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The transition from micro well plate and robotics based high throughput screening (HTS) to chip based screening has already
started. This transition promises reduced droplet volumes thereby decreasing the amount of fluids used in these studies. More-
over, it significantly boosts throughput allowing screening to keep pace with the overwhelming number of molecular targets being
discovered. In this review, we analyse state-of-the-art droplet control technologies that exhibit potential to be used in this new
generation of screening devices. Since these systems are enclosed and usually planar, even some of the straightforward meth-
ods used in traditional HTS such as pipetting and reading can prove challenging to replicate in Microfluidic High Throughput
Screening (WHTS). We critically review the technologies developed for this purpose in depth, describing the underlying physics

and discussing the future outlooks.

1 Introduction

Microfluidics is the study of fluid flow at the sub-millimetre
scale. Over recent years, microfluidics has grown to be a
prominent research field owing to the wide spectrum of po-
tential applications it offers. The field of microfluidics has
attracted researchers from physics, chemistry, biology and en-
gineering and has quickly become an important interdisci-
plinary research topic. What microfluidics offers is simple yet
highly beneficial: nanolitre scale fluid consumption with min-
imal operation times. Standard laboratory procedures such as
pipetting, mixing, centrifugation and incubation require ex-
pensive and bulky equipment, large amounts of consumables
and high maintenance laboratories while being relatively slow
processes. Microfluidics promises to outperform such labora-
tory procedures on disposable, inexpensive microchips; thus
the concept of lab-on-a-chip (LOC) devices.

What makes LOC devices so attractive is that they offer
sample and reagent reduction, high throughput analysis, faster
reaction times, higher sensitivity and overall cost reduction.
Microfluidics, today, finds numerous applications in a wide
variety of fields such as forensic DNA analysis !, diagnostics
23 organs-on-chip*, cell biology %, next generation sequenc-
ing”8, environmental studies>~!!, space exploration 2, energy
13 and nutrition'%!3. It has also opened up opportunities to
perform brand new types of experiments allowing rare-cell
detection'® and giving rise to microfluidic reactors !’ for the
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discovery of new chemical entities '3.

Fluid flow characteristics at the microscale are substantially
different to those of its macroscale counterpart. As length
scales are decreased, body forces like gravity lose their signifi-
cance and give way to surface forces such as interfacial tension
and viscous forces. In microchannels, the flows are viscos-
ity dominated rather than inertia, therefore the laminar flow
regime is relevant to microfluidics. External pumps, valves
and actuators need to be redesigned for microfluidic chan-
nels measuring hundreds of micrometres or less. These dis-
similarities are sometimes advantageous but more often they
have posed significant challenges in the design process. This
has lead researchers to utilise various methods for fluid flow
manipulation such as membrane deformation >-2°, centrifugal
forces?! and electrokinetic pumps??. Moreover, in order to
manipulate particles and cells in microchannels?>?*, there’s
been extensive research around acoustic 27, magnetic?® and
electrical separation techniques?*3? as well as inertial mi-
crofluidics®! and hydrodynamic methods such as determinis-
tic lateral displacement 32 Between the last two decades, mi-
crofluidics was born, grown and it has already revolutionised
many sectors in the medical industry3® such as single cell
’omics’ 3+ and advanced the development of hand-held, afford-
able point-of-care diagnostic devices3>-3%; at the same time, it
remains a young and growing field which continues to evolve
as a research subject.

A subset of microfluidics is the study of multiphase (seg-
mented) flows. Monodisperse droplets of nL to fL. volumes
can be generated in an immiscible carrier liquid at rates ex-
ceeding 20kHz 378, allowing exhaustive studies to be car-
ried out in rapid succession in microfluidic devices. Often
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termed droplet or digital microfluidics, it offers chemical and
physical isolation of droplets to avoid cross-contamination be-
cause such droplets are segmented by the immiscible carrier
fluid. These systems promise accurate control of droplet vol-
umes, single-cell analysis capabilities, repeatable and reliable
droplet manipulation, high throughput capability and automa-
tion. Its applications encompass protein crystallisation3>40,
chemical and biological assays*!"*? and inorganic chemistry
43 The reader is referred to recent reviews on various as-
says, screens and studies enabled by droplet microfluidics **
as well as its applications in drug discovery, transcriptomics
and molecular genetics*.

Each droplet can be identified as a miniature reaction com-
partment. Single cells may be encapsulated within these
droplets and exposed to various chemicals or external exci-
tation such as ultraviolet (UV) light or thermal cycling. If mi-
crofluidic droplets are formed using a cell culture as the dis-
persed phase, the number of cells trapped within each droplet
agrees with a Poisson distribution®. Efforts to improve the
probability of trapping one cell per droplet include squeezing
particles into a single file to achieve ordered formation*, util-
ising a high aspect ratio entrance channel so that cells arrange
themselves in an equally spaced manner due to inertial forces
48 and Dean-coupled inertial ordering of cells in curved mi-
crochannels®’. A recent review focussed on the state-of-the-
art for single cell encapsulation and exceeding the limitations
set by Poisson statistics°°. High droplet formation rates and
the encapsulation of single cells within droplets allow very
large screens to be processed with low volumes of fluids used
to find unique cell types in a heterogeneous population such
as antibiotic-resistant bacteria>! or to carry out a directed evo-
lution experiment>2. Applications of single-cell analysis in
droplet-based microfluidics range from gene expression and
cytotoxicity to digital polymerase chain reaction (dPCR) and
antibody secretion studies *+33>4,

It has been more than a decade since visionaries suggested
that such two phase LOC devices, especially digital microflu-
idic devices, could revolutionise high throughput screening
(HTS) technology>—8. HTS is the widespread method for
early drug screening studies carried out by pharmaceutical
companies. It is an empirical method to test disease-carrying
targets (such as cells and proteins) against a library of com-
pounds resulting in millions of combinations, in the hunt for
a positive reaction. It has recently played a key role in the
discovery of drugs to fight diabetes, cancer and HIV’.

HTS has gone through its own miniaturisation period and
evolved into ultraHTS (uHTS) by increasing the number of
wells on micro plates a hundred-fold reducing the amount of
fluids used and time spent. This is now estimated to save
US$130 million and 9 months for the commercialisation of
one drug®. Nevertheless, it costs companies approximately
US$1.5 billion and 10 years>*°! to bring a drug to the market

with the bottleneck being reagent volume**. It is thought that
miniaturisation of uHTS has reached its limits, which are im-
posed by evaporation in open systems 2 and the accuracy of
robotic dispensing.

A strong candidate for replacing HTS technology is the
usage of droplet microfluidics since they can offer further
miniaturisation with increased throughputs, lower costs and
no evaporation issues 63 1n addition, reactions could substan-
tially benefit from this miniaturisation since highly concen-
trated samples yield faster reactions. The volume of a com-
partment can be shrunk by up to 7 orders of magnitude** in
droplet microfluidic systems, consequently, the concentration
of single molecules or cells significantly increases within a
given compartment boosting sensitivity in diagnostic assays.

Recent developments in droplet microfluidics*, emerging
techniques for single-cell RNA sequencing (scRNA-seq)** as
well as off-the-shelf products and emerging companies® in-
dicate that we are in the midst of this paradigm shift. To give
a few examples; Dolomite Bio offers the RNA-seq system for
scRNA-seq, especially the recently developed Drop-seq pro-
tocol ®, The Chromium ™ controller by 10x Genomics is an-
other recent automated droplet microfluidic system capable of
scRNA-seq. The QX200™ Droplet Digital™ PCR System
by Bio-Rad encapsulates samples into droplets before thermal
cycling to quantify target nucleic acids via optical detection.

There still exists several shortcomings associated with this
paradigm shift®?, especially given the fact that droplet mi-
crofluidic systems are enclosed, planar and driven by continu-
ous flow with high throughputs. Most systems do not go be-
yond generating a droplet library because even the most com-
mon and straightforward laboratory procedures such as pipet-
ting and centrifugation can prove to be quite challenging when
working with droplets in closed channels with rates up to tens
of thousands per second. Indeed, the very rapidity of produc-
tion, so perfect for tasks such as single cell analysis, poses real
control problems for on-chip HTS. Therefore, droplet manip-
ulation techniques have been extensively studied in the litera-
ture to advance existing methods.

The scope of this review encompasses pressure driven,
closed channel, aqueous in oil droplet microfluidic sys-
tems and on-chip techniques exhibiting potential applica-
tions in HTS, therefore, equally prominent subjects such as
droplet/bubble logic®®7!, multiple emulsions’?>7®, chemi-
cal assaying”’ and electrowetting on dielectric (EWOD) 7880
were excluded for a succinct review. Broader droplet microflu-
idics reviews*>81-83 as well as specialised reviews looking
at applications®*, cell encapsulation in droplets>*>334, drug
discovery*®7, analytical detection””3>, droplet dynamics®®,
formation®”8 and sorting®® have been carried out. Here, we
thoroughly investigate the state-of-the-art droplet methods en-
abling HTS studies to be performed on LOC devices, in other
words, pioneers of Microfluidic High Throughput Screening
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(LHTS). These are supported by discussions on working prin-
ciples, physics, cross-compatibility, further improvements and
future directions.

