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The exploitation of microdroplets produced within microfluidic environments has recently emerged
as a new and exciting technological platform for applications within the chemical and biological
sciences. Interest in microfluidic systems has been stimulated by a range of fundamental features
that accompany system miniaturization. Such features include the ability to process and handle
small volumes of fluid, improved analytical performance when compared to macroscale analogues,
reduced instrumental footprints, low unit cost, facile integration of functional components and the
exploitation of atypical fluid dynamics to control molecules in both time and space. Moreover,
microfluidic systems that generate and utilize a stream of sub-nanolitre droplets dispersed within an
immiscible continuous phase have the added advantage of allowing ultra-high throughput
experimentation and being able to mimic conditions similar to that of a single cell (in terms of
volume, pH, and salt concentration) thereby compartmentalizing biological and chemical reactions.
This review provides an overview of methods for generating, controlling and manipulating droplets.
Furthermore, we discuss key fields of use in which such systems may make a significant impact, with

particular emphasis on novel applications in the biological and physical sciences.

1. Introduction

During the last two decades the concepts of miniaturization have
been applied to the fields of biological and chemical analysis.
Of particular note has been the development and application
of microfluidic or lab-on-a-chip technology. In simple terms,
microfluidics describes the study and development of systems
which manipulate, process and control small volumes of fluids
(typically on the picolitre to nanolitre scale). Development of
microfluidic technology has been stimulated by a range of
fundamental features that accompany system miniaturization.
These features include the ability to process and handle small
volumes of fluid, enhanced analytical performance when com-
pared to macroscale techniques, low unit cost, and perhaps most
importantly the ability to access a large number of individual
experiments per unit time. In more recent times, the creation
of microfluidic systems that are able to efficiently, rapidly
and controllably generate sub-nanolitre droplets has defined
a new experimental platform for performing a diverse range
of chemical and biological processes. Such systems have found
application in chemical' and biochemical screening,” protein
crystallisation® and enzymatic kinetic assays,* and will have a
significant impact on other fields such as emulsion based bias-
free PCR,® DNA sequencing,® directed evolution of proteins’™
and cell based binding and sorting assays.'**?
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At a fundamental level, the use of microdroplets to perform
chemistry and biology is appealing since an individual droplet
is ideally suited to compartmentalizing and isolating reactants.
A significant challenge encountered in single-phase microfluidic
systems is being able to suppress dispersion of reacting volumes.
Under typical conditions, channel walls impart shear forces on
any contained fluid, therefore, under hydrodynamic pressure a
parabolic velocity profile is established over the cross-section
with fluid velocity zero at the channel walls and maximum
at the channel centre (Fig. 1a)."* The primary implication of
such behavior is that a reaction mixture sampled after mixing
is formed from an ensemble of volume elements that have spent
varying times on-chip. This generates a residence-time distribu-
tion that can cause significant variation in the yield, efficiency
and product distribution of a given reaction.” Accordingly,
localization of reagents within discrete droplets is an effective
way of eliminating this phenomenon and allowing precise
definition of reaction or incubation times in a microbioreactor
(Fig. 1b). This precision combined with high droplet throughput
and well-defined droplet size renders microdroplet technology
an ideal platform for a range of ‘-omics’ approaches where a
quantitative readout of a particular process, generated in a rapid
and reproducible fashion, is crucial for the ultimate success of
an experiment. This is most obvious in the biomedical sciences,
where the enormous diversity of genes, proteins and synthetic
molecules has impacted new areas such as combinatorial
chemistry, proteomics, genomics, and more recently, systems
biology, but it is also relevant for more traditional areas such as
compound screening in pharmaceutical research. In all these
areas, the assay and analysis of large molecular ensembles
is key, but the discovery of comprehensive relationships in
multidimensional chemical and biological descriptor spaces is
limited by the quality and the throughput of the combinatorial
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Fig. 1 (a) Comparison of a reaction between two inputs in a pressure driven microfluidic device for a single-phase system (top) and for a droplet-
based system (bottom). In a standard microfluidic device the Taylor—Aris dispersion inhibits the distance to time conversion of each reaction, whilst
in a microdroplet device the distance (d) a microdroplet traveled is related to the reaction time (¢) using the linear flow velocity (U).? (b) Measuring
millisecond kinetics with microfluidic droplets. By using a T-junction and a three inlet system it is possible to measure the increase of a fluorescent
product or enzyme. As the droplets travel along the channel, the reaction residence-time increases. This relation is expressed with Az,. With the use of
a multiple aqueous inlet system it is possible to vary the concentration of substrate and enzyme leading to the measurement of several concentrations
on-chip. The lower image shows a false-colour measurement taken with a CCD camera.* Part (a) reproduced with permission from ref. 2. Copyright

Wiley-VCH Verlag GmbH and Co. KGaA. Part (b) reproduced with permission from ref. 4. Copyright 2003 American Chemical Society.

