. The cost and time that is required by the existing technology make it
unfeasible to test for all possible drug combinations [19,20]. Furthermore, to explore all the possible
combinations leads to challenges associated with the ‘Combinatorial Explosion” in which the number
of combinations increases factorially with the number of drugs tested [21].

Figure 1 shows a prototype for ultra-high throughput, rotary, microfluidic drug screening. A novel
method of dispensing aqueous-in-oil droplets, Gap Switch Technology (GST) is described in more detail
in [22]. Stainless steel wells are filled from above, droplets are then dispensed from a 0.5 mm internal
diameter outlet from below. Wells are designed to contain a range of biological fluids. Interfacial and
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capillary forces prevent fluid flow between dispensing. When a brass dispensing shuttle aligns
with the well outlet, a liquid bridge is formed, and fluid flow is induced. The aqueous phase then
encounters the immiscible carrier silicone oil, where the aqueous phase necks and is sheared off as the
shuttle moves past the well. The aqueous phase is wrapped in the oil compartmentalising a droplet,
Figure 2. This process is repeated to dispense and mix a second droplet. The droplets are efficiently
mixed by having them of a different volume, hence the Laplace pressure difference drives mixing,
vorticity. The mixed droplets are then transferred into a reusable polytetrafluoroethylene (PTFE)
channel, for incubation and analysis.

4 50 mm

». Circumferential
lovement | 4

Shuttle
and Slider

Shuttle
and Slider

Figure 1. Prototype [22]. (a) CAD image of prototype. (b) Four-by-two prototype. (c) Circumferential
movement of the ring is denoted by the red arrow and radial movement of the shuttle by the green
arrow. (d) Corresponding CAD image.

An industry standard 96 well plate has a total assay volume in the order of 107 m?. The mixed
droplet volume is of order 6 x 10711 m?, making it significantly smaller than a well. There is no
known reason why it should not be smaller. The aim is to provide a faster and lower-cost method
of combinatorial drug screening. Operating costs are reduced by removing the reliance on pipettes
and well plates and using smaller assay/reagent samples and removing the need for complex robotic
set-ups required for current drug screening technologies [23]. Dispensing time is reduced due to the
instruments enhanced mixing and encapsulation. These mass transport properties are due to the high
surface area to volume ratio, facilitating fast and controlled heating of droplets and creating shorter
diffusion distances between molecules [24-28].

The GST has been designed to be scaled into a rotational design, Figure 1, to increase microfluidic
throughput. The design allows movement of wells by concentric rotating rings into the pathway of
radial shuttle movements. This improves the throughput of the system through parallelization [29].
The shuttle can then selectively dispense and mix drugs from these wells along the radial shuttle
pathways. The flexibility of the design is due to the many potential configurations, depending on
which wells are filled and which computational sub-routine is selected. Four instrument strategies are
discussed:
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Measure every combination without dilutions.

Measure every meaningful combination with dilutions.

For large numbers of droplets, measure 1 and 2 with machine learning.

For 3 measure single dilutions first, then next dilution until synergy is found.

L

Direction of
movement
| = o

0s 04s 0.51s 0.53s

500 pm

0.56s 0.62 s 0.65s 0.653 s

Figure 2. Gap Switch Technology (GST), Droplet Generation and Mixing. High-speed camera images
taken of the GST. Images were taken using an IDT X-Stream XS-4 CMOS Camera at 1000 frames
per second. The droplets are completely surrounded by silicone oil and therefore never contact a
solid surface. This eliminates carry-over contamination and makes the system continuously reusable.
Shuttle velocity is approximately 4mm/s. The dispensed droplet can be seen in the lower tube.
The tubing is PTFE which attracts the oil and repels the aqueous, hence the wrapped droplets.

2. Three-by-Three Example
To introduce the system a three-by-three configuration is considered, nomenclature is given in

Figure 3. Figure 4 shows a three radii, three ring build. It operates through three types of movements;

1.  Circumferential movements: movement from one well to another well on the same ring,
Radial movements: movement from a well on one ring to a well on a different ring,
3. Mixed movements: a combination of radial and circumferential movements.

z

Figure 3. Nomenclature.
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Figure 4. Three-by-Three Configuration. (a) Overview of a 3 X 3 configuration. Drug combinations

occur through either circumferential movement, the movement of a droplet from a well on one radius
to a well on another radius, or through radial movements, the movement of a droplet along the same
radius. There is a total of 84 combinations, requiring 28 positions for all combinations. (b) shows rotor
position after movement. The movement of a droplet on ring 2 from a well on radius 1 to a well on
radius 2 (a. 120° rotation) and a droplet on ring 3 moving from a well on radius 1 to a well on radius
3 (a 240° rotation). (c) shows the next positions following (b). A, B and C are the outlet lines.

There are nine filled wells containing either drugs, cells or organoids. The figure shows how the
different wells, rings and radii interact both mechanically and fluid mechanically. The shuttles move
radially to collect droplets from wells on the same radius and the rings would move circumferentially
to allow the shuttle to collect droplets from wells on different radii. The shuttle can pass under a well
without taking a droplet if it is moving at a high enough velocity. If drugs are combined in sets of
three, there will be a total of eighty-four combinations, Equation (1). This requires the instrument to
take up twenty-eight positions. The mathematics of the instrument is explained in the next section.
For commercialisation, a maximum forty-eight by four configuration is proposed. This is twice the
number of wells on a ninety-six well plate which is considered the industry standard [30].

3. Discrete Analysis

The binomial equation [31],
n!
C =—— 1
T (n-r)! )
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applied to the instrument design, Figures 3 and 4,

(Nring Nrad)!

NoNog — —~ 6 "
p Nrad
r! (Nring Niad — I‘)!

@

describes its operation without dilutions. The number of droplets to complete a test is determined by
knowing the number of radii, the configuration and the number of combinations to test. The number
of droplets,

nCr = Np Npag 3

maybe derived in two, depending on how they are formed,

nCr = nCrr + nCrc (4)
If dilutions are used,
nCr = nCh, +0Cr )
in which case,
nCr > G 6)

which always gives a throughput advantage.
With dilutions the following restriction is applied,

Nring = Ngii =1 (7)
then the required number of droplets is,
nC; =1Npd" ™ ! (Nrad - r+ l) ®)

by inspection, which cannot be proven, only shown. All of ,C; and AC, are integers. The inequality,
(6), becomes more numerically advantageous as the number of combinations increases, Table 1. In the
simple example of a three by three configuration, Figure 4, the number of droplets needed is reduced
from eighty-four to twenty-seven. The addition of four components, three drugs and a cell or multicell
line, is shown in Figure 5 for a four radii configuration.

a e b

Circumferential

Movement

Radial 21
Movemeit’ |

Shuttle R

movement
/_\ )

movement X

Dispense
droplet

NE]

T

Figure 5. Movement on a four-by-four configuration. (a) 4 x 4 configuration. (b) illustrates the
movement of the shuttles and rings. The shuttle and rings move in programable increments. It begins
with the shuttle moving to the first ring to collect a droplet, the ring then rotates clockwise towards
the next radii to collect the next droplet. These movements are performed until all the droplets are
produced and the combinations dispensed.
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Table 1. Different configurations for the proposed 48 x 4 commercial design. ,C; and oGy for different
builds and combinations are given. The number of combinations r corresponds to the number of rings,
Nying. Each radius has a different drug and each ring a different dilution. The effect of dilution can be
observed in this table. The effect of machine learning can also be seen by comparing the time taken for
the droplets when dilutions are considered to the time taken with machine learning. All configurations
are for the same instrument.

, , , , Time Time ML (days),

T Naa oG nCr Ne Nr Np (days) Single Ring, See M{ Section
2 2 6 4 2 2 2 0.0002 0.000001
2 3 15 12 6 6 4 0.0004 0.000003
2 4 28 24 12 12 6 0.0007 0.000007
2 6 66 60 30 30 10 0.001 0.00002
2 8 120 112 56 56 14 0.002 0.00003
2 10 190 180 90 90 18 0.002 0.00005
2 20 780 760 380 380 38 0.004 0.0002
2 30 1770 1740 870 870 58 0.007 0.0005
2 48 4560 4512 2256 2256 94 0.01 0.0014
3 3 84 27 3 24 9 0.001 0.000002
3 4 220 96 12 84 24 0.003 0.000007
3 6 816 432 60 372 72 0.008 0.00004
3 2024 1152 168 984 144 0.02 0.0001
3 10 4060 2400 360 2040 240 0.03 0.0002
3 20 34,220 21,600 3420 18,180 1080 0.13 0.0021
3 30 117,480 75,600 12,180 63,420 2520 0.3 0.0073
3 40 280,840 182,400 29,640 152,760 4560 0.5 0.0179
3 48 487,344 317,952 51,888 266,064 6624 0.5 0.0313
4 4 1820 256 4 252 64 0.007 0.000002
4 6 10,626 2592 60 2532 432 0.05 0.00003
4 8 35,960 10,240 280 9960 1280 0.15 0.0002
4 10 91,390 28,000 840 27,160 2800 0.3 0.0005
4 20 1,581,580 544,000 19,380 524,620 27,200 3.15 0.0117
4 30 8,214,570 2,916,000 109,620 2,806,380 97,200 11.3 0.0661
4 35 15,329,615 5,488,000 209,440 5,278,560 156,800 18.1 0.1263
4 40 26,294,360 9,472,000 365,560 91,06440 236,800 27.4 0.2204
4 48 54,870,480 19,906,560 778,320 19,128,240 414,720 48 0.4692

4. Reducing the Number of Combinations by Dilutions

Taking different dilutions of the drugs is important as it not only allows for a range of concentrations
to be tested, but also reduces interference from other substances that may be present in the samples [32].
Therefore, dilutions are often a necessary part of any drug testing experiment. In this context, dilutions
can also be used to reduce the combinatorial explosions. For a forty-eight-by-four system, this offers
the user a maximum input of forty-eight different drugs, in dilutions of four. Using Equation (1),
a total of some fifty-four million droplets need be produced to complete all possible combinations.
Every droplet will need to be repeated several times, so the maximum number of droplets is over
two-hundred million. Hence the need to reduce it.

With dilutions, many of the droplets contain redundant samples, combinations that contain
two or more dilutions of the same drugs. These samples are not needed. Therefore, by taking
account of dilutions, the number of total droplets to be produced for the test run can be significantly
reduced, Equation (8). Figure 6 illustrates the reduction in droplets between ,C; and Gy . Fora
forty-eight-by-four system, with r = 4, the number of droplets reduces from around fifty million to
around nineteen million.
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Figure 6. The logarithmic difference between Equation (1) and Equation (8). The circular points are ,Cy
and the diamonds nC; . As r increases so does the difference between nCy and nC; .

5. Commercial Instrument

The proposed commercial design has a maximum of forty-eight drugs in combinations of four,
Figure 7. With no dilutions, this has of order of fifty-five million droplets required and over a million
rotor movements to dispense them. There are many lesser configurations, depending on which wells
are filled and which algorithm subroutine is selected.

a A B

& Nyw=192 ©
Nig=4 @
Nyg=48 1

Dispensing Points =A4,B,C...

0.5mm

60mm

Figure 7. Proposed Commercial 48 X 4 Configuration. (a) 48 X 4 system containing forty-eight drugs in
four different dilutions. Each radius of the system contains a single drug, with each ring in that radius
containing a dilution of that drug. Each dot represents a well containing a drug dilution. Any number
of radii and rings may be utilised depending on the needs of the user. At maximum some produces
53 million combinations of four. (b) After exiting the rotors, the droplets are read using either fiber
optics or laser LEDs. (c) Typical droplet completely surrounded by silicone oil.
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If the maximum is chosen with dilutions, there are then forty-eight different drugs and four
dilutions of each drug. Equation (4) gives 19,906,560 combinations and 414,730 positions to dispense
them. This requires of order forty-eight days plus the well refill time. In personalized medicine, this is
a limitation on the use of multiple drug combinatorial discovery with organoids. For these reasons
machine learning is proposed.

6. Machine Learning

Machine learning (ML) uses algorithms to process data, learns from it, and makes a prediction
about the future state of any new data set [33]. With ML, a system can be trained to be able to predict
the outcome of a task by using a large amount of data and algorithms. In the context of combinatorial
drug screening, ML has the potential to reduce the scale by speeding up testing. This is particularly
beneficial for personalised medicine as accurate predictions to tailor patient-specific treatments would
be faster. ML can be used to focus in on a specific combination when synergy is detected using the
Loewe additivity or Bliss model for example [18]. When a ML test is run, a circumferential movement
on a single ring would be step one. If synergy were to be found between three drugs, then the
system will focus on that region (the drugs in that area). This can be achieved through scoring. If the
drugs display additive interactions, in which there is a difference in the way they interact together,
they would be scored 1. If they display antagonistic interactions, in which they hinder the response,
they would be scored 0, and if they show synergistic interactions, they score 2. This is one method
of synergy-searching. After one circumference is tested with no synergy, step two would be to test
another, etc. This may be a more hands-on process of filling only the wells in a circumference until
synergy is found.

7. Conclusions

It is demonstrated how the automatic microfluidic design has great flexibility in the many
configurations that may be chosen by the user. A 192 well system is proposed which can produce over
50 million combinations for synergy-searching. It is shown how this number is reduced by taking
dilutions, by machine learning, and by more user interaction with the instrument. Throughput and
drug volume consumed may follow a type of Moore’s law in the future.

8. Patents

Davies, M. Microfluidic device with channel plates. WO 2015/173651; EP3142790, 20 March 2019.
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Nomenclature

Symbol Description

Nc Number of circumferential movements

N¢ Number of circumferential movements with dilutions
Ngit Number of dilutions

N; Number of radial movements

Ny Number of radial movements with dilutions
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Nrad Number of radii of the configuration

Nring Number of rings of the configuration

Np Number of positions the system must perform

Nuell Number of wells

mCng Number of droplets formed radially

mChg Number of droplets formed radially with dilutions

mCne Number of droplets formed circumferentially

mChe Number of droplets formed circumferentially with dilutions
nCr Number of droplets without dilutions

Neh Number of droplets with dilutions

n Number of wells on the system

r Number of combinations

z Shuttle dispensing direction

R Radial movements, radial direction

0 Angular movements
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Abstract: While droplet-based microfluidics is a powerful technique with transformative applications,
most devices are passively operated and thus have limited real-time control over droplet contents.
In this report, an automated droplet-based microfluidic device with pneumatic pumps and
salt water electrodes was developed to generate and coalesce up to six aqueous-in-oil droplets
(2.77 nL each). Custom control software combined six droplets drawn from any of four inlet
reservoirs. Using our uChopper method for lock-in fluorescence detection, we first accomplished
continuous linear calibration and quantified an unknown sample. Analyte-independent signal drifts
and even an abrupt decrease in excitation light intensity were corrected in real-time. The system
was then validated with homogeneous insulin immunoassays that showed a nonlinear response.
On-chip droplet merging with antibody-oligonucleotide (Ab-oligo) probes, insulin standards, and
buffer permitted the real-time calibration and correction of large signal drifts. Full calibrations
(LOD¢one =2ng mL~1 =300 PM; LODamt = 5 amol) required <1 min with merely 13.85 nL of Ab-oligo
reagents, giving cost-savings 160-fold over the standard well-plate format while also automating the
workflow. This proof-of-concept device—effectively a microfluidic digital-to-analog converter—is
readily scalable to more droplets, and it is well-suited for the real-time automation of bioassays that
call for expensive reagents.

Keywords: droplets; lock-in detection; real-time calibration; homogeneous immunoassay; on-chip
mergers; pneumatic valves; programmable droplet formation

1. Introduction

Droplet-based microfluidics is an important subcategory of microfluidic technology. In these
types of micro-devices, small droplets are generated and viewed as individual reactors, and they
provide powerful platforms for confining samples to small volumes for subsequent manipulation,
reaction, and analysis [1]. In the last decade, droplet microfluidics has been widely used in a broad
range of biochemical fields, such as nucleic acid/molecule analysis [2,3], drug delivery [4], cell-to-cell
communication [5], cell screening [6], tissue analysis [7-9], and so on. To ensure constant and predictable
outcomes in these applications, it is essential to generate highly uniform droplet volumes [10-12],
and researchers have developed various methods to do so.

Microfluidic droplet formation techniques can be divided into two categories: passive and active.
High throughput droplet generation is much simpler and faster to achieve with passive methods, an
obvious advantage in applications that require enormous experimental throughput [13]. By contrast, a
major benefit of active droplet generation is its higher flexibility in droplet volume and production
rate [14]. Because the vast majority of biochemical reactions and analyses require multiplexed reagents,
multiple timed steps, and often multiple conditions (temperature, pH, ionic strength, etc.), tools that
allow for a precise control of droplets on demand are becoming increasingly important. Significant
efforts have been focused on active droplet formation using various approaches such as electric,
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Micromachines 2020, 11, 620

magnetic, thermal, and mechanical control [15-18]. Considering the exquisite level of control that they
provide, on-chip pneumatic valves [19] have been demonstrated as important players that provide an
active, programmable droplet generation with high precision [7,9,15,20-22].

To improve programmability and precision, our laboratory has moved from passive droplet
formation [11,12], to active fluidic resistors [21], to the gating of fluids with single pneumatic
valves [8,22], and finally to on-chip valve-based pumps [7,9]. During this time, we revealed one less
obvious benefit of active control: the ability to precisely control the frequency and phase of droplets,
lock in the photodetector to that signal, and greatly reduce the detection limits—an approach we
refer to as the pChopper [8,12,22]. With a control bandwidth of +0.04 Hz using gating valves, the
fluorescence detection limits were reduced more than 50-fold using simple microscope detection optics,
and even single-cell fatty acid uptake was quantifiable in droplets [8]. An improved iteration of
the pChopper with six aqueous input channels enabled several analytical modes to be programmed
automatically, such as real-time continuous calibration, standard addition, and a mixed mode [22].
Despite these benefits, there remains a drawback with respect to the workflow in this type of
microsystem. Reagents for multi-step or timed reactions must be manually pre-mixed and transported
to the input micro-reservoirs, increasing the bench time and potential operator errors. The logical step
is to add on-chip reagent mixing or to incorporate programmable droplet mergers.

The Ismagilov group and others have successfully initiated the mixing of reagents at the droplet
forming structure [7,23-25], which can start reactions at a predictable position and provide control
over timing. However, several issues limit the accuracy and preclude the universal application
of this approach. First, inconsistent flow rates of solutions from individual aqueous channels can
lead to fluctuating reagent volume ratios and significantly affect assay outcomes. Second, it is
difficult to precisely and arbitrarily change the volume ratio of reagents, meaning that new channel
designs will be needed for even minor adjustments. Several techniques to coalesce neighboring
droplets were introduced to avoid these issues, such as hydrodynamic, magnetic, electric, or acoustic
coalescence [26-30]. Among these, electrocoalescence has been the most widely used in droplet
microfluidics by merging adjacent droplets with an alternating current (AC) electric field applied to
nearby electrodes on the device. The development of in-channel “salt water electrodes” by the Abate
group, where high-concentration salts can replace metal solder, has made this approach even more
accessible [28].

Considering the benefits of pneumatically controlled droplet generation and electrocoalescence,
here we have integrated our uChopper approach with active valve-based pumps and salt-water
electrodes for the first time. This approach permits the fully automated, on-demand production and
merging of several types of droplets in a programmable way. In this proof-of-concept work, we apply
the device to the real-time, continuous calibration of fluorescent labels, and then we validate the
system for the continuous calibration of a homogeneous insulin immunoassay that exhibits a nonlinear
response. With the significant savings in reagent use, assay cost, and user time that are incurred,
this device provides a novel means to carry out economical measurements with precious reagents in a
static or real-time manner.

2. Materials and Methods

2.1. Materials and Equipment

All materials and equipment were obtained from sources within the USA. Buffers were prepared
using deionized water filtered with a Barnstead MicroPure Water Purification system (ThermoFisher
Scientific, Waltham, MA, USA). Citric acid, sodium phosphate, and sodium chloride were obtained
from Millipore Sigma (Burlington, MA, USA). Polydimethylsiloxane (PDMS) precursors, SYLGARD
184 silicone elastomer base, and curing agent were purchased from Dow Corning (Midland, MI, USA).
The silicon wafers were acquired from the Polishing Corporation of America (Santa Clara, CA, USA).
Negative photoresists (SU-8 2015 and SU-8 2050) and SU-8 developer were purchased from MicroChem
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(Westborough, MA, USA). Positive photoresist (AZ 40XT-11D) and AZ 300 MIF developer were
obtained from AZ Electronic Materials USA (Somerville, NJ, USA). Fluorescein was purchased from
Alfa Aesar (Ward Hill, MA, USA), and bovine serum albumin (BSA) was purchased from VWR (West
Chester, PA, USA). Human Insulin FRET-PINCER Assay Kits were obtained from Mediomics, LLC
(Saint Louis, MO, USA). Pico-Surf (2% in Novec 7500 oil), a perfluorocarbon surfactant, was purchased
from Dolomite Microfluidics (Norwell, MA, USA) for stabilizing droplets against unwanted coalescence
and to provide biocompatible surfaces within the droplets. Novec 7500 Engineered Fluid (HFE 7500)
was acquired from 3M (St. Paul, MN, USA).

A high voltage amplifier (Model 2220) was purchased from Trek, Inc. (Lockport, NY, USA) and
used for droplet merging. Fluorescence excitation and emission were accomplished using a Nikon
Ti-E inverted fluorescence microscope (40X objective, 0.75 NA; Nikon Instruments Inc., Melville,
NY, USA) interfaced to a CCD camera (CoolSnap HQ2; Photometrics Scientific, Tucson, AZ, USA).
Fluorescence images were acquired by focusing on a chosen region of interest in the incubation
channel (Figure 1A) and collecting at 100 frames s™! through the green fluorescence filter cube
(ex = 470 + 20 nM, Aemn = 525 + 25 nm).

A merging
inlet secundes (standard, buffer) =
1 S~ (o '
U ‘(r/\/ \)
——
Oil
Z 3 pre-merge
pneumatic incubation
valves channel

Figure 1. Microdevice design and operation. (A) Inlet aqueous reservoirs (14, colored) and one oil
reservoir (black) were sampled by computer-controlled pumps based on pneumatic valves (light gray).
Merging electrodes (dark blue) facilitated droplet coalescence in the widened merging region (orange),
merged droplets were mixed in a zig-zag channel, and then assays were incubated in a long delay
channel (orange) if needed prior to optical detection. (B) In this example, five ratios of standard mimics
(dark) and buffer (transparent) were programmed on demand, then merged downstream. Images show
the droplet groups prior to merging (see Videos S1 and S2).

