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1. ABSTRACT

Microdroplets are widely used for industrial
applications such as food, drug, biotechnology and new
materials. This review will summarise the key development
in microdrop technologies, especially double-emulsion
droplet technologies, with a focus on microchip-based
techniques. For completeness, the key topics in single
emulsion droplets such as generation, control and
application will be briefly presented first. Then the current
microfluidic techniques for double emulsion generation
will be reviewed. Several techniques for increasing the
instability of double emulsions are discussed, followed by
methods for measuring double emulsion properties such as
stability, size and mass transfer between phases. Double
emulsions have found use in many biomolecular
applications that include drug delivery and protein
engineering. A range of methods, e.g. liposomes,
polymerosomes, polymer beads and colloidosomes-based
emulsions, have been developed for drug delivery
applications. The future work in the area would be the
development of novel partition system that encloses the
chemicals and biologicals effectively and novel control
mechanism for advanced sorting and selection of droplets.

2. INTRODUCTION

Micro segmented fluids refer to multiple fluid
compartments of micron scale that are divided by a second
fluid phase. The fluid compartments are separated from
each other due to the partition capability of the second
phase so that each compartment can be used for
independent chemical and biological applications. These
segments could be in the form of long  fluid slugs with a
length scale several times of the width or
microdroplets/microbubbles with a length scale comparable
to the width. The focus of this chapter is mainly on the
droplets and its application for biomolecular applications.

Droplets are liquid based dispersions of two
immiscible fluids such as oil and water. These droplets
have been used extensively in many industrial applications
such as food, cosmetics, coating, pharmaceuticals,
chemicals and biotechnology. The single emulsion droplet
is one phase dispersed into another such as water in oil
droplets (Figure 1a). Double emulsions, on the other hand,
are highly structured dispersions consisting of emulsion
droplets that enclose finer droplets inside (Figure 1b).
There are two major types of double emulsions, i.e. water-
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Figure 1. Emulsion droplet type. (a) single emulsion (b) double emulsion with one and three inner droplets.

oil-water (W/O/W) and oil-water-oil (O/W/O) double
emulsions. Double emulsions were first described by
Seifriz in 1925 (1). Since then, there has been considerable
attention in the research and development due to their wide
range of applications. For example, double emulsions can
form a vesicular structure with the innermost compartments
separated from the outer phase by a layer of immiscible
intermediate phase. Such emulsions are advantageous over
single emulsions for encapsulation, such as the ability to
carry both polar and non-polar cargos (2), and protection of
active and sensitive components from the attack of the
environment. This structure can also make double
emulsions highly desirable for applications in controlled
release of substances (3) such as drug molecules (4-6) and
the aroma and flavor for food additives (7-9), separation
techniques (10-12); preparations of various personal care
products (13, 14) and biodegradable microcapsules loaded
with bioactive polymers (15).

The recent advance in microfluidic
technologies offers new opportunities for droplet-based
system development. Microfluidics was originated from
integrated circuit (IC) industry in the early 1990s by Manz
et al. (16). It involves the transport, manipulation and
analysis of fluids at small scales with a channel size of a
few to a few hundred micrometers. The reduced
dimensions provide a much larger surface-to-volume ratio,
smaller volume and better control of hydrodynamics in
comparison with conventional fluidics technologies. Such
changes could significantly enhance heat and mass transfer
efficiencies and intensifies reactions, thus offering
unprecedented opportunities for chemistry and biology
applications. The field has undergone a very rapid
development in many areas such as single molecule
analysis (17), single cell processing (18), chemical biology
(19), point of care testing (20, 21), drug discovery (22) and
so on.

As one subcategory of microfluidics, droplet-
based microfluidics focuses on creating discrete volumes
with the use of immiscible phases, such as water-oil or air-
water systems. These systems can produce highly
monodispersed droplets in the range of a few to a few

hundred of micrometers. These are much more superior to
the conventional systems in which emulsion droplets were
prepared by techniques such as homogenizers, stirrers or
extruding devices in which only polydispersed droplets can
be produced. In microchip-based droplets, each generated
droplet is isolated from the surrounding immiscible fluid so
that parameters of the reaction such as reagent contents and
concentration, mixing, heat and mass transfer can be
precisely controlled (23-27). Further, the droplets can be
manipulated individually to achieve fusion (28-30),
splitting (31-33), sorting and probing (34-38). Such
droplet-based reactors have been used to form
nanoparticles (39-41), polymer particles (42, 43) and
double emulsions (44, 45) for applications ranging from
drug delivery to chemical synthesis.

Since the last ten years, the development of
microfluidic droplet technology has attracted a great deal of
attention. A number of review articles have been published
in droplet-based microfluidic devices (24-27, 46-49). This
chapter will address specifically microfluidic double
emulsions and the applications for biomolecular
applications. The current understanding and progress in
single emulsion will be introduced first, which include
formation, control and application. Double emulsion
droplets will be then be discussed in terms of formation
techniques and stability. The recent analytical techniques
for double emulsions are also outlined. Finally, the
application of double emulsion for biomolecular
applications will be reviewed. The main focus will be on
drug delivery, directed evolution and protein expression.
The chapter is concluded with brief summary and
discussion on future prospects.

3. SINGLE EMULSION DROPLET

3.1. Droplet formation
There are two most commonly used networks

of microchannels to achieve droplet formation, i.e., T-
junctions (50, 51) (Figure 2a) and flow-focusing geometries
(52-55) (Figure 2b). In the simplest form of a T-junction
microfluidic system the dispersed phase is injected
perpendicularly into a continuous phase. The shear force
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Figure 2. Geometries of microchannel networks for droplet formation. (a) Cross-channel geometry, (b) T-junction geometry.

generated by the continuous phase and the subsequent
pressure gradient cause the aqueous stream to elongate in
the continuous stream until it breaks into droplets. A double
T-junction microchannel has been used to generate
alternating droplets (56). Such systems have been used for
a wide range of applications, such as chemical reactions
(57), protein crystallisation analysis (58), blood typing (59)
and so on. In the flow-focusing geometry, the dispersed
phase is forced through an inlet channel while the
continuous phase is added through two symmetric side
channels perpendicular to the inlet channel. The pressure
and viscous stresses exerted on the disperse phase cause it
to thin to a narrow thread and then break into droplets
inside the orifice. By varying the flow rates of the two
phases, droplets of a diameter smaller than the orifice width
can be produced. The third format of droplet formation is
the microchannel plate which used a microfabricated
channel array (60). The device essentially arranged the
single nozzle focusing set-up in parallel in large numbers
with common oil and water phase inlet. For example,
4x400 flow focusing channels were used with a single inlet
channel for high throughput production of oil-on-water
droplets (61-63).

The most widely used microchip material
reported in public domain is polydimethylsiloxane (PDMS)
since it is easy to pattern, optically transparent, flexible and
biocompatible (64). However, due to the drawbacks such as
absorption and inability for mass production (65), many
alternative polymeric materials are used for fabrication of
microchips, such as polymethylmethacrylate (PMMA) (65-
68), polyester (69) and cyclic-olefin-copolymer (COC)
(70). Besides polymeric materials, glass (44) and silicon
(71) have also been widely used as microchip material for
biological studies. These latter materials should provide
better mechanical properties. However, unlike IC chips,
microfluidic microchips using these materials are very

expensive. Increasing effort is being devoted to developing
polymeric microchip which can be suitable for mass
production using techniques like injection moulding.

3.2. Droplet control
Droplet control techniques are required to

manipulate droplets to perform certain tasks in the
microchip. These may include fusing the droplets with
different reagents, mixing the reagents to improve reaction
efficiency, probing the content of droplets for analysis, and
sorting the droplets for desired properties. The control
techniques can be achieved either passively or actively.
Passive controls are usually achieved through altering the
geometries of the microchannels (72, 73) or surface wetting
properties (50, 74, 75). For example, two adjacent droplets
could come into contact for fusion by speed tuning with use
of different widths of microchannels (57) (Figure 3a). To
improve the mixing within droplets, channel geometries
can be altered to create chaotic advection by the use of
winding channels (Figure 3b) (76). Active controls utilise
local forces to direct droplet movement and allow each
droplet to be individually manipulated in desired ways.
Many techniques including electrowetting (71, 77-82),
dielectrophoresis (DEP) (83, 84), electrostatic forces (85),
pneumatic pressure (86), and thermocapillary actuation
(87) have been demonstrated to enable active controls of
droplets inside microchips. For example, Figure 3c presents
droplet fusion by use of electrocoalescence (88). One
disadvantage of these latter techniques is the possibility of
contaminating reaction droplets with the products of
electrochemical reactions on the electrode surfaces. This
can be minimised by introducing a dielectric layer between
the fluids and the electrodes (83, 89, 90). It has been
reported that microelectrodes placed underneath a PDMS
channel produced dielectrophoresis (DEP) forces of more
than 10 nN on a water drop in inert oil, resulting in sorting
rates greater than 1600 droplets per second (Figure 3d)
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Figure 3. Active and passive droplet control techniques. (a) A passive droplet fusion technique. The fusion is achieved by
flowing two streams of droplets and merging in a main microchannel (From ref. (58), reproduced by permission of John Wiley &
Sons Australia, copyright 2003); (b) A passive technique for mixing inside droplets. A winding channel was designed for induce
chaotic motion inside droplet to achieve mixing (From ref. (77), reproduced by permission of the Royal Society, copyright 2004).
(c) An active control of droplets to achieve fusion by electrocoalescence technique. A schematic drawing of the set-up is shown
in the left picture. Then right photograph shows the demonstration of droplet fusion. (From ref. (89), reproduced by permission of
John Wiley & Sons Australia, copyright 2006); (d) An active control for droplet sorting. The three pictures show the
dielectrophoretic bidirectional manipulation of droplets. The flow direction of the droplets is controlled by alternately energising
the two symmetric electrodes (From ref. (38), reproduced by permission of the American Institute of Physics, copyright 2006).

(37). More complicated controls (91, 92) incorporating
washing steps, incubation, delay-lines, or presentation to
analytical instrument into droplet microfluidics have been
developed for complex systems.

3.3. Application of single emulsion droplets
Due to the advantages of high production rate,

monodispersity and controllability, microfluidic droplets
have been used as bioreactors for many biotechnology
applications (65, 93-99). For example, the introduction of
Danio rerio eggs for embryo screening and development in

microfluid segments has been reported for toxicological
and drug screening studies (100-102). Fluorescence
resonance energy transfer (FRET) technique combined with
microfluidic droplet has been explored (103) for the
detection of DNA molecules. In another example for cell
biotechnology, mammalian cells and multi-cellular
microorganisms were encapsulated in droplets using
biocompatible surfactants and gas-permeable storage
system and their viability was maintained within droplets
during a range of analyses and manipulations (104-106). A
highly parallelized cultivation of monoclonal cell
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Figure 4. Three fluidics techniques for double emulsion generation. (a) A T-junction microchannel device: a schematic drawing
of the microchip (left) and a photograph of generated double emulsion droplets (right) (From ref. (118), reproduced by
permission of American Chemical Society, copyright 2004) (b) A flow-focusing microchannel device: a schematic drawing of
the microchip (left) and a photograph of generated double emulsion droplets (right). Two steps were applied to the system
including production of single emulsion droplets on a PMMA microchip and the subsequent generation of double emulsion
droplets on a PDMS microchip with the nozzle width and depth of 70 µm, respectively. The flow rates of the aqueous phases for
single and double emulsion droplets were 24 µl/h and 250 µl/h, respectively. The oil flow rate was 50 µl/h. The experiments were
carried out in the Microfluids Lab at CSIRO Division of Materials Science and Engineering, Highett, VIC 3190, Australia. (c) A
microcapillary device for generating double emulsions from coaxial jets. (From ref. (44), reproduced by permission of the
American Association for the Advancement of Science, copyright 2005).

populations by use of microchip segmentor modules has
been developed basing on determination of the green
fluorescence of constitutively expressed GFPuv in the cells
(107). For DNA amplification, a thermocycler made of
silicon and glass chips has been developed for miniaturized
rapid PCR by use of flow-through two phases system, in
which system the amplifications of various DNA templates
of different sources and properties were achieved in less
than half an hour (108). A novel microfluidic segmented
flow system for reverse transcription-polymerase chain
reaction (RT-PCR) has been demonstrated by the
amplification of cell-isolated, HPV 16 target ontogeny
expressing RNA (109). Transcripts of measles and human
papilloma virus (HPV) by reverse transcription (RT) and
amplification of cDNA have been successfully
complemented and detected in droplet based microfluidic

system which holds a great promise for portable diagnostic
biomedical applications (110).