experiments. The bottleneck in all high-throughput screening
technologies is compartmentalization. Utilization of droplets
essentially solves this problem making it conceivable that
sample sizes on the order of 10* or above can be interro-
gated in this format. Microdroplets generated in a rapid and
reproducible fashion provide a platform for high-throughput
screening, 516

In the proceeding sections we provide an overview of both bulk
and microfluidic approaches for generating droplets. The scope
of the review also includes an assessment of droplet control and
manipulation mechanisms within microfluidic systems. We also
briefly review some of the various applications of microdroplets
in the fields of biology, drug discovery and chemistry, whilst
providing a critical opinion about how such technologies may (or
may not) be implemented in standard laboratory environments.
For more extensive details on other facets of microdroplet-based
systems the reader is referred to a number of excellent review
articles published elsewhere.®!7-22

In the early 1980s Batchelder demonstrated that water
droplets can be manipulated within a narrow gap filled with
insulating fluid and flanked by planar electrodes. This study
laid the foundation for the field commonly referred to as
digital microfluidics.® Although microdroplet flows driven by
surface and interfacial tension gradients have been studied
over the last century,*? it is only within the last few years
that the microfluidics community has renewed its interest in
microdroplets and their applications in chemistry and biology.
Although of high interest and importance, the field of digital
microfluidics is not addressed in detail within the current review,
and the reader is directed to an excellent recent review on
this subject.?® Accordingly, herein, microdroplets will refer to
droplets with typical length scales in the micron regime and
volumes less than one nanolitre.

2. Droplet generation and control
2.1 Generation of droplets

2.1.1 The pipette. If a high-school student was asked to
make a microdroplet he or she would probably go into the
laboratory, pick up a glass pipette and form many droplets
on the table simply by squeezing fluid out of the tip. This
method of generating a microdroplet is at the heart of the
micropipette concept which has become an invaluable research
tool for delivering tiny droplets onto surfaces or cells (Fig. 2).22
A similar approach has recently been used by Jones and co-
workers to generate picolitre scale droplets using a piezoelectric
ejector. Microlitre volumes of water, deposited from such a
device onto a polyimide layer covering coplanar electrodes could

Ag/AgCl electrodes

Nano-pipette

Fig. 2 Schematic of a nanopipette based dispensing technique. A
nanopipette (filled with 100 nM solution of DNA or protein) can
dispense low volume droplets onto a surface. To do so a voltage between
two Ag/AgCl electrodes, one attached to the interior or the pipette, the
other to the liquid solution. The droplet size can be fine tuned by varying
the ionic current. "¢ Reprinted from ref. 29 with permission of Elsevier.
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be manipulated, transported and subdivided into droplets as
small as ~7 nL by applying a voltage to the tip.*

Although such approaches for generating microdroplets are
successful in their aims, two key disadvantages exist with
reference to their use in chemical and biological analysis.
First, droplet transport and manipulation occurs in an open
atmosphere leading to rapid evaporation of the liquid sample.
Second, the ability to generate and control multiple droplets
in an independent fashion is labour intensive and requires
complex control architecture.? To address both issues, the most
commonly used approach for creating droplets involves the use
of a secondary oil phase.

2.1.2 Bulk microdroplet generation. An excellent example
of bulk microdroplet generation is the entrapment of molecular
species during the formation of reverse micelles.* In a different
fashion Griffiths and Tawfik have developed straightforward
protocols to generate femtolitre droplets in bulk oil solutions,
negating the use of complicated machinery.®** The relatively
small droplets (with diameters in the um range) can be likened
to bacteria, the basic unit of natural evolution.”* Most of
the applications introduced to date using this approach have
focused on performing in vitro compartmentalization (IVC)
as a means for directed evolution of proteins.’**** Emulsions
on a bulk scale are simple to produce, and can be made
highly stable using a variety of oil-surfactant combinations.
Indeed, several publications highlight the necessity to control
oil-surfactant composition for the efficient emulsification of
specific proteins.”!*333436.3943 Quch tailoring minimizes unwanted
interactions at the droplet interface that might compromise the
activity of the biological cargo and prevents loss of substrate or
other small molecules due to diffusion into the oil phase. Using
this approach, aqueous solutions containing a gene library
could be emulsified with a homogenizer in an oil-surfactant
mixture within a matter of minutes to produce a water-in-
oil (w/0) emulsion containing in excess of 10" droplets per
mL. The large excess of droplets over DNA molecules ensures
that each microdroplet contains on an average one gene per
droplet; providing statistical monoclonality. With a different
methodology unilamellar phospholipid vesicles containing a
cell-free expression system have been fabricated.* Moreover,
liposome compartments with femtolitre volumes have been
formed and utilized in biological applications.**