2.2. Microfluidic Master Wafer Fabrication

Two master wafers for templating liquid channels and pneumatic control channels were fabricated
using standard photolithography as described previously [9]. Channel layouts were designed in
Adobe Illustrator software, and plastic film photomasks were printed at Fineline Imaging (Colorado
Springs, CO, USA) at a 50,800 dpi resolution. For the pneumatic control channel layer, a ~20 um layer
of SU-2015 was spin-coated on the silicon wafer, which had been washed by 1 M H,SO,4 and water in
advance. The wafer was soft-baked at 95 °C or 5 min, after which ultraviolet (UV) light exposure for
2 min was accomplished on an in-house built UV lithography light exposure unit [31]. Finally, the
wafer was developed for 5 min in SU-8 developer solution after a 5-min hard bake on a hot plate at
115 °C. The fluidic layer wafer was fabricated in a two-step protocol with both negative and positive
photoresists, respectively. First, a 60-um layer of SU-8 2050 was spun onto the pretreated silicon wafer,
and the wafer was soft baked at 95 °C for 7 min. UV exposure with the first photomask was carried out
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for 90 s, hard baking was applied at 95 °C for 6 min, and then the SU-8 developer was applied. Next,
a 40-um layer of AZ 40 XT was spun onto the wafer at room temperature. The wafer was baked at
115 °C for 5 min, cooled to room temperature passively, and the second photomask was aligned over
the wafer then exposed to UV light. A final hard bake at 115 °C was applied for 1.5 min, AZ developer
was applied, and the AZ portion of the wafer was annealed to allow templating of rounded channel
cross-sections by baking at 120 °C for 10 min.

2.3. Microchip Fabrication

After degassing under vacuum, 36 g of well-mixed PDMS precursor mixture (5:1 ratio, monomer:
curing agent) was poured onto the flow channel patterned silicon wafer in an aluminum foil boat.
Again after degassing, 5.12 g of PDMS precursor mixture (15:1 ratio, monomer:curing agent) was
spin-coated onto the control layer at 2100 rpm for 45 s, creating a layer of ~40 um thickness. Both the
fluid layer and control layer were baked at 65 °C for 30 min in an oven. The flow channel layer was
then cut to shape, then aligned and mated to the valve channel layer. The two mated layers were
baked in an oven at 65 °C overnight to facilitate permanent bonding. The PDMS was peeled from the
wafer, diced into individual devices, access reservoirs were punched, and the surfaces were washed
with methanol and dried with N gas. Each device was then irreversibly bonded to a glass slide by
plasma oxidization (Harrick Plasma; Ithaca, NY, USA). The assembled microfluidic devices were finally
thermally aged at 65 °C overnight to limit uncured PDMS monomer leakage, and these devices were
then ready to use.

2.4. Flow Control and Droplet Generation

For generating droplets on demand, a total of 19 pneumatic push-up valves on the microfluidic
chip were programmatically controlled by an in-house written LabVIEW application which was
interfaced to a custom manifold of solenoid switches (LHDAO0533115H; the Lee Company, Westbrook,
CT, USA) using a multifunction data acquisition system (PCI-6259, National Instruments). These
solenoid valves were actuated by 5 V signals to controllably switch a pressurized nitrogen supply
(25 psi), and only 13 solenoids were needed due to redundancy in operating some valves in the
peristaltic pumps. For the periodic rinsing of the microdevice, the outlet could also be connected to a
hand-held 100-mL syringe via Tygon tubing (0.02” I.D. X 0.06” O.D.; Cole-Parmer, Vernon Hills, IL,
USA) to allow a small vacuum to be applied.

Droplets were generated with three-valve peristaltic pumps as described previously [7,9].
Oil segments were pumped in between each aqueous segment at a Tjunction channel to form
aqueous-in-oil droplets, and this formation was precisely controlled in an automated fashion using
LabVIEW (Figure S1).

2.5. Programmable Merging of Droplets with Salt Water Electrodes

Droplets were merged with a 10 kHz alternating current (AC) signal of 500 V applied to nearby
channels (“merging electrodes”) filled with 5 M NaCl. The high voltage amplifier (Trek, Inc., Lockport,
NY, USA; Model 2220) was controlled using an in-house written LabVIEW application. The merging
region was widened when compared to incoming and outgoing channels to facilitate a slower migration
and improved droplet contact for merging. This methodology was described in more detail by Sciambi
and Abate [28].

User-defined time and channel programs for automatically building real-time five-point
calibrations within sequentially merged droplets were preloaded into an in-house written LabVIEW
application (Figure S2). Briefly, sequential groups of six droplets (2.77 nL each) were formed and
separated in space to prevent group-to-group merging, and these six droplets were merged (16.6 nL in
each larger droplet) using electrocoalescence downstream. As such, two types of oil segments were
programmed: very short oil segments to keep droplets in the same group as close as possible, and
longer oil segments to partition the sequential droplet groups. As discussed above, 84 possible solution
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combinations could be programmed into the finally merged droplet under the conditions investigated
here. When applicable, the concentrations of an unknown sample could be determined in real time
using continuous calibration curves, and signal drifts were corrected using the uChopper concept.

3. Results and Discussion

3.1. Microfluidic Device Design and Operation

As shown in Figure 1A, the microdevice was defined by several regions: (1) four different aqueous
inlet reservoirs (colored) and an oil inlet reservoir (black); (2) Tjunction channels for aqueous-in-oil
droplet generation (colored and black); (3) pneumatic control channels (light gray) for automated
chip operation through LabVIEW (National Instruments, Austin, TX, USA) ), with some three-valve
pumps integrated to improve efficiency; (4) salt water electrodes for droplet coalescence with a high
AC voltage (two tones of dark blue); (5) a widened merging region near the salt water electrodes, at
the sharpest electric field gradients; (6) a zig-zag channel (orange) for quickly and completely mixing
reagents contained in droplets; and (7) a long incubation channel for storing and analyzing target
droplets (orange). Regions (1) and (2) were valve-controlled AZ-defined rounded channels of ~40 pm
depth, region (3) was SU-8 defined rectangular channels of ~20 pm depth, and regions (4)—(7) were
SU-8 defined rectangular channels of ~55 um depth.

In a typical assay workflow, calibration curves are regularly generated to allow the measurement
and calculation of an unknown sample concentration. The conventional method is to quantify
sequential standard solutions followed by each sample, then calculate the response curve and quantify
samples post-measurement. Particularly when using expensive reagents—such as antibodies, protein
standards, enzymes, bioconjugates, etc.—this traditional process not only wastes significant amounts
of materials but also increases the workload of operators. To improve the accuracy and efficiency of
building standard curves, we recently developed a six-channel Chopper to automatically carry out a
continuous calibration mode [22], allowing the real-time determination of the slope, y-intercept, and
correlation coefficients, along with unknown quantification. In this report, we improve upon this
concept by introducing downstream droplet mergers via electrocoalescence, and we provide an even
more precise control using on-chip pneumatic pumps.

To achieve full automation, we developed the device design in Figure 1A, which allows the
programmable generation of droplets in various combinations from any of four input aqueous reservoirs.
An example of a programmable calibration is shown in Figure 1B, where droplets containing dye
solution (mimicking assay standards) and buffer are generated in various ratios. The images show
droplets prior to merging into a single, larger droplet. Videos of programmable droplet formation
(Video S1) and downstream merging (Video S2) are provided as supporting information. In this work,
the total droplet number was limited due to the size of the coalescence region; however, this number
could be increased by simply enlarging the dimensions of this region. With four input reservoirs and
the total droplet count fixed at six, this system allowed for 84 possible solution combinations to be
programmed into the finally merged droplet (16.6 nL). Notably, if the total droplet count were expanded
to be one through six—easily accomplished with this device—there would be 209 possible solution
combinations. The upper limit can be extended if the coalescing region is made larger; for example,
if 24 total droplets were allowed (six from each reservoir), then 2400 combinations would be accessible.

3.2. Microdevice Characterization with Continuous Linear Calibration

To verify the automation capabilities of our device, fluorescein standard (165 nM), buffer, and an
unknown fluorescein sample were loaded into reservoirs #1, #2, and #3, respectively (see Figure 1A).
Five calibration standards were formulated by sequentially generating and coalescing groups of six
droplets at varying ratios of fluorescein standard and buffer (1-5, 2-4, 3-3, 4-2, 5-1; akin to Figure 1B).
For unknown measurements, a single larger-volume droplet was sampled from reservoir #3 and kept
separate from the standard droplets. The blue and green traces in Figure 2A show a 20-min record
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of the raw fluorescence data measured at the incubation channel during the continuous calibration.
To challenge the system during the continuous calibration, the excitation light was changed from a
higher (initial settings) to a lower intensity (final settings). The unknown droplet’s signal decreased by
~50% following this light intensity change. Since the signal from all of the calibration standards also
decreased by the same proportion (~50%), the system allowed an accurate calibration to be maintained
despite the challenge. Figure 2B shows a magnified view of the signal from one group of calibration
standards and an unknown, and Figure 2C highlights the detector-dependent, low-frequency drift
(noise) that can be corrected using the lock-in-based pChopper method.
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Figure 2. Continuous calibration with automated droplet formation and merging. (A) Raw fluorescence
emission data shows that the droplet contents were programmable. Data is shown under initial settings
ata higher excitation light intensity (blue) and with final settings after decreasing the light (green) in real
time. (B) A magnified segment of this data, with pulses labeled using final, post-merge concentrations
of fluorescein standard. Data from the unknown droplet is shaded in gold. (C) Magnified view of the oil
signal shows a typical optical system drift that can be corrected using our pChopper method [8,12,22].
(D) Histogram analysis reveals the method’s capability for a highly precise control of the droplet
contents. The peaks are labeled with the pre-merge, programmed numbers of standard and buffer
droplets. The inset shows the linear calibrations under the initial and final settings.

As shown in Figure 2D, the programmable droplet formation and merging enables a high-precision
control over the final droplet composition. Essentially, this device operates as a microfluidic
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digital-to-analog converter, albeit at a relatively low resolution. The intensity histograms show
that the fluorescence intensities were accurately controlled by the programmed ratios of the standard
and buffer droplets, from (1,5) to (5,1). The initial settings (blue) showed that the unknown fluorescence
was nearly as high as the (4,2) droplet, and after the light intensity challenge the final settings (green)
showed the same order and position, just at a lower intensity. The inset calibration curves in Figure 2D
show that the light intensity decrease mainly affected the calibration slope, while the unknown was
determined to be at a concentration of 104 nM, independent of the excitation light intensity. These data
point to a major advantage of continuous calibration, where the system can automatically adjust to
drastic changes in the environmental conditions.

3.3. Unique Data Reshaping Using MATLAB Code

Since on-chip valves provide highly precise and programmable droplet intensities with repeatable
timing, we surmised that the raw data could be readily reshaped into a more easily readable image
format. Using a custom MATLAB (MathWorks, Natick, MA, USA) code (see Supporting Information),
the raw data from Figure 2A was sliced into segments representing the repeating groups of larger
droplets (116-second slices), and these slices were restacked over the running time of ~20 min and
presented as the image in Figure 3A. The image intensity represents the 14-bit camera signal intensity
using a custom colormap depicted in the legend. The five stripes of intense signal in this image
represent a tracked intensity of each type of merged droplet, and the darker regions are the larger oil
segments that separate them. For example, the blue stripe near the bottom of the image is a reshaping of
data from multiple 27.5 nM standard droplets, where (standard buffer) = (1,5), and this image allowed
a facile tracking of their intensities over time. Indeed, the re-slicing of the image horizontally (shown
above the image) gave the time traces of each standard (gold) and the unknown (blue). Again, with the
change in light intensity, it is obvious that all calibration standards shifted along with the unknown to
maintain calibration integrity. Conversely, by re-slicing the image vertically, the original data can be
recovered, as shown at the right during both the initial (blue) and final (green) settings. This novel
data reshaping approach is well-suited to an automated, droplet-based continuous calibration, and
it was enabled by the precision of the valve-based control. It should be noted that a lock-in analysis
was not yet applied to the data in this reshaped image, but further development of image analysis
algorithms in the future will allow a lock-in analysis directly from these types of images.

This analysis gives a unique, visual means to showcase the system’s ability to respond to
environmental changes. Following the lock-in analysis, Figure 3B depicts the system’s response to the
challenge, where the major adjustment was a decrease in the slope (blue) of the linear calibration curve
and a small change in the y-intercept (gold). The R? value (green) remained at a high level near 1.00
over the course of the sampling, and the unknown determination was steady at 104 nM despite the
change in the excitation light intensity (blue data on the right, magnified to a 100-110 nM range).

3.4. Continuous Calibration Using a Nonlinear Homogeneous Immunoassay

Finally, we tested the performance of this droplet-based system using a more complex assay
response. Using antibody-oligonucleotide conjugates (Ab-oligos) as probes (Figure 4B), where
deoxyribonucleic acid (DNA) arms are labeled with a fluorophore and quencher, it is possible to
quantify a protein analyte with a high specificity through a mix-and-read workflow [7,32,33] that
is ideal for detection within droplets. However, the recovery of the sometimes small, unamplified
signal changes can be challenging, particularly in the biologically relevant ranges for a hormone such
as insulin (low ng mL~!; pM to nM). We previously showed that our uChopper method provides
a key enhancement to enable homogeneous immunoassays within droplets [8], and the combined
techniques even allowed high-resolution sampling of insulin secretion from single pancreatic islets [7].
The disadvantages in these devices were that the mixing ratios of Ab-oligos and the sample were
device-dependent, the assay timing was restricted by the flow rates of the on-chip pumps, and the
calibrations had to be carried out before or after experiments in a serial fashion. Here (Figure 4A),
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we show that by forming aqueous-in-oil droplets of Ab-oligo probes (blue), insulin analyte (green),
and buffer (gold) in a programmable way and then merging them downstream with integrated
electrocoalescence, all of these aforementioned problems can be solved.
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Figure 3. Data reshaping allowed for a unique visual inspection of the system, enabled by a precise
droplet control with valves. (A) The raw data vector over time was reshaped into an image array using
custom a MATLAB code, and image re-slicing permitted temporal tracking of each type of droplet
(above) or original data recovery (right). (B) The system responded to the light intensity decrease
by adjusting the calibration parameters, while the fit linearity and unknown determination were
essentially unaffected.

By virtue of valve-based automation and downstream droplet merging, precious Ab-oligo reagents
did not need to be diluted, premixed, or incubated with samples. For each measurement, a single drop
of the stock Ab-oligo was sampled from inlet #1 (blue) and grouped with varying numbers of insulin
(#3, green) and buffer (#4, gold) droplets (Figure 4A), and these six droplets were merged, mixed, and
incubated downstream to allow for continuous calibration. The raw emission data in Figure 4C shows
that the quenching within droplets was proportional to [insulin]. Also shown is the magnitude of
the detector drift (two inset plots), which becomes highly significant compared to the signal changes
in these homogeneous immunoassays at low analyte concentrations. In fact, the drift as high as
~640 intensity units was similar to the overall assay change for the full calibration range. Using the
uChopper approach [8,12,22], these drifts were negated to give consistent calibration results over the
entire experiment. The average curves are shown in Figure 4D, while the real-time curve parameters
(linear fits versus logjo[insulin]) are shown in Figure 4E. Continuous calibration allowed drifts and/or
environmental changes to be negated, where the system continuously adjusted by modifying the slope

32



Micromachines 2020, 11, 620

and y-intercept. The concentration limit of detection (LOD¢onc) was 2 ng mL ™! (300 pM), while the
number of moles that were detectable (LOD ) was 5 amol (5 x 10718 mol). This LOD is the best
achieved to date for homogeneous insulin immunoassays using droplet-based microfluidics [7,8].
These data prove that the programmable device can give highly precise amounts of probe, calibration
standards, and buffer—a significant improvement compared to the laminar flow sampling method in
prior devices, where chip-to-chip variations were significant.
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Figure 4. Automated homogeneous immunoassays in nanoliter droplets. (A) Device was operated
with three inlets to program the pre-merge ratio of Ab-oligo probe, insulin, and buffer droplets.
(B) Fluorescence-quenching-based homogeneous immunoassay with Ab-oligo probes. The signal
quenching is proportional to the analyte concentration with a nonlinear response curve. (C) Raw
emission data from the automated continuous calibration. The upper inset is a zoomed view of
the detector drift, and the lower inset shows that the magnitude of the drift is similar to the
overall assay response. (D) Lock-in detection with the uChopper method allows for a reliable
correction and calibration. The signal change is shown versus [insulin] (left) and logjo[insulin]
(right). LODcone =2 ng mL~! =300 pPM, while LODam¢ = 5 amol. (E) The continuous linear calibration
parameters versus logo[insulin] show the slope and y-intercept to be responsive to significant detector
drifts. (F) The intensity histograms show that the assay responses over the 10-50 ng mL~! insulin range
were closely clustered, and drift could also be observed. The calibration standards followed the drift,
giving reliable calibrations over time as in part (D,E).

The histograms shown in Figure 4F highlight some challenges that may arise using nonlinear,
homogeneous immunoassays at low concentration ranges compared to simple direct fluorescence (as
shown in Figure 2D). Calibration intensities were clustered together between 6000 and 8000 intensity
units, and the drift could be readily observed. The inset magnified plot shows that the three highest
[insulin] values—made with droplet ratios (1,5,0), (1,4,1), and (1,3,2)—were just barely resolved under
these conditions. Fortunately, the pChopper method can compensate for these effects [8,12,22]. Overall,
the data in Figure 4 show that automated sampling and downstream merging, when combined with
lock-in detection, provide a highly reliable way to perform mix-and-read immunoassays in nanoliter
droplets. The system can even be applied to the real-time quantification of proteins. These benefits
were achieved with minimal user intervention, where the workflow consisted of adding merely three
solutions to the inlet reservoirs before starting the system.

Lastly, an additional and noteworthy improvement is reduced cost. Using this device, the total
volume used in one five-point calibration for the insulin immunoassay was 83.1 nL (five merged
droplets of 16.6 nL). For the most expensive components, Ab-oligo probes, only 13.85 nL. was required.
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Because a five-point calibration in the standard 384-well plate version of the assay requires 2.25 pL of
probes, our device reduced the needed volume 160-fold, which translates to an equivalent 160-fold
reduction in cost for these precious bioconjugate components.

4. Conclusions

A fully automated microchip was introduced to precisely and rapidly form droplets of sequential
calibration standards, allowing quantitative analyte measurements in the nanoliter range and in real
time. The key novelty of this device was the integration of valve-based automation, on-chip droplet
electrocoalescence, and pChopper data analysis. The user workflow was minimized to a few solution
transfer steps at the beginning of the experiment, and cost reductions of more than two orders of
magnitude (160-fold) were realized with homogeneous insulin immunoassays. Furthermore, full
calibrations required <1 min, and this system also posted the lowest LOD achieved to date using
droplet-based homogeneous immunoassays (insulin LOD¢one =2 ng mL~1 =300 PM; LODymt = 5 amol).
The highly precise, programmable control also permitted unique data reshaping into images, with which
lock-in detection or continuous referencing should be feasible through image analysis improvements.

Of course, some challenges remain with this system, which could be addressed in future
work. To accommodate the serial sampling of multiple droplets and the formation of groups of
calibration standards, the overall sample flow rate using on-chip pumps was lowered, causing about a
one-order-of-magnitude loss in the temporal resolution of the sampling. Thus, the method timing is
not yet competitive with our own state-of-the-art sampling resolution of 3.5 s [9]. While this issue is a
cost of automation that is partially offset by the benefits, it could likely be improved by using gating
valves [8] instead of full three-valve pumps. Finally, increases in the size or volume of the merging
region would allow more droplets to be merged (>6). Changing this feature, along with increasing the
input reservoir number, would exponentially increase the number of possible solution combinations,
perhaps making it more palpable to refer to the chip as a microfluidic digital-to-analog converter.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/6/620/s1,
Figure S1: Automated uChopper device design and timing during operation, Figure S2: Programmatic flow
chart of the LabVIEW application, Text: MATLAB code for reshaping data into an image, Video S1: “droplet
generation”, Video S2: “six merge”.
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Abstract: A microfluidic droplet-storage array that is capable of the continuous operation of
droplet formation, storing, repositioning, retrieving, injecting and restoring is demonstrated.
The microfluidic chip comprised four valve-assisted droplet generators and a 3 x 16 droplet-storage
array. The integrated pneumatically actuated microvalves enable the precise control of aqueous phase
dispensing, as well as carrier fluid flow path and direction for flexible manipulating water-in-oil
droplets in the chip. The size of droplets formed by the valve-assisted droplet generators was validated
under various operating conditions such as pressures for introducing solutions and dispensing time.
In addition, flexible droplet addressing in the storage array was demonstrated by storing droplets
with various numbers and compositions in different storage units as well as rearranging their stored
positions. Moreover, serial injections of new droplets into a retrieved droplet from a storage unit was
performed to show the potential of the platform in sequential dosing on incubated droplet-based
reactors at the desired timeline. The droplet-storage array with great freedom and flexibility in droplet
handling could be applied for performing complex chemical and biologic reactions, especially in
which incubation and dosing steps are necessary.

Keywords: microfluidics; droplet array; microvalve

1. Introduction

Droplet-based microfluidic systems that manipulate nano- or picoliter droplets in microchannels
have been highlighted in high-throughput chemical and biologic screening with rapid and robust
reactions [1-4]. With the beneficial aspects of droplet-based reactors, e.g., extremely low sample
consumption as well as flexibility in the size of the reactor, enormous droplet generators have been
applied for various applications, including particle synthesis [5-7], cell analysis and nucleic acid
amplification [8,9] and sequential biochemical reactions [10-12]. Besides this, advanced microfabrication
and microengineering techniques have been exploited to design and manufacture innovative droplet
devices for combinatorial screening [13-15], massive droplet production [16-18] and accurate droplet
sorting [19-21].