2 Combinatorial Library

The power of HTS stems from its ability to screen multiple
targets of alternate compositions at the same time, reducing
the time for discovery, therefore, interfacing multiple reser-
voirs to a single chip to form a combinatorial library is ex-
tremely important. A combinatorial library is formed when a
pool of chemicals (e.g targets) are mixed with another pool of
chemicals (e.g reagents) where all the possible combinations
are obtained. It’s quite straightforward to attain a spatial bar-
coding using robotic pipettes to dispense into open well plates
whereby desired sample combination can be sequentially de-
posited to specific locations. However, these aspects of HTS
pose big challenges in closed, planar, continuous droplet mi-
crofluidic systems; a robust, versatile and cross-compatible
microfluidic chip capable of generating a combinatorial li-
brary where droplets can be barcoded, tagged or sequentially
introduced will certainly play a key role in the transition to
HHTS.

Two main strategies are prevalent for keeping track of the
chemical composition of each variant in the library; labelling
and sequencing. Labelling involves mixing in a unique identi-
fier tag with every chemical used in the library. This could be
achieved by using nucleic acid sequences °>°%! or fluorescent
tags°2. While nucleic acid sequences allow unique tagging of
very large screens, they can only be detected once the screen is
completed. On the other hand, fluorescent tags can be detected
on the fly within a microfluidic chip but they can only offer a
limited number of unique tags, hence preferred for smaller li-
braries requiring real-time decoding**.

Sequencing was achieved by a slotted-vials array (SVA)
platform where a tapered capillary tip was used to generate
droplets via suction from slotted vials which could be rotated
by a motor?3. Later, Gielen er al. developed a compartment-
on-demand platform®*, now productised and marketed by
Dolomite Microfluidics under the brand name Mitos Dropix®.
In this study, the vials were immersed in an oil bath to avoid
contamination, also eliminating the need to siphon oil in be-
tween droplets. These systems can be programmed to pro-
duce any sequence of droplets from multiple samples loaded
in a carousel (Fig. 1(a)). A serial sample loading (SSL) sys-
tem®’ interfaces with a 96-well plate to sample the fluids in
an orderly manner (Fig. 1(b)). These systems make use of
robotic setup to reposition the inlet of a microfluidic chip,
therefore they usually produce relatively large droplets with
slow throughputs, yet they are robust, compatible and success-
ful in the formation of a vector of droplets.

Other relevant platforms for generating droplet libraries in-
volve creating concentration gradients by utilising controlled
exchange of materials between moving plugs and stationary
drops®. As the moving plug interacts with the stationary
droplets sequentially, a concentration gradient was formed.
Comparably, Niu ez al.®’ designed a droplet dilution module
using droplet microfluidics; the diluted droplets were formed
through merging with a highly concentrated reservoir, diffus-
ing briefly and then splitting from the reservoir at the other
end. As the reservoir is diluted, the produced droplets had
lower concentrations of the reservoir content, thereby creat-
ing a vector of droplets. Recently, the same group designed a
multi-layered microfluidic device ®® which can generate a con-
centration gradient in one layer fed through multiple flow fo-
cusing junctions in another layer to create droplets of different
concentrations (Fig. 1(c)). Furthermore, it was shown that a
cross junction can be used to collect different droplets streams
into a single container® to form the vector in an unordered
manner (Fig. 1(d)). Abate et al.'% designed picoinjectors to
selectively add reagents into droplets and showed that droplets
could be injected from three different inlets on the chip with
electrical control. Another approach for generating a droplet
library is through the integration of microscale chemical sepa-
ration techniques such as capillary electrophoresis !°! or liquid
chromatography 9219 before the droplet formation junction.
This way, the distinct bands are compartmentalised into a vec-
tor of droplets while molecular diffusion is minimised.

A vector of droplets is sufficient to create a small combina-
torial library, however, when the targets grow to the order of
millions, this becomes impractical. For this reason, microflu-
idic systems that can combine two different pools in an effi-
cient manner are crucial for on-chip screening studies. The-
berge et al.® designed an electrocoalescence fusion chip (see
section 3.4) which was fed by two streams to merge and form
a combinatorial library; a library of droplet emulsions formed
using a cross junction (Fig. 1(d)) and another pool of chem-
icals pre-stored as plugs onto polytetrafluoroethylene (PTFE)
tubing. Zec et al.®> formed the first vector using an in-house
built SSL system (Fig. 1(b)) and crossed them with droplets
alternated on-demand with integrated membrane valves (see
Supplementary Text *) from multiple inlets (Fig. 2(a)). Sesen
et al.'%* demonstrated the formation of desired chemical com-
positions using pipette on a chip platform which makes use
of surface acoustic waves to pipette droplets selectively into
a side channel (Fig. 2(b)). Leung et al. 105 designed a mi-
crofluidic system capable of dispensing from eight different
reagents into microfluidic storage chambers using integrated
microvalves (Fig. 2(c)). Furthermore, Jin et al. designed a
chip for droplet generation, storage, fusion and retrieval using
multiple layers of PDMS membranes (Fig. 2(d)).

The formation of a combinatorial library on a microfluidic
chip is essential for the evolution of screening studies. Further
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Fig. 1 (a) Compartment-on-demand platform; formation of a droplet vector by sampling from a carousel **. Copyright (2013) American
Chemical Society. (b) Serial sample loading system is capable of sampling from a 96-well plate. Reproduced from®> with permission of The
Royal Society of Chemistry. (c) A multi-layered microfluidic chip capable of forming a concentration gradient which is later turned into
droplets®8. Copyright (2015) American Chemical Society. (d) Using a cross junction to collect different droplet samples into one container.
Reproduced from*® with permission of The Royal Society of Chemistry.
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Fig. 2 Formation of a combinatorial matrix; (a) the samples are alternated via integrated membrane valves whereas the reagents are generated
by an SSL system. Reproduced from®> with permission of The Royal Society of Chemistry. (b) Alternating droplets were pipetted into a side
channel with surface acoustic wave actuation to obtain various compositions !4, (c) Addressable storage chambers for droplets generated by a
network of integrated membrane valves. Reproduced from !%°. Copyright 2012 National Academy of Sciences, USA. (d) Droplets generated
from four inlets can be transported to storage chambers, fused and retrieved using PDMS membranes. Reproduced from '% with permission
of The Royal Society of Chemistry.
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manipulation such as incubation or mixing followed by detec-
tion could reveal the positive reaction between certain subsets
of these libraries. The discussed methods exhibit unique ad-
vantages which make them suitable for certain studies; once a
technique is adopted for the intended study, the droplets within
the system should be controlled accurately in order to per-
form the required task. We will now discuss droplet control
technologies with the potential to add extensive capabilities
to the designed chip. Indeed, without proper droplet control
technologies, dictating droplet behaviour can prove to be chal-
lenging especially at higher throughputs in closed microfluidic
systems.

3 Droplet Control Technologies

The versatility of modern HTS is hard to match with microflu-
idic systems; micro well plates could physically be moved
around using robotic machinery where upgrading or adding
functionality to the process is as easy as installing new equip-
ment within the reach of robotic arms and subsequent pro-
gramming. When it comes to designing digital microfluidics
for screening purposes; required droplet methods, droplet be-
haviour and the pre or post-analysis of the proposed system
should be determined well in advance. Devices need to be
designed and optimised on a per study basis because unique
process flows are required for every application with multi-
ple steps involving various droplet manipulations and post-
processing capabilities. This is why there’s a clear need for
advanced droplet control technologies that are versatile, cross-
compatible and enable automation.

Droplet manipulation can be achieved by various mi-
crochannel designs that make use of hydrodynamic forces to
manipulate droplets (e.g splitting and trapping). Alternatively,
droplets could be subjected to external forces such as acous-
tic, electric or magnetic to control droplet behaviour within
microfluidic systems. Droplet behaviour can be altered by
selection of chemicals, usage of surfactants or coatings on
microchannel interiors; droplet microfluidics heavily depend
on wall properties, surface tension, droplet-droplet interac-
tions and surface chemistry. Moreover, identification of pre
and post analysis methods such as droplet sensing, Raman
spectroscopy or fluorescent light intensity measurement is of
paramount importance. For example, a polymerase chain re-
action (PCR) study demands rapid and accurate thermal cy-
cling'%7 whereas a single-cell study might call for droplet
steering and fluorescent viability assay.

Another important aspect of HTS is its inherent selectivity;
all the compounds are isolated within easily accessible micro
wells. This becomes a challenge in closed droplet microflu-
idics where the compartments are picolitre size and moving
with high throughput. Some of the developed droplet control
technologies, usually active ones, offer selectivity at the cost

of increased complexity whereas other methods are simpler
for easy integration and high throughput while lacking selec-
tivity. In this review, we will focus on enabling droplet manip-
ulation and detection (pre-analysis) techniques for screening
studies offering selectivity as well as those that don’t and how
they can all affect droplet behaviour.