Single emulsion droplets have also been used
for directed evolution of protein molecules. Heterologous
expression of large libraries of genetic variants of particular
proteins in systems allows for rapid screening and detection
of variants with improved ability to carry out a desired
reaction (111). The use of cell-free droplet-based
microfluidics offers the prospect of increasing the scale of
the libraries and hence the power to find better variants by
many orders of magnitude (112). Cell-free transcription and
translation also allows the use of modified translation
systems that can incorporate non-natural amino acids into
the protein, which also has the potential to greatly expand
the possible utilities of the variant proteins (113).
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4 DOUBLE EMULSION DROPLET

4.1. Preparation of double emulsions
The double emulsions are normally produced

by conventional emulsification devices like stirring
apparatus, rotor-stator system, homogenizers and
membrane emulsifiers (114, 115) and the recently
commercial available microtechnology-based emulsifiers.
These techniques produce poly-dispersed emulsions. To
achieve monodispersed double emulsion, microfluidics-
based techniques are typically used, as in the case for single
emulsion. The generation of double emulsion droplets is
fundamentally the same as that for single emulsion
droplets, i.e., either by the cross-channel or T-junctions
geometry, as shown in Figure 2 (27, 65, 98). A slight
variation of the T-junctions geometry is the Y-junction
geometry (116). However, the generation needs to be
repeated with phase inverted to produce double emulsions.
Figure 4 shows a few examples of double emulsion
droplets generation in microfluidic chips using the cross-
channel and T-junction geometries. In the T-junction
technique, to generate water-in-oil-in water droplets, the
water in oil (W/O) single emulsion droplets in disperse
phase is directed towards a second T-junction placed
downstream to form monodisperse organic drops
containing aqueous droplets within an external aqueous
phase (117, 118). More elaborate T-junction systems have
enabled separate addition of different reagents (57) and
generate alternating droplets with different compositions
(56, 117). By integrating moving-wall structures beside the
secondary T-junctions within the microchip, up to ten
internal droplets of W/O/W emulsions has been achieved
by the active control (118). The similar approach has also
been applied to fine-tune the internal/external droplet size
of double emulsion droplets using compressed air to control
the moving-wall structures (119).

In the cross-channel geometry, the dispersed
liquid droplets are created by flow-focusing method, where
the disperse fluid is squeezed by the immiscible continuous
phase from two symmetric perpendicular channels (Figure
4b) and forced through a small orifice to break into
droplets. The similar process is repeated as a second step to
achieve double emulsion droplets when the single emulsion
fluid is used as disperse phase. (55, 65) The picture on the
right-hand size of Figure 4(b) shows an example of double
emulsion generation at the second stage using a
microfluidic microchip. The droplet size was about 70 m.
Microcapillaries have also been used as 3d flow focusing
device for double emulsion generation. (44, 120)

In addition to the repeated steps of droplet
generation for producing double emulsion droplets, the
main difference of double emulsion generation to single
emulsion droplets is the requirement of surface property of
microchannels. The surface property needs to be altered for
the second step due to the reversion of the fluid phase. The
nature and stability of emulsion droplets are significantly
affected by the wetting properties of microchannel (54,
121, 122). Seo et al (123) have investigated the effect of
surface energy of microchannels on microfluidic
emulsification and generated different types of double

emulsions with precisely controlled size and morphology
by using two consecutive flow-focusing devices.
Depending on the wetting properties of microchannels,
stable O/W/O (124), W/O/W (125) and O/O/W (45)
droplets have been generated. Generally, it is difficult to
achieve a long-lasting stable surface after modification of
microchannels either by exposure to oxygen plasma or
dynamic coatings. A method has been described to pattern
and modify the hydrophobic/hydrophilic surface of PDMS
using plasma polymerization. The channel surface property
in the microchip could be stable for seven days and thus
enable the preparation of double emulsion droplets (126).

Since most of double emulsifications on the
planar microchips are performed in a two-step process and
the channel surface is required to be modified, Utada et al
has developed a different strategy to fabricate double
emulsions in a single step and without modification using a
capillary device (44). In the device illustrated in Figure 4c,
two cylindrical glass capillary tubes were coaxially nested
within an outer square glass tube. All the fluids were
pumped into the system simultaneously at controlled flow
rates. The droplet size could be quantitatively predicted and
tuned by altering the flow rates. Chang et al. used a two-
step co-axial microcapillary device to produce double
emulsions for synthesis of polymer shell particles (127). A
similar device was also developed for microcapsule
fabrication (128). A planar microfluidic flow-focusing
device with three-dimensional orifices was developed
(129). Three immiscible fluids can be focused through the
coaxial orifices, producing monodisperse double emulsion
droplets with a coefficient of variation of less than 4.1%.
The method may overcome problems of alignment,
assembly and size of orifice based on capillary tubes.

In the process of microfluidic emulsification,
the thickness of the intermediate layer or shell thickness
can be varied by changing the flow rates of the external
phase or designing a novel structure of microchannel to
remove the intermediate phase without the requirement of
local surface modification (130). Off-centering of the
internal droplets with respect to the intermediate layer is
controlled by varying the shell phase viscosity (131).
Regardless of the device format being, either chip-based
(132, 133) or capillary-based (43, 134), such a bottom-up
method of emulsion preparation has brought the success in
the work at the “single droplet level” rather than a large
population of droplets. With the possible parallelization of
large numbers of devices (135), production of double
emulsion could be intensified for industrial use in the near
future.

4.2. Stability of double emulsions
The stability of dispersions typically describes

the extent to which small emulsions making up the
dispersion maintain their uniform distribution over time
(136). The development of a stable double-emulsion system
is essential for successful commercial use (137). Therefore,
it is important to understand the conditions of the emulsion
stability. There are several factors to affect the stability of
double emulsions which include composition of the three
phases, process of fabrication and mechanism of release of
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Figure 5. Storage of double emulsion droplets with time in the chamber of the PDMS microchip. The internal droplets of these
double emulsions contained the in vitro transcription and translation reagents for OpdA expression. The experiments were carried
out in the Microfluids Lab at CSIRO Division of Materials Science and Engineering, Highett, VIC 3190, Australia. A microscope
(NIKON Eclipse TE2000-U) was used for imaging the droplets.

materials from inner droplets (138). For oil-water system,
the instability usually occurs due to the coalescence of the
oil phase, the coalescence of inner aqueous droplets or the
osmotic balance between the inner and the outer aqueous
phases in W/O/W emulsion system (114, 139-141). Driven
by the osmotic gradient, water and water-soluble
substances can permeate through the oil phase via reverse
micellar transport or diffusion across the thin lamellae of
surfactant formed. The differences in the osmotic pressure
can be regulated by addition of the salt with the right
concentrations or other ingredients in the internal aqueous
phase (142). The permeation is also affected by the
thickness of the oil film (143).

The mechanism of mass transport in and out
of the droplets observed in single emulsions also applies to
double emulsion system. Figure 5 shows an example of
experimental observation in which a series of photographs
of double emulsions stored over time inside the reservoir of
a microchip were taken. The concentration gradient exerted
by the whole set of various molecules (e.g., electrolytes,
water-soluble materials) between the internal aqueous
droplet and the external aqueous phase resulted in a
difference of the osmotic pressure which subsequently
drove the transport of water molecules from outer phase
into the inner aqueous droplets (144). The substances
encapsulated in the internal aqueous droplets were the
machinery for the expression of OpdA enzyme. The fast
ripening of the double emulsion within half an hour
demonstrated the instability of the emulsion system.

To increase the emulsion stability, emulsifiers
can be used (145). In the majority of the reported studies,
double emulsions are prepared using two kinds of
emulsifiers, a hydrophobic emulsifier used to stabilize the

interface of the W/O internal emulsion and a hydrophilic
emulsifier for the external interface of the O/W emulsions.
Ionic and non-ionic low molecular weight surfactants have
been traditionally used for stabilization of multiple
emulsions. For example, the surfactants in oil phase can
form reverse micelle vesicles which can solubilize water
molecules and carry them through the oil layer. It has been
demonstrated that with the increase of oil soluble surfactant
concentration, the permeation coefficient of water molecule
increases whereas with the increased volume of internal
droplets, the permeation coefficient of water molecule
decreases significantly (146). In addition to the traditional
monomeric surfactants, natural macromolecules or
synthetic amphiphilic polymers such as proteins (147, 148),
hydrocolloids, polymerizable surfactants and copolymers
(149) have been used as emulsifiers to form polymeric
thick films in order to improve the stability. For example,
bovine serum albumin (BSA), a polymeric emulsifier
(biopolymer amphiphile), can be adsorbed onto the O/W
interface (150). Furthermore, hybrids (144), complexes
(151), or adducts (152) between the amphiphiles and co-
emulsifiers as co-solvents have been demonstrated to
improve the emulsion stability distinguishably and decrease
the release rate from inner aqueous phase. In addition to
emulsifiers, several other approaches have been
demonstrated to regulate the stability which includes
reducing the droplet size, increasing the viscosity of the
inner water phase or the intermediate oil phase (3), the use
of colloidal solid particles to form a rigid film at the
interface (153, 154) and so on.

In many of the double emulsion generation
systems, either microchip-based or microcapillary-based
(98, 127, 131), the internal number of droplets encapsulated
in double emulsions can be precisely controlled. Therefore,
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Figure 6. Detection of 4-MU inside the internal aqueous droplets of double emulsions by laser induced fluorescence. The
droplets were prepared with 2.5% (w/v) (right) and without BSA (left) in the continuous aqueous phase. The concentration of 4-
MU in aqueous droplets was 200 µM. The 4-MU solution was pumped to the microchip by a syringe pump at a flow rate of 70
µL/h while the oil flow rate was 20 µL/h. The external aqueous phase was pumped at a flow rate of 300 µL/h. (From ref. (156),
reproduced by permission of John Wiley & Sons GmbH, copyright 2010).

the coalescence derived from the inner droplets can be
circumvented by encapsulation of only one individual
droplet inside double emulsion droplets. For example, Wu
et al investigated the diffusion of 4-methylumbelliferone
(4-MU) from the internal aqueous phase of W/O/W
emulsions in microfluidics and discussed the effect of
bovine serum albumin (BSA) on the diffusion of 4-MU. A
proof-of-concept of the reaction of the enzyme OpdA with
the substrate coumaphos in W/O/W droplets was
demonstrated allowing the coumaphos to diffuse from outer
aqueous phase to inner aqueous droplets across the oil
phase (155).