One of the fundamental aspects of the droplet-based systems for analytical chemistry and biology
is preparing libraries of samples in various compositions as well as concentrations. For varying the
combination and concentration of reagents in a series of droplets, microfluidic mixers were integrated
with droplet generators [5,10,11]. In the combined designs, several flowing streams were emerged
into a microfluidic mixer and flowed into a carrier fluid flow to form droplets with various conditions.
The other concept to create concentration gradients along droplets is merging droplets by synchronizing
droplets in a microchannel network [22] or using hydrodynamics with microstructures designed to
trap and release droplets [13,14,23,24].
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Recently, highly integrated droplet-based microfluidic arrays have been developed for
combinatorial screening in a single platform [13,14,25-30]. The microfluidic platforms combined
broad functional spectrum in droplet-based microfluidics, e.g., concentration gradient generation and
droplet formation and storage, for building high-throughput libraries in protein crystallization [25,26],
single-cell analysis [13,14,28,29] and spheroids formation [27]. In particular, static droplet
arrays [24,27-30] enabled controllable droplet generation and storage, as well as multiple chemical
dose to stationary droplets in a relatively simple device geometry as a promising and inexpensive
alternative to conventional high-throughput screening. Although the static droplet arrays showed
great potential in performing complex combinatorial screening, the reactions are based on stationary
droplets with predetermined volumes. Hence, the flexible droplet size-control and droplet retrieval for
further on-chip and off-chip analysis remain challenging.

After the first introduction of Quake’s valves, pneumatically actuated poly(dimethylsiloxane)
(PDMS) monolithic valves fabricated by multilayer soft lithography [31], into droplet-based
microfluidics [32], several multilayer PDMS devices have been presented to perform accurate handling
of droplets for biochemical applications such as static fluorescence assay [33], nanoparticle synthesis [34]
and single microbial cell screening [14]. The platforms showed the potential of the valve-assisted
droplet generator to produce highly monodispersed droplets and combinatorial contents in a series
of droplets. Furthermore, the accurate manipulation of complex fluid flows by multilayer devices,
where tens- or hundreds of microvalves were integrated, in previous reports [35-37] showed promise
to engineer an automated, multifunctional microfluidic droplet array.

Here, we discuss the development of a microfluidic droplet-storage array that enabled
programmable droplet formation, multiple injections into generated droplets, addressing and incubating
droplets in storage units, dosing additional droplets to stored droplets. The device comprised
four valve-assisted droplet generators and an array of 48 droplet-storage units by integrating a
forward-backward flow direction control and flow path changing with pneumatically actuated
microfluidic valves. The flow rate ratio of a dispensing phase and a carrier fluid, as well as dispensing
time, were characterized to generate water-in-oil (w/o) droplets with controlled volumes ranging from
13.2 + 0.5 to 1204.8 + 17.8 pL (n = 20). In addition, the repositioning of sets of stored droplets in the
storage unit array was demonstrated to show the robust valve-assisted operation of flow direction and
path control. Finally, the continuous operation of multiple droplet formation, storage, positioning,
retrieval, and injecting was processed to present the great freedom and flexibility of the microfluidic
chip in droplet handling. The microfluidic droplet-storage array may be applied for performing
complex chemical and biologic reactions with tiny sample consumption, especially in which incubation
and dosing steps are required, e.g., cell drug—dose response and multistep chemical synthesis.

2. Materials and Methods

2.1. Chip Design

The microfluidic droplet-storage array comprised 4 droplet generators and 48 droplet-storage
units (Figure 1). The main carrier fluid flow channel was connected to two sets of an inlet and an outlet,
and the carrier fluid flowed through the droplet generators and the storage unit array. Figure 1A shows
the working process for droplet formation by using a microfluidic valve [32]. In each droplet generator,
a pneumatically actuated microfluidic valve [31] was placed at the T-junction of an aqueous and the
carrier fluid channels to control the connection between the two flows. The valve was normally closed
to disconnect the two channels, and a volume of the aqueous phase was dispensed into the oil flow
when the valve was open. Then the valve was closed again to create a segment of the aqueous phase in
the carrier fluid flow. The size of the water-in-oil (w/o) droplet, the dispensed volume of the water
phase, was determined by the flow rates of water and oil phases as well as the valve opening time.

Figure 1B presents the design of the inlet and outlet connection in the device for switching the
flow direction of the carrier fluid (Figure 1B). On the two sides of the device, two sets of an inlet and an
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outlet were placed, and the channel connection was controlled by valves, which were designed at the
junctions of channels. When the main oil flow channel was connected to the inlet near the droplet
generators (cf. in #1) and the outlet after the incubation chambers (cf. out #1), the carrier fluid flowed
from the droplet generators to incubation chambers (forward fluid flow). The oil flow direction was
reversed to backward fluid flow by connecting the outlet before the droplet generators (cf. out #2)
and the inlet after the chamber array (cf. in #2). The oil flow direction switching enabled the flexible
addressing of droplets into the storage units and multiple droplet injections into a target droplet.

Each droplet-storage unit consisted of a bypass channel from the main carrier fluid flow channel,
and two valves at the entrance and exit of the bypass channel, as illustrated in Figure 1C. By closing
the valve near the bypass entrance and opening the other valve at the exit of the channel, droplets in
the carrier fluid flowed into the bypass channel, the storage unit. Then, the droplets in the storage unit
were trapped and isolated while the next droplets passed through the main oil channel by switching
the valves on and off. The valves for isolating droplets in the 48 storage units were operated by
microfluidic multiplexors [38]. The device contained 3 columns and 16 rows of the storage units
within a chip dimension of 3.5 cm x 2.0 cm and 1-10 droplets, depending on the droplet size and
droplet-to-droplet spacing, could be stored in each storage unit. Further integration of the storage
units in a single chip would be possible by adding parallelized storage units and control channels for
high-throughput analysis.
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Figure 1. Design and operation of the microfluidic droplet-storage array. A computer-aided design

shows the integration of 4 droplet generators and 48 droplet-storage units; (A) process flow of the
droplet generation by using a microfluidic valve; (B) fluid flow direction control by switching a carrier
fluid flow channel connection between the two sets of an inlet and an outlet; (C) valve operation to
collect and isolate droplets in a droplet-storage unit.

2.2. Chip Fabrication

The microfluidic device was fabricated by multilayer soft lithography technique [31,39], and we
followed a modified fabrication protocol based on our previous studies [36,37]. The PDMS device
consisted of a top fluidic layer and a bottom control layer; the heights of fluid flow channels and control
channels were 38 + 2 pm and 18 + 2 um (n = 10), respectively.



Micromachines 2020, 11, 608

2.3. Chip Operation

A pneumatic control system was used for operating fluid flow in the microfluidic droplet-storage
array. Reagents were loaded into the flow channels by applying pressure from the backside of
solutions [40], and microvalves were actuated by applying compressed nitrogen gas into the control
ports. The pneumatic control system was automated by interconnecting 3/2-way solenoid valve
manifolds, precision pressure regulators and an EasyPort USB digital I/O controller (all from Festo,
Delft, The Netherlands) and controlled by a LabVIEW program (National Instruments Co., Austin, TX,
USA). The valve operation for changing the fluid flow direction and droplet injection was controlled
by sequencing pre-measured droplet moving time. However, a feedback control strategy may enable
real-time sequencing by integrating a digital video processing software [41] with the operating setup.

2.4. Materials

Food dye solutions filtered with a 0.2-um syringe filter (Whatman PLC, Sigma-Aldrich,
Zwijndrecht, The Netherlands) and mineral oil containing 1.5% (w/w) Span 80 (all from Sigma-Aldrich,
Zwijndrecht, The Netherlands) were used as the aqueous phases and the carrier fluid, respectively,
for the generation of water-in-oil droplets. For sequential dilution by serial droplet injection, 1-g/L
rhodamine B isothiocyanate-dextran (RITC-dextran, average molecule weight ~10,000, Sigma-Aldrich
Chemie BV, Zwijndrecht, Netherlands) prepared in Milli-Q water (Millipore Co.) and Milli-Q water
were used as a stock solution and a diluent, respectively.

2.5. Data Processing

A stereomicroscope (Motic SMZ171-TLED, LabAgency Benelux B.V., Dordrecht, The Netherlands)
equipped with a CMOS camera (Moticam 3.0) and an inverted fluorescence microscope (Olympus IX73,
Olympus Netherlands BV, Leiderdorp, The Netherlands) installed with a digital camera (ORCA-ER,
Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany) and an automatic XY-stage (995000,
Ludl Electronic Products, Ltd., NY, USA), were used for monitoring droplet generation and addressing
in the device. An N 2.1 filter cube (excitation: BP 515-560 nm; emission: LP 590 nm) was used for
observing RITC-dextran fluorescence signals with the fluorescence microscope. Acquired images and
recorded movies were processed and analyzed by VirtualDub software (http://www.virtualdub.org/)
and Image J software (http://rsb.info.nih.gov/ij/).

3. Results and Discussion

3.1. Droplet Generation with a Pneumatically Actuated Valve

The w/o droplets were formed at the T-junction of the aqueous phase and carrier fluid channels in
the device by using a pneumatically actuated valve [32]. The sequence of the valve-assisted droplet
formation in the droplet generator is shown in the time-series images in Figure 2A. Initially, pressures
were applied for loading the aqueous phase and carrier fluid in the channels; however, the water flow
was seized by closing the valve in the entrance of the aqueous phase channel. When the valve was
open, the aqueous phase flowed into the main carrier fluid channel until the valve is closed again.
Consequently, the dispensed volume of the aqueous phase created a water droplet in the oil flow.
Hence, the size of the droplet was determined by the applied pressure for water and oil flows, as well
as the opening time of the valve. The applied pressure ratio for water and oil flows (Pwater/Poil) and
dispensing time for the droplet generation in Figure 2A are 1 and 167 ms, respectively.

For the calibration of operating conditions of the droplet generator, we created droplets under
various dispensing times at constant applied pressure for water and oil phases, and different applied
pressure ratios of water flow to oil flow while dispensing time was kept constant. Figure 2B shows
droplet formation with various dispensing times ranging from 48 ms to 333 ms at a constant fluid flow
condition (Pwater/Poil = 1). As an increased dispensing time, the formed droplet-size linearly increased.
The relationship between the dispensing time and droplet volume at various fluid flow conditions is
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shown in Figure 2C (n = 20). The linear regressions with relatively small standard deviations represent
the accurate droplet size-control and monodispersity of the formed droplets in the valve-assisted
droplet generator. Supplementary Video S1 in Supplementary Materials shows the demonstration of
valve-assisted droplet formation by varying dispensing time continuously.
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Figure 2. The w/o droplet generation with a pneumatically actuated microfluidic valve; (A) Step-by-step
procedures of droplet formation at the constant droplet generation condition (Pwater/Poii = 1 and
dispensing time = 167 ms); (B) Droplet size-control by varying the dispensing time at the constant
fluid flow condition (Pwater/Poil = 1). Images captured from a recorded movie. Scale bars: 400 um;
(C) relationship between the dispensing time and the volume of formed droplets at various fluid flow
conditions (n = 20).

3.2. Droplet Addressing by the Fluid Flow Direction Control

For demonstrating the droplet addressing capability of our microfluidic device, we relocated
collected droplets in droplet-storage units (Figure 3). We generated and isolated nine sets of three water
droplets formed with three different colored dye solutions, blue, red and yellow, into nine storage units.
Initially, storage units in the first row, 1-1, 1-2 and 1-3, the second row, 2-1, 2-2 and 2-3, and the third
rows, 3-1, 3-2 and 3-3, were filled with blue, red, yellow droplets, red, yellow and blue droplets and
yellow, blue and red droplets, respectively (Figure 3A). Each storage unit contained one set of valves
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for bypass and collection of droplets into the unit, and the moving path of droplets was determined by
the valve actuations. The flow direction of the carrier fluid was controlled by switching the connection
of the two sets of an inlet and an outlet. For example, the droplets were moved to forward direction
when the inlet of the carrier fluid near droplet generators and the outlet of the oil phase behind the
chamber array were connected. On the contrast, the carrier fluid flowed backward with the connection
of the oil inlet behind the chambers and the oil outlet closed to the droplet generators. For relocating
droplets in storage units in the second row, blue droplets were retrieved from the storage unit 2-3 by
connecting the bypass lines of 2-1 and 2-2 and the collection line of 2-3 with backward carrier fluid
flow (Figure 3B). Then, the carrier fluid flow direction was changed to forward while the collection
lines of 2-1, 2-2 and 2-3 were connected for collecting blue, red and yellow droplets in storage units
2-1, 2-2 and 2-3 (Figure 3C). By repeating the processes the yellow droplets in storage unit 3-1 were
retrieved (Figure 3D) and pushed blue and red droplets in the storages 3-2 and 3-3 (Figure 3E) to
make the same color order of stocked droplets, blue, red and yellow through the first, second and third
columns (Figure 3F). The demonstration of relocating droplets in the storage units shows the capability
of the device in collecting droplets in the array as well as freedom in setting the order of droplet-based
reactors. The Supplementary Video S2 shows the procedure in real time.
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Figure 3. Droplet addressing in the storage unit array. (A) Nine sets of three droplets were isolated in a
3 x 3 storage unit array with random orders in droplet colors. (B-E) By moving the droplets with the
control of carrier fluid flow direction as well as droplet moving path, (F) the color orders of droplets in
each row rearranged to blue, red and yellow. Scale bars: 500 um.

3.3. Serial Injection of Droplets into a Target Droplet

In the most chemical and biologic experiments, dilution and mixing of samples are fundamental
operations for preparing, processing and analyzing reactions. Merging droplets is one of the most
useful and practical operations in droplet-based reactors to vary the compositions and concentration of
reagents for performing complex reactions [13,14,22-24,34]. Droplet-based microfluidic devices with
continuous flows controlled the droplet merging by sequencing droplet formations [22] or integrating
microstructures where droplets were trapped by hydrodynamics [13,14,23,24]. In valve-assisted
droplet-based microfluidics, droplet merging was operated by synchronizing valve operation of in-line
droplet generators [34].

The droplet-injection in our microfluidic droplet-storage array device is based on the
synchronization of droplet generators; however, the forward-backward flow direction control on the
carrier fluid enabled multiple injections of droplets into a formed droplet in a single droplet generator.
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Figure 4A and Video S3 in Supplementary Materials show the operating procedure to perform serial
droplet-injection into a target droplet. After the formation of a blue droplet, the droplet flowed back to
the droplet generators by changing the flow direction of the carrier fluid to backward. Then, the oil
flow direction was switched to forward direction again, and a red droplet was dispensed into the
blue droplet. The same process was repeated for the sequential injection of red droplets into the
blue droplet. Figure 4B shows the serial dilution of RITC-dextran by injecting Mill-Q water droplets
into a preformed droplet containing 1-g/L RITC-dextran. The applied pressure ratio of water flow
to oil flow and dispensing time were 1 and 111 ms, respectively. By repeating the Milli-Q droplet
injection, the volume of the RITC-dextran droplet linearly increased with an increase of 236 + 4 pL
(Figure 4B(1)). Figure 4B(2) shows the relationship between the calculated concentration and measured
the fluorescence intensity of the RITC-dextran droplet in the sequential dilution. The RITC-dextran
fluorescence intensity in the droplet linearly decreased as droplet volume increased by the serial
injection of Milli-Q water droplets.
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Figure 4. Serial injection of droplets into the target droplet in the droplet generator; (A) Process flow of
the serial injection by changing the flow direction of the carrier fluid. Scale bars: 500 um; (B) sequential
dilution of RITC-dextran droplet (initial concentration of 1 g/L) by adding multiple Milli-Q water
droplets (n = 3).

3.4. Continuous Processing of Droplet Formation, Addressing and Injection

To demonstrate the feasibility of the microfluidic device for creating a desired library of droplets
in the storage unit array, we continuously processed multiple droplet generations with different
numbers and reagents and droplet addressing in different storage units. In addition, we performed
repositioning of droplets as well as injecting a new droplet into the droplet retrieved from the storage
unit by controlling carrier fluid flow directions with valve operation.
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Flexible droplet generation and storing in the microfluidic droplet-storage array is shown in
Figure 5A. First, one red droplet and one green droplet were formed and collected in the storage units,
8-2 and 8-1 (Figure 5A(1,2)), then two red and two green droplets were generated and positioned in
the storage units in the next row, 7-2 and 7-1 (Figure 5A(3)). The following droplets, one red and one
green, were placed in the storage unit 6-1 together (Figure 5A(4)). Figure 5B shows the rearranging of
the order of droplets by switching the oil flow path and flow. After generating two green droplets, a red
droplet was formed and followed the green droplets. The green droplets were trapped in the storage
unit 5-1, while the red droplet was flowed in the main oil channel next to the storage. Then we flowed
one green droplet and inserted the red droplets between the two green droplets. Finally, the three
droplets were isolated in the storage unit 5-1, in a new order, green-red—green. To demonstrate dosing
a reagent into an incubated droplet, we added a blue droplet into the stored green droplet (Figure 5C).
The forward-backward oil flow direction control enabled the operations of retrieving the green droplet
from the storage unit (Figure 5C(1)), placing to droplet generator (Figure 5C(2)), adding a new droplet
(Figure 5C(3)) and restoring into the storage unit (Figure 5C(4)). The Video S4 in Supplementary
Materials shows the real-time operation of the processes.
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Figure 5. Continuous processes of (A) droplet formation and storing, (B) repositioning and (C) injection

I

and restoring. Scale bars: 1 mm.

The other attractive function of the device for long-term incubation of droplets in the storage
array is shaking droplets. The pristine PDMS shows a hydrophobic characteristic with a water contact
angle of 100-112° [42]; however, the wetting of the aqueous phase onto the PDMS surface is still
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challenging for PDMS-based w/o droplet generators [43]. Although PDMS surface treatment with
a commercial water repellent Aquapel [43,44] may reduce the water wetting on the PDMS surface,
this non-permanent treatment is limited for the long-term storage of water droplets in PDMS channel
without the loss of the water droplet volume. Our microfluidic droplet-storage device is capable
of switching the main oil flow direction continuously by automated valve operation. Hence, water
droplets collected in storage units can be shaken to prevent droplet settling in contact with the PDMS
surface that may result in reducing the droplet volume during long-term incubation (Video S5 in
Supplementary Materials). In non-treated PDMS channels, the volume loss of w/o droplets was
25% + 3% of the initial volume of droplets with shaking while the droplet volume reduced 73% + 2%
without shaking after 5 h incubation at room temperature (Figure S1 in Supplementary Materials).
Furthermore, the function of droplet shaking may be useful for conducting biochemical reactions,
where agitation plays a critical role, such as protein fibrillation and aggregation [12,45,46].

4. Conclusions

In this work, we established a microfluidic droplet incubation chamber array to combine
programmable droplet formation, multiple injections into formed droplets, addressing droplets
into incubation chambers, dosing additional droplets to incubated droplets in a single device. All the
droplet handling processes were performed by automated microfluidic valve control. Droplet formation
with an accurate size control was validated under various valve operating conditions and applied
pressure for loading solutions. In addition, flexible droplet addressing and multiple dosing on a
formed droplet were demonstrated by multiplexing integrated microvalves and the forward-backward
flow direction control. The microfluidic droplet incubation chamber array may be an attractive tool
for performing complex chemical and biologic reactions with extremely small sample consumption,
particularly in which incubation and dosing steps are required.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/6/608/s1,
Video S1: Valve-assisted droplet formation, Video S2: Droplet addressing in a storage array, Video S3: Serial
injection of droplets, Video S4: Journey of droplets on a chip, Video S5: Shaking droplets in a storage unit and
Figure S1: Volume loss of w/o droplets in a non-treated PDMS channel.
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Abstract: Microcapsules are attractive core-shell configurations for studies of controlled release,
biomolecular sensing, artificial microbial environments, and spherical film buckling. However,
the production of microcapsules with ultra-thin shells remains a challenge. Here we develop a
simple and practical osmolarity-controlled swelling method for the mass production of monodisperse
microcapsules with ultra-thin shells via water-in-oil-in-water (W/O/W) double-emulsion drops
templating. The size and shell thickness of the double-emulsion drops are precisely tuned by
changing the osmotic pressure between the inner cores and the suspending medium, indicating the
practicability and effectiveness of this swelling method in tuning the shell thickness of double-emulsion
drops and the resultant microcapsules. This method enables the production of microcapsules even
with an ultra-thin shell less than hundreds of nanometers, which overcomes the difficulty in producing
ultra-thin-shell microcapsules using the classic microfluidic emulsion technologies. In addition, the
ultra-thin-shell microcapsules can maintain their intact spherical shape for up to 1 year without
rupturing in our long-term observation. We believe that the osmolarity-controlled swelling method
will be useful in generating ultra-thin-shell polydimethylsiloxane (PDMS) microcapsules for long-term
encapsulation, and for thin film folding, buckling and rupturing investigation.

Keywords: microcapsules; double-emulsion drops; osmotic pressure; ultra-thin-shell; microfluidics

1. Introduction

A microcapsule is a micrometer-scale core-shell structure, with compartments encapsulated in a
solid shell. This kind of core-shell configuration not only can protect the core materials from external
disturbance or even contamination, but can also perform the on-demand delivery and release of the
aqueous core under various external stimuli [1,2]. Thus, microcapsules can serve as model systems in
various applications, such as drug delivery and controlled release [3-7], photonic capsule sensors [8-10],
artificial microbial environments [11,12], foods [13,14], and biomolecular sensing [15,16].

Microfluidics technology supplies a simple and effective method for the production of various
microcapsules with well-defined compositions and structures via double-emulsion drops templating [1,17].
For instance, by solidifying the liquid shell of the double-emulsion drops using temperature, pH, chemistry
or light-sensitive materials, microcapsules with controlled release behaviors can be mass produced [18-25].
A porous shell endows microcapsules with a size-selective permeability [26]. Multicompartment
microcapsules with multi-cores or capsule-in-capsule structures are designed for co-encapsulation
and diverse programmable sequential release [27-31]. Smart microcapsules, which have magnetic
materials embedded on the shell or in the cores, have been used for direction-specific delivery and
release [32-34].

In particular, microcapsules with ultra-thin shells are critical templates for the above mentioned
applications, and for studies of folding and buckling behaviors of spherical thin films [35]. However,
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the production of microcapsules with ultra-thin shells remains a challenge. It is very difficult to
fabricate a double-emulsion drop with an ultra-thin shell less than several hundred nanometers using
classic capillary microfluidic devices. There have been some configurations of capillary microfluidics
to fabricate such ultra-thin-shell double-emulsion drops and microcapsules [36-42]. For example,
an ultra-thin middle layer of double-emulsion drops can be stably created by squeezing a thin layer of
middle fluid between the inner wall of the capillary and the innermost fluid [36]. The middle fluid
needs to have high affinity to the capillary wall. The phase compositions and wettability of the middle
fluid, however, are strictly required to create the thin shell. Therefore, developing an alternative
method with simple configuration and practical performance for mass production of ultra-thin-shell
microcapsules is of great significance.