3.1 Formation

The starting point for a droplet based lab-on-a-chip (LOC) de-
vice is the accurate and uniform generation of a monodisperse
droplet stream. Droplet formation is usually achieved through
passive techniques which take advantage of the flow field to
deform the interface and promote the natural growth of interfa-
cial instabilities 8. There exists three main passive techniques
which are widely used by researchers to generate droplets,
namely, T-junctions (Fig. 3(a)), flow focusing devices (Fig.
3(b)) and step emulsification (Fig. 3(c)). Moreover, some
active droplet formation techniques exist where droplet pro-
duction could be triggered and the volume of the droplets pro-
duced can be altered on-demand using membrane deforma-
tion (microvalves) 106108109 “heating 110111 " gurface acoustic
waves (SAWs) 12113 or vibration 114,

—SlsoD

e
Flow

Fig. 3 Droplet generation using (a) T-junction, (b) flow focusing
geometry and (c) step emulsification.

Side View

Top View

3.1.1 T-junctions
The formation of droplets in T-junctions was first observed by
Thorsen et al. !> who propelled two immiscible fluids through
two perpendicular microchannels and examined the formation
of stable droplet streams where the flows meet. T-junction
droplet formation (Fig. 3(a)) has been widely used in droplet
microfluidic systems since then and consequently, it was thor-
oughly characterised and described by researchers via numer-
ical and experimental studies ''®11°. A number of parameters
affect droplet formation in T-junctions such as capillary num-
ber (see Supplementary Text "), interfacial tension, contact an-
gle and a few more>*.

The production of droplets using T-junction geometries can
be categorised into three separate regimes; squeezing, drip-
ping and jetting regime. When the capillary number is lower
than a critical capillary number Ca ~ 0.015 18120121 “indjcat-
ing that interfacial tension is significantly larger than viscous
shear, the droplets grow to fill up the entire channel unob-
structed by the viscous shear stress and block the continuous
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phase flow until the dynamic pressure builds up in the trailing
end of the droplet. This pressure build-up thins the interface as
the droplet grows and finally ruptures the interface to form a
droplet. Droplets formed in this way are usually not spherical
and sometimes referred to as plugs meaning the droplet diam-
eter is larger than the channel width. Plugs play a key role in
screening studies because they act in a single file, therefore,
sequence information is preserved in plug systems.

An important observation to note about this regime is that
flow rate ratio (Q/Q>) and droplet length, therefore droplet
volume (V;), are proportional to each other independent of
the oil viscosity (i.e Q1 /02 o< Vy) as observed by Garstecki et
al.'1°. This property significantly reduces the complexity of
droplet production and allows researchers to conduct studies
with different droplet volumes for better characterisation.

Furthermore, Steijn er al.'?> have developed a by-pass
channel geometry which forces droplets to be of the same size
regardless of the imposed flow rates and fluid properties. The
by-pass channel is designed around the T-junction site so that
the continuous phase flow is not obstructed while the droplet
advances thereby preventing the rapid pressure build-up men-
tioned earlier. The droplet grows freely until the by-pass chan-
nel is completely blocked, after which the droplet pinches off.
In this way, monodisperse droplet formation can be ensured
without the need for expensive and bulky equipment because
cheaper and smaller syringe pumps can incur pressure fluc-
tuations in microfluidic devices leading to poly-disperse and
irregular droplet production.

The second regime is the dripping regime where the Capil-
lary number is high enough so that viscous shear breaks off the
interface to form a droplet before the droplet grows enough to
constrict the oil flow. In this regime, the flow rates and there-
fore the throughput is significantly higher. Moreover, the pro-
duced droplets are usually spherical and smaller than the chan-
nel width and highly monodisperse. This regime is suitable for
studying high throughput screens and single-cell studies.

The jetting regime is observed when the flow rates are in-
creased further; in this case, the dispersed phase protrudes into
the main channel like a jet stream initially. Further down-
stream, due to high shear stress, the interface destabilises
(Rayleigh-Plateau instability) and breaks off to form spherical
monodisperse droplets. The jetting regime is usually preferred
for particle or fibre synthesis studies '2.

3.1.2 Flow focusing & Co-flow
Flow focusing geometries (Fig. 3(b)) were first proposed by
Anna et al. '** and Dreyfus et al. '>> where the dispersed phase
is pinched orthogonally by two continuous phase streams that
are flowing in towards each other. On the other hand, co-
flowing streams were introduced by Cramer et al. '?°; they ex-
ploit the instabilities arising from the continuous phase flow-
ing from an outer ring merging with the dispersed phase flow-

ing through an inner ring. The physics of flow focusing and
co-flowing droplet generation are quite similar yet, in the lit-
erature, they are usually studied separately 2.

In a co-flowing system, the dispersed phase is injected into
the continuous phase where it forms a thread. This thread
quickly thins due to hydrodynamic shearing and becomes un-
stable. As a result, the thread decays into droplets in order
to minimise the total surface area thereby reducing the free
energy of the interface®®. In a flow focusing system, the co-
flowing liquids are further forced through an orifice. This
stretches and thins the thread resulting in smaller droplets be-
ing produced. Similar to T-junctions, the size and frequency
of the generated droplets depend on a number of parame-
ters. Since flow focusing geometries are more complex, it has
proved hard to formulate or estimate the final size and fre-
quency using analytical approaches. Recently, Chen et al. %’
developed a model to predict droplet formation in flow focus-
ing geometries working in the squeezing regime.

While flow focusing and co-flowing geometries are slightly
more complicated to fabricate and operate, they offer en-
hanced monodispersity and higher throughputs compared to
T-junction geometries. Double-emulsion studies, where sin-
gle or multiple droplets are confined within bigger droplets,
are usually carried out with flow focusing geometries 12129, Tt
has also been argued that these geometries are preferred while
working with fragile biological samples 2.

3.1.3 Step Emulsification
Microchannel step emulsification was introduced by Sugiura
et al. 39131 where they showed highly monodisperse droplet
formation when the aqueous phase was injected through a step
structure in the microchannel design, the top and side views of
such a geometry is shown on Fig. 3(c). The dispersed phase
first fills up a terrace opening to a deep well; this leads to
an abrupt change in capillary pressure and consequent droplet
break-up. Since the droplet formation is triggered by a static
instability defined solely by the microchannel geometry, the
produced droplet sizes are weakly or not dependent on exter-
nal factors such as flow velocity or fluid properties 13%133; a
highly desirable property for droplet production in centrifu-
gal microfluidics ** (Fig. 4(a)). Additionally, Dangla et al.
132 designed an inflatable terrace and showed the formation of
highly monodisperse droplets reducing microfabrication com-
plexity as well as offering droplet volume control by adjusting
inflation pressure (Fig. 4(b)). Step emulsification suffers mini-
mally dead volumes '3* making it a powerful technique for use
in applications where the droplets are further manipulated or
analysed on chip such as droplet PCR on-chip'®. Although
the complexity of microfabrication is most advanced in step
emulsification compared to previous techniques, as there are
multiple levels of channel height, this method is scalable and
therefore applicable to high-throughput monodisperse droplet
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formation 33,

Flow in feed
channel

Fig. 4 (a) Droplet formation using centrifugal step emulsification.
Reproduced in part from 34 - Published by The Royal Society of
Chemistry. (b) Droplet formation under an inflated terrace.
Reproduced from !32. Copyright 2013 National Academy of
Sciences, USA.

Droplet formation, overall, provides the ’activation energy’
for starting droplet microfluidic studies; it is an extremely
important first step often taken for granted. Though it also
poses challenges as large numbers of identical droplets is not
compatible with multiple chemicals in a range of permuta-
tions. Advanced control over droplet formation opens up a
new world of possibilities such as volume control and on-
demand production of pico droplets. We will discuss active
droplet formation techniques next.

3.14 Active Droplet Formation
Despite reduced reliability and enhanced complexity, active
droplet formation (also referred to as drop-on-demand) tech-
niques form a good base for performing exhaustive assays
on chips where multiple targets are to be screened in the
search for the optimum recipe. The technology to produce
on-demand droplets (one at a time) or from multiple inlets in
order to create a combinatorial library similar to high through-
put screening (HTS) poses significant challenges because mi-
crofluidic devices are planar and driven by continuous flows.
Additionally, it is often necessary to finely tune the reactants
with respect to their volumes for chemical screening stud-
ies, hence the reasons why this technology requires more at-
tention. Active droplet generation designs, so far, have ad-
dressed these issues by offering droplet volume control and
on/off switching capabilities. They have been successful in
the production of droplets on-demand or modification of the
droplet volume and frequency on the fly, sometimes both
106,108,112,113,136

One such drop-on-demand chip makes use of a microvalve
(see Supplementary Text ) implemented at a droplet forming
T-junction which acts as an on/off switch for droplet produc-
tion 198, As the microvalve is relaxed for an extended period

of time, resulting droplet volume increases (Fig. 5(a)). An-
other technique for controlling droplet formation is through
applying surface acoustic waves (SAWs) (see Supplementary
Text ©) at the acoustic interface where droplets are formed by a
flow focusing geometry 2. This way, droplet volume and fre-
quency could be altered on the fly. It was observed that as the
SAW power is increased, droplet volume decreases whereas
their formation frequency increases ''2.