4.3. Measurements of double emulsions
For monitoring the stability and release

properties of double emulsions, several modern
techniques have been developed to determine when the
inner droplets tend to rupture or to assess the dynamic
behavior of multiple emulsions, e.g. freeze-etching
(156) and rheology measurements (157, 158). The
emulsion stability and size changes can be observed by
capillary microscopic observations (138). This method
uses microcapillaries to trap certain sized double
emulsion droplets and the microcapillaries are usually
attached to a video camera and image analysis system.
The droplets within the microcapillaries can be
examined under light microscope. Such a system can be
used to investigate the stability parameters such as the
nature of the surfactant, pH and salinity (159).
Furthermore, phase contrast microscope is also
commonly used to observe the microstructure of double
emulsions. The diffusion behavior of different
components of the emulsions can be determined by a
pulsed-field-gradient NMR technique (160). This
technique can discriminate the water within the W/O/W
emulsion droplets from water in the continuous phase
which allows for the individual study of the two
different classes of water.

In addition to the above-mentioned tools,
microtechnology has enabled the highly precise control
on individual double emulsion droplet and thus the
direct visualization of individual double emulsion
droplets for their entire life span. Moreover, combined
with laser induced fluorescence, entrapped active matter
of double emulsion droplets in microfluidics can be
quantitatively determined so as to manage the diffusion
of active matter (155). For example, Figure 6 shows the
detection of 4-MU inside the internal aqueous droplets
of double emulsion with and without BSA in the
continuous aqueous phase by laser induced
fluorescence. Each spike corresponds to an individual
double emulsion droplet. The reduction of the diffusion
of 4-MU out of emulsions as a result of the addition of
BSA has been clearly demonstrated.

Molecules transported from the inner phase
to the outer phase and vice verse can be quantified using
fluorescent probes (3). Several approaches have been
reported to evaluate the release of fluorescent probes,
such as liquid scintillation (161), luminescence
spectroscopy and HPLC (162). Fluorescence-activated
cell sorting (FACS) technique can also be used to
determine the yield of entrapment and release of the
solute simply and fast (163). This technique is based on
flow cytometry and typically uses fluorescent probes
that bind specifically to cells associated with various
phenotypic, genotypic and other biochemical and
molecular characteristics suspended in a fluid stream.
The fluorescence of cells can be measured when they
flow and pass through a sensing spot. Similar to cells,
the fluorescent marker was added to the internal
aqueous droplet of W/O/W emulsions and its
fluorescence and size of each droplet can thus be
measured. FACS has been widely used for directed
evolution in format of double emulsions, which will be
discussed in the following section.
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5. DOUBLE EMULSIONS FOR BIOMOLECULAR
APPLICATION

5.1. Double emulsions in drug delivery
Drug, as one format of therapeutic agents, has

been widely applied to treat different kinds of diseases
through ingestion or injection. Successful medical
treatment depends not only on the
pharmacokinetic/pharmacodynamic activity of the drug, but
also on its bioavailability at the site of action in the human
system (164). Reducing local side-effects, controlled
release, site-specific delivery and targeting have been the
focus of drug development (165, 166). Double emulsion
droplets have been suggested for drug encapsulation and
controlled release (167). These double emulsion droplets
can be used to contain various drugs, such as vaccines,
vitamins, enzymes and hormones (168, 169). The
effectiveness of double emulsions has already been proven
in both topical and oral administration (4, 170). In this
section, several microfluidic double emulsions will be
discussed as carriers for drugs.

5.1.1. Liposomes based carriers
Liposomes are phospholipid bilayer

membranes which surround aqueous compartments. The
partitioning capacity of the bilayer allows for encapsulation
of hydrophilic solutes (e.g., drugs, enzymes) since these
chemicals cannot readily pass through the hydrophobic
lipids. Hydrophobic chemicals can be dissolved into the
membrane. In this way, liposome can carry both
hydrophobic molecules and hydrophilic molecules.

Liposome can be formed by several
techniques such as hydration (171), electroformation (171),
sonication (172), extrusion (173) and so on. These
conventional methods typically lead to the formation of
liposomes that are non-uniform in both size and shape and
unsatisfactory encapsulation efficiency (174, 175). To
overcome these shortcomings, microfluidics can be used to
generate double emulsions as templates to from liposomes
(176-180). For example, Pautot et al. (179) demonstrated
simple water-in-oil emulsions could be used to improve the
quality of the liposomes. Shum et al. further improved the
system by using controlled double emulsions.
Monodispered liposomes with high encapsulation
efficiency could be produced using a glass microcapillary
device (181). A pulsed jet in a microfluidic device was
used to break lipid membranes into liposomes (182).

5.1.2. Polymerosomes based carriers
Polymerosomes are polymer vesicles

generated from amphiphilic diblock copolymers by self-
assemblies (183). Similar to liposomes, polymerosomes
also consist of compartments which can be used for
encapsulating drugs. However, the polymer membrane is
advantageous to the phospholipid bilayer since it can offer
enhanced mechanical and structural stability.
Polymerosomes are typically formed using the same
techniques for forming liposomes and thus suffer from the
same shortcomings of polydispersity and low encapsulation
efficiency. Microfluidic devices have also been proposed to
improve such a formation. Lorenceau et al. (184) have

developed a new method to create highly uniform
polymerosomes using a microcapillary device. This
technique generates monodisperse double emulsion
droplets consisting of water droplets surrounded by a layer
of organic solvent dispersed in a continuous water phase.
The diblock copolymers poly(normal-butyl acrylate)-
poly(acrylic acid) (PBA-PAA)  were dissolved in the
organic solvent and formed polymerosomes followed by
completely evaporating the organic solvent from the shell.
The size of polymerosomes can be precisely controlled.
Using the same set-up, Shum et al. (185) fabricated
monodisperse biocompatible and biodegradable
polymerosomes from block copolymer of poly (ethylene-
glycol)-b-polylactic acid (PEG-b-PLA). The high
encapsulation efficiency was demonstrated by
encapsulating the 1 m yellow-green fluorescent latex
particles. Thiele et al. (186) further improved the system by
introducing additional solvent stream to allow for
independent injection and mixing of two organic phases
which also prevented the formation of precipitates and
fouling. Perro et al. (187) reported a two-step microfluidic
device for production of complex polymersomes. By
simply varying the flow rates of the three fluids, a
controlled number of aqueous droplets could be formed
inside the oil droplets. Such a behavior has also been
reported in Wu et al. (98) where GFP molecule is
synthesized in a double emulsion.

5.1.3. Polymer beads/capsules based carriers
Polymer beads, especially porous beads, can

be used as carriers for drug delivery. There have been
extensive studies in the fabrication of such materials.
Significant effort has recently been devoted to
microfluidics-based technology development for producing
well-controlled porous beads. For example, the fabrication
of mondispersed polymer microspheres has been
demonstrated in many studies (127, 128, 134, 188, 189).
The fabrication of macroporous polymer microspheres was
reported in a double emulsion microfluidic device using
simultaneous reactions within single droplets induced by
UV irradiation (132).

Double emulsion droplets were also used in a
capillary fluidic device by, Choi et al. (188) to produce
microbeads with a controllable hollow interior and porous
wall. The porous wall was obtained with water-in-oil
(W/O) emulsions as the middle phase instead of the pure oil
phase. After the organic solvent in the middle oil phase
evaporates, Poly(D,L-Lactide-co-glycolide) (PLGA)
microbeads with a hollow interior and porous wall were
produced. Microfluidic double emulsion technology has
also been used for producing microcapsules with gel, oil or
water as inner cores (128, 131, 133, 190-195). For example,
a capillary microfluidic device has been developed using
oil-in-water-in-oil (O/W/O) double emulsions as templates
to fabricate alginate microcapsules containing oil cores that
have the potentials for encapsulating lipophilic drugs.
W/O/W double emulsion template can also be applied to
fabricate functional microgel particles using a capillary
microfluidic technique (131). Janus microparticles have
also been fabricated using microfluidic double emulsion
technology (42, 196-199). The Janus particles consisted of
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half hydrophilic based polymer and half organophilic based
polymer, which can be used for a range of applications
such as emulsion stabilization (199, 200), sensing (201,
202), optical control (203) and so on.

5.1.4. Colloidosomes based carriers
Colloidosomes are types of multiple emulsions

in which the shells are formed by densely colloidal
particles instead of bilayers as in liposomes or polymer
bilayers as in polymerosomes. The structure of
colloidosomes also allows for their applications in drug
delivery, encapsulation and controlled release.
Colloidosomes are typically prepared by creating particle-
covered water in oil emulsion droplets dispersed in a
continuous phase (204). A new strategy has been developed
to fabricate non-spherical colloidosomes using microfluidic
double emulsion template in order to potentially improve
the flow properties of these capsules through constrictions
mimicking the non-spherical structure of red blood cells
(205).

5.2. Protein expression and directed evolution
Directed evolution is a method used in protein

engineering to evolve proteins or RNA with desirable
properties for use in agricultural, medical and industrial
applications (206-211). The technique involves the steps of
generating a library of mutant genes from the target gene,
translating the DNA into proteins, screening and selecting
of the presence of mutant genes with desired property. The
process is repeated until the goal is achieved. Directed
evolution like natural evolution lies in a link between
genotype and phenotype to perform the selection. The
technique has been developed at a huge pace and many
impressive research results have been generated in the
functional adaption of biomolecules to artificial
environments (212-214).

Directed evolution can be performed in living
cells (in vivo evolution) or without living cells (in vitro
evolution). It is known that the probability to discover truly
superior mutants is positively correlated with population
size, which addresses the demand of high-throughput
production. Conventional laboratory method employs the
microtitre plates to perform high-throughput selection
which could be a time-consuming and high cost task if the
huge number of potential protein-protein and protein-
nucleic acid interaction in the expressed genome is to be
investigated (215). Furthermore, in drug discovery and
clinical diagnostics, a low volume of reaction by a billion
fold in comparison to the conventional microtitre-plates
based approach is preferred. Therefore, it is suggested an
‘evolution machine’ should be capable of automation,
miniaturization, integration and disposability (216).
Emulsion droplets-based microfluidics can address these
demands.

In addition to the high-throughput production,
the selection and screening to identify desirable variants
have also attracted much attention. The variant selection
strategies are required according to the desired function of
biomolecules. For example, based on the physical link
(217, 218), the covalent binding (219) or noncovalent

binding (220) to the gene, DNA-modifying enzymes and
peptides could be selected. Selection procedures operate on
the population in bulk which usually includes selective
bacterial culture, affinity chromatography, and
electrophoretic separation. For screening steps, each variant
individually is assessed and sorted according to their
parameters using techniques such as bacterial plates,
microplate reader, cell sorters and so on. Microchip based
sorting technique has been demonstrated using electric
steering (88), heating (221), and acoustic waves (222). To
date, the method of electric steering combined with droplet
fluorescence detection can allow for the sorting frequency
up to several kHz which is only 1-2 orders of magnitude
slower than conventional fluorescence activated cell sorter
(FACS) (223).

With the advances of droplet microfluidics,
many biological applications such as cell based assay
(224), in vitro protein expression (65, 225), and PCR (226)
have been achieved. For example, Köster et al. has
developed a highly flexible and adaptable device for a
variety of cell-based assay using droplet-based microfluidic
system (227). Individual devices are combined to fulfil cell
encapsulation, incubation, and manipulation in
picodroplets. The power of these devices has been
successfully demonstrated through the detection of the
antibodies secreted from the single mouse hybridoma cells
in droplets after six hours. Schaerli et al reported a high
throughput microfluidic device for continuous-PCR in
water-in-oil droplets of nanoliter volumes (228).The novel
device with the circular design allowed the droplets
continuously transporting between two temperature zones.
This system has successfully performed the amplification
of an 85 base-pair long template from four different start
concentrations with a specificity and high efficiency.