A significant problem encountered when forming droplets via
bulk methods is the large distribution of microdroplet sizes that
typically result. For example, Tawfik and co-workers have re-
ported large size distributions (upwards of 100%) when forming
aqueous microdroplets in oil with a mean diameter of 2.6 pm.”
This high level of size polydispersity can be minimized by using
a homogenizer and higher stirring frequencies, but is generally
difficult to control.*’** Moreover, the high stirring frequencies
required result in large shear forces which will often significantly
reduce enzymatic activity.** To modify the content of droplets
after initial emulsification an organic solvent containing the
desired compound can be added to the emulsion followed by
vortexing. This method has been successfully demonstrated in
the delivery of salts and substrates to pre-formed droplets.3*#*

The analysis of the contents of each microdroplet is possible
via fluorescence activated cell sorting (FACS) if the analyte

is fluorescent. As it is impossible to use conventional FACS
instruments with a liquid phase of high viscosity (such as oil),
re-emulsification of a w/o emulsion is required, generating a
water-in-oil-in-water (w/o0/w) double emulsion.' These double
emulsions are complex, soft colloidal systems in which droplets
of the dispersed phase themselves contain even smaller droplets.
Such systems can be thermodynamically stabilized by a set
of lipophilic and hydrophilic surfactants dissolved in the in-
termediate and external phases, respectively.®** W/o/w com-
partments have been used as artificial cell-like compartments,
and are thus of use in many applications in directed evolution,
proteomics, genomics, metabolomics and systems biology.®*5*
However, when using bulk-generated microdroplets in complex
biological assays the large degree of polydispersity associated
with microdroplet size makes the quantitative analysis of droplet
contents (i.e. substrate, reagent and product concentration)
difficult or impossible.'*** Moreover, since droplets formed via
bulk methods are not ordered in time or space, reactions within
individual droplets can only be probed by one endpoint. If large
sample sizes (>10%) are to be analyzed, the time required for
analysis is on the timescale of hours, so this one endpoint will
correspond to a range of time periods passed since the start
of the experiment. For a more quantitative assessment of a
process in a droplet, the start and end times of an experiment
must be rigorously controlled, and for a kinetic analysis more
than one time-point is required.”® Many of these inadequacies
could be remedied by the ability to generate, control and
handle microdroplets in microfluidic devices. This defines the
integration of in vitro compartmentalization with microfluidic
technology as a major experimental challenge.

2.1.3 Microfluidic droplet generation. In recent years, mi-
crofluidic systems have been successfully used to generate multi-
phase fluids in a variety of formats. Although microdroplets
may be formed in microchannels under static conditions,*
the adoption of continuous flow or pseudo continuous flow
microfluidic formats has been shown to provide the most
versatile route to high-throughput droplet generation.5

The generation of microdroplets within microfluidic chan-
nels can be initiated through the use of electric fields,®*°
micro-injectors® and needles.®> However, of particular note
are microfluidic systems that exploit flow instabilities between
immiscible fluids to generate suspended droplets. Put simply,
droplets can spontaneously form when laminar streams of
aqueous reagents are injected into an immiscible carrier fluid.
The two most common methods for generating droplets in
this way are through the use of T-junctions****" and flow
focusing geometries.”**™77 Within a T-junction device droplets
are formed by injecting an aqueous phase perpendicularly into
a continuous oil phase.®*™ Here, microdroplet formation results
from induced shear forces within the two phase system.®®7#
Flow focusing geometries involve a slightly different config-
uration, in which a liquid flows in a central channel and a
second immiscible liquid flows in two outside channels. The
two liquid phases are then impelled to flow through a small
orifice that is located downstream of the three channels. The
outer fluid applies pressure and viscous stresses that drive the
inner fluid into a narrow strand, which then breaks inside or
downstream of the orifice (at a position defined by the capillary
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number) to form a small droplet.”*#'# An example of such a
flow focusing configuration is shown in Fig. 3. It should also be
noted that microfluidic axisymmetric flow focusing geometries
allow generation of droplets with reduced dimensions and size
dispersions. Such an approach confines droplets to the central
axis of a microchannel and shields them from shear forces and
potential wetting upon contact with the channel walls.

Fig.3 A pressure driven flow focusing device (FFD) with three aqueous
inlets. For better visualization the middle channel delivers colorless
phosphate-buffered saline (PBS) only, while other channels contain
black and green food dye (10% v/v). As demonstrated here the three
aqueous streams do not mix after contact. This phenomenon is known
for low Reynolds (Re) number flow regimes. Images (a) to (e) shows the
procedure for microdroplet formation in more detail. The further the
aqueous slug is moved away from the flow focusing point, the more the
oil presses against the microdroplet surface until the Rayleigh-Plateau
has been overcome and droplets are formed. (f) Shows an overview of a
standard FFD device, including a geometric ‘wiggle’ for fast mixing and
loops for increased incubation times. (g) Provides a description of flow
lines and liquid input channels. Huebner ef al. (unpublished results).
Images were recorded with a Phantom V7.2 camera.

