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Abstract
Fundamental and applied research in chemistry and biology benefits from opportunities provided
by droplet-based microfluidic systems. These systems enable the miniaturization of reactions by
compartmentalizing reactions in droplets of femoliter to microliter volumes.
Compartmentalization in droplets provides rapid mixing of reagents, control of the timing of
reactions on timescales from milliseconds to months, control of interfacial properties, and the
ability to synthesize and transport solid reagents and products. Droplet-based microfluidics can
help to enhance and accelerate chemical and biochemical screening, protein crystallization,
enzymatic kinetics, and assays. Moreover, the control provided by droplets in microfluidic devices
can lead to new scientific methods and insights.
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1. Introduction: Reactions in Droplets
This Review discusses the use of droplets in microfluidic channels as chemical
microreactors for performing many reactions on a small scale (Figure 1).[1] Microreactors in
general[2] and bulk micellar systems[3] have been covered in recent review articles in
Angewandte Chemie and thus will not be covered herein. We describe new techniques that
have been developed to perform chemical reactions within droplets and reactions that have
been studied by using droplets. We also discuss how droplet-based microfluidics can lead to
new scientific methods and insights.

1.1. Reaction Control for High Throughput
A number of applications require multiple reactions to be performed in parallel, for example,
drug discovery, gene-expression analysis, and high-throughput assays. For these
applications, it is only feasible to perform reactions on a microscale, because reagents can be
expensive or only available in limited amounts. In other applications, multiple reactions
need to be carried out to characterize stochastic processes, such as the nucleation of crystals.

Microfluidics can be used to handle small volumes of liquid and is a promising method to
form microreactors.[2,4,5] Benefits from miniaturization include low consumption of
reagents and high-throughput fabrication of devices. For example, soft lithography with
poly(dimethylsiloxane) (PDMS) can be used for the rapid and inexpensive fabrication[6,7]

and modification[8–10] of devices.

[*] Fax: (+1)773-702-0805, E-mail: r-ismagilov@uchicago.edu , Homepage: http://ismagilovlab.uchicago.edu/.

Supporting information (three movies showing droplets forming and mixing in microfluidic channels, and a movie of the mixing of
modeling clay by chaotic advection) for this article is available on the WWW under http://www.angewandte.org or from the author.

NIH Public Access
Author Manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2007 January 10.

Published in final edited form as:
Angew Chem Int Ed Engl. 2006 November 13; 45(44): 7336–7356. doi:10.1002/anie.200601554.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://ismagilovlab.uchicago.edu/
http://www.angewandte.org


1.2. Parallel or Serial Compartmentalization of Multiple Reactions
To perform many reactions in high throughput, each reaction condition must be uniquely
addressable or indexed. The reactions can be indexed if each reaction condition is
compartmentalized either in parallel or in series[11] (Figure 2). Reaction conditions can be
compartmentalized in parallel by using a well plate (Figure 2a). The final result of the
reaction is indexed as a function of the spatial location of the well.[12–14] Reaction
conditions can also be compartmentalized in series as in flow injection analysis (Figure 2b).
The final result of the reaction is indexed as a function of the elution time. Chemical
indexing in combinatorial chemistry has also been achieved by using molecular tags,[15]

labeled beads,[16,17] and encoded particles.[18,19]

1.3. Control of the Compartmentalization
For performing reactions in parallel, the handling of the fluid and evaporation within the
compartments needs to be controlled. PDMS devices with enclosed chambers and valves
allow many reactions to be performed by multiplexing methods.[20–23] This system has been
applied to protein crystallization,[24–26] bacterial chemostats,[27] and the synthesis of
radiolabeled probes.[22] The valves used to handle fluids require multilayer fabrication. As
PDMS is permeable to the vapor of organic and aqueous solutions, eliminating evaporation
through PDMS requires special measures (although this permeability was controlled and
used as an advantage in some applications,[28] such as the filling of dead-end channels).[25]

For reactions performed in series in a single-phase flow, dispersion can lead to cross-
contamination of reaction conditions and dilution of samples. Pressure-driven flow of a
single-phase solution through a microchannel is laminar and displays a parabolic velocity
profile.[29,30] As a result of the parabolic flow profile, the reagents in solution are
transported at a range of velocities in the microchannel. Taylor dispersion describes the
transport and broadening of a pulse of a solute within a solution that is flowing through a
tube.[29,30] As a result of dispersion, localization of the reaction and accurate control of the
reaction time is difficult. Cross-contamination can occur between pulses of different
reagents that are traveling through the same tube. Furthermore, reagents are in direct contact
with the solid microchannel wall, so the surface chemistry of the wall must be controlled.
The control of surface chemistry is especially critical for devices that use electroosmotic
flow to solve the problem of Taylor dispersion.[31,32] Dilution of the sample solution can
occur through diffusion within a single-phase flow, especially with prolonged incubation
times. This broadening of the sample pulse occurs regardless of whether the flow is driven
by pressure or electroosmotic forces.