In this study, we demonstrate an easy and practical method to generate highly monodisperse
ultra-thin-shell microcapsules via osmolarity-controlled swelling behaviors of water-in-oil-in-water
(W/O/W) double-emulsion drops. To achieve this, a classic capillary microfluidic device is firstly
designed to fabricate monodisperse W/O/W double-emulsion drops, as shown in Figure 1a. Then, an
osmolarity-controlled swelling method is developed to make the shell thinner by increasing the drop
diameter, as the schematic illustration shown in Figure 1b. Here, the swelling process of the emulsion
drops is simply controlled by the osmotic pressure between the inner aqueous and the suspending
medium. The shell material, polydimethylsiloxane (PDMS), enables the transportation of water into or
out of the drops when they are subjected to an osmotic pressure difference [43,44]. The shell thickness
of the double-emulsion drop after swelling is figured out by measuring the volume of the PDMS shell
phase after an electro-triggered rupturing, the value of which can be several hundreds of nanometers
or less. Finally, the double-emulsion drops are transformed into ultra-thin-shell microcapsules by a
thermal curing method to solidify the PDMS shell phase. This method enables the mass production of
microcapsules with ultra-thin shells, and the shell thickness can be controlled precisely.

Continuous phase(W) _ —

o0 o

Collection tube

(b)

Thermal
Curing

Osmolarity-Controlled
Swelling

Figure 1.  (a) Schematic illustration of the capillary microfluidic device for generating
water-in-oil-in-water (W/O/W) double-emulsion drops; (b) schematic illustrations showing the
osmolarity-controlled swelling process of W/O/W double-emulsion drop, and the thermal curing
process from liquid emulsion drop to solid microcapsule.

2. Materials and Methods

2.1. Materials

Polyvinyl alcohol (PVA, 87-89% hydrolyzed, average Mw = 13,000-23,000), potassium chloride
(KCl), octadecyltrichlorosilane (OTS), and methylene blue were purchased from Sigma-Aldrich
(St. Louis, MO, USA). PDMS kit (Sylgard 184) and silicone oil (50 c¢St, PMX-200) were purchased from
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Dow Corning (Midland, MI, USA). As the outer continuous phase (Wouter), aqueous solution of 5 wt%
PVA was used. PVA served as a surfactant in this case. As the middle oil phase (Omiddie), @ mixture
of PDMS and silicone oil with the volume ratio of 3:1 was employed, in which 10 wt% curing agent
was added for solidifying the double-emulsion drops into microcapsules. As the inner phase (Winner),
aqueous solution of 1 wt% PVA was used. Depending on different experiments, KCI was added into
the inner phase and suspending medium to adjust the osmotic pressure between the inner and outer of
the PDMS shell. In some experiments, methylene blue was dissolved into the inner core as a dye for
better visualization. All water used in this study was deionized (DI) water unless otherwise noted.

2.2. Fabrication of the Glass Capillary Microfluidic Device

A classic glass-capillary microfluidic device was used to fabricate the W/O/W double-emulsion
drops, as described previously [17,45]. Briefly, two circular capillary tubes (ID of 0.58 mm, OD of
1.03 mm, World Pricision Instrument Inc., Sarasota, FL, USA) were given tapered openings of 38 and
170 um in diameter using a micropipette puller (P-97, Sutter Instrument Inc., Novato, CA, USA) and
a microforge (Narishige MF-900, Tokyo, Japan). The outside of the glass capillary tube for the inner
fluid was hydrophobically functionalized with OTS to enhance the wettability of the capillary tube
with oil phase, facilitating the fabrication of W/O/W double-emulsion drops. The two tapered circular
capillary tubes were coaxially aligned and opposed to each other within a square glass capillary (ID of
1.05 mm), which were spaced from each other by 80 um, as shown the optical microscope image in
Figure 2a. All the capillaries and needles used for channels were connected using a transparent epoxy.
Such a configuration possessed the hydrodynamic flow-focusing and coflowing functions for one-step
fabrication of highly monodisperse W/O/W double-emulsion drops.

(a)

)O : '
[ r ‘\
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Figure 2. (a) Optical microscope image showing the inner configuration of the classic capillary
microfluidic device and the generation of W/O/W double-emulsion drops using this device; (b) optical
microscopy image of highly monodisperse W/O/W double-emulsion drops (inset: size distribution of
the emulsion drops). (c) Influence of continuous phase flow rate on dimensions of double-emulsion
drops, where Qouter is varied from 8 to 18 mL/h; Qmiddie and Qinner are maintained at 120 and 1000 pL/h.
Scale bars are 200 um.
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2.3. Generation of Monodisperse W/O/W Double-Emulsion Drops

To generate W/O/W double-emulsion drops, three liquid phases, Wouter, Omiddie and Winner, were
pumped into the microfluidic device by three syringe pumps (Harvard Apparatus, PHD 2000 Series,
Holliston, MA, USA). The generation process of the W/O/W double-emulsion drops in the device
was monitored by a digital CMOS camera (Prime 95B, Qimaging, Surrey, BC, Canada). By tuning
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the flow rates of three phases, monodisperse W/O/W double-emulsion drops were formed through
one-step emulsification, as shown in Figure 2a, where the flow rates of outer continuous phase (Qouter),
middle oil phase (Qmiddie) and inner aqueous phases (Qinner) are 16,000, 120 and 1000 uL/h, respectively.
The double-emulsion drops generated using this classic capillary microfluidic device were highly
monodisperse, of which the size distribution can be maintained at 2.35% or less, as shown in Figure 2b
and the inset bar graph. The drop diameter (d) was controlled precisely by varying Qouter. For example,
as Qouter increased from 8 to 18 mL/h, d decreasedfrom 159.9 to 125.4 um, as shown in the graph in
Fig. 2c, where Qpiddle and Qinner are maintained at 120 and 1000 uL/h, respectively. The reason can be
understood that the increased Qouter induces a higher shear force acting on the emulsion drop, leading
to the decrease in d.

In addition, the shell thickness (/) of double-emulsion drops was varied by modulating the flow
rates ratios of Qmiddie/Qinner, @s shown in the graph and inset images in Figure 3. The stars represent
the experimental results of relative shell thickness 2h/d, which could be varied from 0.041 up to 0.386
with excellent control and reproducibility. The inset optical microscope images show emulsion drops
with varying relative shell thickness: 0.041, 0.128, 0.196, 0.232 and 0.386. Table 1 shows the W/O/W
double-emulsion drops with varying relative shell thickness, diameter, shell thickness for the relevant
flow ratios of Qmiddle/Qinner- The line in Figure 3 is plotted to illustrate the relative shell thickness 2h/d
as a function of Qmiddie/Qinner, Which is rearranged by the mass balance equation in reference [16,45,46].
The experimental results are in good agreement with the line plotted in Figure 3, indicating that the
microfluidic emulsion technology is good at controlling the shell thickness of the double-emulsion
drops. However, it is difficult to generate monodisperse double-emulsion drops with ultra-thin shells
using this classic microfluidic emulsion technology. Based on the reliable generation of monodisperse
double-emulsion drops, the osmolarity-controlled swelling method was developed to produce the
ultra-thin-shell double-emulsion drops and the resultant microcapsules.

T T T T T

T
04 I i
,/
ol /
03} : l ” — ¥ 4
3 // .
g |
£ //
£ : A
Z 02¢ 4
2 ~_7
= A
]
E - Q
01 b
jod
& »
00 L L L I L L
0.0 05 10 15 20 25 30

Qraae/Quner

Figure 3. Experimental and theoretic shell thickness as a function of the flow rates ratios of the middle
oil and inner aqueous phases. The inset optical microscope images showing emulsion drops with
varying relative shell thickness: 0.041, 0.128, 0.196, 0.232 and 0.386. Scale bars are 100 pum.
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Table 1. W/O/W double-emulsion drops with varying relative shell thickness, diameter, shell thickness
for the relevant flow ratios of Qmiddie/Qinner-

Qmiddle/ Qinner Rel. Shell Thickness D (um) h (um)
0.154 0.041 1325 2.7
0.511 0.128 139.6 8.9
0.881 0.196 136.6 134

1.00 0.208 1335 13.9
3.20 0.386 132.0 255

2.4. Electrotriggered Rupturing of W/O/W Double-Emulsion Drops

In this study, the W/O/W double-emulsion drop needed to be triggered to rupture by applying
an alternating current (AC) electric field to calculate the shell thickness. Two acupuncture needles
immersed in the suspending medium acted as electrodes with a distance of 800 pum, through which a
square-wave AC voltage signal was applied to develop an AC electric field between the electrodes.
During this process, the AC signal was generated by a function generator (TGA 12104, TTi, Manchester,
UK), and amplified by an amplifier (model 2350, TEGAM, Geneva, OH, USA). Under an appropriate
field strength and frequency (30 V, 5 KHz) applied, the double-emulsion drop between the two
electrodes ruptured immediately due to Maxwell-Wagner interfacial polarization [47-49].

3. Results and Discussion

3.1. Osmolarity-Controlled Swelling Behavior

The core diameter and shell thickness of the W/O/W double-emulsion drops can be tuned by the
osmolarity-controlled swelling behavior. When the salt concentration of outer suspending medium
is higher than it in the inner aqueous core, water in the suspending medium has a higher chemical
potential than that of the inner core, as shown in the schematic illustration in Figure 4a. As a result,
water in the suspending medium will penetrate through the oil shell into the core, leading to the
osmolality-controlled swelling behaviors of the inner core [43,50]. Along with the swelling of the inner
core, the oil shell becomes sufficiently thinner and thinner, leading to the generation of ultra-thin-shell
double-emulsion drops.

@

-

Osmolarity-Controlled
Swelling

\—/,//
(b) @n (© 90 min (d) 250 min |

Figure 4. (a) Schematic illustration showing the osmolarity-controlled swelling process of the W/O/W
double-emulsion drops; (b-d) Optical microscope images showing the osmolarity-controlled swelling
process of W/O/W double-emulsion. Scale bars are 200 pum.
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To study the effect of osmolality-controlled swelling behavior on shell thickness of double-emulsion
drops, the swelling phenomena of emulsion drops with varying osmotic pressure between the inner
core and outer suspending medium are investigated. Firstly, double-emulsion drops with a given KCI
concentration of 0.25 mol/L as the inner aqueous cores are generated in our capillary device, which
are collected in 1 wt% PVA solution with KCI concentration of 0.25 mol/L to prevent the spontaneous
swelling and coalescence of these drops, as shown in Figure 4b. Here, Qouter, Qmiddle and Qinner
are 16,000, 120 and 1000 pL/h, respectively. The drop diameter is about 129.5 pm. According to the
relationship between the relative shell thickness 2//d and Qmiddie/Qinner Shown in Figure 3, we can
derive the shell thickness of the double-emulsion drop is 2.4 pum. Then, the KCI concentration of the
suspending medium is double diluted by adding 1 wt% PVA solution every 30 min. Here, the dilution of
the KCl concentration in the suspending medium induces the varying osmotic pressure between inner
cores and the suspending medium, resulting in the osmolality-controlled swelling of the inner core.
Meanwhile, the drop size is measured before every dilution process, as shown in the optical images in
Figure 4b—d. After five times dilution, finally, the diameter of the double-emulsion drops increases from
129.5 to 360 um along with the osmolality-controlled swelling process. Knowing the initial diameter,
shell thickness and the swelled diameter of the double-emulsion, the shell thickness of the swelled
emulsion can be derived geometrically, the value of which is 300 nm. As a result, the shell thickness of
the emulsion decreases from 2.4 um to about 300 nm, indicating that the osmolarity-controlled swelling
method enables the mass production of microcapsules with ultra-thin-shell.

3.2. Measuring of the Shell Thickness

To evaluate the shell thickness of the double-emulsion drop after swelling, scanning electron
microscope (SEM) imaging is the most direct way to get this value [8,36,40]. However, it needs expensive
SEM equipment and multiple operations to take SEM images. In other way, if we know the initial
data (diameter and shell thickness before swelling) and the swelled diameter of the double-emulsion
drop, the shell thickness of the swelled emulsion drop can be derived geometrically, as demonstrated
in Section 3.1. In some cases, however, the initial data of the original capsules are missing or not
attainable, leading to the difficulty in calculating shell thickness. Here, we present a simple and useful
strategy to quickly derive the shell thickness by measuring the volume of oil shell phase after the
emulsion drop rupturing. As a comparison, the original emulsion drops are generated using the same
flow rates with Section 3.1, the diameter and shell thickness of which are 129.5 and 2.4 um, respectively.
Time-lapse microscopy images in Figure 5 show the rupture process. Methylene blue is dissolved into
the inner core as a dye for better visualization. When the emulsion drop is swelling to about 360 pm
in diameter, the drop is triggered to rupture by applying an alternating electric field as described in
Section 2.4. From 0.5 s, the aqueous core of the emulsion drop sprays out because of the interfacial
tension, and the oil shell shrinks into a wrinkled membrane. At about 35 s, most of the inner phase
is discharged from the core. The empty oil shell assembles into a spherical drop under the action of
surface tension. After 75 s, the oil shell transformed into a tiny oil drop with a diameter of 64 pum.
By comparing the diameters of the oil drop after rupturing and the double-emulsion drop before
rupturing, we can readily figure out the shell thickness of the swelled double-emulsion drop, which
is about 338 nm. This indicates that the shell thickness evaluated using the drop rupturing method
(338 nm) is in good agreement with that derived geometrically (300 nm).
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2s 35s 75s

Figure 5. Time-lapse microscopy images showing the rupture process of the W/O/W double-emulsion
drop. A digital charge coupled device (CCD) camera (Retiga 2000R, Qimaging) is used to take these
images. Scale bar is 200 pum.

3.3. Curing Process — Transform the Double-Emulsion Drops to Solid Core-Shell Microcapsules

For some situations, the emulsion drops need to be transferred to microcapsules for long-term
observation and thin shell buckling investigation [35]. Herein, we cure the PDMS shell at 37 °C for
24 h to obtain the microcapsules with highly robust ultra-thin shells, as the schematic illustration
shows in Figure 6a. An number of solid microcapsules with an ultra-thin shell after thermal curing is
shown in Figure 6b. As can be seen in Figures 2b and 6b, the size distribution of the double-emulsion
drops (polydispersity of 2.35%) and swelling produced ultra-thin-shell microcapsules (polydispersity
of 2.56%) shows good uniformity, clearly indicating that the osmolality-controlled swelling method
for mass production of ultra-thin-shell microcapsules is feasible and efficient. Furthermore, the solid
ultra-thin-shell microcapsules can maintain their intact spherical shape for up to 1 year with no rupture
in our long-term observation, indicating that the ultra-thin-shell PDMS microcapsules are robust as
vesicles for long-term encapsulation and observation.

(a)

Thermal Curing

30 min
Wrinkling

0
350 360 370,
Diameter (um)

Figure 6. (a) Schematic illustration showing the liquid emulsion drop transformed to solid microcapsule
via the thermal curing process; (b) solid microcapsules with ultra-thin shell after the thermal curing
process (inset: size distribution of the microcapsules); (¢) wrinkling of cured microcapsules by imposing
a strong osmotic pressure. Scale bars are 200 um.

To demonstrate the uniformity of the shell thickness, we compress the ultra-thin-shell
microcapsules by imposing a strong osmotic pressure. When these ultra-thin-shell microcapsules
are placed in a suspending medium with KCI concentration of 0.5 mol/L, the inner aqueous phase
diffuses out from the PDMS microcapsules, resulting in a volume shrinkage of the microcapsules.
As the shrink process goes on, wrinkles develop on the ultra-thin-shell microcapsules. After 30 min,
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wrinkles with remarkable uniformity grow up on the shell of microcapsule, as shown in Figure 6c.
Direct observation of uniform wrinkling on the surface of the ultra-thin-shell microcapsules after
osmolality-controlled shrink confirms that the shell thickness of the microcapsules is ultra-thin and
relatively uniform. We believe this kind of ultra-thin-shell PDMS microcapsule is an attractive template
for studies of folding, buckling and rupturing behaviors of spherical thin films.

4. Conclusions

In this study, an osmolarity-controlled swelling method is presented to generate highly
monodisperse microcapsules with an ultra-thin shell via W/O/W double-emulsion drops templating.
The shell thickness of the emulsion drops can be tuned precisely off-chip through osmolarity-induced
swelling of the emulsion drops. Here, this swelling process is simply controlled by the osmotic pressure
between the inner aqueous and the suspending medium. Using this method, a shell thickness of
hundreds of nanometers can be developed. Furthermore, after a thermal-curing process, the emulsion
drops can be transformed to ultra-thin-shell microcapsules, which can maintain their intact spherical
shape for up to 1 year with no rupture in our long-term observation. This method enables the
mass production of microcapsules with ultra-thin shells, which are robust as vesicles for long-term
encapsulation and observation, and attractive templates for studies of folding, buckling and rupturing
behaviors of spherical thin films.
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Abstract: In this study, we report the design and fabrication of a novel fluidic mixer.
As proof-of-concept, the laminar flow in the main channel is firstly filled with small air-bubbles,
which act as active stirrers inducing chaotic convective turbulent flow, and thus enhance the solutes
mixing even at a low input flow rate. To further increase mixing efficiency, a design of neck
constriction is included, which changes the relative positions of the inclusion bubbles significantly.
The redistribution of liquid volume among bubbles then causes complex flow profile, which further
enhances mixing. This work demonstrates a unique approach of utilizing air bubbles to facilitate
mixing in bulk solution, which can find the potential applications in microfluidics, fast medical
analysis, and biochemical synthesis.

Keywords: fluidic mixer; air bubble; 3D printing

1. Introduction

Mixing of the solutes in fluid with an efficient way is essential in chemical, biological, medical,
and material industries [1-6]. A fluidic mixer is not only a crucial component for lab-on-a-chip studies,
but also has great practical applications [7,8]. The uniform laminar flow is the characteristic feature
of the fluidic channels, which use basic diffusion process plus the sharp wedge for the passive slow
mixing [9]. For practical use, it is highly desirable to mix the solute across the channel section before the
solute is transported forward. To accomplish fully chaotic mixing, there emerged many fluidic mixers
over the years, which can be cataloged into two types: the passive and the active mixer. The passive
mixer utilizes geometric obstacles to create the flow field perturbation [10-14], such as intersection
channels [15,16], convergent-divergent channels [17], three-dimensional architectures by multiple
fabrications of the channels [18,19], and embedded, barrier-based obstacles [20]. Curved wall of the
channel is better to disturb the flow than the flat straight one. Periodic wavy poly-dimethylsiloxane
(PDMS) channels was designed to enhance the mixing process due to the vortex generation located at
the higher curved part [21]. The active fluidic mixer induces external energy sources, which can be
mechanical pulsation or electrokinetic forces [22-26]. Even though active fluidic mixer is favorable
due to many adjustable parameters (e.g., perturbation frequency, phase, and amplitude), only a few
studies have been reported due to the complexity of control schemes and difficulties in fabrications.
The droplet mixer generates chaotic advection by pressure-driving a flow cavity (droplet) through
fluidic channels of various geometries [27,28]. Relative motion of the surrounding walls induces
convection flows that mix solutions. As a passive mixer, the mixing mostly depends on the geometry
of fluidic channels, which determines whether the solute can pass across the streamlines. Therefore,
there may still be islands within the flow cavity, where the solute is not touchable. A combination of
channel geometry and the inclusion of a slip boundary into the flow, i.e., emulsions or bubbly flow,
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is believed to be demanding for mixing in microfluidic channels. We herein present a simple design,
using air-bubbles as the stirrer. We propose that the presence of bubbles within the otherwise laminar
flow can stimulate a fascinating variety of motion patterns on one hand, and the instabilities to transfer
fluid momentum with the uniformization process on the other hand.

2. Fabrication and Experiments

2.1. Chip Fabrication

Chip Fabrication was performed using the standard soft lithography approach in combination
with 3D printing (Figure S1) [29]. The poly-dimethylsiloxane (PDMS) device can consist of one or
multiple layers, depending on the chip functionality. The 3D-printer (CR-3040, CREALITY, Shenzhen,
China), which can produce structures with a minimum width of 0.4 mm and a minimum height
of 0.1 mm, was used to create negative templates for each layer. The 3D-printed template surface
was smoothed with alcohol before PDMS casting. To fabricate fluidic chips with only one layer,
the 3D-printed mold was cast with a PDMS mixture with a curing agent at 5:1, and cured by incubating
at 45 °C for 1 h to 2 h depending on the thickness. Subsequently, the resulting PDMS duplicated get
holes punched where the gas and solution inputs were connected (see Figure 1). The fluidic device
was sealed using glass slides, which were spin-coated with a 20:1 PDMS mixer at 1200 rpm and cured
at 80 °C for 1 h. Following standard PDMS-PDMS bonding protocol (i.e., off-ratio bonding), the PDMS
devices (5:1) and PDMS coated glass slides (20:1) were brought in contact and incubated at 80 °C for
24 h before use. For multilayer fluidic devices (e.g., the one shown in Figure S2), the same protocol
applied with alternative 20:1 and 5:1 mixing ratios starting from the top flow layer.

2.2. Chip Control and Operation

To set up a chip, we connected the PDMS chips to tubes filled with DI-water via TYGON tubing
(Milan, Satigny, Switzerland). In order to degas the chip, the outlet was firstly sealed and air was
fully pressed out through the porous PDMS material, while fluid remained in the chip. The process
continued till the flow layer was fully filled by DI water. During experiments, 4 inlets were connected
to food dyes of different colors, and one inlet was connected to a pressurized gas pipeline.

2.3. Data Analysis

To quantify the color transition during mixing, we split the optical images into red, green and
blue mono-color channels. We picked the red channel, in which the intensity difference reflects the
color transitions during mixing. Intensity variances at different positions along the fluidic channel
were collected, and plotted against the distance away from the inlet, as illustrated in Figure S3.

3. Results and Discussion

3.1. The Theory

The key feature of the proposed fluidic mixer is to generate air-bubbles within bulk solutions
in a controllable manner. The size and number of the bubbles in the continuous flow are set by
the relative flow rate between liquid phase and gas phase. Basically, the movement of bubbles in
a straight PDMS-based fluidic channel depends on the number density of the bubbles, their sizes,
their shapes, and their positions in the channel, which vary greatly among neighboring bubbles.
The constant movements of bubbles with respect to one another create ever-changing liquid volume
redistribution, and thus cause turbulent flow, favoring fast mixing. Suppose the simplest case is to
solve the Navier-Stockes equation for lateral velocity vy in the flow (perpendicular to the flow direction)
with the boundary Q) between the continuous flow phase and one individual bubble.
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With the coupling of the boundary constriction in the normal and tangential components
Tln=0 11l = Kyﬁ , plus the incompressible assumption ‘9% + a—;y = 0, it is possible to solve
these set of equations numerically based on computational algorithm for the similar situation of bubble
rising in stationary liquid [30]. From the experimental point of view, obviously, the lateral convective
velocity is enhanced by the introducing of bubbles, compared with that only by the thermal diffusion.
The presence of groups of bubbles in the fluid allows for chaotic flow with the benefit for mixing.
The bubbles change position, shape, and size, and therefore cause bubble swarming. To further enhance
mixing, here we experimentally include the constrictions of various sizes into the design of the channel
geometry, which makes it difficult to solve the analytics, even numerically, for the velocity field.