A key advantage of using microfluidic systems to generate
w/0, o/w and w/o/w emulsions is the ability to significantly
reduce droplet size distributions when compared to bulk
methods. 563657798587 Eor example, typical microfluidic droplet
generators are able to maintain a polydispersity significantly
below 3% (measured by diameter), whilst sustaining droplet
generation rates in excess of 1 kHz.”®* Above this rate droplet
production can be parallelized to increase the throughput for
industrial purposes. Moreover, cross-contamination between
adjacent microdroplets can be essentially eliminated using a
separation plug of air or oil between each.¥#7%

In broad terms, the properties of droplets produced within
microfluidic systems can be controlled by precise variation of
volumetric flow rates, fluid viscosities, channel design and the
interfacial tension. For example, the interfacial tension can be
tuned with the proper choice of oil and surfactant added to
the system.®” The addition of a surfactant is used to control
interfacial tension and thus can be used to prevent coalescence of
metastable droplets.® Furthermore, since microdroplet diameter

varies as a function of interfacial tension, droplet size can be
decreased by increasing the surfactant concentration within
the system.®*820°1 A significant feature of microfluidic droplet
generators is the ability to vary the composition of the dispersed
phase by utilizing multiple aqueous inlets that combine under
laminar flow conditions prior to the droplet formation point.
This means that each droplet produced may have a unique
composition. This feature provides a direct route towards ultra-
fast reaction screening by simply varying the flow rate ratios of
all input streams.?

2.2 Microfluidic control and manipulation of droplets

Microfluidic systems typically operate within low Re number
regimes.”? Although this provides for an environment in which
fluidic streams may mix in a controllable fashion, mixing
occurs only by diffusive transport rather than through the fast
convective processes that dominate in turbulent systems. This
can be problematic when processing reactive systems, as the
boundary between the two streams or reactants results in a
gradient of concentration perpendicular to the flow direction.
Moreover, this results in some molecules reacting later (i.e.
those near the channel walls) than those at the boundary line.
This phenomenon is referred to as the Taylor—Aris dispersion.
Since fast mixing within microdroplets is achieved for the most
part by chaotic advection (Fig. 1a),****5 or electrowetting,”
such detrimental properties are overcome, thus allowing precise
definition of reaction time within a confined area of the droplet.

The droplets described so far provide a reaction space for
an analytical operation, where the reaction is allowed to take
place and the outcome is recorded. However, with a variety of
post-generation-modifications, such as the fusion and splitting
of microdroplets or the isolation of an individual microdroplet,
a multifunctional analytical device can be established. This
allows for the creation of an ensemble of microdroplet reactors
with individuals differing from each other in content (such as
pH or reagent concentration). Several groups have investigated
and solved many of these engineering tasks and these will be
described in the following sections.

The fusion of microdroplets can be achieved using a variety
of methods. These include harnessing the difference in the
flow velocity of different sized microdroplets,* the application
of localized electric fields, modification of surface properties”
and the control of microdroplet velocities by variation of the
microchannel geometries.'s*'% An elegant way to fuse micro-
droplets is through the implementation of electric forces.'>¢7101-102
For example, microdroplets can be pre-charged on formation,
and made to fuse at a desired point of coalescence (Fig. 4).'"
A particularly useful aspect of this approach is the synchro-
nization of the microdroplets, which makes the fusion event
highly reproducible. Another feature of microfluidic generation
and control of microdroplets is the ability to divide or split
them in a facile manner. Splitting of microdroplets can be
mediated by a number of mechanisms, including variations in
the channel geometry,>*"'® variations in both geometry and
applied electrical field (Fig. 4),'!* pressure,'* temperature'® or
the localized application of electromagnetic radiation.®® Finally,
it should also be noted that after or between different stages
of microdroplet processing it is sometimes necessary to store
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Fig.4 Coalescence and synchronization of droplets. (A) Describes the
overall layout of the microfluidic device. Two flow focusing devices in
opposite direction to each other generate and pre-charge droplets. With
two inverted electric potentials (red and blue) the droplets are charged
negative and positive, respectively. The resulting droplets meet in the
middle of the device and fuse. (B) Describes the situation when no
electric field is applied. Droplets flow in an asynchronized fashion and
no coalescence occurs. (C) At a critical electric field droplets flow in
similar manner and fuse.'* Reproduced with permission from ref. 101.
Copyright Wiley-VCH Verlag GmbH and Co. KGaA.

microdroplets, for a period of up to several hours, to allow a
particular reaction to take place. To date, this problem has been
largely unexplored and needs significant improvement since the
on-chip storage capability of slug-like compartments has been
shown to only last for several minutes.