Collins et al.''3 designed a drop-on-demand system capa-
ble of producing picoliter droplets by exerting SAW induced
forces on a water/oil interface which deformed into the oil
stream to create droplets. Schmid and Franke, in their first
work 12, directed SAWs at a flow focusing junction to mod-
ulate droplet size in real time by adjusting SAW power. In a
later study, they 37 developed a microfluidic chip to govern
the size of droplets forming at a T-junction with low Capillary
number (Fig. 5(b)). They achieved this by inducing acoustic
streaming in the continuous phase before the T-junction. Re-
cently, Brenker ef al.'3® showed that monodisperse droplets
of 200fL could be produced on-demand using SAWS to eject
droplets into the oil stream at a T-junction with a PDMS flap.

Jin et al. % integrated microvalves at multiple droplet for-
mation sites to alternate between them programmatically. This
resulted in the formation of a combinatorial matrix where
droplets from four different inlets were mixed and matched
with each other to generate all possible combinations (Fig.
5(d)). Alternatively, also using the approach of deformable
valves, various size membranes have been integrated next to
flow focusing junctions on single layer microfluidic chips al-
lowing control over droplet volume (Fig. 5(e)) or frequency
136 (Fig. 5(f)). Choi et al.'® fabricated PDMS membranes
underneath two sample inlets and achieved pumping via us-
ing them as pneumatic micro-pumps in order to decrease the
footprint of the microfluidic chip by eliminating the need for
syringe pumps.

Enhanced control over droplet generation is essential for
screening studies; precision dispensing and chemical compo-
sition control enables higher quality screens. When design-
ing a screening study, the maximum throughput of the system
should be considered. For example, a membrane system is
limited by pressure regulators and solenoid valves, through-
puts up to kHz 3¢ can be achieved with these systems. In the
case of pneumatic micro-pumps %%, the throughputs were up
to 8Hz but two sample inlets could readily be modulated for
modifying droplet content to form a library. SAW systems
are theoretically limited by the speed of sound, however, in
reality, are limited by the pulse modulation capabilities of sig-
nal generators '3°. On the other hand, a Serial Sample Load-
ing (SSL) system > offers multiple chemical reservoirs, there-
fore chemical composition control but they are operated by
robotic arms significantly limiting the throughput and mini-
mum droplet size attainable by such systems.

This journal is © The Royal Society of Chemistry [year]
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Frequency Control

Fig. 5 (a) Droplet formation using deforming membranes. Reproduced in part from ' with permission of The Royal Society of Chemistry.
(b) On the fly droplet volume modulation using surface acoustic waves (SAWs). Reprinted with permission from 137, Copyright 2014, AIP
Publishing LLC. (c), (d) Droplet formation from different inlets using membrane deformation. Reproduced in part from % with permission of
The Royal Society of Chemistry. (e) Droplet size and (f) frequency control using membrane deformation. Reprinted with permission from 136,
Copyright 2009, AIP Publishing LLC.
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We have briefly discussed alternative methods of generat-
ing droplets for screening studies; further details on this sub-
ject could be found in a recent review by Chong et al. 8. We
will now investigate techniques to sense the existence of these
droplets; droplet sensing adds complexity but is a key part of
automation and selectivity especially when coupled with sort-
ing.

3.2 Sensing

Sensing droplets can be an important tool when performing
time-dependent studies where a droplet’s exact arrival time to
a specific section of the microfluidic chip is required for fur-
ther manipulation such as droplet sorting. More importantly,
sensing is required for selectivity and droplet automation in
microfluidic systems leading to powerful, more capable LOC
devices for tHTS. As the number of manipulation events in-
creases to meet the demands of larger more complex systems,
the logistics of droplet management will require precise infor-
mation about the location, size, and content of droplets around
the chip. In addition, quantitative studies in which the exact
number of droplets passing through a section is required, sens-
ing can generate useful information about the system. Fur-
thermore, it is sometimes possible to determine the content or
volume of a droplet during sensing; this can be very useful
if there are certain physical or chemical requirements on the
droplets. In cases where assaying the chemical contents within
droplets are required, techniques such as mass spectrometry
140,141 "Raman spectroscopy '#? and capillary electrophoresis
143 have previously been coupled with microfluidic devices;
the reader is referred to specialised reviews’”#3 on this topic
for detailed discussions, here we focus on the detection of
droplets for further analysis. Two prominent methods of sens-
ing droplets in closed microfluidic channels are optical and
electrical detection.

Optical methods work by detecting light passing through
a droplet at various wavelengths. Common detectors include
charge coupled devices (CCD), photodiodes (PD) and photo-
multiplier tubes (PMT). An easy to implement optical detec-
tion method is a microscope-integrated high speed CCD cam-
era with image processing where the droplets can be processed
quantitatively and qualitatively by measuring their occurrence,
pixel area and light refraction intensity. However, real time
image processing usually requires a significant amount of
computing power, therefore, throughput is usually low. Jakiela
et al. " made use of a linear camera to sense droplets within
a microfluidic channel. The linear camera records fewer pix-
els, as low as 2048, instead of the several megapixels recorded
with standard CCD cameras, reducing the required computing
power and so improving throughput. By analysing light inten-
sity, the linear camera can detect the front and the back end of
the droplet, thereby providing droplet velocity and volume in-

formation as well as their occurrence frequency '4* (Fig. 6(a)).
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Fig. 6 (a) Using a linear camera to sense droplets. Reproduced in
part from '#* with permission of The Royal Society of Chemistry.
(b) Detecting droplets with a photodiode. Reprinted from 143,
Copyright (2006), with permission from Elsevier. (c) A pair of
photodiodes connected head to tail to sense droplets and determine
their size, velocity and frequency. Reprinted from ¢ with
permission of Springer. (d) Sensing droplets containing bacteria

using a photo-multiplier tube (PMT). Reproduced in part from?>!
with permission of The Royal Society of Chemistry.

Positive
\,
‘\

opticatpibre[l 11

Another optical detection approach is the use of a PD
for counting or timing droplets within a microfluidic system
145,146 Nguyen er al. !4 integrated an optical fibre across the
microfluidic channel to sense the droplets via a photodiode
(Fig. 6(b)). Robert de Saint Vincent et al. 46 improved this
method and implemented a pair of PDs connected head to tail
which produces a differential signal. This signal can be inter-
preted at high throughputs to acquire droplet information such
as size, velocity and frequency (Fig. 6(c)).

Moreover, fluorescent intensity could be measured in order
to identify certain droplets based on their fluorescence. Flu-
orescent intensity is usually detected via a PMT 47 or APD
148 Fluorescence activated droplet sorting (FADS) system
147 is capable of sensing cells in droplets for sorting and en-
richment with throughputs up to 2kHz. Recently, a PMT was

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-25 |9



utilised to detect the existence of bacteria in droplets to iden-
tify antibiotic-resistant colonies®! (Fig. 6(d)). Fluorescent
tagging was not used in this work, instead, light scattering
from a droplet full of bacteria was compared to an empty
droplet to distinguish between them at high throughputs.

Overall, CCDs can offer qualitative information about
droplets at low throughputs, however, PDs and PMTs can
achieve high throughputs and capture quantitative droplet in-
formation but they usually require expensive and bulky equip-
ment such as laser beams and lenses to operate.

Electrical detection methods, on the other hand, can be im-
plemented as electrodes on a chip where the output could be
measured by microchips and analysed by computers. Two ex-
amples of electrical detection are resistive !4 and conductive
sensing 19 where the electrodes are in contact with the fluid
in the microchannel. The conductivity of the dispersed phase
is usually much higher than that of the continuous phase so
once the dispersed phase comes into contact with two open
electrodes, resistance changes drastically, easily picked up by
a microchip. As for resistive sensing'4’; when a conductive
droplet passes over a high resistance section of the electrodes,
the resistance of the sensor decreases and this can be tuned to
detect droplets passing over the electrodes. Resistive and con-
ductive methods offer superior sensitivity but require contact
with the droplets in which case cross-contamination can be an
issue.

To avoid such issues, capacitive sensors can be used; these
are fabricated with a passivation layer to eliminate cross-
contamination (Fig. 7(a)), a step, however, which comes at the
expense of sensitivity. Commonly, the dielectric constant of
the aqueous dispersed phase is significantly higher than its oil
based counterpart, this makes capacitive sensing suitable for
droplet detection '31=15*_ The design of the electrodes plays an
important role in the capacitive sensing of droplets. Sensing
electrodes usually exhibit a capacitance of a few picofarads
(pF), therefore the sensor capacitance change should be ad-
justed to best the microchip’s sensitivity. Moreover, instead
of just a pair of electrodes, multiple IDT-like electrodes can
be designed to obtain information about droplet size, velocity
and even content °>1>* Kemna et al. 1> used an impedance
measurement to sense droplets within a microfluidic chip.
They showed that cell viability in low-conducting buffer and
the existence of cells in droplets could be uncovered by the
impedance measurement system.