To carry out more complex biological
experiments, especially for a complete directed evolution in
microfluidics, different formats of controlled modules are
required to be integrated in a device. Paegel et al. (229) has
developed a microfluidic compartmentalized evolution
system for evolving RNA enzymes with RAN ligase
activity, i.e., the selected enzymes could resist inhibition by
neomycin (Figure 7). The device consists of a circular
nozzle array with 110 microfluidic channels that fan out
from a central aqueous input reservoir. The microdrops are
formed at the nozzle tips and the reported production rate is
in the range of 1.9 ~ 40 kHz (i.e., 107~108 droplets per
hour). The system was used to compartmentalize single
catalytic RNA parent molecules, an oligonucleotide
substrate for RNA-catalyzed ligation and enzymatic
replication reaction mix. The selection bias can be
prevented in this experiment allowing all antibiotic-
resistant variants to persist and multiply. Mazutis et al.
(230) have developed a high-throughput and on-chip
screening system which can not only perform the
isothermal amplification of single DNA molecule in each
picodroplet but also measure the activity of the encode
enzymes after fusion with another picodroplet containing
an in vitro translation system. The system significantly
increases the range of potential applications of
microfluidics in directed evolution.
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Figure 7. A microfluidic device for generating uniform water-in-oil emulsions. (a) A schematic drawing of the device (b) A
photograph of the device with magnified view. Raq is the central aqueous input reservoir with 110 radical nozzles that empty into
an annular oil flow channel. Rin is the oil input reservoir. Rout is the reservoir to collect the emulsion. (From ref. (229),
reproduced by permission of Elsevier Ltd, copyright 2010).

Most work related to directed evolution in
microfluidics are based on water-in-oil single emulsion
system. The organic phase prevents the use of FACS
machine for high throughput sorting and screening. In
microfluidic systems, various on-chip techniques have been
developed for sorting and selecting. To leverage the
existing powerful FACS machine for the job, one has to use
double emulsion in which the outer phase is aqueous. This
is compatible with the requirements of the machine. The
contribution of double emulsions to in vitro directed
evolution has been demonstrated in conjunction of FACS
technique for high-throughput screening and sorting. For
example, Bernath et al. (231) used FACS to isolate and
enrich genes with a fluorescent marker from those without
a fluorescent marker. The selection for catalysis among
large enzyme libraries has been reported in cell-based (232)
or cell-free W/O/W double emulsions (233). However,
little progress has been made in microchip-based double
emulsion system for directed evolution.

6. CONCLUDING REMARKS

Droplet based microfluidics is a fast growing
multidisciplinary field of research and development. It
involves physics, chemistry, biology, material science,
microfabrication and fluid dynamics. Microdroplets are

microfluid segments that are independent from each other
and have the capability of high throughput and high level of
controllability. They can be used for a range of
applications, ranging from material science, biotechnology,
chemical engineering to detection of molecules.

In this chapter, the generation and application
of double emulsion droplets were discussed. For
completeness, the key topics in single emulsion droplets
such as generation, control and application were also
presented. The development of double emulsion droplets is
promoted from the demand from food and drug industry.
The recent development of single emulsion droplet also
reveals the need for developing double emulsions to
increase the partitioning capacity of interface and enable
the handling of emulsions for existing technologies. The
physics of double emulsion generation remains the same as
single emulsion droplets. However, a two-step method is
usually required and this also requires the modification of
surface property. Due to the more complicated structure of
double emulsions, the stability is much more challenging.
A range of methods have been studied to achieve the
stability. Such studies are especially reflected in the
development of drug delivery platforms. Liposomes,
polymerosomes, polymer beads and colloidosomes-based
emulsions are examples of different delivery platforms that
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are developed to increase the stability of the emulsion (thus
stable encapsulation of drugs) and controllable release of
substances.

In addition to drug delivery and other
applications such as food, cosmetics, pharmaceuticals,
printing, textile industries and so on, double emulsions
have also been used in biotechnology applications such as
protein expression and directed evolution. However, the
latter development is still in its infancy, especially for chip-
based technologies. No integrated system has been reported
which is capable of protein evolution. In spite of the
progress made so far, the main challenges still remain
unresolved, i.e. stability of emulsions, high throughput
production of double emulsions and control of the
emulsions. For biotechnology applications, these would
remain the focus of research in the future. For protein
evolution, in particular, the focus would be the
development of novel partition system that encloses the
chemicals and biologicals effectively. In the meantime,
novel control mechanism is also required for advanced
sorting and selection of droplet and the utilization of
existing technologies such as FACS.

7. ACKNOWLEDGEMENTS

Ms Nan Wu gratefully acknowledges the
financial support from The Australian National University
through the post-graduate scholarship scheme, CSIRO’s
Synthetic Enzymes Emerging Science Initiative and the
financial support from China Scholarship Council through
a Chinese Government Award for Outstanding Student
Abroad.

8. REFERENCES

1. W. Seifriz: Studies in emulsions. J. Phys. Chem., 29, 738
(1925)

2. S. S. Davis and I. M. Walker: Multiple emulsions as
targetable delivery systems. Methods Enzymol., 149, 51-64
(1987)

3. N. Garti and C. Bisperink: Double emulsions: progress
and applications. Curr. Opin. Colloid  Interf. Sci., 3, 657-
667 (1998)

4. C. Laugel, A. Baillet, M. P. Y. Piemi, J. P. Marty and D.
Ferrier: Oil-water-oil multiple emulsions for prolonged
delivery of hydrocortisone after topical application:
comparison with simple emulsions. Int. J. Pharm., 160,
109-117 (1998)

5. M. Gallarate, M. E. Carlotti, M. Trotta and S. Bovo: On
the stability of ascorbic acid in emulsified systems for
topical and cosmetic use. Int. J. Pharm., 188, 233-241
(1999)

6. R. H. Engel, S. J. Riggi and M. J. Fahrenbach: Combined
inhibition of influenza virus reproduction in cell culture
using interferon and amantadine Nature, 219, 856-857
(1968)

7. N. Vasishtha and H. W. Schlameus: Microencapsulation
of Food Ingredients. Leatherhead Food International,
Leatherhead, UK (2001)

8. A. Benichou, A. Aserin and N. Garti: Double emulsions
stabilized by new molecular recognition hybrids of natural
polymers. Polym. Adv. Technol., 13, 1019-1031 (2002)

9. A. Edris and B. Bergnstahl: Encapsulation of orange
oil in a spray dried double emulsion. Nahrung/Food, 45,
133-137 (2001)

10. N. N. Li: Permeation through liquid surfactant
membranes. AIChE J., 17, 459-463 (1971)

11. L. Boyadzhiev and E. Bezenshek: Carrier mediated
extraction: application of double emulsion technqiue for
mercury removel from waste water. J. Membr. Sci., 14,
13-18 (1983)

12. P. Mary, V. Studer and P. Tabeling: Microfluidic
droplet-based liquid-liquid extraction. Anal. Chem., 80,
2680-2687 (2008)

13. D. H. Lee, Y. M. Goh, J. S. Kim, H. K. Kim, H. H.
Kang, K. D. Suh and J. W. Kiln: Effective formation of
silicone-in-fluorocarbon-in-water double emulsions:
Studies on droplet morphology and stability. J.
Dispersion Sci. Technol., 23, 491-497 (2002)

14. M.-H. Lee, S.-G. Oh, S.-K. Moon and S.-Y. Bae:
Preparation of silica particles encapsulating retinol
using O/W/O multiple emulsions. J. Colloid Interf. Sci.,
240, 83-89 (2001)

15. Y. Ogawa, M. Yamamoto, H. Okada, T. Yashiki and
T. Shimamoto: A new technqiue to efficiently entrap
leuprolide acetate into microcapsules of polylactic acid
or copoly(lactic/glycolic) acid. Chem. Pharm. Bull., 36,
1095-1103 (1988)

16. A. Manz, N. Graber and H. M. Widmer:
Miniaturized total chemical analysis systems: a novel
concept for chemical sensing. Sens. Actu. B, 1, 244-248
(1990)

17. H. Craighhead: Future lab-on-a-chip technologies
for interrogating individual molecules. Nature, 442,
387-393 (2006)

18. J. Gao, X. F. Yin and Z. L. Fang: Integration of
single cell injection, cell lysis, separation and detection
of intracellular constituents on a microfluidic chip. Lab
Chip, 4, 47-52 (2004)

19. A. D. Griffiths and D. S. Tawfik: Man-made
enzymes - from design to in vitro compartmentalisation.
Curr. Opin. Biotech., 11, 338-353 (2000)

20. C. A. Holland and F. L. Kiechle: Point-of-care
molecular diagnostic systems — past, present and
future. Curr. Opin, Microbiol., 8, 504-509 (2005)



Microfluidic double emulsions

296

21. A. J. Tudos, G. J. Besselink and R. B. Schasfoort:
Trends in miniaturized total analysis systems for point-
of-care testing in clinical chemistry Lab Chip, 1, 83-95
(2001)

22. P. S. Dittrich and P. Schwille: An integrated
microfluidic system for reaction, high-sensitivity
detection, and sorting of fluorescent cells and particles.
Anal. Chem., 75, 5767-5774 (2003)

23. D. S. Tawfik and A. D. Griffiths: Man-made cell-
like compartments for molecular evolution. Nature
Biotechnol., 16, 652-656 (1998)

24. A. D. Griffiths and D. S. Tawfik: The laboratory in a
droplet. Chem. Biology, 12, 1255-1258 (2005)

25. A. Huebner, S. Sharma, M. Srisa-Art, F. Hollfelder,
J. B. Edel and A. J. DeMello: Microdroplets: A Sea of
Applications. Lab Chip, 8, 1244-1254 (2008)

26. S. Y. Teh, R. Lin, L. H. Hung and A. P. Lee: Droplet
microfluidics. Lab Chip, 8, 198-220 (2008)

27. Y. Zhu and B. E. Power: Lab-on-a-chip in vitro
compartmentalization technologies for protein studies.
Springer-Verlag, Berlin (2008)

28. C. Priest, S. Herminghaus and R. Seemannc:
Controlled electrocoalescence in microfluidics:
Targeting a single lamella. App. Phys. Lett., 89, 134101
(2006)

29. L. M. Fidalgo, C. Abell and W. T. S. Huck: Surface-
induced droplet fusion in microfluidic devices. Lab
Chip, 7, 984-986 (2007)

30. J. M. Kohler, T. Henkel, A. Grodrian, T. Kirner, M.
Roth, K. Martin and J. Metze: Digital reaction
technology by micro segmented flow - Components,
concepts and applications. Chem. Eng. J., 101, 201-216
(2004)

31. Y.-C. Tan, J. S. Fisher, A. I. Lee, V. Cristini and A.
P. Lee: Design of microfluidic channel geometries for
the control of droplet volume, chemical concentration,
and sorting. Lab Chip, 4, 292-298 (2004)

32. D. R. Link, S. L. Anna, A.Weitz and H. A. Stone:
Geometrically mediated breakup of drops in
microfluidic devices. Phys. Rev. Lett., 92, 054503
(2004)

33. V. Cristini and Y.-C. Tan: Theory and numerical
simulation of droplet dynamics in complex flows - A
review. Lab Chip, 4, 257-264 (2004)

34. D. Huh, J. H. Bahng, Y. Ling, H.-H. Wei, O. D.
Kripfgans, J. B. Fowlkes, J. B. Grotberg and S.
Takayama: Gravity-driven microfluidic particle sorting
device with hydrodynamic separation amplification.
Anal. Chem., 79, 1369-1376 (2007)

35. S. Choi and J.-K. Park: Microfluidic system for
dielectrophoretic separation based on a trapezoidal
electrode array. Lab Chip, 5, 1161-1167 (2005)