Enumerating all the various ways to control and manipulate
microdroplets emphasizes the complexity of droplet handling.
To realize the concept of a lab-on-a-chip, it is insufficient to
demonstrate that droplets can simply be sorted or fused or even
produced in parallel. Instead, it must be shown that these events
can be integrated to work reliably over extended periods of time
and be able to handle a large number of molecular libraries.
Moreover, assays may include more complicated control. For
example, they may incorporate washing steps, incubation of
droplets (allowing cells or in vitro expression systems to produce
the protein of interest) and presentation to an analytical inter-
face. The construction of a device to meet these requirements will
require considerable engineering work. At present, more modest
devices represent steps in the right direction. For example, Link
and co-workers described a device that included two points of
droplet formation, followed by an electrofusion model, and a
mixing and delay line. This system was used to discriminate live
and dead Drosophila melanogaster cells. In many respects this is
still a simple device but represents an important stepping stone
towards accessing more complex experiments.'”’

3. Application of microfluidic droplet systems in
biology

Microdroplets produced in bulk media have been shown to be
powerful tools in the evolution of enzymes,™*3*+4:53.1% However,
as previously discussed droplets generated in this way exhibit a
large degree of size (and volume) heterogeneity, and can only be
analyzed using endpoint measurement techniques. Tawfik and
Griffiths demonstrated the potential of using droplets to improve
the reactivity of several enzymes using such an approach.***%
Furthermore, there is a clear potential to study in vitro evolu-
tion of proteins and RNAs, cell-free cloning and sequencing,
genetics, genomics and proteomics.®** Ismagilov et al. have
already demonstrated the power of droplet microfluidics in

measuring enzyme Kkinetics. Using such an approach, single-
turnover kinetics of the enzyme ribonuclease (RNase) on a
millisecond timescale were measured.* As the droplets move
along the channel an increase in fluorescence was observed.
Using several aqueous inlet channels, each supplying a different
substrate for the reaction, it was possible to alter the substrate
and enzyme concentration “online” through variation in flow
rate ratios (Fig. 1b).* Similarly, the enzymatic turnover by
alkaline phosphatase'® and the activity of luciferase within
droplets have been investigated.'"

Most methods introduced to date have shown that the
general technique can measure the activity of an enzyme on the
millisecond scale, without making use of the full potential of the
compartmentalization approach, i.e. the most published kinetic
measurements report on an ensemble average of thousands of
droplets. For assays of libraries this approach would not be
suitable: no droplet will be identical, so each droplet must be
interrogated individually and subsequently sorted to implement
selection pressure. An elegant approach for recording data
to this end involves the implementation of an epifluorescence
laser induced fluorescence detection system, as first reported by
Dittrich et al.'* and further extended by Courtois et al.'? In
these studies, two aqueous streams (one containing the DNA
template and the other containing components for the in vitro
translation/transcription (IVTT) of green fluorescent protein
(GFP)) were merged. Emulsification took place within the
PDMS device and the reaction cocktail was then incubated for
an extended period of time. Retrieval of thousands of droplets at
specific time-points is possible and when combined with sensitive
fluorescence detection of the GFP fluorophore protein concen-
trations can be extracted. These studies demonstrate integration
of two modules, droplet formation and incubation. Practically,
they provide the instrumental basis for in vitro protein evolution
experiments with proteins expressed in cell-free systems.''"!*? It
should also be noted that careful choice of surfactant formula-
tion was necessary to provide the droplets with enough stability
to avoid exchange of their components, fusion, change of volume
and aggregation in the reservoir. The selection of an appropriate
surfactant is extremely important. Roach ef al. demonstrated
that with proper choice of surfactant it is possible to decrease the
likelihood of protein localisation at the interface of the droplet
and allow uniform distribution throughout the whole droplet
(Fig. 5)." For biochemical experiments this becomes crucial as
the active enzyme may lose activity due to constraints imposed
by the o/w interface. In future, a set-up that allows continuous
incubation and retrieval will be highly attractive, but will require
a more sophisticated device that can withstand high pressure
drops.

Microdroplets are also ideal vessels to encapsulate and
contain single or small numbers of biological cells.'”® Systems
biologists have already suggested that microfluidic devices can
be powerful tools in the understanding of defined networks
of cells.** Indeed, cells can be co-compartmentalized within
microdroplets, and specific dynamics between cells or their
metabolites can be probed. Although encapsulation, cultivation
and single-cell enzymatic assays have already been successfully
conducted in various ways,'*!%®114115 the control of different
cell types and the study of the dynamics of defined populations
remain to be demonstrated.
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Fig. 5 Demonstration of how surfactants may control and stabilize
proteins within aqueous microdroplets. (a) Protein adsorbs to the
polar head group droplets of the surfactant based on perfluorotetrade-
canoic acid (Ri-~-COOH), whilst in (b) a triethyleneglycol mono[1 H,1H-
perfluorooctyllether (R-OEG) helps to stabilize the protein in its
compartment. Importantly, different surfactants must be used for
different proteins to ensure a biocompatible interface between the
aqueous and oil phases.'” Reprinted with permission from ref. 109.
Copyright 2005 American Chemical Society.