Another example of electrical detection is microwave sens-

ing 13%; a droplet passing over a spiral sensor changes its res-
onant frequency which can be detected by a microwave cir-
cuit that measures the reflection coefficient of the sensor (Fig.
7(b)). It was also shown that this system could be used to
heat droplets up and facilitate mixing within droplets. While
the rapid mixing takes place because of Marangoni stresses
induced on the droplet interface 7, the heating is due to di-
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Fig. 7 (a) Cross sectional view of a representative microfluidic
device demonstrating capacitive droplet sensing. Once a droplet
with high permittivity passes over the capacitive electrodes, the
capacitance increases. This can be picked up by a microchip to
sense the droplet. (b) Microwave sensor chip showing the excitation
loop and detailing droplet generation and spiral capacitive sensor
sites. Reproduced in part from 1% with permission of The Royal
Society of Chemistry.
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electric (microwave) heating (see Supplementary Text T). Mi-
crowave heating has been used in a number of studies 78161
to heat up and/or sense a water-based droplet and its tempera-
ture owing to water’s unique properties (loss tangent of 0.157
at 3 GHz) that allow it to absorb microwave energy quite effi-
ciently especially at frequencies between 3 and 20 GHz. This
is exactly the same technology used in commercial microwave
ovens.

A sensing component, in its simplest form, registers spa-
tiotemporal information for every droplet. More advanced
sensing systems can determine droplet volume, velocity, con-
tent and even temperature. This valuable information can be
used for further manipulations depending on specific chip re-
quirements. Unwanted droplets could exist in the system such
as with single-cell encapsulation in droplets where cells usu-
ally are distributed into droplets according to Poisson distribu-
tion. In such cases; in order to get rid of the unwanted droplets
or conversely to collect desired droplets, sorting at junctions
could be implemented. Different techniques to sort droplets at
junctions will be discussed in the upcoming section.

3.3 Sorting

The ability to sort the generated droplets on-demand is cru-
cial in the design of lab-on-a-chip (LOC) devices for screening
studies. Some droplet microfluidics studies require droplets to
be sorted into different outlets thereby getting rid of unwanted
droplets or collecting wanted droplets into one specific chan-
nel; a great step towards automating droplets for tHTS. More
often than not, the distinction between wanted and unwanted
droplets is identified by droplet sensing systems or labelling
discussed in the previous sections.

A common method to achieve droplet sorting starts with bi-
asing one of the two outlets so that the droplets automatically
steer into the low resistance channel in the absence of exter-
nal actuation. Once a droplet is identified as unwanted or de-
sired, however, the information can be used to trigger an actu-
ation mechanism which would then work to steer that droplet
to the unbiased higher resistance channel. Although biasing
is a convenient and reliable method for steering droplets, the
outlet resistances have to be carefully maintained in order for
the system to work. Moreover, cross-compatibility and further
manipulation after sorting can be hindered due to biasing.

Microfluidic droplet sorting devices have been designed
with mechanical actuation '%% but they were prone to slow re-
sponse times due to the large relaxation times of pumping sys-
tems 193, One of the most promising droplet sorting technique
utilises dielectrophoresis 47194165 (Fig. 8(a),(b)) where the
droplets are attracted into the outlet channels by DEP forces.
This method depends on the gradient of the electric field,
therefore, high voltage (several kV’s) is needed to apply suffi-
cient forces with these applications 1%

Intense electric fields can be used to actuate droplets in mi-
crofluidic channels. Electric fields can easily be generated
within lab-on-a-chip (LOC) devices by depositing electrodes
on the substrate. Either direct current (DC) or alternating cur-
rent (AC) can be applied to generate localised electric fields.
Two of the commonly used droplet manipulation techniques
utilising electric fields are electrophoresis and dielectrophore-
sis (DEP) (see Supplementary Text *).

Dielectrophoretic droplet sorting was implemented in a
droplet based HTS chip for directed evolution '93. The waste
channel has lower resistance (i.e biased) in this work and the
droplets, detected by a fluorescent sensor, are attracted to-
wards the keep outlet (Fig. 8(a)) at rates exceeding 2kHz. In a
recent study by Liu ez al.>!, DEP was used to sort droplets for
HTS of antibiotic-resistant bacteria using light scattering data
to identify proliferating cells. These works are great examples
demonstrating the capabilities enabled by pHTS.

Dielectrophoretic droplet sorting was first proposed by Ahn
et al. 1% where they showed successful sorting at a Y-junction
without biasing (Fig. 8(b). Pre-charged droplets can be at-
tracted by an electric field for sorting'®197 as well (Fig.
8(c)); this reduces the high voltage requirement for steering
droplets, however, charging droplets requires an additional
splitting step and can sometimes be harmful to the content of
the droplets. Dielectrophoretic droplet sorting was first pro-
posed by Ahn er al.'® where they showed successful sort-
ing at a Y-junction without biasing (Fig. 8(b). Pre-charged
droplets can be attracted by an electric field for sorting 166167
as well (Fig. 8(c)); this reduces the high voltage requirement
for steering droplets, however, charging droplets requires an
additional splitting step and can sometimes be harmful to the
content of the droplets.

Droplets can be labelled with magnetic beads or ferrofluid
can be used as the dispersed phase !%%; this enables the use
of magnetic sorting!®°. Such droplets respond to magnetic
fields generated inside microfluidic devices due to their mag-
netic content. Whilst high sorting rates can be achieved, mag-
netic labelling can be undesirable especially when working
with delicate biological samples.

Additionally, droplets could be sorted with surface acous-
tic waves (SAWs) 193 (Fig. 8(d)). In this case, Franke er al.
163 made use of a biased Y-junction design where the droplets
preferentially followed the upper channel (low resistance) in
the absence of SAWs. When the IDTs are excited, however,
SAWSs couple into the continuous medium and induce acous-
tic streaming. This streaming agitates the continuous medium
which in turn displaces droplets laterally and forces them to
be steered into the high resistance outlet channel. More re-
cently, this SAW technique was used to design a fluores-
cence activated droplet sorting system with three outlets ex-
hibiting throughputs up to 3kHz!”’. Multiple PDMS posts
were used for acoustic energy coupling allowing inexpensive
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PDMS chips to be disposed while costly lithium niobate sub-
strates can be recycled!’°. Li et al.'”! designed a five out-
let channel and used standing surface acoustic waves to guide
droplets into desired outlets with throughputs up to 222Hz
limited by electrical signal switching capability.

Moreover, SAWs have been used to steer plugs completely
or split them unevenly at a specially designed Y-junction (Fig.
9(a),(b))'72. SAWs have been directed to the interface of the
plugs to displace them into one or the other outlet which were
not biased during the study !7?. The system demonstrated here
can sort larger plugs into any of the outlets (Fig. 9(a),(b))
without loss of valuable sequence information. Moreover, it
offers control of even or uneven splitting of the plug at the
Y-junction in a programmable manner.

SAWs are not the only way of using vibration to govern
droplet behaviour, Leibacher et al. 173 made use of bulk acous-
tic wave (BAW) acoustophoresis to handle droplets in a sili-
con chip. By forming and controlling the ultrasonic standing
wave in the bulk fluid, they were able to sort droplets (Fig.
9(c)), move them across mediums for washing and merge
them. Recently, Phan er al.'7* designed a microfluidic chip
with a membrane whose resonant frequencies were excited by
a piezoelectric transducer. It was shown that droplets flowing
in a continuous stream with a surfactant could be moved to
another oil stream that was surfactant free (Fig. 9(d)). This
way, spontaneous merging between selected droplets could be
achieved further downstream.

Evidenced by all of these studies, biasing is a common
method used in droplet sorting; electric fields and SAWs are
two major actuation mechanisms for this purpose. Addition-
ally, BAWs present a powerful and easy to integrate alternative
droplet handling method. Further discussion on droplet sort-
ing techniques could be found in a recent review by Xi et al.
89 Droplet sorting and merging are two essential tools that
often go hand-in-hand, therefore, droplet merging techniques
will be discussed in full in the next section.

3.4 Merging

Selective droplet coalescence using microfluidic systems Cite
this: Lab Chip, 2012, 12, 1800 Linas Mazutis*abc and An-
drew D. Griffiths

Chemical and biological analysis commonly needs coales-
cence (fusion) of different liquids (e.g., samples and reagents)
to complete the reactions!”>. Reactions in droplets can be
used for a number of applications, including the formation of
particles, chemical synthesis, kinetics studies, or for the syn-
thesis of biomolecules®!. Droplet microfluidic systems offer
the advantage of isolated droplets which could be merged to
serve as compartments in which to study fast organic reactions
176 Moreover, coalescence allows switching back to bulk
methods; for instance, after isolating rare cells from a complex

sample by using droplet microfluidics, desirable samples can
be rejoined for further analysis easily performed by conven-
tional techniques. This is why another essential component of
a potential versatile LOC device for screening studies would
be the capability of merging consecutive or selected droplets
so that reactions in droplets could be studied.

There are multiple factors that affect droplet fusion such
as wall wetting properties, microchannel geometry, capillary
number, surfactants, liquid viscosities and impact velocity but
they have not yet been characterised thoroughly !”7. The most
commonly used model to predict droplet coalescence is the
film drainage model which will be explained with a brief
overview.