36. L. Wang, L. A. Flanagan, N. L. Jeon, E. Monuki
and A. P. Lee: Dielectrophoresis switching with
vertical sidewall electrodes for microfluidic flow
cytometry. Lab Chip, 7, 1114-1120 (2007)

37. K. Ahn, C. Kerbage, T. P. Hunt, R. M.
Westervelt, D. R. Link and D. A. Weitz:
Dielectrophoretic manipulation of drops for high-
speed microfluidic sorting devices. App. Phys. Lett.,
88, 024104 (2006)

38. K. R. Strehle, D. Cialla, P. Rosch, T. Henkel, M.
Kohler and J. Popp: A reproducible surface-enhanced
Raman sepctroscopy approach. Online SERS
measurements in a segmented microfluidic system.
Anal. Chem., 79, 1542-1547 (2007)

39. E. M. Chan, A. P. Alivisatos and R. A. Mathies:
High-temperature microfluidic synthesis of CdSe
nanocrystals in nanoliter droplets. J. Am. Chem. Soc.,
127, 13854-13861 (2005)

40. L.-H. Hung, K. M. Choi, W.-Y. Tseng, Y.-C. Tan,
K. J. Sheab and A. P. Lee: Alternating droplet
generation and controlled dynamic droplet fusion in
microfluidic device for CdS nanoparticle synthesis.
Lab Chip, 6, 174-178 (2006)

41. I. Shestopalov, J. D. Tice and R. F. Ismagilov:
Multi-step synthesis of nanoparticles performed on
millisecond time scale in a microfluidic droplet-based
system. Lab Chip, 4, 316-321 (2004)

42. Z. Nie, W. Li, M. Seo, S. Xu and E. Kumacheva:
Janus and ternary particles generated by microfluidic
synthesis: design, synthesis, and self-assembly. J.
Am. Chem. Soc.. 128, 9408-9412 (2006)

43. E. Quevedo, J. Steinbacher and D. T. McQuade:
Interfacial polymerization within a simplified
microfluidic device: Capturing  capsules. J. Am.
Chem. Soc., 127, 10498-10499 (2005)

44. A. S. Utada, E. Lorenceau, D. R. Link, P. D.
Kaplan, H. A. Stone and D. A. Weitz: Monodisperse
double emulsions generated from a microcapillary
device. Science, 308, 537-541 (2005)

45. Z. Nie, S. Xu, M. Seo, P. C. Lewis and E.
Kumacheva: Polymer particles with various shapes
and morphologies produced in continuous
microfluidic reactors. J. Am. Chem. Soc., 127, 8058-
8063 (2005)

46. L. H. Leamon, D. R. Link, M. Egholm and J. M.
Rothberg: Overview: methods and applications for
droplet compartmentalization of biology. Nature
Methods, 3(7), 541-543 (2006)



Microfluidic double emulsions

297

47. H. Song, D. L. Chen and R. F. Ismagilov: Reactions in
droplets in microfluidic channels. Angew. Chem. Int. Ed., 45,
7336-7356 (2006)

48. N. Wu, Y. Zhu, C. Easton, J. Oakeshott and S. Brown:
Microfluidic droplets for in vitro directed evolution. Aust.
J. Chem., accepted (2010)

49. A. D. Griffiths and D. S. Tawfik: Miniaturising the
laboratory in emulsion droplets. Trends Biotech., 24(9),
395-402 (2006)

50. T. Nisisako, T. Torii and T. Higuchi: Droplet formation
in a microchannel network. Lab Chip, 2, 24-26 (2002)

51. J. D. Tice, H. Song, A. D. Lyon and R. F. Ismagilov:
Formation of droplets and mixing in multiphase
microfluidics at low values of the Reynolds and the
capillary numbers. Langmuir, 19, 9127-9133 (2003)

52. Y.-C. Tan, V. Cristini and A. P. Lee: Monodispersed
microfluidic droplet generation by shear focusing
microfluidic device. Sens. Actu. B, 114, 350-356 (2006)

53. Z. T. Cygan, J. T. Cabral, K. L. Beers and E. J. Amis:
Microfluidic platform for the generation of organic-phase
microreactors. Langmuir, 21, 3629-3634 (2005)

54. R. Dreyfus, P. Tabeling and H. Willaime: Ordered and
disordered patterns in two-phase flows in microchannels.
Phys. Rev. Lett., 90(14), 144505 (1)-(4) (2003)

55. W.-A. C. Bauer, M. Fischlechner, C. Abell and W. T. S.
Huck: Hydrophilic PDMS microchannels for high-
throughput formation of oil-in-water microdroplets and
water-in-oil-in-water double emulsions. Lab Chip, 10(14),
1814-1819 (2010)

56. B. Zheng, J. D. Tice and R. F. Ismagilov: Formation of
droplets of alternating composition in microfluidic channels
and applications to indexing of concentrations in droplet-
based assays. Anal. Chem., 76, 4977-4982 (2004)

57. H. Song, J. D. Tice and R. F. Ismagilov: A microfluidic
system for controlling reaction networks in time. Angew.
Chem. Int. Ed., 42, 768-772 (2003)

58. D. L. Chen, L. Li, S. Reyes, D. N. Adamson and R. F.
Ismagilov: Using three-phase flow of immiscible liquids to
prevent coalescence of droplets in microfluidic channels:
Criteria to identify the third liquid and validation with
protein crystallization. Langmuir, 23, 2255-2260 (2007)

59. T. R. Kline, M. K. Runyon, M. Pothiawala and R. F.
Ismagilov: ABO, D blood typing and subtyping using plug-
based microfluidics. Anal. Chem., 80, 6190-6197 (2008)

60. S. Sugiura, M. Nakajima, J. Tong, H. Nabetani and M.
Seki: Preparation of monodispersed solid lipid
microspheres using a microchannel emulsification
technique. J. Colloid Interf. Sci., 227, 95-103 (2000)

61. S. Sugiura, M. Nakajima, S. Iwamoto and M. Seki:
Interfacial tension driven monodispersed droplet formation
from microfabricated channel array. Langmuir, 17, 5562-
5566 (2001)

62. S. Sugiura, M. Nakajima and M. Seki: Prediction of
droplet diameter for microchannel emulsification.
Langmuir, 18, 3854-3859 (2002)

63. S. Sugiura, M. Nakajima and M. Seki: Effect of channel
structure on microchannel emulsification. Langmuir, 18,
5708-5712 (2002)

64. R. Mukhopadhyay: When PDMS isn't the best: What
are its weaknesses, and which other polymers can
researchers add to their toolboxes? Anal. Chem., 79, 3248-
3253 (2007)

65. N. Wu, Y. Zhu, S. Brown, J. Oakeshott, T. S. Peat, R.
Surjadi, C. Easton, P. W. Leech and B. A. Sexton: A
PMMA microfluidic droplet platform for In vitro protein
expression using crude E Coli S30 extract. Lab Chip, 9,
3391-3398 (2009)

66. N.-T. Nguyen, S. Lassemono and F. A. Chollet: Optical
detection for droplet size control in microfluidic droplet-
based analysis systems. Sens. Actu. B, 117, 431-436 (2006)

67. I. Kobayashi, S. Hirose, T. katoh, Y. Zhang, K. Uemura
and M. Nakajima: High-aspect-ratio throug-hole array
microfabricated in a PMMA plate for monodisperse
emulsion production. Microsyst. Technol., 14, 1349-1357
(2008)

68. J. H. Xu, S. W. Li, J. Tan, Y. J. Wang and G. S. Luo:
Controllable preparation of monodisperse O/W and W/O
emulsions in the same microfluidic device. Langmuir, 22,
7943-7946 (2006)

69. G. S. Fiorini, R. M. Lorenz, J. S. Kuo and D. T. Chiu:
Rapid prototyping of thermoset polyester microfluidic
devices. Anal. Chem., 76, 4697-4704 (2004)

70. C. H. Ahn, J.-W. Choi, G. Beaucage, J. H. Nevin, J.-B.
Lee, A. Puntambekar and J. Y. Lee: Disposable smart lab
on a chip for point-of -care clinical diagnostics. Proc.
IEEE, 92, 154-173 (2004)

71. M. G. Pollack, A. D. Shenderovb and R. B. Fair:
Electrowetting-based actuation of droplets for integrated
microfluidics. Lab Chip, 2, 96-101 (2002)

72. J. M. Köhler, T. Henkel, A. Grodrian, T. Kirner, M.
Roth, K. Martin and J. Metze: Digital reaction technology
by micro segmented flow - components, concepts and
applications. Chem. Eng. J., 101, 201 (2004)

73. T. Henkel, T. Bermig, M. Kielpinski, A. Grodrian, J.
Metze and J. M. Köhler: Chip modules for generation and
manipulation of fluid segments for micro serial flow
processes. Chem. Eng. J., 101, 439 (2004)



Microfluidic double emulsions

298

74. T. Thorsen, R. W. Roberts, F. H. Arnold and S. R.
Quake: Dynamic pattern formation in a vesicle-generating
microfluidic device. Phys. Rev. Lett., 86, 4163-4166 (2001)

75. B. Zheng, L. S. Roach and R. F. Ismagilov: Screening
of protein crystallization conditions on a microfluidic chip
using nanoliter-zize droplets. J. Am. Chem. Soc., 125,
11170-11171 (2003)

76. M. R. Bringer, C. J. Gerdts, H. Song, J. D. Tice and R.
F. Ismagilov: Microfluidic systems for chemical kinetics
that rely on chaotic mixing in droplets. Phil. Trans. Roy.
Soc. London A, 362, 1087-1104 (2004)

77. P. Paik, V. K. Pamula and R. B. Fair: Rapid droplet
mixers for digital microfluidic systems. Lab Chip, 3, 253-
259 (2003)

78. M. G. Pollack, R. B. Fair and A. D. Shenderov:
Electrowetting-based actuation of liquid droplets for
microfluidic applications. Appl. Phys. Lett., 77, 1725-1726
(2000)

79. M. G. Pollack, P. Y. Paik, A. D. Shenderov, V. K.
Pamula, F. S. Dietrich and R. B. Fair: Investigation of
electrowetting-based microfluidics for real-time PCR
applications. In: Proc. MicroTAS2003 Conf. Ed M. A.
Northrup, K. F. Jensen&D. J. Harrison. Squaw Valley,
California, USA (2003)

80. J. Lee, H. Moon, J. Fowler, T. Schoellhammer and C. J.
Kim: Electrowetting and electrowetting-on-dielectric for
microscale liquid handling. Sens. Actu. A, 95, 259-268
(2002)

81. S. K. Cho, H. Moon and C.-J. Kim: Creating,
transporting, cutting and merging liquid droplets by
electrowetting-based actuation for digital microfluidic
circuits. J. MEMS, 12, 70-80 (2003)

82. J. Y. Yoon and R. L. Garrell: Preventing biomolecular
adsorption in electrowetting-based biofluidic chips. Anal.
Chem., 75, 5097-5102 (2003)

83. J. A. Schwartz, J. V. Vykoukal and P. R. C. Gascoyne:
Droplet-based chemistry on a programmable micro-chip.
Lab Chip, 4, 11-17 (2004)

84. T. B. Jones, M. Gunji, M. Washizu and M. J. Feldman:
Dielectrophoretic liquid actuation and nanodroplet
formation. J. App. Phys., 89(2), 1441-1448 (2001)

85. T. Taniguchi, T. Torii and T. Higuchi: Chemical
reactions in microdroplets by electrostatic manipulation of
droplets in liquid media. Lab Chip, 2, 19-23 (2002)

86. K. Hosokawa, T. Fujii and I. Endo: Handling of
picoliter liquid samples in a Poly(Dimethylsiloxane)-based
microfluidic device. Anal. Chem., 71, 4781-4785 (1999)