For instance, the interaction between bubbles and walls is tuned by the complex friction,
and coupled deformation among bubbles by convergent-divergent constriction. Particularly,
the deformation controlled by the competition of surface tension and velocity gradient makes it
complex to find the detailed boundary, which involves solving the governing equation. However, from
the competition among the viscous forces, inertia forces, and capillary forces in the bubbly flow, we
can demonstrate how they determine the mixing in the channels.

3.2. The Fluidic Mixer

Based on above-mentioned conception, we fabricate a fluidic chip using 3D printing and the
soft lithography techniques, which consists of only one poly-dimethylsioxane (PDMS) layer. The key
elements of the fluidic mixer are the varying constriction dimension and a Y-shaped conjunction,
where air bubbles are frequently generated (see Figure 1). The Y-channels are 0.5 mm deep and 1 mm
wide with two branches connected to the solutes and air, respectively. With a constant input flow rate
using a syringe pump, the air pressure determines the size of air-bubbles (Supplementary Section S1).
As the generation of droplets can be disturbed by numerous factors (e.g., tube misplacement and
deformation of PDMS channels when being pressurized), the bubble size varies randomly even at
constant air-pressure. To create physical obstacles, the neck constriction is made 2 mm (wide) by 1 mm
(deep) for the wide channels, and 0.5 mm by 1 mm for narrow parts.

a Top view

Side view

T

Air bubble stirrer

1 mm

Figure 1. Schematic drawing (a) and optical image (b) of the fluidic mixer. (c) Air bubbles generated
on-chip and transport within fluidic channels. Scale bars denote 4 mm in all figures.
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3.3. Recirculating Flow in the Moving Droplet

It is demonstrated that with no air input, solutes of the five inputs remain separated near the end
of the fluidic chip (Figure 2a). The gradual blurry in the boundary from positions (1) to (3) can only
be attributed to thermal dynamic diffusion and minor turbulent flow at the corner section. At high
input air pressure, laminar streams of five solutions were frequently separated by air input and form
individual droplets (Figure 2b). The mixing efficiency is satisfactory. Different coloring at the top and
bottom parts of the droplet is still visible at position (1), which is 1 cm away from the Y-junction and
position (2) (=3 cm to the Y-junction). Apparently, it requires a certain distance for the droplet to move,
which ensures thorough mixing. The flow profile is traced using fluorescent particles of ~1 um in
diameter. We observe that the droplets moving in the straight parts of the fluidic channels generate
a steady recirculating flow (Figure 3a—c) [31]. Even though the velocity perpendicular to fluidic channel
can be as high as two times the driving flow rate, the direction distribution is symmetric, suggesting
circulating flow within only half of the droplet (Figure 3d and Video S1). The flow rate along the
channel direction is mostly slower than the driving flow rate. As reported before, the 3D flow allows
mixing within half of the droplet, and thus the mass transfer in the transversal direction still relies on
molecular diffusion and takes time [27,31]. The changed dimension of constrictions along the fluidic
channel induces chaotic advection in individual droplets by dynamically changing the shape of the
droplet and introducing asymmetry into the recirculating flow system [27]. As the convection flow
rate is determined by droplet moving speed, the mixing efficiency depends strongly on the driving
flow rate and channel geometry.

1

Figure 2. Comparison of mixing efficiency using food dyes between fluidic mixer with (a) laminar flow

and (b) air-bubbles as stirrer. It is demonstrated that with air bubbles, food dyes of different colors can
be quickly mixed. Scale bars denote 5 mm in all figures.
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10 40 50

)

Figure 3. (a—c) 3D flow generated within the droplet in straight channels of the chip. It is demonstrated
that circulating flow occurs within half of the droplet, and the mass transfer in the transversal direction
still relies on molecular diffusion. (d) Distribution of flow rate within the moving droplet. The flow
velocity is normalized to the driving flow rate to illustrate the mixing efficiency. We observe that flow
distribution is symmetrical within a droplet, showing opposite flow profiles. The scale bar denotes
200 pm.

3.4. Small Air-Bubbles as Stirrers

Small bubbles with diameters ranging from 0.1 to 0.3 mm are generated in the fluidic channels at
low air pressure (0.05 to 0.1 psi) (Figure 4). For each experiment, the input air-pressure is maintained
at a constant value. As mentioned before, the variances in droplet size can be caused by minor
disturbances from the environment. As the height of the free droplet is considerably higher than the
fluidic channel (i.e., 1 mm), the droplets show an elliptical shape when being confined in the channel,
resulting in large contact surface between bubbles and the channel walls. Like stranding pillars,
these small bubbles firstly create physical obstacles for the laminar flow (Figure 4a), directing stream
lines in the cross-sectional direction through constrictions (Figure 4b). The perturbed laminar flow
thus enhances mixing capacities by generating stronger shear and more frequent chaotic advection
(Figure 4c).

Notably, these small bubbles move with the bulk fluid (Video S2). When passing through
constrictions, strong shear generated at the sides further facilitates mixing, preventing the fluidic
channels from being fully blocked. Additionally, bubbles regain their round-shaped conformation
when being “pushed” out (Figure 4e). The sudden changes in bubble shape and confinement space
create chaotic advection, and facilitate mixing.

When groups of bubbles transporting in fluidic channels, there are three forces at play: viscous
forces, inertia forces, and capillary forces. The ratio of any two gives three dimensionless numbers:
Reynolds number R,, comparing inertia to viscos forces; capillary number C,, comparing viscous to
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capillary forces; and Weber number W,, comparing inertia to capillary forces. The detailed expressions
are shown below,

Re = pUL/u 2
Ca=ul/y 3)
We = pUL/y 4
a“ ® -
c d (1) Flow dlrectlon

¥ Move Move
S amard ackwar

Figure 4. (a,b) Flow profile within the fluidic channels using air-bubbles (dark-circles) as the stirrer.
Fluorescent particles of ~1 mm in diameter are used as a flow tracer. (c) The flow profile around two
air bubbles suggests turbulent flow and mass fluid transportation. (d) Schematic shows the mechanism
of air bubbles working as the stirrer. (1) In the left panel, the existence of air bubble changes the
channel cross-sectional area, and thus induces strong shear around the bubble. (2) The movement of

air bubbles can be stopped by changed constriction geometry along the way. Meanwhile, the motion
of the following bubbles remains, which changes the relative positions between neighboring bubbles.
Consequently, liquid volume redistribution causes turbulent flow, and thus, fast mixing. (e) Time series
showing the turbulent flow generated when an air bubble moves out from a narrow channel. Scale
bars denote 500 pum in all figures.

The typical bubble size is around one millimeter in diameter, which gives the characteristic
length L ~ 1 mm. The typical velocity of bubbles is around millimeter per second, which gives the
characteristic velocity U ~ 1 mm/s. The values of density, viscosity, and surface tension are taken from
an aqueous solution, leading to R, = 1, C; = 1074-107°, and W, ~ 104-107°.

The bubbles are deformed by the competition between viscous driving forces enacted by
surrounding fluids and resistant surface tension. The transverse velocities are caused by the inclusions,
deformations, and slip boundaries of bubbles. A group of bubbles in the fluid lead to chaotic flow,
benefiting mixing. The varying of bubble positions, shapes, and sizes can therefore cause complex
bubble swarming. Note that the interaction between bubbles and channel walls in direct contact, due
to the friction, slows down or even trap bubbles, leading to the deformation of streamlines. Besides,
the diverging part of the channel creating a compressive flow results in an instability of particles’
positions downstream.

Consequently, the transportation speeds of air-bubbles in a fluidic channel are different even when
they are similar in size. The altered relative positions of air-bubbles cause liquid volume redistribution,
and thus, chaotic advection (Figure 5a and Video S2). It is demonstrated that within a selected area,
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the velocity perpendicular to fluidic channel can be as large as two times the driving flow rate, which
is on par with the recirculating flow in the moving droplet (Figure 5b). The flow distribution, however,
is highly asymmetrical, suggesting directional flow across the whole channel. Intriguingly, the velocity
along the channels can be four times larger than the driving flow rate, which is considerably higher
than both the laminar flow and droplet mixing. Therefore, we conclude that the flow distribution with
small bubbles as stirrers is ever-changing and mostly random. Using food dyes of different colors,
we assess the mixing capacities of laminar flow, droplet, and bubble (Figure 5c—e). It is demonstrated
that in contrast to the laminar flow, both droplets and bubbles can ensure thorough mixing within
a fluidic chip. The mixing efficiency of a droplet depends significantly on the driving flow rate, and the
bubbles as stirrers in a bulk solution quickly generate fully mixed solutions even at a low driving
flow rate (i.e., 0.1 mm/s). Our results suggest that bubbles as an active stirrer (i.e., self-orientation) can
generate strong chaotic advection, even within a straight channel, which is a key attractive feature of
the proposed fluidic mixer.

Direct flow

Direct flow
Air bubble s

Air bubble

Counts (%)

>
>

Direct flow Air bubble

50 100 150 200 °0 50 100 150 200
y (pixel) y (pixel)

c Laminar Droplet Bubble Ad Laminar Droplet Bubble He Laminar Droplet Bubble
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Figure 5. (a) Turbulent flow generated with the presence of air bubbles on-chip. (b) Flow distribution
within the channels demonstrates that air bubbles as stirrers substantially enhance the flow rate in
cross-sectional direction of the channel, which allows for fast mixing. The flow velocity is normalized
to the driving flow rate to illustrate the mixing efficiency. (c—e) Color variances are measured in the
cross-section at different positions along the fluidic channel (i.e., distance from the Y-junction). To obtain
the color variances, light intensities of selected area along the fluidic channel are measured in the red
channel of the RGB picture, and calculated to get the standard deviation (Figure S3). Three different
driving flow rates (i.e., 10, 1, and 0.1 mm/s) are analyzed. The scale bar denotes 500 um.

4. Conclusions

In this study, we chose not to use any external field to achieve active mixing, which allows the
system to be easily fabricated and operated. Instead, chaotic advection is induced using air-bubbles as
stirrers and varying channel geometry as physical obstacles. For biological and biomedical applications,
in which air-bubbles can cause significant effects on the on-chip culture environment, a degassing unit
can be integrated to remove the unwanted gas-liquid interface (Figure S2 and Video S3). Our proposed
fluidic mixer possesses the characteristics of both active and passive mixers, allowing effective solute
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mixing even at a relatively low input flow rate. We believe that it will be useful for both chemical
analysis and synthesis, and for studies of complex reaction networks.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/11/2/195/s1.
Figure S1: Fabrication process of the fluidic mixer. The template is fabricated using 3D printing. The mixed PDMS
solution (base and curing agent, 10:1) is transferred into the template, which is followed by incubated at 45 °C
for 24 h. The cured PDMS is then sealed with glass slides through plasma etching. Figure S2: (a) Optical image
and (b) schematic showing that the air-bubbles can be effectively removed by integrating a degassing unit into
the fluidic chip. (b) By collecting the mixed solution into an empty chamber, the gas and liquid can be quickly
separated due to gravity. Figure S3: (a,c) Original optical images and (b,d) mono-color (red) images of the fluid
channel. (e) Histogram of the selected area marked in Figure (b). (f) Histogram of the selected area marked in
Figure (d). It is demonstrated that with air-bubbles as stirrers, the intensity distribution can become significantly
narrower. Video S1: Movement of a droplet within a straight fluidic channel. Video S2: Chaotic advection caused
by the movement of small droplets within the bulk solution. Video S3: Operation of a fluidic mixer chip integrated
with a degassing unit. It is demonstrated that the air-bubbles are trapped in the large reservoir, and the “clear”
mixed solution is collected elsewhere.
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Abstract: A two-phase flow axisymmetric numerical model was proposed to understand liquid
metal droplet formation in a co-flowing capillary microfluidics device based on a phase field model.
The droplet detachment processes were observed in the experiment and are in good agreement with
the simulation method. The effects of the viscosities and flowrates of the continuous phase fluid,
interfacial tension as well as the wetting property of the metallic needle against the bulk liquid metal
on the droplet formation and production rate were numerically investigated. It was found that the
droplet diameter decreased with the increment of the viscosities and flowrates of the outer phase
carrier fluid. The dispersed phase fluid with high interfacial tension tended to prolong the time for
equilibrium between the viscous drag force and interfacial tension on the liquid-liquid fluid surface,
delaying the droplet to be pinched off from the capillary orifice and causing large droplet diameter.
Finally, the wetting performance of the metallic needle against the liquid metal was explored. The
result indicate that the droplet diameter became less dependent on the contact angle while the size
distribution of the liquid metal droplet was affected by their wetting performance. A more hydrophilic
wetting performance were expected to prepare liquid metal droplet with more monodispersity. The
numerical model and simulation results provide the feasibility of predicting the droplet formation
with a high surface tension in a glass capillary microfluidic device.

Keywords: droplet formation; phase field model; interfacial tension; glass capillary microfluidic device

1. Introduction

With so many extraordinary physical and chemical properties, such as low melting point, low vapor
pressure, high electrical/thermal conductivity and high surface tension, the liquid metals are very useful
and highly potential in soft and stretchable electronics [1], heat transfer management devices [2] and
functional composites [3], e.g., ultra-soft and compliant electrodes [4], interconnects [5], electrochemical
sensors [6], three-dimensional printing [7,8], smart actuators and shape-memory alloys [9]. In particular,
liquid metal microdroplets with a symmetrical spatial structure are useful in developing novel
microfluidics engineering devices, advanced functional electronics. In addition, the liquid metal
microdroplets with highly monodispersity possess tremendous application potentials in various fields
of microfluics actuators, periodic structures and optics devices, for instance, microswitches [10-12],
micropumps [13], micromixer [14], self-powered acceleration sensor [15], radio frequency resonators [16]
and reconfigurable optical diffraction gratings [17-19]. Therefore, the fabrication of liquid metal droplets
with uniform size is of great significance.

It is well known that the droplet size distribution mainly determined by the particular mechanism
of droplet generation. Due to the large surface tension and high density, it is difficult to split the bulk
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liquid metal into microdroplets with the traditionally bulk emulsification method. Several approaches
have been developed to fabricate liquid metal microspheres, such as molding [20], sonication [21] and
acoustic waves [22]. The molding technique is based on the topographical mold featured by patterned
cylindrical reservoirs with which the bulk liquid metal was spreading onto elastomeric sheet and flowed
into the reservoirs. With the oxide skin over the droplet surface stabilize the shape firstly, the acid was
employed to remove the oxide skin, enabling the totally spherical shape. Despite the simplicity of
preparing the liquid metal droplets with the molding, the resulting liquid metal microdroplets size
is limited to 100 um and the molding process is not dynamical adjustable. Simultaneously, it could
be time-consuming for large batch production. To improve massive production rates, the sonication
technology was adopted to split bulk liquid metal into micro- to nanoscale spheres in the presence
of ligands by inserting ultrasonication probe into a nonsolvent. While compared with the molding
approach, the sonication method provided limited control over the droplet monodispersity and usually
produce liquid metal droplets with a broad droplet size distribution, ranging from less than a few
hundred nanometers to several micrometers. Additionally, the bulky sonication device makes it
intractable to integrate with other detection and sensing equipment for lab on a chip application.
As an alternative strategy, the acoustic wave-induced forces was explored to generate liquid metal
microspheres with controllable size by adjusting the interfacial tension of the metal through the external
excitation voltage in the acoustic field. The piezoelectric transducer and the signal generator devices
maybe increase the cost and the system complexity. Therefore, it is extremely urgent to seek out a
preferred technique to produce uniform liquid metal microspheres on demand. Microfluidic technology
provides fast, high-throughput and better control over the droplet size distribution, which are useful and
highly potential in various applications in many fields such as biochemical and materials science [23-25].
Typically, flow-focusing and co-flowing droplet formation mechanism-based droplet microfluidics
have been developed for the preparation of uniform-sized liquid metal microspheres [26-33]. When the
two neighboring immiscible fluids coming across a small orifice in the microchannel, the flow-focusing
based microfluidic chip split the bulk liquid metal into microspheres with the continuous phase fluid
pinching off the dispersed phase liquid metal. The droplet diameter and the generation frequency are
determined by the balance between the interfacial tension and the viscous shear force exerted by the
continuous phase on the dispersed phase [30]. The microsphere size can be tuned by adjusting the
shearing rate of two immiscible fluids, which is determined by the flowrate, viscosity of the continuous
phase and the chip geometry. The commonly used chip geometry for liquid metal preparation is
X-mixer. Michael D. Dickey et al. experimentally studied the formation of galinstan liquid metal
microdroplets with high viscosity continuous phase fluid pinching off the bulk liquid metal. They also
investigated the influence of flowrates ratios, outer continuous phase fluid viscosities, chip geometries,
and interfacial tension on the droplet size [30]. On the other hand, the electric field was implemented to
rapidly vary and decrease the liquid metal microdroplets size under the same experimental conditions
by changing the interfacial tension of the metal through both electrochemistry and electrocapillarity.
Although flow-focusing-based droplet technology can produce high interfacial tension liquid
metal microdroplets with a relative high monodispersity, the fabrication procedures of commonly
used polydimethylsiloxane (PDMS) microchannel [34] are complicated and the continuous phase
organic solvents may sometimes inflate the soft PDMS microchannel, which may influence the droplet
size distribution when the flowrates of the injecting flows are relatively high. As the capillary-based
microfluidic device has a strong resistance to organic solvents and aggressive chemical reactions,
the droplets can be prepared with less preparation costs and high accuracy by using co-flow devices,
which has drawn much attention by research communities. Meanwhile, the strategy of placing wire
inside the inlet microchannel was introduced to improve the droplet uniformity and provide better
control over the droplet size [35-37]. To further improve the monodispersity of generated liquid
metal microspheres, we therefore previously put forward a micro-needle induced strategy for the
fabrication of liquid metal droplets in a co-flowing capillary microfluidic device in which a stainless
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steel micro-needle was inserted into the inner liquid metal phase in the glass capillary [31]. The
experimental investigation showed that highly uniform liquid metal microdroplets can be obtained.

As the interfacial hydrodynamic behavior of droplet generation is affected by many
parameters, mainly including the flowrates of the continuous and dispersed phase, fluid viscosities,
interfacial tension, we can dynamically control the dripping mode generation and the corresponding
droplet size by adjusting the aforementioned parameters. Usually, the theoretical analysis and
experimental investigation was adopted to acquire the flow phenomenon in the capillary-based
microfluidic device and predict the droplets sizes. Due to the complexity of theoretical analysis and
the high cost of conducting experimental study, the numerical simulation has been performed to
investigate such complex phenomenon in the co-flowing device. For instance, Shaowei Li et al. [38]
employed a modified level set method to investigate the flow pattern transition and droplet breakup
dynamics in a coaxial microchannel. Deng [39] exploited the volume-of-fluid/continuum-surface-force
method to simulate the hydrodynamics of oil-in-water droplet formation in a co-flowing capillary
device and systematically discussed the effect of interfacial tension, wetting properties of the capillary,
and the velocities and viscosities of the two inlet fluids on the droplet size.

However, the current simulation studies mainly concentrated on the water-in-oil or oil-in-water
droplet formation, and the majority of studies have focused on the experimental investigation of
liquid metal microdroplets formation. The research on the numerical investigation on the liquid
metal microsphere formation with microfluidic technology is very sparse, especially with a microfiber
inside the inner capillary to induce the stable droplet formation, while it is also of great importance
in predicting the droplet size and saving the fabrication cost. Herein, we presented the numerical
investigation on the liquid metal microdroplets generation in co-flowing capillary device with a
micro-needle in the inlet capillary. The effects of the interfacial tension, wetting properties of the
micro-needle, and the viscosities and flowrate of the continuous phases on the droplet size were
systematically studied.

2. Experiments

2.1. Materials

The glycerol (purchased from Aladdin, Shanghai, China) aqueous solution and Galinstan liquid
metal (purchased from Sigma, St. Louis, MI, USA) were adopted as the continuous and dispersed phase,
respectively. To avoid the spontaneous coalescence of generated liquid metal droplets, the surfactant
Poly(vinyl alcohol) (PVA, 87-89 hydrolyzed, average molecular weight (MW), MW = 13,000-23,000)
aqueous solution was added into the glycerol solution. The weight ratio of glycerol and 5% PVA
aqueous solution was 10:2.9. Therefore, the dynamic viscosity for the two-phase fluids were defined
as 0.044 Pa-s and 0.002 Pa‘s at room temperature [31], respectively. The interfacial tension between
the liquid metal and the glycerol aqueous solution was 0.534 N/m [28]. With a strong chemical attack
resistance, a good rigidity and high tensile strength, the 1Cr18Ni19Ti stainless steel micro-needle
(Zongsheng, Harbin, China) with a diameter of 70 um was utilized as the guiding wire.

2.2. Experimental Setup

As depicted in Figure 1 (the experimental setup could be found in Figure S1), the capillary-based
co-flowing microfluidic device was manufactured by assembling two tapered glass capillaries insides
a square channel (AIT Glass, Inc., Largo, FL, USA, 810-9917). The two inner capillaries were concentric
aligned with axial spacing of 100 pm, and the metallic needle was inserted into the inlet capillary along
the axis of the orifice, with a transverse distance between the micro-needle tip and the center of the
capillary orifice of 175 um. The detailed dimensions and fabrication processes of the micro-needle
induced co-flowing glass capillary microfluidic device could be obtained in our previous published
paper [31]. The glycerol and liquid metal were supplies separately by two microsyringe pumps
(Harvard Apparatus, Holliston, MA, USA) equipped with gastight precision glass syringes (Hamilton,
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Bonaduz, Switzerland). An optical microscope (CKX41, Olympus, Tokyo, Japan) with a high-speed
charge coupled device (CCD) video camera (DP27, Olympus, Japan) connected was utilized to record

the flow pattern and the droplet formation in the microdevice.

Liquid metal droplet
v

Injecting capillary—

Continuous phase

Metallic needle -~

Y
A

Receiving capillary

Dispersed phase

Co-flowing microfluidic device

Figure 1. Schematic of the micro-needle induced co-flowing microfluidic experimental setup.