3.4.1 Without Surfactants
Aqueous droplets in oil streams free of surfactants merge
spontaneously upon contact or within close proximity due to
film drainage effects (Fig. 10 (a)). There exists a film of
continuous medium between two adjacent droplets which pre-
vents coalescence and the time it takes for this film to reduce
its thickness by half is given as '78:

Ldrainage = 40r % (1)
where r is droplet radius, L. is the viscosity of the continuous
medium, Yy denotes the interfacial tension between the liquids
and u is the constant approach velocity. As soon as the lig-
uid film thins out, intermolecular forces come into play and
rupture the interface, allowing merging to take place!”’. For
example, we described a microfluidic droplet merging system
without the use of surfactants'”?; when the parameters from
this study are substituted into equation 1, #4.4inqge can be cal-
culated as 120 ms. This exemplifies how quickly fusion occurs
in the absence of surfactants.

Furthermore, it has been shown that there exists a criti-
cal capillary number (see Supplementary Text"), Ca, ~ 1072,
that determines the threshold for droplet merging to succeed
177,180 " If the capillary number is less than this critical value
(i.e Ca < Cac), then droplet coalescence is more likely to oc-
cur.

3.4.2 With Surfactants
More often than not, surfactants are added to the continuous
phase to carry out microfluidic studies. The addition of surfac-
tants finds widespread usage by researchers because it reduces
interfacial tension for easy droplet generation and transport,
prolongs stability in a closely packed droplet formation and
prevents cross-contamination so droplets can be used as indi-
vidual microreactors. The reader is referred to Baret’s com-
prehensive review on surfactants used in droplet microfluidics
181

The downside of adding surfactants is that it undermines the
spontaneity of droplet coalescence due to two main phenom-
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Fig. 8 (a) Dielectrophoretic sorting of droplets. Reproduced from 163, Copyright 2010 National Academy of Sciences, USA. (b) Microfluidic
sorting of droplets utilising dielectrophoresis. Reprinted with permission from 94 Copyright 2006, AIP Publishing LLC. (c) Sorting of

pre-charged droplets subjected to transverse electric field. Reproduced in part from
(d) Sorting of droplets with surface acoustic waves. Reproduced in part from

ena; surfactant repulsion and Marangoni effect. Surfactants
coat the interface of the droplets and they strongly repel each
other, in this way the liquid film thickness does not thin out
and the droplets maintain stability. Moreover, Marangoni ef-
fect takes place which creates a counter-flow in the liquid film
thereby slowing down the liquid film drainage process. This
effect is shown in Fig. 10(b) where the red arrows indicate the
direction of Marangoni flow.

Marangoni flow occurs due to discontinuities in the surface
tension of the interface where a higher surface tension will
pull its surrounding liquid more strongly compared to a lower
value. Since the surfactant is responsible for altering the sur-
face tension of the droplets, the surfactant concentration near
the droplet interface plays an important role in modifying the
local surface tension of individual droplets. The immediate
surfactant concentration at the liquid film interface can be-
come uneven due to factors such as flow and molecular diffu-
sion'”” thereby leading to discrepancies in the surface tension
around the droplet which results in Marangoni flows that delay
the film drainage and consequently increase droplet stability.

Since coalescence of microfluidic droplets is not usually
spontaneous, researchers have come up with methods to en-
sure that fusion takes place; Feng et al.!”7 extensively reviews
these techniques. Two main methods find widespread usage
for microfluidic droplet merging, namely, active electrocoa-
lescence '97-182-184 (Fig_ 11(a),(b)) and passive hydrodynamic
methods 18186 (Fig. 11(c),(d)).

It’s widely known that if a droplet-droplet interface is sub-
jected to intense electric field, the interface ruptures and

166 with permission of The Royal Society of Chemistry.

163 wyith permission of The Royal Society of Chemistry.

droplets fuse even in the presence of surfactants. This is
termed electrocoalescence. This requires the conductivity and
permeability between two immiscible fluids to be different
which is usually the case®”-190-193 The reader is referred to
Eow and Ghadiri’s paper for detailed physical discussions on
electrocoalescence 1.

Passive hydrodynamic merging of droplets, however, relies
on high impact velocity of droplets and prolonged adjacency
achieved through clever microchannel geometry designs and
requires no external actuation. Generally, a speed bump is in-
troduced further downstream to the formed train of droplets.
When a droplet flows through the speed bump zone, its veloc-
ity decreases either due to designed physical restrictions '8
(Fig. 11(c)) or due to an expansion in the channel 186,194,195
The trailing droplet comes in fast and then fusion takes place
between the two droplets or more. Recently, Akartuna et al.
196 designed a passive droplet merging system by introducing
a secondary stream targeted at the interface of paired droplets
stabilised by a surfactant. The secondary stream included a
poor solvent for the surfactant leading to cohesion and rupture
of the droplet interfaces (Fig. 11(b)). Passive merging tech-
niques offer reliability and ease of integration, however, they
lack selectivity.

More recently, droplet merging has been achieved by the aid
of membrane deformation which can induce pressure bursts
to induce merging '8’ (Fig. 11(d)) or trap multiple droplets
in storage chambers 10188 (Fig. 11(e)). Furthermore, Tullis
et al.'® managed to trap multiple droplets in surface energy
wells and flushed the system with oil without surfactant to fa-
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Fig. 9 Microfluidic plug steering using surface acoustic waves
(SAWSs). (a) The plug can be completely steered into lower channel
if top IDTs are actuated 2. (b) The plug can be completely steered
into upper channel if bottom IDTs are actuated !72. (c) Droplet
sorting using BAW acoustophoresis; the half wavelength (top) and
the full wavelength modes determine the droplet trajectory.
Reproduced in part from 73 with permission of The Royal Society
of Chemistry. (d) Droplets are steered from an oil phase containing
a surfactant to one without using vibrating membrane 74, Copyright
(2016) American Chemical Society.
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Fig. 10 (a) Film drainage (red arrows) schematic with the absence

of surfactant and (b) with the surfactant where Marangoni stress
(green arrows) counteracts film drainage.
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Fig. 11 (a) Droplet merging with electrocoalescence. Reprinted
with permission from '83. Copyright 2006, AIP Publishing LLC. (b)
Electrocoalescence of synchronised droplets. Reprinted with
permission from '82, Copyright 2006, AIP Publishing LLC. (c)
Pillar droplet merging where the droplet is trapped within pillars
until a second one comes and physically merges with the trapped
droplet. Reproduced in part from '8% with permission of The Royal
Society of Chemistry. (d) Droplet merging assisted by membrane
deformation. Reproduced in part from 187 with permission of The
Royal Society of Chemistry. (e) Droplet trapping and merging
within microfluidic traps using pressure bursts induced by deforming
membranes. Reprinted from 38 with permission of Springer. (f)
Droplet trapping into surface energy wells followed by flushing with
surfactant-free carrier fluid leads to coalescence of trapped droplets.
Reproduced in part from !8? with permission of The Royal Society
of Chemistry. (g) Droplet merging using surface acoustic waves
where the droplets are trapped within the acoustic field until the next
droplet comes and merges with the trapped one. Reproduced in part
from !7® with permission of The Royal Society of Chemistry.
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cilitate fusion (Fig. 11(f)). In both of these recent studies,
since the droplets are already trapped prior to fusion, fast re-
action kinetics studies could be performed with high accuracy
because the merging could be controlled.

Droplet merging was also achieved by acoustically trap-
ping incoming droplets within a chamber until successive
droplets coalesced with the trapped one'”® (Fig. 11(g)). In
this work, surface acoustic waves (SAWs) were directed to
the droplets in the micro expansion chamber which lead to
acoustic-tweezers-type trapping of the droplets in the high
pressure zone. As consecutive droplets reached the cham-
ber and collided into the trapped droplet, fusion took place.
Once the droplet in the chamber reached a certain size limit,
acoustic forces were overcome by drag forces and the merged
droplets exited the trapping chamber. This technique allows
on-demand, controlled merging of consecutive droplets where
the sequential formation of various droplets could be utilised
to carry out a combinatorial droplet library study, however,
the acoustic impedance of the liquids play an important role
for this type of trapping to work 7.

3.5 Splitting

In the context of droplet generation, it was previously men-
tioned that different chemicals can be introduced into a chip
by robotic setup utilising a movable inlet. Due to the speed
of such movement, the resulting droplets produced tend to be
large in nature. As such as a counterpart to the previous sec-
tion on controlled droplet merging, a very promising tool is
the controlled splitting or fission of droplets.

Droplet splitting is a versatile method that helps to reduce
the droplet volume 175 to control the concentration of chemi-
cals inside the droplets!®7 and to produce arrays of droplets
for high-throughput screening applications'?®. Since each
droplet can serve as a vessel for reagents, by splitting the sin-
gle droplet into two or more droplets, the experimental capac-
ity can easily be scaled up®!