87. A. A. Taniguchi, J. P. Valentino, S. M. Troian and S.
Wagner: Thermocapillary actuation of droplets on

chemically patterned surfaces by programmable
microheater arrays. J. MEMS, 12, 873 (2003)

88. D. R. Link, E. Grasland-Mongrain, A. Duri, F.
Sarrazin, Z. Cheng, G. Cristobal, M. Marquez and D.
A.Weitz: Electric control of droplets in microfluidic
devices. Angew. Chem. Int. Ed., 45, 2556-2560 (2006)

89. P. Singh and N. Aubry: Transport and deformation
of droplets in a microdevice using dielectrophoresis.
Electrophoresis, 28, 644-657 (2007)

90. J. Wang and C. Lu: Microfluidic cell fusion under
continuous direct current voltage. Appl. Phys. Lett., 89,
234102 (2006)

91. L. Frenz, K. Blank, E. Brouzes and A. D. Griffiths:
Reliable microfluidic on-chip incubation of droplet in delay-
lines. Lab Chip, 9, 1344-1348 (2009)

92. E. Brouzes, J. Branciforte, M. Twardowski, D. Marran, Y.
Suo, Y. Charles, L. Boitard, M. Weiner, J. Rothberg, N.
Perrimon and D. Link: Droplet-based high-throughput
live/dead cell assay. In: Proc. MicroTas 2006 Conf. Ed T.
Kitamori, H. Fujita&S. Hasebe. Tokyo, Japan (2006)

93. X. Zhou, S. Cai, A. Hong, Q. You, P. Yu, N. Sheng, O.
Srivannavit, S. Muranjan, J. M. Rouillard, Y. Xia, X. Zhang,
Q. Xiang, R. Ganesh, Q. Zhu, A. Matejko, E. Gulari and X.
Gao: Microfluidic picoarray synthesis of
oligodeoxynucleotides and simultaneous assembling of
multiple DNA sequences. Nucleic Acids Res., 32(18),
5409-5417 (2004)

94. J. J. Agresti, E. Antipov, A. R. Abate, K. Ahn, A. C.
Rowat, J.-C. Baret, M. M., A. M. Klibanov, A. D.
Griffiths and D. A. Weitz: Ultrahigh-throughput
screening in drop-based microfluidics for directed
evolution. Proc. Natl. Acad. Sci. U. S. A. , 107, 6550-
6551 (2010)

95. V. Srinivasan, V. K. Pamula and R. B. Fair: An
integrated digital microfluidic lab-on-a-chip for clinical
diagnostics on human physiological fluids. Lab Chip, 4,
310-315 (2004)

96. M. Srisa-Art, A. J. deMello and J. B. Edel: High-
thoughput confinement and detection of single DNA
molecules in aqueous microdroplets. Chem. Commun.,
6548-6550 (2009)

97. N. Wu, F. Courtois, R. Surjadi, J. Oakeshott, T. S.
Peat, C. J. Easton, C. Abell and Y. Zhu: Enzyme
synthesis and activity assay in microfluidic droplets on a
chip. Eng. Life Sci., 11(2), 157-164 (2011)

98. N. Wu, J. G. Oakeshott, C. J. Easton, T. S. Peat, R.
Surjadi and Y. Zhu: A double-emulsion microfluidic
platform for in vitro green fluorescent protein
expression. J. Micromech. Microeng., 21(5), 054032
(2011)



Microfluidic double emulsions

299

99. V. Srinivasan, V. K. Pamula and R. B. Fair: Droplet-
based microfluidic lab-on-a-chip for glucose detection.
Anal. Chim. Acta, 507, 145-150 (2004)

100. A. Funfak, A. Brösing, M. Brand and J. M. Köhler:
Micro fluid segment technique for screening and
development studies on Danio rerio embryos. Lab Chip, 7,
1132-1138 (2007)

101. J. M. Köhler and T. Henkel: Chip devices for
miniaturized biotechnology. Appl. Microbiotechnol., 69
113-125 (2005)

102. A. Brösing and J. M. Köhler: Microfluid systems for
screening studies of multicellular embryos. In:
Biomedizinische Technik 50. Walter de Gruyter GmbH &
Co. KG. , Nürnberg (2005)

103. S. S. Varghese, Y. Zhu, T. J. Davis and S. C. Trowell:
FRET for lab-on-a-chip devices — current trends and
future prospects Lab Chip, 10, 1355-1364 (2010)

104. A. Grodrian, J. Metze, T. Henkel, K. Martin, M. Roth
and J. M. Köhler: Segmented flow generation by chip
reactors for highly parallelized cell cultivation. Biosens.
Bioelectron., 19, 1421 (2004)

105. A. Funfak, J. Cao, O. S. Wolfbeis, K. Martin and J. M.
Köhler: Monitoring cell cultivation in microfluidic
segments by optical pH sensing with a micro flow-through
fluorometer using dye-doped polymer particles. Microchim.
Acta 164, 279-286 (2009)

106. J. Clausell-Tormos, D. Lieber, J.-C. Baret, A. El-
Harrak, O. J. Miller, L. Frenz, J. Blouwolff, K. J. Humphry,
S. Ko¨ ster, H. Duan, C. Holtze, D. A. Weitz, A. D.
Griffiths and C. A. Merten: Droplet-based microfluidic
platforms for the encapsulation and screening of
mammalian cells and multicellular organisms. Chem.
Biology, 15, 427-437 (2008)

107. K. Martin, T. Henkel, V. Baier, A. Grodrian, T.
Schön, M. Roth, J. M. Köhler and J. Metze: Generation of
large numbers of separated microbial populations by
cultivation in segmented-flow microdevices. Lab Chip, 3,
202-207 (2003)

108. I. Schneegaß, R. Bräutigam and J. M. Köhler:
Miniaturized flow-through PCR with different template
types in a silicon chip thermocycler. Lab Chip, 1, 42-49
(2001)

109. J. Felbel, A. Reichert, M. Kielpinski, M. Urban, N.
Häfner, M. Dürst, J. M. Köhler, J. Weber and T. Henkel:
Technical concept of a flow-through microreactor for in-
situ RT-PCR. Eng. Life Sci., 8(1), 68-72 (2008)

110. R. Hartung, A. Brösing, G. Sczcepankiewisz, U.
Liebert, N. Häfner, M. Dürst, J. Felbel, D. Lassner and J.
M. Köhler: Application of an asymmetric tube reactur for fast
identification of gene transcripts of pathogenic viruses by

micro flow-through PCR. Biomed. Microdevices, 11, 685-692
(2009)

111. O. J. Miller, K. Bernath, J. J. Agresti, G. Amitai, B. T.
Kelly, E. Mastrobattista, V. Taly, S. Magdassi, D. S. Tawfik
and A. D. Griffiths: Directed evolution by in vitro
compartmentalization. Nature Methods, 3(7), 561-570 (2006)

112. R. Khnouf, D. J. Beebe and Z. H. Fan: Cell-free protein
expression in a microchannel array with passive pumping. Lab
Chip, 9(1), 56-61 (2009)

113. I. Hirao, T. Kanamori and T. Ueda: Cell-free synthesis of
proteins with unnatural amino acids. The PURE system and
expansion of the genetic code. In: Protein Engineering. Ed C.
Kohrer&U. L. RajBhandary. Springer Berlin (2009)

114. S. van der Graaf, C. G. P. H. Schroën and R. M. Boom:
Preparation of double emulsions by membrane emulsification -
a review. J. Membr. Sci., 251, 7-15 (2005)

115. C. E. Mora-Huertas, H. Fessi and A. Elaissari: Polymer-
based nanocapsules for drug delievery. Int. J. Pharm., 385,
113-142 (2010)

116. M. Yasukawa, E. Kamio and T. Ono: Monodisperse
water-in-water-in-oil emulsion droplets. ChemPhysChem,
12(2), 263-266 (2011)

117. S. Okushima, T. Nisisako, T. Torii and T. Higuchi:
Controlled production of monodisperse double emulsions by
two-step droplet breakup in microfluidic devices. Langmuir,
20, 9905-9908 (2004)

118. K.-L. Lao, J.-H. Wang and G. B. Lee: A microfluidic
platform for formation of double-emulsion droplets. Microfluid
Nanofluid, 7, 709-719 (2009)

119. Y.-H. Lin, C.-H. Lee and G.-B. Lee: Droplet formation
utilizing controllable moving-wall structures for double-
emulsion applications. J. MEMS, 17(3), 573-581 (2008)

120. H. C. Shum, A. Bandyopadhyay, S. Bose and D. A.
Weitz: Double emulsion droplets as microreactors for
synthesis of mesoporous hydroxyapatite. Chem. Mater., 21,
5548-5555 (2009)

121. W. Engl, R. Backov and P. Panizza: Controlled
production of emulsions and particles by milli- and
microfluidic techniques. Curr. Opin. Colloid  Interf. Sci., 13,
206-216 (2008)

122. J. H. Xu, G. S. Luo, S. W. Li and G. G. Chen: Shear-force
induced monodisperse droplet formation in a microfluidic
device by controlling wetting properties. Lab Chip, 6, 131-136
(2006)

123. M. Seo, C. Paquet, Z. Nie, S. Xu and E. Kumachev:
Microfluidic consecutive flow-focusing droplet generators.
Soft Matt., 3, 986-992 (2007)
124. P. Panizza, W. Engl, C. Hany and R. Backov:
Controlled production of hiearchically organized large



Microfluidic double emulsions

300

emulsions and particles using assembies on line of coaxial
flow devices. Colloids Surf. A: Physicochem. Eng. Aspects,
312, 24-31 (2007)

125. T. Nisisako, S. Okushima and T. Torii: Controlled
formulation of monodisperse double emulsions in a
multiple-phase microfluidic system. Soft Matt., 1, 23-27
(2005)

126. V. Barbier, M. Tatoulian, H. Li, F. Arefi-Khonsari, A.
Ajdari and P. Tabeling: Stable modification of PDMS
surface properties by plasma polymerization: Application
to the formation of double emulsions in microfluidic
systems. Langmuir, 22, 5230-5232 (2006)

127. Z. Chang, C. A. Serra, M. Bouquey, L. Prat and G.
Hadziioannou: Co-axial capillaries microfluidic device for
synthesizing size- and morphology-controlled polymer
core-polymer shell particles. Lab Chip, 9(20), 3007-3011
(2009)

128. P.-W. Ren, X.-J. Ju and L.-Y. Chu: Monodisperse
alginate microcapsules with oil core generated from a
microfluidic device. J. Colloid Interf. Sci., 343, 392-395
(2010)

129. S. H. Huang, W. H. Tan, F. G. Tseng and S. Takeuchi:
A monolithically three-dimensional flow-focusing device
for formation of single/double emulsions in closed/ open
microfluidic systems. J. Micromech. Microeng., 16, 2336-
2344 (2006)

130. D. Saeki, S. Sugiura, T. Kanamori, S. Sato and S.
Ichikawa: Microfluidic preparation of water-in-oil-water
emulsions with an ultra-thin oil phase layer. Lab Chip, 10,
357-362 (2010)

131. S. Seiffert, J. Thiele, A. R. Abate and D. A. Weitz:
Smart microgels capsules from macromolecular precursors.
J. Am. Chem. Soc., 132, 6606-6609 (2010)

132. X. Gong, W. Wen and P. Sheng: Microfluidic
fabrication of porous polymer microspheres: Dual reactions
in single droplets. Langmuir, 25(12), 7072-7077 (2009)