3. Numerical Simulation

3.1. Governing Equations
A two-dimensional axisymmetric numerical model was developed to simulate the liquid droplet

emulsion formation. The transient flows of the continuous and dispersed phases in the co-flowing
capillary are governed by the incompressible Navier-Stokes equation and continuity equation [40].
Ju T

P+ p(u-Va) = V- [-pl+ uV(Vu + vaT)] + F (1)
Vu =0 )
where p and u are the density and velocity vector, respectively, while ¢, p and I are the time, pressure
and identity matrix. u denotes the dynamics viscosity of the fluid. F signifies body force/source force,
mainly includes gravitational force, inertial force and interfacial force. While the droplet diameter is in
the order of micro-scale in the co-flowing capillary, the gravitational force and the inertial force can be
neglected compared with the interfacial force, The interfacial tension force acting on the liquid-liquid
interface between two immiscible fluids can be expressed as follow [41,42]:

®G)

F = oxén

where o is the surface tension coefficient, k and 6 denote the curvature of the interface and the function
concentrated across the neighboring immiscible fluids interface, respectively. n is the unit interface
normal vector pointing into the droplet, which can be obtained through the flowing equation [42]:
Vo
= == @
Voo
where ¢ is the phase field function, which is applied to describe the fluid—fluid interface between two
neighboring immiscible mediums and can be calculated by the following advection equations [43].
®)

ap yA
5t Vo = Voovy
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Y = —V-eVh +(¢* - 1)o ©)

where y, A and ¢ are the numerical stabilization parameters, which are adopted to control the
interface thickness, mobility tuning and define reinitialization parameter, respectively. To minimize
the numerical oscillations, the phase field function ¢ is utilized to smooth the fluid properties across
the two neighboring immiscible fluids and track the profile of the liquid-liquid interface [44].

P = Pcontinuous T (Pdispersed - Pconﬁnuous)¢ 7)

M = Ucontinuous + (.udispersed - [Jcontinuous)‘b (8)

The density p and dynamics viscosity u in Equation (1) can be obtained with the above Equations
(7) the (8). The phase field function denotes fractional volume of the continuous and dispersed phases
in a computational cell. Herein, ¢ = 1 and ¢ = 0 represent the cell is filled with dispersed phase and
continuous phase, respectively, while 0 < ¢ < 1 indicates the fluid—fluid interface existing in the cell.

3.2. Numerical Method

We conducted the numerical simulation in order to explore the flow pattern and the liquid metal
microsphere formation simulation using a commercial software package (COMSOL Inc., Stockholm,
Sweden). As depicted in Figure 2, we created an axisymmetric simulation geometry of the flow domain
for the three-dimensional co-flowing capillary. The glycerol aqueous solution was introduced into the
annular clearance between the outer square capillary and inner circular capillary, while the Galinstan
bulk liquid metal was injected into the inner round capillary.

Glycerol Wall
inlet
Liquid-. Interface ~ Outlet._
metal inlet Metallic needle Symmetry axis
o~ \

Figure 2. Geometry and boundary condition of liquid metal microsphere formation simulation with
the micro-needle induced strategy in co-flowing microchannel.

The influence of wetted wall on the droplet formation can defined by contact angle between the
two neighboring fluids in the simulation. Arising from the effect of metallic affinity, we determined
the wetting property of inner phase bulk Galinstan liquid metal on the micro-needle by defining the
static contact angle between the liquid metal and the micro-needle, which is shown in Figure 3 as «.
On the other side, the contact angle between the liquid metal and the capillary wall was described as
®y. The initial contact angle between the continuous phase and the micro-needle and the glass wall
were determined as pi/4 and 5 pi/18, respectively [45].

Due to the small Reynolds number in the co-flowing capillary microchannel, the laminar flow
model was utilized. The phase field function was set as an additional variable in the simulation and
adopted to track the two-phase immiscible fluids interface structure. The advection term was used to
calculate the momentum and the phase field function. The mobility tunning A parameter was set as 1.
The inlets of continuous phase and dispersed phase were defined by the normal inflow speed calculated
from volume flowrate, while the outlet was exerted as the opening boundaries with one atmospheric
pressure. The capillary microchannel sidewalls and the metallic needle surface were imposed as the
non-slip condition. Since the grid may significantly influence the droplet formation simulation result,
a local refinement grid was adopted around the contact surfaces between the continuous phase and
the inner capillary wall and the micro-needle surface to capture the free surface-surface change more
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accurately and smoothly. The elements number was 58,044 in the computational domain. In the
following calculation, we found that the results variation caused with the mesh refinement is no more
than 4%.

Capillary wall

Glycerol aqueous
solution

Metallic needle

Figure 3. The contact angle between the liquid metal and the metallic needle, and capillary
wall, respectively.

4. Results and Discussion

4.1. Model Validation of Simulation Results

A series of numerical simulations and experiments were conducted to observe the droplet
morphology variations during the liquid metal droplet formation. We defined the initial interfacial
tension ¢ = 0.534 N/m, the viscosity of the continuous phase and the disperse phase were 0.044 Pa-s
and 0.002 Pa-s, respectively. Figure 4 presents the simulated and experimental snapshot of droplet
formation process in the coaxial microchannel. On the whole, the simulated two-phase fluids interface
movement was in accordance with the experiment observation results, which validated that the
phase-field method was capable of predicting the morphological variations during the liquid metal
microdroplet formation. Due to the large interfacial tension and high viscosity of the Galinstan liquid
metal, the droplet initially attached to the capillary tip and kept growing with the bulk liquid metal
continuously being injected, which, in some cases, accentuated the effect of contact line dynamics. The
necking of the bulk liquid metal was initiated once the glycerol aqueous solutions was intruded near
the inlet capillary orifice. Simultaneously, the neck became thin with the increment of the viscous drag
force. The liquid metal droplet detached from the capillary orifice when the viscous drag force was
large enough to oppose the action of the surface tension. As the Galinstan liquid metal had a large
surface tension, the produced droplet size was relatively bigger than the traditional oil in water or
water in oil droplet module under the same circumstances [28].

To further validate the effectiveness of the proposed phase-field method-based two-phase flow
axisymmetric numerical model, droplet formation simulations were conducted for different flowrates
of continuous phase when the flowrate of dispersed phase was defined as 10 pL/min, ranging from
0.070 to 0.100 mL/min. The droplet diameters in the experiment were compared with the numerical
results. It was predicted from Figure 5 that droplet size decreased as the flowrate of the continuous
phase increased. The variation tendency between the droplet size and the flowrate of the continuous
phase was also in agreement with the experimental results published by Hutter [29]. The droplet
diameter generated with the simulation was 312.3 um when the continuous phase flowrate and the
dispersed phase flowrate were 100 uL/min and 10 uL/min, respectively, which was almost consistent
with the experimental result of 318 um under the same circumstances. Additionally, the droplet
sizes obtained from the experiment were slightly larger than the simulation results, whereas the
discrepancy decreased with the increasing flowrate of the glycerol aqueous solution. This could be
attributed to the velocity variation fluctuation of the injecting bulk liquid metal stream during the
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experiment. Both simulation and experiment indicated that the generated liquid metal microspheres
were highly monodispersed.

Figure 4. Comparison of liquid metal microdroplets detachment form the capillary tip between
simulated (al-a4) and experimental (b1-b4) observation during the droplet formations.
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Figure 5. Comparison of the droplet diameter between numerical simulations and experimental results
for different flowrates of continuous phase when the flowrate of dispersed phase was fixed as 10
uL/min.
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4.2. Effect of Interfacial Tension

The interfacial tension, which was the dominating force at the microscale, was of vital role in
the process of emulsification. When the two immiscible fluids intimately contacted with each other,
the liquids tended to be spherical to maintain the smallest energy on the two-phase fluid interface [46].
The breakup mechanism and stability of the droplets were affected by two neighboring fluids interfacial
tension in co-flowing capillary microfluidic device. Especially for the liquid metal with high surface
tension, the interfacial tension could keep the liquid metal microsphere attached at the capillary tip to
avoid being detached from the incoming dispersed phase stream. Figure 6 depicts the relationship
between the interfacial tension on the microdroplet formation for the fixed flowrate of continuous phase
and dispersed phases being as 100 uL/min and 10 uL/min, respectively. Compared with the traditional
oil phase droplet formation, the simulation resulted show that the liquid metal droplet diameter was
much larger and the production rate was lower increased with the increment of interfacial tension
under the same circumstance. As the interfacial tension could always keep the droplet attaching to
the capillary tip, the droplet volume became larger and larger with the incoming continuous phase
bulk liquid metal. Then, the droplet was detached from the orifice when the equilibrium between the
interfacial tension and the viscous drag force was broken. On the other hand, the size of produced
microdroplets varied inversely with the dimensionless capillary number, Ca = Vu/y (where y was the
surface tension at the interface between the bulk liquid metal and the carrier fluid, V and u were the
characteristic velocity and dynamic viscosity of the glycerol aqueous solution, respectively). Namely,
changing the interfacial tension at the two-phase surface could allow us to adjust the liquid metal
microspheres diameter. Therefore, it could be accountable that the time for reaching the equilibrium
state was much longer with the increasing liquid metal surface tension, resulting in a longer droplet
length and a larger diameter.
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Figure 6. The effect of interfacial tension on the droplet diameter and generation frequency when the
flowrate of continuous and dispersed phases were 100 puL/min and 10 uL/min, respectively.

4.3. Effect of Viscosity of Continuous Phase Fluid

The incoming fluid viscosity could affect the flow pattern and dynamic behavior of droplet
formation. When the viscosity discrepancy exceeded a certain threshold, the equilibrium state between
the interfacial tension and the drag force was broken. The droplet could be prepared smoothly when
there were matched viscosities between the continuous phase and the disperse phase [47]. The viscosity
effect on droplet formation in a micro-needle induced co-flowing microfluidic device was investigated
numerically. At a lower continuous fluid viscosity, which was about 10 times the inner phase, the fluid
pair behaved more like a single fluid and the shearing force acting on the bulk liquid metal were much
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lower, causing a long time for the droplets to be pinched off from the capillary tip and hence produced
a larger droplet diameter. By increasing the viscosity of continuous fluid, the viscous shear stress
acting on the boundary of neighboring immiscible fluids increased, causing droplets formation to
occur much quickly. The greater discrepancy between the neighboring fluids viscosities, the bigger
viscous shear acting on the fluid interface, resulting in a shorter detachment time and much smaller
droplets. The results (shown in Figure 7) indicate that the liquid metal droplet diameter was decreased
from 423.2 to 245.3 um with the increase of viscosity ratios from 10 to 55 under the same flow condition
Qu =100 uL/min, Q, = 10 uL/min. The effect of increasing the continuous phase viscosity also increased
the rate of droplet production. With the decreasing in liquid metal droplet volumes as the outer phase
fluid viscosity increased, the droplet generation frequency increased to account for the decreased
droplet volume. Additionally, the bulk liquid metal was sheared off more quickly due to the larger
continuous fluid viscosity, leading to an increase in the droplet frequency.
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Figure 7. The effect of the viscosity of continuous phase on the droplet diameter and generation frequency
when the flowrate of continuous and dispersed phases were 100 pL/min and 10 uL/min, respectively.

4.4. Effect of the Flowrates of Continuous Phase

The droplet size could be controlled by adjusting the flowrate of the inlet immiscible flows. The
lower continuous fluid flowrate led to a larger droplet size and a lower generation frequency. Figure 8
depicts the effect of continuous phase flowrates on the droplet formation with the dispersed phase
flowrate fixed at 10 uL/min and the viscosity of continuous phase were set as 10 pL/min and 0.044
Pa-s, respectively. The droplet diameter decreased with the increase of the continuous phase flowrate,
which was in good accordance with the relationship between the capillary number and the droplet size.
Simultaneously, it could be observed from the simulation snapshot that the droplet length became
shorter as the continuous phase flowrate increased. This could be ascribed to the higher velocity
gradient generated on the liquid metal-glycerol interface under the higher continuous fluid velocity,
which caused a higher viscous drag force acting on the droplet and hence, smaller droplets could
be obtained. When the flowrate of the glycerol aqueous solution was less than 0.085 mL/min at the
fixed dispersed phase flowrate of 10 uL/min, the droplet production augmented significantly linearly
proportionally to the flowrate. That was because production frequency and the droplet volume must
be inversely related to maintain the flow continuity in the capillary microchannel under the low outer
phase fluid flowrate, which was also in good accordance with the previously published conclusion [48].
However, at the fixed dispersed phase flowrate, the bulk liquid metal stream was suppressed and
could not smoothly flow out of the inner capillary when the flowrate of the continuous phase was large.
The competition between the drag force and the surface tension on the liquid metal-glycerol aqueous
solution interface was broken with the flowrate of the continuous phase above a certain critical value.

77



Micromachines 2020, 11, 169

The liquid metal microsphere was detached from the capillary tip and then the liquid metal stream was
retracted back into the inner capillary due to the high continuous fluid velocity and flow instability.
Therefore, the hydrodynamic instability of the liquid metal stream is significant during the necking and
pinch-off stage when the flowrate of the continuous phase is high, leading to longer droplet formation
time interval and hence, a lower droplets generation frequency. The simulation results of the relation
between the droplet production rates and the flowrate are also in agreement with the experimental
results of the previous findings [29].
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Figure 8. The effect of the flowrate of the continuous phase on the droplet diameter and generation
frequency when the flowrate of dispersed phase and the viscosity of continuous phase were set as 10
uL/min and 0.044 Pa-s, respectively.

4.5. Effect of the Wetting Property of the Micro-Needle

As the micro-needle was inserted into the inner capillary, the wetting properties might influence
the droplet diameter and the size distribution. We previously defined the contact angle among the
metallic needle, bulk liquid metal and the glycerol solution, and herein, numerically investigated
the droplet diameter with respect to the contact angle when the viscosity of continuous phase was
0.044 Pa-s. Figure 9 depicts the effect of the contact angle «; on the droplet diameter with a fixed
contact angle «;. On the whole, the droplet diameter declined from 314.8 pm to 312.2 um with the
contact angle increased from 50° to 120° when the flowrates of the continuous phase and the dispersed
phase were fixed at 100 pL/min and 10 pL/min, respectively. Namely, the contact angle had a slight
influence on the droplet size. However, after the statistical analysis of the simulated generated droplet,
the variance of the droplet diameter normal distribution for the contact angle of 120° was 2.26, which is
much smaller than 8.35 with a contact angle of 50°. That means the produced droplet at larger contact
angle has better monodispersity compared with the smaller one. It could be worth noting that the
micro-needle inside the capillary had a better wettability performance with a larger contact angle,
which is good for droplet movement and adsorption on the microfiber [37,49,50]. Therefore, the flow
stability of droplet formation was affected at a lower contact angle and a droplet diameter with a better
distribution could be obtained with a relatively large contact angle.
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Figure 9. The effect of contact angle on the droplet diameter when the flowrates of the continuous
phase and the dispersed phase were fixed at 100 uL/min and 10 pL/min, respectively.

5. Conclusions

In summary, numerical simulations of the liquid metal microspheres formation in a micro-needle
induced co-flowing capillary microfluidic device were conducted using the phase-field method. The
reasonableness of the computation model was experimentally validated. The relationship between
the droplet size and generation frequency with respect to some important factors were numerically
investigated, mainly including the interfacial tension, fluid viscosities, wetting property of the
micro-needle against the bulk liquid metal and flowrates. The results demonstrate that the breakup
mechanism of the liquid metal with a high surface tension was strongly dependent on the competition
between the viscous drag force induced by fluid flow of the continuous phase and the interfacial
tension on the two-phase fluid interface. On the whole, with the increasing viscosity and flowrate
of the continuous carrier flow, a higher viscous drag force was generated and hence, the detachment
time for the droplet formation was diminished, leading to the fabrication of smaller liquid metal
droplets with a high generation frequency. The smaller capillary number determined by the higher
interfacial tension delayed the balance between the drag force and the interfacial tension for the liquid
metal droplet to be pinched off from the capillary tip. Accordingly, larger liquid metal droplets were
prepared with more inner phase fluid flowing into the droplet under high surface tension. Although
the contact angle of micro-needle against liquid metal had a slight influence on the droplet diameter,
the size distribution was affected by the contact angle. A droplet of a more uniform size could be
obtained when the contact angle was larger. That was probably attributed to the better wettability
between the round metallic needle and the bulk liquid metal. The presented axisymmetric numerical
model and the simulation results above could provide a reliable prediction for preparation of droplet
in a controllable way in co-flowing microfluidic devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-666X/11/2/169/s1,
Figure S1: The image of the experimental setup.
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Abstract: Protein engineering—the process of developing useful or valuable proteins—has
successfully created a wide range of proteins tailored to specific agricultural, industrial, and biomedical
applications. Protein engineering may rely on rational techniques informed by structural models,
phylogenic information, or computational methods or it may rely upon random techniques such as
chemical mutation, DNA shuffling, error prone polymerase chain reaction (PCR), etc. The increasing
capabilities of rational protein design coupled to the rapid production of large variant libraries have
seriously challenged the capacity of traditional screening and selection techniques. Similarly, random
approaches based on directed evolution, which relies on the Darwinian principles of mutation and
selection to steer proteins toward desired traits, also requires the screening of very large libraries of
mutants to be truly effective. For either rational or random approaches, the highest possible screening
throughput facilitates efficient protein engineering strategies. In the last decade, high-throughput
screening (HTS) for protein engineering has been leveraging the emerging technologies of droplet
microfluidics. Droplet microfluidics, featuring controlled formation and manipulation of nano-
to femtoliter droplets of one fluid phase in another, has presented a new paradigm for screening,
providing increased throughput, reduced reagent volume, and scalability. We review here the
recent droplet microfluidics-based HTS systems developed for protein engineering, particularly
directed evolution. The current review can also serve as a tutorial guide for protein engineers
and molecular biologists who need a droplet microfluidics-based HTS system for their specific
applications but may not have prior knowledge about microfluidics. In the end, several challenges and
opportunities are identified to motivate the continued innovation of microfluidics with implications
for protein engineering.

Keywords: FADS; emulsification; droplet coalescence; enzyme engineering; synthetic biology

1. Introduction

Engineered proteins with tailored properties evolved from natural precursors have been playing an
increasingly important role in a spectrum of agricultural, industrial, and biomedical applications [1,2].
For example, protein engineering holds the potential of transforming the metabolic drug landscape
through the development of smart, stimulus-responsive drug systems [3]. In industrial processes,
protein engineering enables the production of enzymes that offer unique advantages compared with
chemical catalysts, such as biodegradability, stereoselectivity, substrate specificity, functionality under
relatively mild solvents, temperatures, pHs and pressures, and stability at extreme conditions [4,5].
Today, protein engineering also plays a critical role in advancing the emerging field of synthetic
biology, including optimizing pathway enzymes and regulatory elements, balancing pathway redox
equivalents, as well as tuning the expression of pathway genes.

There are two main strategies in protein engineering: rational design and directed evolution.
Rational design, which is mostly carried out in silico, is knowledge-based, deterministic engineering of
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proteins. Thus, it needs prior information on the target protein such as a structural model, sequence
relationship to homologs, and insights into its biophysical function. As a powerful approach to test
general theories in protein chemistry, rational design can be achieved either by single-point mutation,
exchange of elements of secondary structure, exchange of whole domains, or by fusion of enzymes.
Novel computational tools have constantly improved, resulting in dramatic increase in the sizes of
mutant libraries that can be designed. Genome-scale metabolic models (GEMs) have informed and
expanded variant design for many industrially relevant microorganisms [6]. Furthermore, multiplex
automated genome evolution (MAGE) [7] and CRISPR/Cas [8,9] systems have significantly improved
the throughput of genome editing with precision and reduced cost and time required to explore many
protein targets. For example, MAGE enables the rapid generation of billions of mutants by repeated
insertion, deletion or mutation of DNA at multiple chromosomal targets [7]. Overall, the unprecedented
capability of designing and building a large number of variants for rational protein design has placed
increased demands on the throughput of screening and selection [10,11].

Directed evolution, on the other hand, mimics the process of natural selection through random
mutagenesis to steer proteins or nucleic acids toward desired traits [12-14]. Unlike rational protein
design, directed evolution requires neither prior knowledge of a protein’s detailed structure nor
prediction of the effects of various mutations [15]. Indeed, directed evolution makes it possible to
identify undiscovered protein sequences which have novel functions. Moreover, synthetic biologists
also increasingly rely on directed evolution to optimize engineered biological systems [16-18]. However,
for directed evolution to be truly effective, very large libraries of mutants must be screened under
conditions that closely match the desired functionality [19]. Thus, the throughput of screening for
variants with improved traits is a major factor dictating the efficiency of directed evolution given that
the libraries of random mutants can be easily on the scale of 108-10° [19-21].

Proteins are engineered for properties such as affinity, selectivity, stability or enzymatic activity [22].
Often, when a cell based fluorescent readout is achievable, screening of engineered protein libraries
is performed with fluorescence-activated cell sorting (FACS) to separate a population of cells into
sub-populations based on fluorescent labeling [22]. In this case, the phenotype-genotype connection is
unbroken because the cells are selected directly. For example, Lipovsek et al. [23] reported in vitro
selection of catalytically active enzymes (horseradish peroxidase) from large libraries of variants
displayed on the surface of the yeast S. cerevisiaze and separated by FACS. To improve substrate
specificity of glycosyltransferases by directed evolution, Aharoni et al. [24] screened a library of over a
million sialyltransferases mutants using FACS and found a variant with up to 400-fold higher catalytic
efficiency for transfer to a variety of fluorescently labeled acceptor sugars. In their study, the formation
of sialosides in intact E. coli cells was detected by selectively trapping the fluorescently labeled transfer
products within the cell and the resulting cell population was analyzed and sorted using FACS [24].
However, many desirable properties are not amenable to direct interrogation via FACS because the
phenotype is not inherent in a single cell, for example, when improving a protein excreted into
growth medium. Properties such as extracellular analyte consumption, product secretion and cell-cell
interactions are not readily detectable with flow cytometry. Screening for ‘non-cellular’ phenotypes
necessitates the compartmentalization of single cells or an alternative expression system to maintain the
linkage between the phenotype that the selection acts on and the genotype in which the evolutionary
information is encoded [19]. Compartmentalization of assays in arrays of wells makes microtiter plates
by far the most widely used screening platform. However, the microplate-based method becomes
problematic when the assay volume is less than 1 pL due to evaporation and capillary forces [25].
Even with robotic automation for liquid handling using 1536-well plates and assuming a processing
rate of 1 plate per minute, the throughput of a well based assay is approximately 25 samples/sec for a
prompt optical measurement.