For example, the growth of cell colonies has been extended to a
single-cell enzymatic assay within a microdroplet. Using optical
trapping a single cell was moved to the interface of a T-junction
and encapsulated in a droplet.!! After encapsulation the cell
was photolyzed releasing f-galactosidase. This enzyme cleaved
the quenched fluorogenic substrate within the microdroplet
media, leading to an increase of fluorescence over time (Fig. 6).
To compartmentalize a cell in a well-defined environment
other publications refer to alternative encapsulation methods,
such as an extraction method leading to cell viability of
several hours® or to a photopolymerisation reaction that allowed
yeast cells to survive for two days.''® The beneficial feature
of emulsifying cells is that after breaking the cell’s structure
within the compartmentalized environment the lysate does not
diffuse away, thus allowing further investigation of the products.
Other methods alter the integrity of the cells in droplets,
i.e. by lysing, electroporating or freezing.'” To analyze the
influence of thermoelectric manipulation of droplets on-chip
Sgro et al. froze mouse B lymphocytes in aqueous droplets and
performed a viability assay using trypan blue as the indicator
(Fig. 6).!18

The prospect of well-defined droplets as universal reaction
vessels is the basis for more rigorous quantification of biological
experiments. Accordingly, technical and analytical aspects of
system operation will define the ultimate success of high-
throughput multiplexing. At the current time it is unclear
whether present systems have this potential, since typically
the analysis extends only to a series of pictures with droplets
containing a cell/protein for demonstration. For example, the

Fig. 6 6a A single droplet-based enzymatic assay. (A) A mast cell
was encapsulated in an aqueous microdroplet in soybean oil. The cell
contains the fluorogenic substrate fluorescein di-B-D-galactopyranoside
(FDG). (B) Because the intracellular enzyme o-galactosidase was phys-
ically separated from FDG by the cell membrane minimal fluorescent
product within the microdroplet is visible prior to photolysis. (C, D)
After laser induced cell lysis (C), the B-galactosidase catalyzes the
formation of the product fluorescein, leading to an increased fluorescent
signal within the microdroplet (D). The scale bar in (A) applies to all
pictures.'? 6b The behaviour of cells and droplets after freezing. (A and
B) Mouse B lymphocytes were encapsulated in droplets containing 50%
cell media and 50% phosphate-buffered saline (PBS) and trypan blue
to test cell viability. (A) Shows the cell alive and (B) dead. (C) The
microdroplet is thawed in silicone oil and (D) in mineral o0il."® Part
(a) reprinted with permission from ref. 12. Copyright 2005 American
Chemical Society. Part (b) reprinted with permission from ref. 118.
Copyright 2007 American Chemical Society.

rate of droplet formation and the rate of droplet analysis
must be synchronized to ensure that neither module becomes
the experimental bottleneck in limiting analytical throughput.
Recently, the integration of loading and quantitative analysis
has been successfully demonstrated in work by Huebner et al.™
In this study, single-cell compartmentalization was coupled to
efficient laser induced fluorescence detection to quantify the
amount of fluorescent protein production within a cell. Such
an approach enabled analysis of in excess of 4 x 10° cells h™!
(Fig. 7). Similarly, Srisa-Art et al. have recently used confocal
spectroscopy and fluorescence resonance energy transfer to
probe DNA binding kinetics within individual microdroplets
at high speed.'"’

PCR in conventional microfluidic systems' takes advantage
of performance gains afforded through miniaturization and the
operational flexibility inherent in the fluidic design. However,
technical challenges remain, for example the reproducibility of
amplification and adsorption of polymerase enzyme to channel
walls. Extension of PCR to DNA templates confined in droplets
would lead to a further reduction in the consumption of reagents,
shorter reaction times and more precise amplification due to
reduced thermal masses.>*® PCR has been conducted in bulk
emulsions in several ways. In emulsion PCR (emPCR), DNA
or RNA molecules are amplified'** with the amplicon either
diffusing freely or bound to beads inside the microdroplet
(BEAM-ing).** The advantage of emPCR is entirely associated
with the concept of compartmentalization. Starting from a
single molecule all amplicons in a defined droplet derive from
one original template, minimizing bias due to amplification

This journal is © The Royal Society of Chemistry 2008
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Fig. 7 Analysis of droplets containing a fluorophore expressing E. coli
cell. With the use of a low fluorescent aqueous medium the microdroplet
size and shape can be analyzed. Moreover, peaks with higher intensity
are encircled and display the amount of protein. With this method it
is possible to measure the cell load of each individual microdroplet.
(a) Exhibits the content of droplets using a low number of cells, whilst
(b) displays similar data for a high cell load. Control of cell loading is
achieved using a T-junction device with two aqueous inlets. One inlet
contains the cell suspension, the other only buffer and the fluorescent
marker." Reproduced by permission of the Royal Society of Chemistry.

efficiency in bulk (whereas, some templates may overwhelm the
final population of DNA)."?"> In this way, Chabert et al.'*
have developed a fully automated PCR thermocycler that
incorporates real time detection of the labeled DNA product.
However, the droplets (1 pnL) are several orders of magnitude
larger than those discussed herein (femto- to nanolitres). By
contrast Beer er al. use much smaller pL droplets that are
stopped on-chip by an off-chip valving system for PCR cycling
in discontinuous fashion.'”'* Other applications involving
nucleic acids, such as DNA hybridization and PCR in contin-
uous flow slugs'® or isolated droplets?® have been published
recently.