133. Y. Hennequin, N. Pannacci, C. P. de Torres, G.
Tetradis-Meris, S. Chapuliot, E. Bouchaud and P. Tabeling:
Synthesizing microcapsules with controlled geometrical
and mechanical properties with microfluidic double
emulsion technology. Langmuir, 25, 7857-7861 (2009)

134. I. G. Loscertales, A. Barrero, I. Guerrero, R. Cortijo,
M. Marquez and A. M. Gañán-Calvo: Micro/Nano
encapsualtion via electrified coaxial liquid jets. Science,
295, 1695-1698 (2002)

135. I. Kobayashi, K. Uemura and M. Nakajima:
Controlled generation of monodisperse discoid droplets
using microchannel arrays. Langmuir, 22, 10893-10897
(2006)

136. P. Hiemenz and R. Rajagopalan: Principles of colloid
and surface chemistry. New York (1997)

137. S. Cao, J. Chen and j. Hu: The fabrication and
progress of core-shell composite materials. Aust. J. Chem.,
62, 1561-1576 (2009)

138. C. H. Villa, L. B. Lawson, Y. Li and K. D.
Papadopoulos: Internal coalescence as a mechanism of
instability in water-in-oil-water double-emulsion globules.
Langmuir, 19, 244-249 (2003)

139. J. Jiao, D. G. Rhodes and D. J. Burgess: Multiple
emulsion stability: pressure balance and interfacial film
strength. J. Colloid Interf. Sci., 250, 444-450 (2002)

140. G. Muschiolik: Multiple emulsions for food use. Curr.
Opin. Colloid  Interf. Sci., 12, 213-220 (2007)

141. A. T. Florence and D. Whitehill: Some features of
breakdown in water-in-oil-in-water multiple emulsions. J.
Colloid Interf. Sci., 79(1), 243-247 (1981)

142. H. L. Rosano, F. G. Gandolfo and J. D. P. Hidrot:
Stability of W/O/W multiple emulsions influence of
ripening and interfacial interactions. Colloids Surf. A:
Physicochem. Eng. Aspects, 138, 109-121 (1998)

143. J. Cheng, J. F. Chen, M. Zhao, Q. Luo, L. X. Wen and
K. D. Papadopoulos: Transport of ions through the oil
phase of W/O/W double emulsions. J. Colloid Interf. Sci.,
305, 175-182 (2007)

144. A. Benichou, A. Aserin and N. Garti: Double
emulsions stabilized with hybrids of natural polymers for
entrapment and slow release of active matters. Adv. Colloid
Interf. Sci., 108-109, 29-41 (2004)

145. A. J. Khopade and N. K. Jain: Stabilized multiple
emulsions with uni-oligo-droplet internal phase.
Pharmazie, 52, 562-563 (1997)

146. J. Yan and R. Pal: Osmotic swelling behaviour of
globules of W/O/W emulsion liquid membranes. J. Membr.
Sci., 190, 79-91 (2001)

147. J. Weiss, K. Kobow and G. Muschiolik: Polysaccaride
gel with multiple emulsions. Food Hydrocoll., 19, 605-615
(2005)

148. J. Su, J. Flanagan, Y. Hemar and H. Singh: Synergistic
effects of polyglycerol ester of polyricinoleic acid and
sodium caseinate on the stabilisation of water-oil-water
emulsions. Food Hydrocoll., 20, 261-268 (2006)

149. Y. Sela, S. Magdassi and N. Garti: Polymeric
surfactants based on polysiloxanes-graft-poly(oxyethylene)
for stabilization of multiple emulsions. Colloids Surf. A:
Physicochem. Eng. Aspects, 83, 143-150 (1994)

150. N. Garti, A. Aserin and Y. Cohen: Mechanistic
considerations on the release of electrolytes from multiple
emulsions stabilized by BSA and nonionic surfactants. J.
Control. Release, 29, 41-51 (1994)



Microfluidic double emulsions

301

151. A. Benichou, A. Aserin and N. Garti: W/O/W double
emulsions stabilized with WPI-polysaccharide complexes.
Colloids Surf. A: Physicochem. Eng. Aspects, 294, 20-32
(2007)

152. R. Mezzenga, B. M. Folmer and E. Hughes: Design of
double emulsions by osmotic pressure tailoring. Langmuir,
20, 3574-3582 (2004)

153. G. McHale and M. I. Newton: Liquid marbles:
principles and applications. Soft Matt., 7(12), 5473-5481
(2011)

154. B. P. Binks: Particles as surfactants-similarities and
differences. Curr. Opin. Colloid  Interf. Sci., 7(1-2), 21-41
(2002)

155. N. Wu, F. Courtois, Y. Zhu, J. Oakeshott, C. Easton
and C. Abell: Management of the diffusion of 4-
methylumbelliferone across phases in microdroplet based
systems for in vitro protein evolution. Electrophoresis, 31,
3121-3128 (2010)

156. E. C. Rojas and K. D. Papadopoulos: Induction of
instability in water-in-oil-in-water double emulsions by
freeze-thaw cycling. Langmuir, 23, 6911-6917 (2007)

157. B. de Cindio, G. Grasso and D. Cacace: Water-in-oil-
double emulsions for food applications: yield analysis and
rheological properties. Food Hydrocoll., 4, 339-353 (1991)

158. Y. Kita, S. Matsumoto and D. Yonezawa: Viscometric
method for estimating the stability of W/O/W-type
multiple-phase emulsions. J. Colloid Interf. Sci., 62, 87-94
(1977)

159. W. Hou and K. D. Papadopoulos: W/O/W and O/W/O
globules stabilized with Span 80 and Tween 80. Colloid
Surf., 125, 181-187 (1997)

160. I. Lonnquist, B. Hakansson, B. Balinov and O.
Soderman: NMR self-diffusion studies of the water and oil
components in a W/O/W emulsion. J. Colloid Interf. Sci.,
192, 66-73 (1997)

161. S. Bjerregaard, I. Soderberg, C. Vermehren and S.
Frokjaer: Formulation and evaluation of release and
swelling machinism of a water-in-oil emulsion using
factorial design. Int. J. Pharm., 193, 1-11 (1999)

162. N. S. Tokgoz, J. L. Grossiord, A. Fructus, M. Seiller
and P. Prognon: Evaluation of two fluorescent probes for
the characterization of W/O/W emulsions. Int. J. Pharm.,
141, 27-37 (1996)

163. M. Hai and S. Magdassi: Investigation on the release
of fluorescent markers from w/o/w emulsions by
fluorescence-activated cell sorter. J. Control. Release, 96,
393-402 (2004)

164. T. M. Allen and P. R. Cullis: Drug delivery systems:
entering the mainstream. Science, 303, 1818-1822 (2004)

165. S. Freiberg and X. X. Zhu: Polymer microspheres for
controlled drug release. Int. J. Pharm., 282, 1-18 (2004)

166. C. Roney, P. Kulkarni, V. Arora, P. Antich, F. Bonte,
A. Wu, N. N. Mallikarjuna, S. Manohar, H.-F. Liang, A. R.
Kulkarni, H.-W. Sung, M. Sairam and T. M. Aminabhavi:
Targeted nanoparticles for drug delivery through the blood-
brain barrier for Alzheimer's disease. J. Control. Release,
108, 193-214 (2005)

167. K. Westesen: Novel lipid-based colloidal dispersions
as potential drug administration systems - expectations and
reality. Colloids Polym. Sci., 278, 608-618 (2000)

168. M.-F. Ficheux, L. Bonakdar, F. Leal-Calderon and J.
Bibette: Some stability criteria for double emulsions.
Langmuir, 14, 2702-2706 (1998)

169. E. C. Rojas, J. A. Staton, V. T. John and K. D.
Papadopoulos: Temperature-induced potein release from
water-in-oil-in-water double emulsions. Langmuir, 24(14),
7154-7160 (2008)

170. A. S. Cunha, J. L. Grossiord, F. Puisieux and M.
Seiller: Insulin in w/o/w multiple emulsions: preparation,
characterization and determination of stability towards
proteases in vitro. J. Microencapsul., 14, 311-319 (1997)

171. R. Dimova, S. Aranda, N. Bezlyepkina, V. Nikolov,
K. A. Riske and R. Lipowsky: A practical guide to giant
vesicles. Probing the membrane nanoregime via optical
microscopy. J. Phys.: Condens. Matter, 18(28), S1151
(2006)

172. G. Maulucci, M. De Spirito, G. Arcovito, F. Boffi, A.
C. Castellano and G. Briganti: Particle size distribution in
DMPC vesicles solutions undergoing different sonication
times. Biophys. J., 88(5), 3545-3550 (2005)

173. J. M. Muderhwa, G. R. Matyas, L. E. Spitler and C. R.
Alving: Oil-in-water liposomal emulsions: Characterization
and potential use in vaccine delivery. J. Pharma. Sci.,
88(12), 1332-1339 (1999)

174. B. Sun and D. T. Chiu: Determination of the
encapsulation efficiency of individual vesciles using single-
vesicle photolysis and confocal single-molecule detection.
Anal. Chem., 77(9), 2770-2776 (2005)

175. S. Sugiura, T. Kuroiwa, T. Kagota, M. Nakajima, S.
Sata, S. Mukataka, P. Walde and S. Ichikawa: Novel
method for obtaining homogeneous giant vesciles from a
monodisperse water-in-oil emulsion prepared with a
microfluidic device. Langmuir, 24(9), 4581-4588 (2008)

176. A. Jahn, S. M. Stavis, J. S. Hong, W. N. Vreeland, D.
L. DeVoe and M. Gaitan: Microfluidic mixing and the
formation of nanoscale lipid vesicles. ACS Nano, 4(4),
2077-2087 (2010)



Microfluidic double emulsions

302

177. M. Kumemura and T. Korenaga: Quantitative
extraction using flowing bano-liter droplet in microfluidic
system. Anal. Chim. Acta, 558, 75-79 (2006)

178. K. Yamashita, M. P. B. Nagata, M. Miyazaki, H.
Nakamura and H. Maeda: Homogeneous and reproducible
liposome preparation relying on reassembly in
microchannel laminar flow. Chem. Eng. J., 165(1), 324-327
(2010)

179. S. Pautot, B. J. Frisken and D. A. Weitz: Engineering
asymmetric vesicles. Proc. Natl. Acad. Sci. U. S. A.,
100(19), 10718-10721 (2003)

180. K. Funakoshi, H. Suzuki and S. Takeuchi: Lipid
bilayer formation by contacting monolayers in a
microfluidic device for membrane protein analysis. Anal.
Chem., 78(24), 8169-8174 (2006)

181. H. C. Shum, D. Lee, I. Yoon, T. Kodger and W. D. A.:
Double emulsion templated monodisperse phospholipid
vesicles. Langmuir, 24, 7651-7653 (2008)

182. J. C. Stachowiak, D. L. Richmond, T. H. Li, A. P. Liu,
S. H. Parekh and D. A. Fletcher: Unilamellar vesicle
formation and encapsulation by microfluidic jetting. PNAS,
105, 4697-4702 (2008)

183. E. Lorenceau, A. S. Utada, D. R. Link, G. Cristobal,
M. Joanicot and D. A. Weitz: Generation of
polymerosomes from double-emulsions. Langmuir, 21,
9183-9186 (2005)

184. H. C. Shum, J.-W. Kim and D. A. Weitz: Microfluidic
fabrication of monodisperse biocompatible and
biodegradable polymersomes with controlled permeability.
J. Am. Chem. Soc, 130, 9543-9549 (2008)

185. J. Thiele, A. R. Abate, H. C. Shum, B. S., S. FÖrster
and D. A. Weitz: Fabrication of polymersomes using
double-emulsion templates in glass-coated stamped
microfluidic devices. Small, 6(16), 1723-1727 (2010)