Miniaturization of screening systems can substantially increase sorting efficiency, improve selection
and reduce screening costs, enabling exploration of very large libraries (108-10°). These advantageous
properties have stimulated emerging micro- and nanotechnologies to move into applications in
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the life sciences and molecular biology. Early efforts included the in vitro compartmentalization
demonstrated by Tawfik and Griffiths [26] in late 1990s. They showed the selection of genes encoding
Haelll methyltransferase from a 107-fold excess of genes encoding another enzyme using water-in-oil
emulsions. These polydisperse droplets were generated by adding an in vitro transcription/translation
reaction mixture into stirred mineral oil containing surfactants. As many assays require an accurate
and reliable means of fluid manipulation to enable reproducible results, polydispserse droplets can
be problematic. In the sub-microliter or sub-nanoliter volume range, droplet microfluidics, which
emerged at the beginning of 2000s [27], presented a new paradigm for screening, offering precise and
reduced reagent volumes as well as single-cell resolution analysis [28]. Microfluidic devices, featuring
a network of channels with dimensions from tens to hundreds of micrometers, enable the generation
and digital manipulation of droplets of uniform sizes (microliter to femtoliter) at very high throughput
(up to several kHz). Surfactant systems enable the stabilization of droplets such that they can be
incubated off-chip and reintroduced intact into subsequent microfluidic device(s) for sorting and
analysis. However, it was not until the most recent decade that the HTS capacity of droplet microfluidics
had been demonstrated for protein engineering, especially directed evolution [19,21,22,29-31].

Here, we review the recent high-throughput screening systems developed for protein engineering
that are enabled by droplet microfluidics. The review follows the structure of a typical workflow, as
illustrated in Figure 1, which includes the following modules: emulsification, incubation, reagent
addition, and sorting. This review article can also serve as a tutorial guide for those who need a
droplet-based HTS system for their specific applications but may not have prior knowledge about
microfluidics. A number of key challenges and opportunities are outlined in the end to motivate the
continued innovation of microfluidics with implications for protein engineering.

A Droplet Generation
|
Il I
B Incubation Droplet Coalescence

- Nr

Suld=

=

C Double Emulsion

e A

]

Figure 1. A typical workflow of droplet-based high-throughput screening system for protein engineering.
(A) Single cells are encapsulated into monodisperse water-in-oil droplets generated on a flow-focusing
(left) or Tjunction (right) nozzle. (B) Cell-laden droplets can be incubated either on-chip or off-chip

and new reagents can be added via droplet coalescence. (C) Droplets of interest can be sorted
either by fluorescence-activated cell sorting (FACS) after an extra step of double emulsification or by
fluorescence-activated droplet sorting (FADS). Alternatively, the content of droplets of interest can be
recovered via fluorescence-activated electrocoalescence (FAE).
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2. Droplet-Based Hight-Throughput Screening

2.1. Microfluidics Droplet Generation

Droplet formation in microfluidic devices utilizes flows of two immiscible liquids that are
controlled independently [27]. Most commonly, an aqueous solution is dispersed into a continuous
phase of oil. The Tjunction and flow-focusing nozzle (Figure 1A) are the most widely adopted
geometries of microfluidic channels for generating droplets, where the stream of the dispersed fluid
is pinched off by the continuous carrier fluid through shearing to generate monodisperse droplets.
The frequency of droplet generation can reach up to 10 kHz and the droplets volumes may range
from femtoliters to nanoliters. There have been several reviews available in the literature that provide
complete details about droplet generation using microfluidics [22,32-35]. Therefore, the current review
only discusses several fundamental elements in droplet generation using microfluidics, in particular,
formulations (i.e., oils and surfactants).

As self-contained microreactors, monodisperse water-in-oil droplets have been used
predominantly in the miniaturization of biochemical assays. In this scenario, fluorinated oils such as
HFE-7500 paired with fluorosurfactants are widely used as the continuous phase [35]. Fluorinated oils
provide desirable merits such as low leakage of organic solutes, high solubility of respiratory gases,
as well as compatibility with polydimethylsiloxane (PDMS)—one of the most important materials
for flow delivery in microfluidic devices. Alternative systems based on hydrocarbon oils, such as
mineral oil, have also been successfully used for applications such as PCR [36] and directed evolution
of enzymes [37]. In hydrocarbon systems, however, hydrophobic solutes tend to phase partition
into the oil which leads to the cross-contamination among droplets, thereby limiting the range of
their applications [38]. It is worth mentioning that molecular diffusion is not necessarily excluded in
fluorocarbon systems. For example, the exchange of certain fluorophores was also observed even in
fluorinated oil (HFE-7500) [39].

The dispersion of an immiscible fluid into another creates a non-equilibrium thermodynamic
system [38,40]. The addition of surfactants acts against the homogenization of each fluid in the
system by providing an energy barrier for droplet coalescence, yielding a stabilized dispersion in
a metastable state [38]. Although fluorinated oils have favorable properties for biochemical assays,
only a limited number of surfactants are available for the stabilization of water-oil interfaces in these
systems [38]. Perfluoropolyether-polyethylene glycol (PFPE-PEG), a triblock copolymer consisting of
fluorinated alkyl domains, is the most commonly used surfactant in fluorinated oils. Its PEG domains
are also critical to prevent nonspecific adsorption of proteins, DNA and RNA at the droplet interface.
Surfactants compatible with hydrocarbons include sorbitan monooleate (Span 80), silicone-based ABIL
EM 90/180, TWEEN 20/80 and so forth.

The oil-surfactant system has to be formulated carefully since it in part determines the capability
of microfluidics to generate controlled liquid structures with complex functionalities at the interface for
a variety of applications including protein or enzyme engineering. When selecting the combination of
oil and surfactant, several factors need to be taken into consideration, including aqueous composition,
biocompatibility, molecular exchange between droplets, stability (e.g., tolerance with thermocycling),
as well as compatibility with double or multiple emulsification. Table 1 listed the formulations that
were frequently used by the droplet-based screening studies discussed in the following sections.

2.2. Reagent Addition in Droplet Flow

Adding reagents into droplets is one of the most important functions in droplet-based microfluidic
systems. Additions enable complex biochemical assays, for example, performing multistep reactions
that require mixing new reagents at different times [41]. Reagent addition in droplet flow can be
achieved by a variety of methods such as droplet coalescence induced by either electric field [42,43],
physical constrictions [44], or certain chemicals [45].

86



Micromachines 2019, 10, 734

Table 1. Oil/surfactant formulations used in the studies that are discussed in this review.

QOil/Surfactant

Applications

HFE-7500/PFPE-PEG

FC-40/PFPE-PEG
HFE-7500/QX200 (Bio-Rad proprietary oil)
HFE-7500 or FC-40/fluorinated silica nanoparticles

Perfluorodecalin and perfluorooctanol (7:3 (v/v))

Mineral oil/Span 80

Mineral oil/Abil EM 90

Double emulsion for flow cytometric sorting [21],
bacterial microcolonies in gel beads [46],
FADS [30,31,47,48], electrocoalescence [49], triple
emulsification for reagent addition [50],
chemically-induced droplet coalescence (PFB added
to induce coalescence) [45], picoinjector [41],
multiplexed FADS [51], droplet size-based
separation [52]

Double emulsion for flow cytometric sorting [21],
FADS [19]
2-way or 4-way FADS [53]

Pickering emulsification to mitigate molecular
diffusion [54,55]

Fluorescence lifetime-activated droplet sorting [56]
Encapsulation of bacteria in agarose
microparticles [57], emulsification of Amplex Ultra
Red and horseradish peroxidase (specific sugars
added to mitigate molecular diffusion) [58]

Emulsification of 3-O-methylfluorescein (BSA added

to mitigate molecular diffusion) [59]

Niu et al. [44] developed a physical method to merge aqueous droplets within a microfluidic
chamber featuring several rows of pillars separated by distances smaller than the representative
droplet dimension. In a typical case (Figure 2A), a droplet entered the chamber, slowed down and
stopped. This droplet would then merge with another droplet behind it when the surface tension was
overwhelmed by the hydraulic pressure. It should be noted that in the above study hexadecane was
used as the continuous phase without the addition of surfactants. Therefore, the efficiency of this
physical coalescence method is subjected to validation for other oil/surfactant formulations.
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Figure 2. Droplet coalescence approaches. (A) The coalescence of two droplets within a pillar constriction-
assisted droplet-merging device. Figure 2A was adapted from reference [44] with permission from the
Royal Society of Chemistry. (B) A fusion module that delivered an alternating current (AC) field permitted
electrically controlled merging of pairs of dye-containing droplets and cell-containing droplets. Figure 2B

was adapted from reference [60], complying with the License for PNAS Articles. (C) Schematic of a
different electrocoalescence workflow assisted with triple emulsification. At step (i), reinjected droplets
are enveloped by an aqueous reagent phase in a hydrophilic channel. The resulting double emulsion
travels to a hydrophobic junction at step (ii) where carrier oil encapsulates it to form a triple emulsion.
At step (iii), the encapsulated double emulsion is ruptured in the presence of an electric field. Figure 2C
was adapted from reference [50] with permission, copyright American Institute of Physics. (D) Passive
microfluidic droplet coalescence through the addition of a destabilizing alcohol. Perfluorobutanol is added
through the channel indicated by the black arrow, causing downstream coalescence of paired droplets.
Droplets are false colored. Figure 2D was adapted from reference [45] with permission from the Royal
Society of Chemistry. (E) A sequence of still images showing the direct injection of red-dyed octadecene
into blue-dyed octadecene droplets, using Ar gas as a spacer and PFPE as the carrier fluid. Figure 2E
was adapted from reference [61] under the Creative Commons Attribution license. (F) A picoinjector
microfluidic device. The spacer adds oil from a side channel to space the droplets. The picoinjector
injects fluid by merging the droplets with a pressurized channel containing the reagent. Picoinjection is
triggered by an electric field, which is applied by the electrodes. Figure 2F was adapted from reference [41],
complying with the License for PNAS Articles.

Electrocoalescence is commonly used to merge pairs of droplets that are synchronized by
size-dependent flow in microfluidic channels [42,49,60]. Two streams of different-sized droplets made
independently (allowing different time scales, sizes, and compositions) can be synchronized in a single
microfluidic channel. Smaller droplets move faster than larger droplets due to the Poiseuille flow.
Therefore, the smaller droplets are brought into contact with preceding larger droplets (Figure 2B).
Pairs of surfactant-stabilized droplets are coalesced while passing by an electric field. It was found that
an electric field that was aligned with the flow direction could induce the maximum force to deform the
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adjacent surfaces of the paired droplets, thereby maximizing the effectiveness of electrocoalescence [62].
Alternatively, Sciambi and Abate [50] presented another method to add reagent to droplets by
enveloping them as double emulsions in reagent-filled droplets and then rupturing the inner droplet
with an electric field (Figure 2C). When the double emulsions ruptured, they released their contents
into the enveloping droplets, ensuring mixing with reagent while limiting cross-droplet contamination.

In addition, Akartuna et al. [45] presented a chemically-mediated approach to coalesce pairs of
surfactant-stabilized water-in-fluorocarbon oil droplets in a continuous flow (Figure 2D). Pairs of large
and small droplets were exposed to perfluorobutanol, a poor solvent for the surfactant, before entering
into a constriction channel. In the presence of perfluorobutanol, the water-oil interfaces became highly
prone to coalescence due to the local depletion of surfactant. When the pairs exited the constriction, the
velocity of the leading large droplet rapidly decreased, forcing the droplet pairs to contact and coalesce
before re-stabilization. Overall, this coalescence method was able to perform ~300 droplet-merging
events per second on a par with the rates of electrocoalescence methods [19,42,60], although it may be
majorly limited by upstream pairing.

The coalescence-based methods discussed above involve an additional stream of droplets which
encapsulate the reagent(s) to be added. The reagent droplets have to be synchronized with the target
droplets such that they can be brought to close contact in pairs and merged via constriction-, chemical-
or electric field-induced coalescence. The major advantage of coalescence-based methods is a broad
range of reagent volume that can be added, especially for large-volume addition. Electrocoalescence
also works compatibly with stable emulsions. On the downside, these methods, which rely on droplet
pairing, tend to be inconvenient to conduct multiple additions since the synchronization of several
streams of droplets becomes necessary but technically challenging [41]. Additionally, the electric field
or chemicals used to induce coalescence may not be biocompatible.

In contrast to the paired droplet methods, a T-junction can be used to introduce a reagent as a
continuous stream. The reagent is injected directly from the side channel into the droplets that flow
in the main stream when they pass the T-junction [61,63,64]. In this approach, the reagent stream
needs to flow much slower than the main stream to avoid the formation of new reagent only droplets
within the main stream. To mitigate excess reagent flow, several methods are available to increase
the efficiency of the direct injection method, such as the addition of inert gas spacers or a double
T-unction structure. For instance, Nightingale et al. [61] used argon gas plugs to maintain uniform
droplet spacing and mitigate the undesired formation of reagent only droplets. They employed the
improved direct injection approach to conduct a five-stage quantum dot synthesis wherein particle
growth was sustained by repeatedly adding fresh feedstock [61] as seen in Figure 2E.

One of the limitations of direct injection is the incompetency of injecting reagent into stable
emulsions since the surfactants that are used to stabilize the target droplets prevent reagents from
entering them. By leveraging electrocoalescence, Abate et al. [41] developed a picoinjector which used
a pressurized channel to inject a controlled volume of reagent into preformed, PFPE-PEG-stabilized
droplets at kHz frequency, as shown in Figure 2F. The injection volume can be controlled with
sub-picoliter precision by tuning the droplet velocity and injection pressure. More importantly, they
established serial and combinatorial injections by laying out several picoinjectors sequentially, each
separately controlled by an electric field [41].

2.3. Flow Cytometric Sorting of Droplets

Commercially available fluorescent activated cell sorters are designed to interrogate suspended
cells at ~107 per hour and select the “hits” from a heterogeneous mixture based on the specific fluorescent
and light scattering properties of the sample. FACS is, however, incompatible with non-aqueous carrier
fluids. Thus, double emulsification of water-in-oil-in-water and other techniques become a plausible
approach to enable the flow cytometric sorting of droplets, providing FACS compatible compartments
to maintain the genotype-phenotype linkage in an aqueous carrier stream.
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In vitro compartmentalization in double emulsions for FACS was demonstrated based on
fluorescent signals in early 2000s [65-67]. However, double emulsions used in these pioneer studies
were generated by homogenization with high polydispersity, which potentially limited the sensitivity
and the throughput of FACS [29]. Recently, Terekhov et al. [29] combined microfluidic production
of double emulsions with efficient FACS selection, as shown in Figure 3A,B. With integration with
next-generation sequencing and liquid chromatography-mass spectrometry, their study provided
deep insights into the genotype-phenotype linkages of the secretomes of encapsulated organisms.
The functionality and versatility of the platform were demonstrated with the selection of different
biocatalytic activities, screening enzymes with different levels of the same activity, de novo creation of
enzymes with artificial activity, and investigation of bacterial cell-to-cell interactions [29].

Zinchenko et al. [21] also established a protocol with complex elements for quantitative analysis
and sorting of monodisperse double emulsion droplets in a commercial flow cytometer. Their workflow
(Figure 3C) incorporated additional steps, including assaying heat inactivation of lysates within the
droplets, concentration of the encapsulated contents induced by droplet osmosis, and storage of
droplets at =80 °C for discontinuous workflows. In their study, single E. coli cells expressing either
wild-type arylsulfatase from Pseudomonas aeruginosa or a low activity variant (H211A) were initially
co-compartmentalized with lysis reagents and enzyme substrate in water-in-oil droplets forming a
primary emulsion (Figure 3Ci-iii). The primary emulsion droplets were then introduced into a second
microfluidic device for double emulsification (Figure 3Civ—vii). The employment of two separate
devices to produce double emulsion droplets rendered the independent size control of primary and
double emulsions and the flexibility of surface coating (i.e., fluorophilic coating for primary emulsion
and hydrophilic coating for double emulsion) [21]. The double emulsion droplets of interest contained
active enzyme that was expressed by transformed E. coli and released due to cell lysis. The active
enzyme hydrolyzed the substrate fluorescein disulfate and generated a fluorescent readout of enzyme
activity. The droplets containing H211A variant only showed a low level of background fluorescence
(due to the lack of hydrolytic activity). Finally, the highly fluorescent population was sorted via FACS
to obtain the active variants. The results demonstrated that a sample with 0.01% active cells in the
initial population was enriched 2500-fold. Further, 100,000-fold enrichment was achieved for another
sample that initially contained only one hit in 1,000,000 cells (0.0001% cells expressing active enzyme),
although with a higher droplet occupancy [21].

Eun et al. [57] described an HTS method for isolating spontaneous mutants of E. coli that had
developed resistance to the antibiotic rifampicin using FACS. Instead of being compartmentalized
into double emulsions, E. coli cells (MG1655-ptetEGFP) were encapsulated in agarose microparticles
on a flow-focusing microfluidic device and incubated in the presence of varying concentrations of
rifampicin. Microparticles containing Green Fluorescent Protein (GFP)-positive cells (0.2% of the total
population) were sorted on FACS. The mutants were recovered from the microparticles and sequenced.
As aresult, an A1538T base-pair mutation was identified in the rpoB open reading frame. This mutation
resulted in a Q513L substitution, conferring resistance to rifampicin. The overall screening consumed
a total of 65 ug of rifampicin and took 6 h to complete, compared to 15 mg of compound that would
have been required for a 48-h screening based on agar plates [57].

By performing FACS to sort cell-laden hydrogel microparticles, Duarte et al. [46] presented a
high-throughput screening method to address challenges like substantial cell-to-cell variability and the
requirement to check multiple states in synthetic biology (Figure 3D). In their study, single E. coli cells,
either expressing or not expressing superfolder GFP, were encapsulated in water-in-oil droplets (20 um
in diameter), in which the aqueous phase, containing 1% agarose, solidified to a gel when chilled.
FACS selection was performed after sufficient time to allow formation of microcolonies and expression
of GFP. Sorted cells were recovered by enzymatic digestion of the agarose and plated on agar plates to
determine the enrichment rate. The results showed that an enrichment of 30,000-fold was achieved for
a 1:100,000 dilution (0.001%) of GFP expressing versus non-GFP expressing cells, which is comparable
to enrichment rates previously reported [21,29,68].
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Figure 3. Flow cytometric sorting workflow using either double emulsion or hydrogel encapsulation.
(A,B) Screening of biocatalysts anchored to the yeast surface using FACS on water-in-oil-in-water
emulsions. (A) Compartmentalization of active and inactive yeast cells with fluorogenic substrate.
After the mixture of active and inactive cells was encapsulated, the fluorescent product accumulated
solely inside the droplets with active cells, which were selected using FACS. (B) Visualization of
biochemical reaction by merging the signals of green fluorescence (reaction product), red fluorescence
(reporter protein), and the visible light image. (Scale bar, 100 um.) Figure 3A,B were adapted from
Reference [29], complying with the License for PNAS Articles. (C) Formation of double emulsion
droplets using a two-chip system. (i) Design of the device for primary emulsification; (ii) The aqueous
samples are first mixed, then primary droplets are formed in the flow-focusing junction; (iii) Image
of the monodisperse water-in-oil droplets; (iv) The emulsion droplets are taken up in a syringe,
overlaid with mineral oil, and cushioned with a bottom layer of fluorinated oil; (v) A device with
identical design to the first emulsification device, but a hydrophilic coating is used for formation of
secondary emulsions; (vi) Image showing the production of water-in-oil-in-water double emulsion;
(vii) Image of the monodisperse double emulsion droplets. Figure 3C was adapted from reference [21]
under the Creative Commons Attribution license. (D) Overview of the FACS screening method
with hydrogel encapsulation. Single cells are encapsulated into monodisperse water-in-oil emulsion
droplets. The aqueous solution contains agarose that gels upon cooling on ice. After the formation of
monoclonal microcolonies inside the beads, the beads are recovered from the emulsion and sorted by
FACS. The bacteria are recovered from the gel beads and are then ready for a further round of analysis.
Bottom left: a phase contrast microscope image of droplets (bottom left). Bottom right: a fluorescence
microscope image of beads with two of them containing a microcolony. Scale bars: 50 um. Figure 3D
was adapted from reference [46] with permission from the American Chemical Society.
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Hydrogels are cross-linked hydrophilic polymers swollen in an aqueous environment [69].
Solute transport within hydrogels occurs primarily in the water-filled regions delineated by the
polymer chains [69]. Therefore, cell-laden hydrogel microparticles may not be sufficient to prevent
small molecules like substrates from diffusing between microparticles. However, the tunability of the
physical and chemical parameters of hydrogels offers the opportunity of regulating the diffusion of
solutes between microparticles in a selective manner. In other words, the structure and density of the
crosslinking agent used in the formulation will affect the network mesh size, polymer chain mobility
and the charge of polymer chains, and thus the rate of the diffusion of water-soluble molecules within
and out of the hydrogel matrix [70]. Additionally, due to their mechanical properties, hydrogel particles
can tolerate more shear and experience less deformation while they travel through microscale channels,
thereby mitigating accidental rupture and coalescence. It has also been demonstrated with mammalian
cells that oxidative stress was reduced by coating the cell-seeded gelatin core with a biodegradable
silica shell without compromising the transport of nutrients to the cells encapsulated [71].

2.4. Fluorescence-Activated Droplet Sorting

Although in vitro compartmentalization can increase the versatility of FACS, flow cytometric
sorting of double emulsions or hydrogel encapsulation still suffers from several limitations. For instance,
the generation of double emulsions or hydrogel encapsulation needs additional steps of emulsification
or microgel gelation/recovery, presenting additional complexity to the already lengthy droplet sorting
process. It is also less convenient to manipulate the content of microcompartments like double
emulsions after encapsulation.

To address this challenge, Baret et al. [30] developed a fluorescence-activated droplet sorting (FADS)
system that was optimized to directly sort picoliter-sized droplets by dielectrophoresis. Water-in-oil
droplets were introduced into a microfluidic sorting device where they were spaced out and sorted at
an asymmetric Y-shaped junction (Figure 4A-C). Droplets flowed along the wider ‘negative” arm of
the sorting junction by default due to the lower hydraulic resistance. If a droplet were to be sorted,
based on a fluorescent signal for example, a pulse of high voltage alternating current would be applied
across the electrodes adjacent to the sorting junction. The resulting electric field deflected the droplet
of interest into the narrower ‘positive” arm of the junction by dielectrophoresis [72]. To validate the
system, E. coli cells, expressing either the reporter enzyme (3-galactosidase or an inactive variant, were
compartmentalized with fluorogenic substrates within 12-pL. monodisperse droplets and sorted at
a rate of ~300 droplets per second. The false positive (i.e., droplets that were sorted but contained
inactive variant) error rate of the sorting device at this throughput was less than 1 in 10,000 droplets.
When the cells were encapsulated at a lower density (e.g., ~1 cell for every 50 droplets), all of the sorted
and recovered cells were the active strain. An even higher throughput (~2000 droplets per second)
may be feasible but at the cost of an increase in the false positive error rate (e.g., 1 in 100 droplets).