4. Application of microfluidic droplet systems in
drug discovery and chemical synthesis

Screening for products from reactions between probable leads
and targets can be facilitated by encapsulating reagents in
small containers such as lipsomes.'?” If the composition of each
container can be varied and controlled in a systematic and rapid
fashion, the use of emulsion droplets as basic tools in small-
molecule screening, target identification, small-molecule library
generation, lead identification and lead optimization is apparent.
As has been discussed, the use of continuous flow microfluidic
systems to form droplets is accompanied by the ability to
precisely control reagent composition. In other words, droplets
of a reproducible size may be generated at high speed and with
varying reagent composition. The ability of microfluidic droplets
to fine-tune reaction conditions ‘on-line’ is highly desirable when
performing complex processes such as protein crystallisation'?®
and molecular evolution.”

A number of small-molecule reactions have been performed
in liquid plugs within microfluidic systems. These include the
nitration of benzene'® and the halogenation of aromatics"** and
alkenes.”®! Moreover, multi-step reactions such as the synthesis
of azo dyes have also been demonstrated.'”®

4.1 Chemical kinetics

Since rapid mixing of the contained fluids is efficient at creating a
homogeneous reaction environment, droplet-based microfluidic
systems are ideally suited for use in kinetic studies. For example,
Ismagilov and co-workers described the use of such a system
for measuring the rates of chemical reactions on a millisecond
timescale.’*? Specifically, the binding rate of Ca** to Fluoro-
4 (a calcium sensitive dye which becomes strongly fluorescent
when combined with Ca*") was measured. Results showed that
the strong fluorescence associated with the mixing of Ca** and
Fluoro-4 inside individual droplets was due to the formation of
Fluoro-4: Ca*.

4.2 Protein crystallisation

Protein crystallisation is important in enabling structure de-
termination by X-ray diffraction. Proteins may not be avail-
able in abundance and therefore a primary goal is to de-
vise a system which miniaturizes the current robotic set-
up for crystallisation utilising microtitre plates. Accordingly,
microdroplet-based systems provide a versatile platform for
use in protein crystallisation, as typical droplets have nanolitre
volumes.

Zheng et al. demonstrated that by using less than 4 nL of pro-
tein solution for each batch, thousands of protein crystallisation
conditions could be screened utilising aqueous nanolitre-size
droplets.'® The environment for protein crystallisation could be
varied by rapidly and continuously changing the flow rates of
the input solutions. Microdroplet pairs created by generating
alternating droplets were used to index the composition of
the droplets.®* In other words, an initial microdroplet contains
reactants with a second microdroplet holding markers to index
the composition of the first microdroplet. For long-term storage,
protein crystals inside droplets were transferred from PDMS
microchannels to glass capillaries, and X-ray diffraction applied
to obtain the diffraction pattern of the protein crystals.*** In
addition, the effect of mixing on the nucleation of protein crys-
tals was studied to elucidate the process of protein crystallisation
inside droplets.?!3%13¢

4.3 Synthesis of organic molecules

As microreactors, droplets have been utilised for organic
synthesis. Deacetylation of ouabain hexaacetate (Ac,—OUA)
was studied by exploiting aqueous droplets moving through a
performed cartridge."*” Easily swollen by many organic solvents,
PDMS devices are limited for solvent-based synthesis. Thus, a
thiolene-based resin was used to fabricate microfluidic devices
to perform organic synthetic reactions within organic-phase
droplets.”® The bromination of alkenes inside benzene droplets
was successfully demonstrated using this system. As another
example, a synthetic reaction network in the droplets was studied
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using the oxidation of Co** by KH,PO,.** The reaction was
amplified using a two-stage network microfluidic device resulting
in a 5000-fold amplification.