Droplet splitting can be achieved without external com-
ponents or powered actuation: single or multiple bifurcating
junctions. As a droplet is flowing through a bifurcating junc-
tion, it is affected by the shear forces occurring due to channel
design. If the interfacial tension could be overcome by the
shear forces, droplets split into two or more daughter droplets.
The symmetry of the junction could be modified to adjust the
relative sizes of the daughter droplets. A perfectly symmetric
junction would lead to the break-up of a droplet into two equal
sized droplets '?8-200 (Fig. 12(a),(b)), whereas with an asym-
metric junction, the droplet will be divided into two unequal
daughter droplets 201 (Fig. 12(c),(d)). It has also been shown
that two daughter droplets of different concentrations could be
obtained by an asymmetric bifurcation junction'?’.

In complex screening studies involving many reagents, the
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Fig. 12 (a) Symmetric droplet splitting. Reprinted figure with
permission from 199, Copyright (2004) by the American Physical
Society. (b) Symmetric droplet splitting. Reproduced in part from
198 with permission of The Royal Society of Chemistry. (c)
Asymmetric droplet splitting. Reprinted figure with permission
from %%, Copyright (2004) by the American Physical Society. (d)
Asymmetric droplet splitting. Reproduced in part from '8 with
permission of The Royal Society of Chemistry.
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ability to actively control and induce splitting is often desired.
At the expense of added complexity, droplet splitting can be
achieved by utilising surface acoustic waves (SAWSs) offering
advanced control over this powerful method '°+172292_ Tn one
example, SAWs are directed at the oil/water interface whilst
approaching a Y-junction (Fig. 13(a)) to achieve uneven plug
splitting. When the travelling SAWs (TSAWSs) act on the inter-
face, it deforms away from the TSAWSs into the desired outlet
channel. Depending on the power of the applied TSAWSs, the
extent of splitting can be controlled !’?. Another design makes
use of a by-pass loop integrated to the main microfluidic chan-
nel; droplets passing this junction does not split in the absence
of SAWs %4, Once the SAWs are generated, they propel the
continuous medium in the upper section of the by-pass loop
which leads to a strong suction effect at the by-pass entrance
junction when a droplet is passing through. Depending on the
duration of the applied SAWSs, a portion of the main droplet
can be pipetted into the by-pass channel (Fig. 13(b)). In addi-
tion, a capacitive droplet sensor is integrated upstream of the
junction to accurately time the application of the SAWs en-
abling automation. This automated pipette on a chip system
also allows the user to select which droplets should be split
by how much into the by-pass channel where they can be fur-
ther manipulated (i.e merged or trapped) %4, Finally, Jung et
al.?*? targeted SAWs directly on a droplet to thin its interface
leading to rupturing and on-demand splitting (Fig. 13(c)); by
controlling the acting region, droplets could be split into de-
sired sizes.

Droplet splitting technology is being revisited as evidenced
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Fig. 13 (a) SAWs generated by the IDTs deform and push the plug
interface into the bottom channel at a specially designed Y-junction
leading to the asymmetric splitting of the plug depending on the
intensity of applied acoustic energy 2. (b) SAWs directed at a
by-pass channel propel the continuous fluid to induce suction of a
plug into the by-pass channel controlled by the duration of applied
SAWs %4, (c) SAW induced droplet splitting by shearing the
interface until it ruptures as it is passing IDTs. Reproduced in part
from 202 with permission of The Royal Society of Chemistry.

by the recent research efforts on the subject 94172202 Ar.

guably, fission was regarded as a straightforward and repro-
ducible passive droplet manipulation technique but recent ad-
vancements, especially the emergence of drop-on-demand and
serial sample loading technologies that offer droplet sequenc-
ing, are demanding for advanced droplet splitting technolo-
gies that offer better control, selectivity and enable automa-
tion. A similar argument could be raised for droplet trapping,
discussed in the upcoming section.

3.6 Trapping

Given the fast nature of high throughput screening (HTS) ap-
plications, it is not easy to track a single droplet to observe
the reaction occurring within. A better approach is to trap
a droplet, observe while the droplet is immobile and then re-
lease the droplet for further manipulation. However, given that
microdroplets of pL size are highly mobile and not rigid, it is
quite hard to trap them. Researchers have developed various
novel methods to overcome this problem.

One method is to design appropriate micro parking spaces
for droplets within the microfluidic device 91293205 (Fig,
14(a),(b)). When the droplets arrive at the parking spaces,
they passively get trapped usually due to higher interfacial ten-
sion imposed by the small channel geometry. Abbyad et al.
206 demonstrated successful trapping and releasing of droplets
in surface energy wells (Fig. 14(c)). Surface energy wells
can be achieved by microfabricating small holes or railways
at the roof of a microfluidic device 89290207 When a droplet
encounters a surface energy well, it’s local surface tension in-
creases due to small channel dimensions. The higher surface
tension in the energy well counteracts the fluid drag on the
droplet; in this way, the droplet stays trapped in the desired
area.

These passive designs might lead to the loss of sequence
information which is crucial to high throughput screening ap-
plications like drug screening®®, therefore, research on active
and controlled droplet trapping has gained influence over the
last few years. Wang et al. 2°%2%% managed to selectively trap
droplets into micro chambers by utilising dielectrophoretic
(DEP) forces (Fig. 14(d)). The droplets were subjected to
DEP forces when passing near the electrodes, therefore they
were polarised and pushed into micro chambers where fur-
ther observation could take place. Leung e al.'% used a
network of pneumatic actuated valves to control flow in and
out of multiple droplet storage chambers (Fig. 14(e)). de
Ruiter er al. designed electrostatic potential wells to guide and
hold droplets in place?!?; they were also able to split droplets
by applying higher voltages. Jin er al.'% reported a static
droplet array, controlled by membrane deformation where
they demonstrated mixing capability for trapped droplets via
membrane fluctuation (Fig. 14(f)). Recently, Jung er al.?!!
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designed three droplet traps where they demonstrated the pro-
grammable capture and release of droplets into these traps by
utilising slanted IDTs (Fig. 14(g)). To trap a droplet, they ex-
cited a frequency right after the trap so that the flow is blocked
in that direction, forcing the droplet to enter the microfluidic
trap. To release a droplet, they actuated a frequency that gener-
ates SAWs targeted directly under the trapped droplet pushing
the droplet out of the trap due to acoustic radiation forces.

To summarise, passive droplet trapping techniques have
evolved significantly offering added capability such as droplet
guiding and controlled fusion for fast kinetics studies. At the
same time, active and controllable droplet trapping technolo-
gies have recently emerged, especially using membrane valves
to address individual compartments where different droplets
could be merged and studied. The latter promises significant
advancements towards the realisation of pHTS, especially in
the formation of a combinatorial library.

4 Integrated Systems

In this section, we will look at how the previously described
techniques are being translated into research in academia and
products in industry. This will provide an insight into how
these ideas are being implemented within the context of spe-
cialised research. Furthermore, it will give an improved under-
standing of the requirements for the individual capabilities.

We have briefly touched upon end-user products offered by
companies such as 10x Genomics, Bio-Rad and Dolomite Mi-
crofluidics in the introduction section. Users of these droplet
microfluidic products are already reporting significant reduc-
tions in reagent usage and processing times®*% rendering
these products highly desirable in the market. Firstly, they
interface with chemicals provided by the user, usually from
well plates, a big engineering challenge in itself. They are ca-
pable of contamination-free sampling from these reservoirs to
generate droplets in a high throughput manner. The aqueous
phase can be complex, fed from multiple inlets joining be-
fore a flow focusing junction, including various samples such
as reagents, molecular probes, cells and hydrogel beads with
unique molecular identifiers>!2. Finally, the droplets are col-
lected into vials or detected via fluorescent excitation. The im-
plementation of droplet generation and sensing techniques are
indicative of room for development in the industry; as soon
as the robustness of other droplet control technologies is es-
tablished, we expect they’ll be implemented in products for
non-specialist users.

Academia, on the other hand, has been using these tech-
nologies extensively, designing integrated systems for targeted
studies. We have carefully selected 8 recent studies that in-
tegrate multiple droplet control technologies to carry out a
specialised assay decreasing the costs and the time required
significantly. The workflows reported in these studies are tab-

ulated as flow charts in figure 15 sorted by publication date.
The rounded rectangle denotes a chemical whereas the sharp
rectangles are for processes. Dashed orange boxes indicate
off-chip operations and solid blue is used for on-chip tech-
niques.

Fallah-Araghi et al.?'3 designed a procedure for gene en-
richment using a cell free coupled in vitro transcription trans-
lation (IVTT) system. In this study, single DNA templates
are encapsulated in droplets along with PCR mixture and col-
lected off-chip for thermocycling amplification. The droplets
containing many copies of the same gene are reinjected into a
second chip where they are paired and merged with IVTT mix-
ture using electrocoalescence. They are then incubated off-
chip for transcription and translation before reinjection into a
third chip for fluorescent detection followed by active emul-
sion breaking using a secondary aqueous stream and electric
field (Fig. 15(a)).