Agresti et al. [19] explored the application of FADS in aiding the discovery of variants of the
enzyme horseradish peroxidase (HRP) in directed evolution as shown in Figure 4D,E. Yeast cells
(Saccharomyces cerevisiae EBY100) displaying enzyme variants on their surfaces were co-encapsulated
into 6-pL aqueous droplets with a fluorogenic substrate. To ensure single-cell encapsulation and avoid
confounding multiple cells, only ~22% droplets contained cells according to the Poisson distribution.
As the droplets flowed through a FADS device, those containing the most active enzyme variants
were sorted based on the fluorescence intensity. In each round of screening, the yeast cells were
induced to express HRP, encapsulated into droplets and sorted at 2000 droplets per second for up to
3 h, with a total of up to 2 x 107 cells being interrogated. As a result, new mutants of the enzyme
HRP were identified exhibiting catalytic rates more than 10 times faster than their parent. In total,
~108 individual enzyme reactions were screened within 10 h, consuming less than 150 uL reagent.
Compared with the state-of-the-art robotic screening systems, it was estimated that the FADS-based
high-throughput screening system performed the entire assay with a 1000-fold increase in throughput
and a 1-million-fold reduction assay reagent cost.
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Figure 4. Fluorescence-activated droplet sorting systems. (A) Trajectories of droplets flowing through
the sorting junction of a FADS system. When an AC electric field is applied across the electrodes,
the droplets are deflected into the ‘positive” arm. In the absence of the electric field, the droplets flowed
into the ‘negative’ arm by default (inset). (B,C) Enrichment of cells by FADS based on (3-galactosidase
activity. Photographs of E. coli colonies before (B) and after sorting (C). The lacZ bacteria (blue colonies)
were completely purified from the AlacZ bacteria (white colonies) after sorting, resulting in only lacZ
colonies growing on the agar. Figure 3A-C were adapted from Reference [30] with permission from
the Royal Society of Chemistry. (D) A different design of the FADS system. The droplets flow as
a solid plug to a junction where oil is added to space the droplets. Light droplets contain 1 mM
fluorescein and the dark ones contain 1% bromophenol blue. When a droplet passes by the laser that is
focused on the channel at the gap between two electrodes, its fluorescence intensity is detected. If the
intensity is above a threshold (in the case of light droplets), the droplet is sorted by dielectrophoresis
towards the bottom channel. (E) Enrichment of library pools. The activities are normalized relative
to wild-type HRP. The first-generation epPCR and saturation mutagenesis libraries (dashed red and
orange, respectively) enrich to a level of about two times the activity of the wild type after four sorting
rounds. The second-generation low- and high-mutation rate libraries (solid blue and cyan, respectively)
enrich to about eight times the wild type. The right panel shows a dot plot of the activities of the 50
unique first-generation (g1) mutants (red circles) and 31 second-generation (g2) mutants (blue circles).
Figure 3D,E were adapted from reference [19], complying with the License for PNAS Articles. (F) The
sorting junction of another FADS system. Single droplet fluorescence was detected following excitation
by the laser (the white dot). The default flow path of the droplet is towards the top ‘waste’ channel
since the waste outlet is at atmospheric pressure and a withdrawal of less than half the total flow rate is
applied to the ‘sorted” outlet. However, if the droplet fluorescence exceeds a predefined threshold an
electric field is activated between the electrodes, pulling the droplet to the bottom channel. Figure 3F
was adapted from Reference [47] with permission from the Royal Society of Chemistry.

Sjostrom et al. [47] used a FADS system to screen a yeast library with mutations randomly
introduced throughout the genome by UV-irradiation mutagenesis to select the cells with high
a-amylase production (Figure 4F). A total of ~3 x 10° droplets were sorted at a rate of 323 droplets per
second over the course of slightly more than 2 h. They found that cells from the sorted subpopulation had
over 60% higher enzyme production and 35% higher yield than the unsorted library. The top-performing
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clone was found to double the enzyme production compared with the mother strain. As suggested in
this study, the platform had a throughput over 300 times higher than an automated microtiter plate
screening system. At the same time, reagent consumption for a screening experiment was decreased
by a million-fold, greatly reducing the costs of evolutionary engineering of production strains.

Similarly, Ma et al. [48] described a high-throughput microdroplet sorting system that could be
used to screen up to ~107 enzyme variants (10® droplets) per day. The proposed system was able
to evaluate two reaction channels simultaneously by adopting a dual-fluorescence detection/sorting
microfluidic device. The employment of different combinations of two-color fluorogenic substrates
enabled the screening for enzyme variants that had both improved catalytic activity and an additional
enzymatic property such as regioselectivity, chemoselectivity, or enantioselectivity. As an example,
Ma et al. [48] used the system to engineer the enantioselectivity of an esterase to preferentially produce
desired enantiomers of profens, an important class of anti-inflammatory drugs. Using two types of
selection modes over the course of five rounds of directed evolution, they identified a variant with
700-fold improved enantioselectivity for the desired (S)-profens from 5 million mutants.

2.5. Fluorescence-Activated Electrocoalescence

Instead of sorting intact droplets containing “hits”, Fidalgo and coworkers [73] presented a
different approach to selectively incorporate the contents of droplets initially flowing in a carrier oil
phase into a continuous aqueous stream by electrocoalescence (Figure 5A). As soon as the fluorescence
intensity of a droplet met a predefined criterion, an electric field across the channel was triggered to
force the droplet of interest to cross the oil-water interface and coalesce with an aqueous stream at
a frequency of 10-250 Hz. In their study, a mixture of fluorinated oil (FC-77) containing 30% (v/v)
perfluorooctanol was employed as the carrier phase to compromise droplet stability and facilitate
coalescence. Fluorescence-activated electrocoalescence has great potential of integrating with existing
microfluidic modules for droplet-based screening. Additionally, the composition of the receptor stream
can be adjusted to suit specific applications, such as quenching reactions to reach well-determined
endpoints, providing favorable culture conditions for extracted cells, and lysing cells for downstream
analysis [73]. However, the sorting method is destructive to the droplets, the content of the selected
droplets is released into the aqueous stream via coalescence and the sorted droplets no longer exist.

Figure 5. Fluorescence-activated electrocoalescence. (A) Selective extraction of the content of droplets
of interest. (i) Below the threshold voltage, the electric field is insufficient to induce coalescence. As a
result, the droplet passes by without coalescence. (ii and iii) When an additional square pulse is applied,
an individual droplet is selected, and its contents are incorporated to the lateral aqueous stream.
(iv) The applied voltage returns to its original value before the next droplet enters the electrode region
and therefore the droplet flows past without coalescence. Figure 4A was adapted from Reference [73]
with permission from John Wiley & Sons, Inc. (B) The fluorescence-activated electrocoalescence of
a single droplet (indicated by the red arrow) in another FAE device. Figure 4B was adapted from
Reference [49] with permission from the Royal Society of Chemistry.
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The above electrocoalescence-facilitated droplet ‘sorting” method was further optimized by
Fallah-Araghi et al. [49] to achieve reliable sorting of up to 2000 droplets per second. In the design
shown in Figure 5B, the gap in the coalescence section was minimized to allow efficient droplet
extraction while maintaining a stable interface between the aqueous stream and the oil stream in the
absence of an electrical field. They assembled the modules of encapsulation, droplet fusion, size-based
droplet sorting and fluorescence-activated electrocoalescence to perform in vitro ultrahigh-throughput
screening for protein engineering and directed evolution. Single genes were compartmentalized in
aqueous droplets. After amplification by PCR, the droplets containing 30,000 copies of each gene
were paired and fused with droplets containing a cell-free coupled transcription-translation (IVTT)
system and the reagents for a fluorogenic assay. Then, genes from droplets containing desired activities
were selectively recovered using fluorescence-activated electrocoalescence. As a result, a 502-fold
enrichment was achieved from a mixture of lacZ genes encoding (3-galactosidase and lacZmut genes
encoding an inactive variant (molar ratio 1:100). Meanwhile, the volume and cost of PCR and IVTT
reagents were reduced by ~105-fold compared with microtiter plate-based methods, achieving the
screening of 10° genes at the cost of 150 UL of reagents. In summary, we have compared the key
advantages and disadvantages of the three main droplet sorting strategies in Table 2.

Table 2. Advantages and disadvantages of existing droplet-based HTS technologies.

Droplet Sorting Mechanism Advantages Disadvantages

Needs additional emulsification or
hydrogel gelation; Droplet size is restricted
by instrument specification

Compatible with

Flow cytometric sorting 1
commercial instruments

Single emulsification;

b= . Sorted droplets are Requires careful balance of “collection” and
uorescence-activated droplet ) B P ) ..
sorting (FADS) available fo.r morg waste” fluid flows; Ne.ed§ additional step
rounds of sorting; Wide to recover the content inside the droplets
range of droplet sizes
Direct recovery of
droplet content; Tunable
Fluorescence-activated conditions of the Sorted droplets no longer exist; Not
electrocoalescence collection aqueous possible to perform second round of sorting

stream to perform
additional chemistry

2.6. Mitigating Molecular Diffusion between Droplets

For droplets to be self-contained, a variety of surfactants have been explored to stabilize the
water-oil interface and prevent droplet coalescence. Unfortunately, it has been found that many of
the commonly used surfactants can actually assist molecular diffusion between droplets, resulting
in cross-contamination of small, hydrophobic fluorescent molecules [39,58,59,74,75]. The leakage
of fluorescent probes across droplet interface can be attributed to several phenomena. Fluorescent
molecules may directly diffuse into the continuous phase [55,59]. Alternatively, micelles formed
by surfactant molecules may facilitate the leakage of fluorescent probes [39,59]. In the latter case,
a surfactant concentration below the critical micelle concentration would help mitigate the leakage but
the droplets would become prone to coalescence if a low concentration of surfactants is used [55].

Since high-sensitivity assays are typically based on fluorescent readout, fluorophore exchange
among aqueous droplets must be avoided to reliably compartmentalize the genotype-phenotype
linkage. Courtois et al. [59] found that the addition of 5% (w/v) bovine serum albumin (BSA)
significantly reduced the leakage of 3-O-methylfluorescein to 3%, compared with 45% for mineral oil
containing 0.75% (w/w) Abil EM 90 surfactant. Moreover, Sandoz et al. [58] reported that the addition
of 25% sucrose mitigated the leakage of the dye resorufin when mineral oil was mixed with different
concentrations of surfactants combining 9% (w/w) Span 80 and 1% (w/w) TWEEN 80. They suggested
that the sucrose strongly interfered with the surfactant’s ability to form micelles in water.
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In fact, emulsion stability does not necessarily require amphiphilic surfactants to reduce the
interfacial tension. The original observations by Ramsden [76] and the seminal work by Pickering [77]
demonstrated that emulsion stability could be efficiently promoted by dispersed particles in the colloidal
size range, which is now known as a Pickering emulsion. Prior work on making nanoparticle-stabilized
emulsions in microfluidic systems mostly used hydrocarbons as the continuous phase [78-80].
Pan et al. [55], however, designed and synthesized silica nanoparticles (F-SiO, NPs) and generated a
Pickering emulsion in fluorinated oil. These nanoparticles are irreversibly adsorbed to the water-oil
interface and do not form surfactant micelles which are likely responsible for the leakage of small
molecules among aqueous droplets. In their study, the leakage of resorufin was prevented when the
droplets were stabilized by F-5iO, NPs. However, enzymes and proteins that adsorb nonspecifically
to silica surfaces can become denatured. Thus, fluorinated silica nanoparticles could reduce enzyme
activities and compromise the performance of droplet-based enzymatic assays [81,82]. To address this
issue, the above Pickering emulsion system was improved by introducing PEG into the dispersed
phase such that PEG could adsorb onto the surface of the F-5i0, NPs from within the droplets [54].
The adsorption of PEG is driven by the formation of hydrogen bonds between PEG and the silanol
groups on the nanoparticle surfaces [83]. PEG-adsorbed F-5i0, NPs were found to be effective both in
preserving enzyme activity and in preventing the leakage of small molecules. Although NPs are usually
attached to the droplet surface more strongly than traditional surfactants due to the high desorption
energy of NPs from the droplet surface, Pan et al. [84] showed that methods like electrocoalescence
and perfluorooctanol addition worked well for merging NP-stabilized droplets with high efficiency to
recover the contents of Pickering emulsions.

Instead of inhibiting molecular diffusion chemically, Siltanen et al. [85] constructed defined
reactions with chemicals and cells incubated under air on an open array, thereby physically isolating
the droplets and retaining hydrophobic compounds in their compartmentalized reactors. This oil-free
picodrop bioassay platform was built upon the so-called Printed Droplet Microfluidics (PDM)
technology that was developed by the same group in 2017 [86]. The ordered array of droplets generated
by PDM functions analogously to microliter well plates—but at one-thousandth the scale—and uses a
“microfluidic robot” for deterministic and programmable reagent and cell dispensing [86]. The PDM
platform was used to detect the small differences in trans-3-farnesene production between similar strains
of yeast. Farnesene is a sesquiterpene of the mevalonate and deoxyxylulose-5-phosphate pathways
and readily soluble in emulsion oil. By compartmentalizing reactions under air, farnesene molecules
remained partitioned with the cells responsible for their production, allowing direct measurements
of product concentration for screening. The PDM platforms can interface with most bioanalytical
tools and combines the throughput and low reagent consumption of droplet microfluidics with the
flexibility and control of robotic fluid handling of physical arrays [85].

3. Commercialization and Commercial Activities of Droplet-based HTS in Protein Engineering

The protein engineering market is rapidly growing and promises lucrative opportunities given
the increasing number of proteins and enzymes engineered for a multitude of applications in food,
biopharmaceutical, and environmental industries. In fact, the commercialization of engineered proteins
has manifested in economically beneficial and viable solutions for industry and healthcare sector. Protein
engineering has also evolved to become a powerful tool contributing significantly to the developments
in synthetic biology and metabolic engineering [87]. According to the report published by Zion Market
Research in early 2019 [88], the continued expansion of the global protein engineering market is
likely to be majorly driven by continuously developing pharmaceutical industries, biotechnological
innovations, increasing focus toward targeting specific drug development, rising clinical and analytical
techniques, and a substantial increase in research funding over the estimated timeframe. The report
suggests that the global protein engineering market was valued at approximately USD 1.1 billion in
2018 and is projected to generate around USD 2.6 billion by 2024, at a compound annual growth rate
(CAGR) of about 15.5% between 2019 and 2024. However, the costly and technologically complex tools
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and systems required for protein engineering, dearth of skilled labor, and need for highly qualified
researchers pose as a hinderance to the growth of this market.

These challenges can be addressed by leveraging emerging technologies such as advanced
computational protein design using artificial intelligence and machine learning and novel
high-throughput screening enabled by miniature technologies like microfluidics. Droplet-based HTS
technology has the potential to save considerable assay time and reagent cost, especially when exploring
large libraries such as those from directed evolution. Droplet generation and cell encapsulation can now
be performed readily on commercial microchips provided by microfluidics companies like Fluigent
and Dolomite. Further, there are an increasing number of biotech companies applying or developing
droplet-based microfluidics to accelerate the screening and selection for protein engineering. In a pilot
study, researchers led by Merck coupled droplet microfluidics with mass spectrometry to accelerate
the screening of enzyme evolution libraries for transaminase [89]. Velabs Therapeutics, a spin-off
company launched by the European Molecular Biology Laboratory (EMBL), has been pioneering the
screening of antibodies with modulatory function on complex signaling proteins using a fully integrated
droplet-based microfluidics screening platform for phenotypic assays. Their system incorporates
reinjection, fusion and sorting of droplets on a single microchip [90]. Additionally, Biomillenia and
Merck are collaborating on the development of a market-leading enzyme in Merck’s portfolio of
industry-leading enzyme solutions by utilizing Biomillenia’s droplet microfluidics screening technology.
In a collaboration with Soufflet Biotechnologies, Biomillenia’s droplet screening platform was also
used to develop novel cellulolytic and proteolytic enzymes as additives to animal feed, resulting
in enhanced growth and expanding the range of raw materials for feed formulations. In addition,
Hooke Bio, an Irish biotech company, developed a droplet-based, cell-screening device called Enigma
which is highly adaptable for a multitude of applications including combinatorial drug screening.
The Enigma device utilizes water-in-oil-in-water emulsions to allow diffusion of nutrients across the
oil membrane and removal of waste products, which enables long-term (>48 h) cell culture for certain
disease models such as type 1 diabetes. Sphere Fluidics provides an integrated platform (Cyto-Mine)
to streamline cell encapsulation, assay, and FADS-based droplet sorting to accelerate the screening of
antibiotic-resistant bacteria [91], antibody discovery and cell line development.

4. Challenges and Opportunities Facing Droplet Microfluidics in Protein Engineering

The past decade has witnessed a growing number of droplet-based HTS systems that accelerated
the “design-build-test” cycles in the rational design and/or directed evolution of proteins. These exciting
advancements also provided compelling evidence that droplet microfluidics can facilitate automation
and enable new assay modalities for high-throughput screening. Nevertheless, there are still several
potential challenges that need to be addressed. These challenges also represent the opportunities for
continued innovation of microfluidics with implications for protein engineering.

(1) Most FADS systems rely on a lower hydraulic resistance along the ‘negative’ arm of the sorting
junction to prevent droplets from entering the “positive’ arm in the absence of dielectrophoretic forces.
Such a delicate hydraulic balance is very sensitive to the fluctuation of flow rates at the sorting junction.
Fluctuations of fluid dynamics can be caused by the pulsing of syringe pumps, droplet aggregates,
and/or the accumulation of precipitates during lengthy screening applications [53]. Therefore, more
robust mechanisms to regulate the default flow path of droplets would be highly useful, especially for
scaled-up, industrial applications. For example, multiple electrode pairs can be arranged parallel to
the channels to achieve highly reliable two-way sorting, largely independent of the relative flow rates
in the channels downstream of the sorting junction [53].

(2) Current droplet sorting systems based on water-in-oil emulsions almost always perform binary
sorting. High-throughput multiplexed sorting capabilities would permit droplet sorting systems
to sort based on multiplex signals more in line with flow cytometry. By integrating binary sorters
serially, the sorting of three different droplet populations can be achieved, although the throughput
was limited to 2-3 droplets per second [53]. Another FADS system was developed to sort up to five
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different droplet populations simultaneously at rates of several hundreds of droplets per second [51].
Multiplexed FADS systems like these will have the potential of significantly expanding the scope of
how droplet-based HTS can accelerate the iterations for protein engineering.

(3) Variability in the number of cells per droplet due to stochastic cell loading is a major barrier
to the encapsulation of cells within picoliter-sized monodisperse droplets. Dictated by the Poisson
statistics, very low average loading densities have to be used to ensure single-cell encapsulation and
avoid confounding multiple cells, which means that most droplets actually contain no cells and these
‘meaningless’ droplets consume the majority of the screening capacity. Approaches that can increase the
single-cell occupancy can significantly increase the efficiency of droplet-based screening. Previously,
inertial focusing was employed to evenly space cells as they travel rapidly within a high aspect ratio
microchannel such that cells could enter the flow-focusing nozzle with the same frequency as droplet
formation [92,93]. In the proof-of-concept experiment, over 80% droplets contained a single particle
(i.e., 9.9 um-diameter polystyrene beads), compared with about 40% from the Poisson distribution.
Unfortunately, the technology of inertial focusing has been largely limited to bioparticles larger than
red blood cells due to the strong correlation between the inertial lift forces and the particle size [94].
Very recently, Cruz et al. [95] has demonstrated inertial focusing in curved channels and the alignment
of particles with diameters of 0.5-2 pum, a range that comprises a multitude of bacteria and yeast cells,
which could be integrated with existing droplet-based HTS assays for protein engineering.

(4) Current microfluidic droplet sorting systems trigger the dielectrophoretic force based on fluorescence
intensity, which renders these techniques high sensitivity and high throughput. However, fluorescence
intensity can be biased by many factors such as background fluorescence, the dye concentration, the intensity
of the light source, quenching and light scattering [56]. Thus, it would be highly desirable to explore droplet
sorting systems, either active or passive, that are based on other properties such as average fluorescence
lifetimes [56], luminescence, absorbance and droplet morphology [52]. For example, there has been a
passive, size-based droplet separation device using deterministic lateral displacement (DLD), which takes
advantage of the shrinkage of yeast-encapsulating droplets induced by the water efflux from these droplets
to unoccupied droplets due to cell metabolism [52]. Hasan et al. [56] developed a droplet sorting approach
based on the average fluorescence lifetimes of individual droplets. At a frequency of 40-50 Hz, they
reliably sorted droplets containing either or both of the two dyes that were distinguishable by the average
fluorescence lifetime [56].

(5) Another limitation of current droplet-based screening technologies is the requirement of a
fluorogenic assay, which is not always available for many phenotypes. Gene expression profiling by
mRNA sequencing is an alternative route for characterizing cell phenotypes. The emerging single-cell
RNA sequencing droplet microfluidics (Drop-seq [96] and InDrop [97]) has the potential of being
adapted for protein engineering in which the cell factories are usually bacterial and yeast cells that
are much smaller than mammalian cells. In a pioneering study, Liu et al. [98] developed an isogenic
colony sequencing (ICO-seq) system which integrated the expansion of yeast colonies in hydrogel
microspheres with barcoded Drop-seq for high-throughput RNA sequencing, which can be used to
characterize cellular phenotype for high-throughput screening applications.

(6) The capacity of droplet-based screening methods can be further boosted by leveraging the
rapidly evolving technologies of artificial intelligence (AI), especially machine learning. Machine
learning offers a route to enable automated monitoring of microfluidic systems by converting routinely
collected sensor and image data into actionable information in real time [99]. It has been demonstrated
very recently how machine learning-assisted image analysis can facilitate quality control over droplet
generation [100] and efficiently code droplet populations [101]. With machine learning-supported image
analysis, experimental conditions in microfluidic droplet assays can be encoded and decoded by colored
beads [101]. Although it was not performed on droplets, a deep learning-assisted, image-activated cell
sorting system was developed to sort in real time microalgal and blood cells based on intracellular
protein localization and cell—cell interaction from large heterogeneous population [102].
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