186. A. Perro, C. l. Nicolet, J. Angly, S. b. Lecommandoux,
J.-F. o. Le Meins and A. Colin: Mastering a double
emulsion in a simple co-flow microfluidic to generate
complex polymersomes. Langmuir, 27(14), 9034-9042
(2010)

187. S.-W. Choi, Y. Zhang and Y. Xia: Fabrication of
microbeads with a controllable hollow interior and porous
wall using a capillary fluidic device. Adv. Funct. Mater.,
19, 2943-2949 (2009)

188. D. Lee and D. A. Weitz: Nonspherical colloidosomes
with multiple compartments from double emulsions. Small,
5(17), 1932-1935 (2009)

189. S. Abraham, E. H. Jeong, T. Arakawa, S. Shoji, K. C.
Kim, I. Kim and J. S. Go: Microfluidics assisted synthesis
of well-defined spherical polymeric microcapsules and

their utilization as potential encapsulants. Lab Chip, 6, 752-
756 (2006)

190. C. H. Choi, J. H. Jung, D. W. Kim, Y. M. Chung and
C. S. Lee: Novel one-pot route to monodisperse
thermosensitive hollow microcapsules in a microfluidic
system. In: Lab Chip.  (2008)

191. H. Zhang, E. Tumarkin, R. Peerani, Z. Nie, R. M.
A. Sullan, G. C. Walker and E. Kumacheva:
Microfluidic production of biopolymer microcapsules
with controlled morphology. J. Am. Chem. Soc.,
128(37), 12205-12210 (2006)

192. M. T. Gokmen, B. G. De Geest, W. E. Hennink and
F. E. Du Prez: 'Giant' hollow multilayer capsules by
microfluidic templating. ACS App. Mater. & Interf., 1(6),
1196-1202 (2009)

193. F. Gao, Z.-G. Su, P. Wang and G.-H. Ma: Double
emulsion templated microcapsules with single hollow
cavities and thickness-controllable shells. Langmuir, 25(6),
3832-3838 (2009)

194. S.-H. Kim, J. W. Kim, J.-C. Cho and D. A. Weitz:
Double-emulsion drops with ultra-thin shells for capsule
templates. Lab Chip, 11(18), 3162-3166 (2011)

195. C. H. Chen, R. K. Shah, A. R. Abate and D. A. Weitz:
Janus particles templated from double emulsion droplets
generated using microfluidics. Langmuir, 25, 4320-4323
(2009)

196. T. Nisisako and T. Torii: Formation of biphasic Janus
droplets in a microfabricated channel for the synthesis of
shape-controlled polymer microparticles. Adv. Mater.,
19(11), 1489-1493 (2007)

197. S. Seiffert, M. B. Romanowsky and D. A. Weitz:
Janus microgels produced from functional precursor
polymers. Langmuir, 26(18), 14842-14847 (2010)

198. A. Walther, M. Hoffmann and A. H. E. Müller:
Emulsion polymerization using Janus particles as
stabilizers. Angew. Chem., 120(4), 723-726 (2008)

199. N. Glaser, D. J. Adams, A. Böker and G. Krausch:
Janus particles at liquid−liquid interfaces. Langmuir,
22(12), 5227-5229 (2006)

200. C. J. Behrend, J. N. Anker and R. Kopelman:
Brownian modulated optical nanoprobes. App. Phys.
Lett., 84(1), 154-156 (2004)

201. H. Takei and N. Shimizu: Gradient sensitive
microscopic probes prepared by gold evaporation and
chemisorption on latex spheres. Langmuir, 13(7), 1865-
1868 (1997)

202. T. Nisisako, T. Torii, T. Takahashi and Y. Takizawa:
Synthesis of monodisperse bicolored Janus particles with



Microfluidic double emulsions

303

electrical anisotropy using a microfluidic co-flow system.
Adv. Mater., 18(9), 1152-1156 (2006)

203. A. D. Dinsmore, M. F. Hsu, M. G. Nikolaides, M.
Marquez, A. R. Bausch and D. A. Weitz: Colloidosomes:
Selectively permeable capsules composed of colloidal
particles. Science, 298, 1006 (2002)

204. D. Lee and D. A. Weitz. Small, 5, 1932 (2009)

205. F. H. Arnold: Design by directed evolution. Acc.
Chem. Res., 31, 125-131 (1998)

206. F. H. Arnold and G. Georgiou: Methods in Molecular
Biology: Directed Enzyme Evolution - Screening and
Selection Methods. Humana Press,  (2003)

207. L. G. Otten and W. J. Quax: Directed evolution-
selecting today's biocatalysts. Biomole. Eng., 22, 1-9
(2005)

208. C. A. Voigt, S. Kauffman and Z.-G. Wang: Rational
evolutionary design: The theory of in vitro protein
evolution. Adv. Protein Chem., 55, 79-160 (2001)

209. F. J. Ghadessy and P. Holliger: A novel emulsion
mixture for in vitro compartmentalization of transcription
and translation in the rabbit reticulocyte system. Protein
Eng. Des. Select., 17(3), 201-204 (2004)

210. H. Yang, P. D. Carr, S. Y. McLoughlin, J. W. Liu, I.
Horne, X. Qiu, C. M. J. Jeffries, R. J. Russell, J. G.
Oakeshott and D. L. Ollis: Evolution of an
organophosphate-degrading enzyme: A comparison of
natural and directed evolution. Protein Eng., 16(2), 135-
145 (2003)

211. M. T. Reetz and K. E. Jaeger: Superior biocatalysts by
directed evolution. Top. Curr. Chem. , 200, 32-57 (1999)

212. A. Plückthun, C. Schaffitzel, J. Hanes and L.
Jermutus: In vitro selection and evolution of proteins. Adv.
Protein Chem., 55, 367-403 (2000)

213. P. L. Wintrode and F. H. Arnold: Temperature
adaptation of enzymes: Lessons from laboratory evolution.
Adv. Protein Chem., 55, 161-225 (2000)

214. A. Aharoni, A. D. Griffiths and D. S. Tawfik: High-
throughput screens and selections of enzyme-encoding
genes. Curr. Opin. Chem. Biol., 9, 210-216 (2005)

215. B. M. Paegel: Microfluidic landscapes for evolution.
Curr. Opin. Chem. Biol., 14, 568-573 (2010)

216. H. M. Cohen, D. S. Tawfik and A. D. Griffiths:
Altering the sequence specificity of HaeIII
methyltransferase by directed evolution using in vitro
compartmentalization. Protein Eng. Des. Select., 17(1), 3-
11 (2004)

217. N. Doi, S. Kumadaki, Y. Oishi, N. Matsumura and H.
Yanagawa: In vitro selection of restriction endonucleases
by in vitro compartmentalization. Nucleic Acids Res.,
32(12), e95 (2004)

218. J. Bertschinger and D. Neri: Covalent DNA display as
a novel tool for directed evolution of proteins in vitro.
Protein Eng. Des. Select., 17, 699-707 (2004)

219. N. Doi and H. Yanagawa: STABLE: Protein-DNA
fusion system for screening of combinatorial protein
libraries in vitro. FEBS Lett., 457, 227-230 (1999)

220. C. N. Baroud, J.-P. Delville, F. Gallaire and R.
Wunenburger: Thermocapillary valve for droplet
production and sorting. Phys. Rev. E., 75, 046302 (2007)

221. T. Franke, A. R. Abate, D. A. Weitz and A. Wixforth:
Surface acoustic wave (SAW) directed droplet flow in
microfluidics for PDMS devices. Lab Chip, 9, 2625-2627
(2009)

222. Y. Schaerli and F. Hollfelder: The potential of
microfluidic water-in-oil droplets in experimental biology.
Mol. Biosyst., 5, 1392-1404 (2009)

223. A. Huebner, L. F. Olguin, D. Bratton, G. Whyte, W.
T. S. Huck, A. J. de Mello, J. B. Edel, C. Abell and F.
Hollfelder: Development of quantitative cell-based enzyme
assays in microdroplets. Anal. Chem., 80, 3890–3896
(2008)

224. P. S. Dittrich, M. Jahnz and P. Schwille: A new
embedded process for compartmentalized cell-free protein
expression and on-line detection in microfluidic devices.
ChemBioChem, 6, 811-814 (2005)

225. N. R. Beer, B. J. Hindson, E. K. Wheeler, S. B. Hall,
K. A. Rose, I. M. Kennedy and B. W. Colston: On-chip,
real-time, single-copy polymerase chain reaction in
picoliter droplets. Anal. Chem., 79, 8471-8475 (2007)

226. S. Köster, F. E. Angile, H. Duan, J. J. Agresti, A.
Wintner, S. C., A. C. Rowat, C. A. Merten, D. Pisignano,
A. D. Griffiths and W. D. A.: Drop-based microfluidic
devices for encapsulation of single cells. Lab Chip, 8,
1110-1115 (2008)

227. Y. Schaerli, R. C. Wootton, T. Robinson, V. Stein, C.
Dunsby, M. A. A. Neil, P. M. W. French, A. J. deMello, C.
Abell and F. Hollfelder: Continuous-flow polymerase chain
reaction of single-copy DNA in microfludic microdroplets.
Anal. Chem., 81, 302-306 (2009)

228. B. M. Paegel and G. F. Joyce: Microfluidic
compartmentalized directed evolution. Chem. Biology, 17,
717-724 (2010)

229. L. Mazutis, A. F. Araghi, O. J. Miller, J.-C. Baret, L.
Frenz, A. Janoshazi, V. Taly, B. J. Miller, J. B. Hutchison,
D. Link, A. D. Griffiths and M. Ryckelynck: Droplet-based
microfluidic systems for high-throughput single DNA



Microfluidic double emulsions

304

molecule isothermal amplification and analysis. Anal.
Chem., 81, 4813-4821 (2009)

230. K. Bernath, M. Hai, E. Mastrobattista, A. D. Griffiths,
S. Magdassi and D. S. Tawfik: In vitro
compartmentalization by double emulsions: sorting and
gene enrichment by fluorescence activated cell sorting.
Anal. Biochem., 325, 151-157 (2004)

231. A. Aharoni, G. Amitai, K. Bernath, S. Magdassi and
D. S. Tawfik: High-throughput screening of enzyme
libraries: Thiolactonases evolved by fluorescence-activated
sorting of single cells in emulsion compartments. Chem.
Biology, 12, 1281-1289 (2005)

232. E. Mastrobattista, V. Taly, E. Chanudet, P. Treacy, B.
T. Kelly and A. D. Griffiths: High-throughput screening of
enzyme libraries: In vitro evolution of a $\beta$-
Galactosidase by fluorescence-activated sorting of double
emulsions. Chem. Biology, 12, 1291-1300 (2005)

233. E. Mastrobattista, V. Taly, E. Chanudet, P. Treacy, B.
T. Kelly and A. D. Griffiths: High-throughput screening of
enzyme libraries: In vitro evolution of a $beta$-
Galactosidase by fluorescence-activated sorting of double
emulsions. Chem. Biology, 12, 1291-1300 (2005)

Abbreviations: IC: integrated circuit, IVTT: in vitro
transcription and translation, W/O/W: water-in-oil-in-
water, O/W/O: oil-in-water-in-oil, 4-MU: 4-
methylumbelliferone, FACS: Fluorescence-activated cell
sorting, BSA: bovine serum albumin,

Key Words: Double Emulsions, Microfluidics, Directed
Evolution, Protein Expression, Drug Delivery, Review

Send correspondence to: Yonggang Zhu, Private Bag
33, Clayton South MDC, VIC 3169, Australia, 3190,
Tel: 61395452791, Fax: 61395441128, E-mail:
yonggang.zhu@csiro.au