Debs et al.?'* presented a method for functional screening
of hybridoma cells starting with cell encapsulation in droplets
along with recombinant enzymes in the first chip. These
droplets are then collected for off-chip, 6h long incubation
to increase antibody concentration. Reinjected droplets are
passively merged on a second chip with smaller droplets con-
taining substrates and the oil drained from around them for
on-chip incubation. After incubation, the droplets are spaced
again for fluorescence activated droplet sorting (FADS) (Fig.
15(b)). By extracting droplets with low fluorescence intensi-
ties, cells expressing the inhibitory antibody can be collected
from the mixed population.

Sjostrom et al.>'> designed an on-chip incubator with mul-
tiple time-resolved observation points for studying enzyme
kinetics and inhibition. Enzymes are initially mixed with
different concentrations of inhibitors tagged by unique flu-
orescent tags for droplet production. An electrode coupled
pico-injector was integrated on chip allowing the injection of
a buffer+substrate solution to the formed droplets which are
then incubated along delay lines for multiple observations at
various time intervals for studying inhibitory characteristics
(Fig. 15(c)). The concentration through the picoinjector can
be regulated on-the-fly by changing relative input flow rates.

Eastburn et al. developed a workflow (Fig. 15(d)) to prevent
reverse-transcriptase PCR (RT-PCR) inhibition due to cell
lysate?!®. Microdroplet encapsulation of cells and lysis buffer
was carried out in a microfluidic chip followed by off-chip
incubation to activate proteinase K digestion for 15 minutes
before increasing temperature for denaturation. The resultant
cell lysate is then reinjected and electro-actively merged with
a larger water droplet for dilution. The diluted drops are split
at a Y-junction before RT-PCR mix is picoinjected into them
with the aid of another electric field. Finally, the droplets are
collected and heat cycled for off-chip or on-chip fluorescent
detection (Fig. 15(d)).
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Fig. 14 (a) Static droplet traps. Reproduced in part from 20 with permission of The Royal Society of Chemistry. (b) Droplet trapping at micro
parking spaces. Reproduced in part from?% with permission of The Royal Society of Chemistry. (c) Droplet trapping at surface energy wells.
Reproduced in part from29® with permission of The Royal Society of Chemistry. (d) Droplet trapping in micro chambers with
dielectrophoresis. Reproduced in part from2%® with permission of The Royal Society of Chemistry. (¢) Droplet storage chambers addressed
by a network of pneumatic valves. Reproduced from 95, Copyright 2012 National Academy of Sciences, USA. (f) Droplet trapping array
allowing mixing of trapped droplets by fluctuating membrane. Reproduced in part from !%° with permission of The Royal Society of
Chemistry. (g) Droplet trapping and release demonstrated with three droplet traps using slanted IDTs to generate SAWs. Reproduced in part
from?'! with permission of The Royal Society of Chemistry.
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Recently, Lim et al. used droplet microfluidics to cap-
ture rare bacteria®!’. In this work, heterogeneous population
of bacteria with and without mutations were encapsulated in
droplets along with PCR reagents and TagMan probes targeted
at specific genes. The emulsion was then collected for Tag-
Man PCR amplification via thermocycling; targeted genes are
rendered fluorescent by using this technique. Upon reinjec-
tion, the droplets were spaced and sorted by FADS for enrich-
ment and isolation. Finally, the sorted droplets were collected
for off-chip emulsion breaking and subsequent sequencing
(Fig. 15(e)).

Huang er al.?'®, devised a chip based approach to improve
recombinant protein production of a yeast strain, subjected
them to UV mutagenesis and encapsulated them in droplets
for off-chip incubation. Upon reinjection into a second mi-
crofluidic chip, proliferating strains were identified by FADS
and collected for DNA sequencing (Fig. 15(f)). By combining
high throughput microfluidic techniques with whole genome
sequencing, desirable mutations are enriched for identifica-
tion.

Unique droplet barcoding by nucleic acid sequences has
recently been demonstrated for single-cell RNA sequencing
(scRNA-seq)2'?. In the work presented by Lan er al.?®, a
different barcoding approach has been implemented where
single DNA molecules are first encapsulated in droplets for
thermocycling amplification. The amplified targets are sam-
pled by droplet splitting to reduce volume and merged with
transposase for offline incubation to randomly fragment the
DNA in the droplets. The fragmented DNA droplets, barcoded
droplets and droplets containing PCR mix are merged as a trio
by electrocoalescence which is split again and collected for
thermocycling and sequencing (Fig. 15(g)). Barcodes are at-
tached to the fragmented DNA by overlap-extension PCR.

Pekin and Taly recently discussed their method of screen-
ing for KRAS mutations??! in detail 2. Since there are seven
common mutations in the KRAS gene, they used a seven in-
let flow focusing chip to encapsulate probes for these muta-
tions along with different concentrations of fluorescent dye
for unique tagging. The mixed pool is then reinjected and
paired with droplets containing the target DNA as well as Taq-
Man reagents. The paired droplets are passively merged and
collected for thermocycling. Finally, these droplets are rein-
jected for on-chip fluorescent detection to identify mutations
the gene (Fig. 15(h)).

The presented studies and products clearly indicate the ad-
vantages offered by droplet microfluidic techniques whilst
providing a basis for identification of shortcomings and room
for improvement. Some of the important issues that frequently
come up with droplet microfluidic systems are:

1. Double encapsulation events: Two different targets
from a heterogeneous pool could end up in the same

droplet?!6217 " The frequency of these events are rare
and quantified in the work presented by Eastburn et al.
216 This could be prevented by FADS or optical meth-
ods??? ensuring single target per droplet. Alternatively,
the initial concentration of the sample could be decreased
to even lower the frequency of double encapsulations.

2. Spontaneous coalescence of droplets: This occurs usu-
ally after thermocycling or due to stray electric field and
it might lead to cross-contamination, a highly undesirable
consequence. This was intercepted by a pinched flow
fractionation (size) based droplet sorting 2>* after reinjec-
tion of the emulsion in the works by Fallah-Araghi ef al.
213 and Lan et al.?*°. Lim et al.>'” used shielding elec-
trodes to prevent unwanted electric field related coales-
cence. Pekin and Taly??? suggest adding Bovine Serum
Albumine (BSA) to limit unwanted coalescence as well
as making sure to keep air bubbles away from droplets
during collection, thermocycling and reinjection steps.

3. Molecular transport across droplets: Small molecules,
especially organic ones such as drugs, inside droplets can
diffuse out into the surrounding medium and back into
adjacent droplets in the emulsion over time 22>->27. While
the time scales of molecular transport are usually much
longer than that of experiments, this is an important fac-
tor to consider specifically with drug screening studies.
In order to minimise cross-droplet talk, droplet spacing
is an easy and efficient method to implement??’ as well
as the introduction of BSA in the aqueous phase 22226

5 Conclusion and Outlook

Droplet microfluidics offers ample improvements to conven-
tional screening techniques by reducing sample volumes by a
few orders of magnitude and offering high throughput. Ex-
tremely laborious methods such as growing monoclonal cul-
tures or processes that are governed by dominant species like
highly persistent bacteria or fast growing cells could bene-
fit from droplet microfluidics where isolating single and rare
specimens is inherent. By creating minuscule reaction cham-
bers, the effective concentration of samples increases as well
as the signal to noise ratios, making it easier to detect targets
at low concentrations such as circulating tumour cells. Al-
though promising, many challenges are yet to be addressed
for the transition to pHTS; seamless formation of a combina-
torial library and robust droplet control technologies that are
cross compatible.

In this review, we focussed on the engineering aspect of
droplet microfluidic technologies developed for or applicable
to screening studies. There’s a rejuvenated interest in this field
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evidenced by the latest developments in droplet control tech-
nologies covered in this review. The transition from HTS to
droplet based systems was envisioned and strongly supported
at the beginning of this century, however, realising that it still
had a long way to go with many obstacles, research in this area
had slowed down towards the end of its first decade. Advance-
ments in droplet sequencing, an influx of microfluidic start-up
companies and the widespread usage of microfluidic systems
in various specialised screening and other biological/chemical
studies proves that we are in the midst of this long awaited
microfluidic revolution.

Most of the explored droplet manipulation techniques
utilise various actuation methods that could be achieved with
specific and usually incompatible fabrication techniques. Due
to this fact, they are very specific to what kind of droplet oper-
ations they can perform and do not offer much flexibility. En-
suring that proposed designs are easily adoptable, integrable
and robust is very important.

This is not to say that custom microfluidic systems will not
be required, on the contrary since more researchers from vari-
ous disciplines are moving into the field but countless exhaus-
tive studies that carry out the same task over and over again in
the search for the right concentration or chemical can signif-
icantly benefit from versatile lab on a chip (LOC) platforms
capable of carrying out multi-purpose assays. For this reason,
restraining from imposing restrictive flow characteristics (i.e
specific inlet or outlet pressure) or specific fabrication tech-
niques ensures cross-compatibility so that all the developed
methods could be mixed and matched like LEGO® blocks to
build a system suiting every specific studies’ needs. A pas-
sive “plug-n-play” modular microfluidic system, SmartBuild
228 has been developed with similar qualities and it can be
upgraded with active manipulation capabilities. Similar plat-
forms utilising various actuation techniques are required for
improving these technologies so that the transition to pHTS is
accelerated and smoothed.
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