4.4 Synthesis of nanoparticles

In recent years, a number of researchers have utilised the unique
features of microfluidic reactors to synthesize nanoparticles of
defined size and anisotropy. Nanoparticles exhibit optical and
electronic properties that are dependent on their size and shape.
Such a dependency suggests that ‘bottom-up’ approaches for
nanomaterial synthesis should provide for exceptional control of
the physical dimensions of the desired product. Not surprisingly,
bottom-up approaches are appealing due to their versatility and
ease of use, but for many applications deviations about the
mean particle diameter must be <1% to achieve the desired
size purity. This is beyond the tolerance of most standard
macroscale syntheses, and it is almost always necessary to use
some form of post-treatment to extract the desired particle size.
Although, continuous flow, single-phase microfluidic reactors
have been shown to directly generate high quality nanoparticles
of controllable size in short times, more recent studies have
tackled the issue of minimizing particle size distributions
through the development of segmented-flow or microdroplet
reactors. For example, Shestopalov et al. demonstrated a two-
step chemical synthesis of colloidal CdS and CdS—CdSe core—
shell nanoparticles in a droplet-based microreactor.'*® In addi-
tion, Chan et al. have reported the use of microdroplet reactors
for the high-temperature synthesis of CdSe nanoparticles,'
and Yen and colleagues have used gas-liquid segmented-flow
reactors integrating multiple temperature zones for the synthesis
of high quality CdSe quantum dots."* More recently, the utility
of continuous flow droplet reactors has been highlighted by
conducting CdS nanoparticle synthesis in a format in which
alternating droplets containing Cd** and S*~ ions are fused
to form larger droplets containing CdS.” In all of these
studies, enhanced mixing, minimal residence-time distribution
and the ability to control the addition of reagents have directly
facilitated enhancements in product yields and size distribu-
tions.

4.5 Bead/particle synthesis

The combination of rapid and reproducible microdroplet forma-
tion and facile size control microdroplet systems provide a novel
route to preparing monodisperse polymer particles. Acrylic
monomer droplets were rapidly and reproducibly produced
using polyvinyl alcohol (PVA) aqueous solution as a continuous
phase."*® Subsequent polymerisation generated monodisperse
particles with a coefficient of variation (CV) below 2%. High-
throughput polymerisation of monomeric droplets has also been
carried out to obtain polymer particles with various shapes
and morphologies."*! Moreover, microdroplet systems have
been applied for molecular imprinting. Uniform molecularly
imprinted polymer beads were successfully prepared in a spiral-
shaped microchannel using UV polymerisation, which provided
a CV below 2% for particle diameters.'*> Parameters affecting the
quality of polymer particles such as the polymerisation rate and

the geometry of the microfluidic device were studied to attain
the desired size and shape of the polymer particles.®

4.6 Droplets for microextraction

The extraction of butyl rhodamine B (BRB) by 1-hexanol has
been accomplished using a glass device specifically designed to
trap organic solvent droplets within microfluidic channels.'*
The BRB solution, which continuously flowed through the
channels, was extracted into the organic droplets by phase
transfer, after which microdroplet composition was analyzed
using LIF. Quantitative extraction using the microdroplet sys-
tem was also successfully performed to determine the amount
of aluminium in water.!** Aluminium was extracted with 2,2-
dihydroxyazobenzene as a metal chelate from a buffer solution
into tributyl phosphate droplets. Compared to the conventional
extraction method using a separation funnel, the microdroplet
extraction was almost two orders of magnitude faster. This
technique was applied to environmental analysis, and the results
were in agreement with the conventional method. Kralj ez al.
have demonstrated liquid-liquid extraction in a microfluidic
device by generating emulsions with large interfacial areas for
mass transfer, and subsequently breaking these emulsions using
electric fields into easily separated plugs.'*® The result was a
transition from disperse to slug flow that can then readily be
separated by gravity. Extractions of phenol and p-nitrophenol
from an aqueous to hexane-surfactant solution served as model
systems. Furthermore, it was noted that extraction efficiency
is enhanced by reverse micelles resulting from the presence of
surfactants.

5. Conclusions and future trends

The studies described in this review clearly indicate that the use
of microdroplets as analytical tools in biology and chemistry is
an area of huge promise. The ability to reproducibly generate,
process and analyze isolated droplets of varying composition
and at high frequencies defines a colossal leap in technology
for large-scale biological experimentation. Even though such
droplet technologies are in their early years, their power is
convincing.

The continuing evolution of control architecture to allow
more complex intra- and inter-droplet processing, will almost
certainly provide the necessary impetus to accelerate micro-
droplet analysis systems above the mists of engineering to
become an indispensable tool in the biological and chemical
sciences. The concurrent development of digital microfluidic
platforms involving dielectrophoretic control provides a par-
allel platform towards the understanding of the fundamental
mechanisms inside droplets, and it is expected that the marriage
of these complementary approaches will enable the creation
of novel microfluidic systems for highly sensitive and high-
throughput chemical/biological assays. Recently, Huebner et al.
nicely demonstrated this principle by developing a quantitative
cell based enzyme assay within microdroplets.'’

Considering these facts it is foreseeable that with some
engineering the use of microfluidic droplets may lead to standard
bench top equipment, thus providing a valuable tool for a sea
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of applications ranging from simple biological assays to tissue
targeted drug delivery systems.
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