1.4. Compartmentalization in Nanoliter-Sized Droplets
Nanoliter-sized droplets can serve as compartments for reactions. Multiple reactions can be
performed by varying the reaction conditions within each droplet. The problems of
evaporation, complicated fluid handling, dispersion, and diffusion can be overcome by using
multiphase flows of immiscible liquids to form droplets in microfluidic channels (Figure
1).[1] Evaporation can be controlled for long-term incubation experiments by transporting
droplets into glass capillaries.[33,34] Complicated fluid handling is minimized, as uniformly
sized droplets form spontaneously in a cross-stream flow of two immiscible liquids.[1,35–39]

The flow of fluids within the microchannels can be used to manipulate droplets and arrays of
droplets in a controlled manner.[1,37,38,40–42] Dispersion due to convection and diffusion is
eliminated because the reagents are encapsulated within droplets. Furthermore, surface
chemistry can be easily controlled at the liquid–liquid interface between the immiscible
phases of the reagent fluid and the carrier fluid.[43] Mixing within droplets can be achieved
by chaotic advection.[1,37,40,44,45]
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To obtain compartments that do not move (as analogues of well plates), droplets can be
transported into capillaries and incubated for up to one year. To obtain compartments that
move (as analogues of flow injection analysis), flow can be used to transport droplets
continuously through the microchannel in the device. By using droplets, it is possible both to
compartmentalize reactions and control the reaction time accurately.

1.5. Scope of the Review
In this Review, we discuss reactions that occur within segmented flows in a microfluidic
system. Segmented flows are composed of at least two immiscible phases: one dispersed
phase and one continuous phase. The droplet consists of the dispersed phase, and the
continuous phase encapsulates the droplet and preferentially wets or coats the surface of the
microchannel.

For this Review, we differentiate between two types of segmented flows on the basis of the
phase in which the reaction takes place. In the first type, discrete liquid droplets are
encapsulated by a carrier fluid that wets the microchannel (Figure 3a).[1] These droplets,
termed “plugs” herein, form the dispersed phase in which the reactions occur. Systems that
use plugs differ from segmented-flow injection analysis in that reagents in plugs do not
come into contact with the microchannel wall and are transported without dispersion. In the
second type of segmented flow, liquid “slugs” are separated by discrete gas bubbles (Figure
3b).[46–51] In this case, reactions occur within the slugs that form the continuous phase;
reagents are exposed to the walls of the channels and some dispersion occurs. This second
system is similar to segmented-flow injection analysis.[52–56] For the remainder of the
Review, the terms “plugs” and “slugs” are used to differentiate these two types of segmented
flows.

We do not cover reactions in bulk systems that use multiple immiscible phases to form
micelles, emulsions, and droplets. Emulsions take advantage of only some of the spatial
control available by compartmentalization. Extensive review articles cover reactions in
micelles,[3] colloids,[57,58] miniemulsions,[59] and multilayer microcapsules.[60] Emulsions
and vesicles have been used for in vitro compartmentalization,[61,62] and vesicle reactors can
also act as synthetic cells.[63–65] Emulsions formed by microfluidics[66–68] have been used
to synthesize permeable colloids[69] and to fabricate monodisperse capsules by using steady
coaxial jets.[70]

The area of “digital microfluidics”, in which droplets are manipulated by an array of
electrodes[71–75] (“active control”) rather than through a continuous flow (“passive
control”), is also not covered. The principles of electrowetting-based actuation and the
automation of this technique have been reviewed.[76–78] Digital microfluidic devices have
been used for analyzing proteins and peptides with matrix-assisted laser desorption/
ionization mass-spectrometry (MALDI MS),[79,80] performing PCR with optical
detection,[81] measuring glucose concentration in droplets with optical detection,[82]

performing a luciferase-based assay,[83] and synthesizing anisotropic particles.[84]

Microfluidic systems that use multiphase flow but do not report reactions will not be
discussed in detail. We define reactions broadly and include the interconversion of chemical
species[85] and phase transitions, such as crystallization and the formation of particles.
Methods of forming and manipulating droplets are being continuously developed to take
advantage of novel physical principles, such as electrowetting,[86–88] magnetic fields,[89,90]

optically induced Marangoni effects,[91,92] acoustic waves,[93] and surface chemistry.[94,95]

Recent innovations on the generation of gas bubbles in microfluidic devices include the use
of segmented flow in microchannels as multiphase monolith reactors,[96] the formation of
monodisperse gas bubbles by flow focusing,[97,98] the study of nonlinear dynamics of a
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flow-focusing bubble generator,[99] and characterization of the transport of bubbles in
square channels.[100]

The flow of immiscible fluids within microchannels may result in continuous laminar flow
rather than the formation of droplets.[101] These continuous-laminar-flow systems, though
suitable for conducting chemical reactions and bioassays,[102–104] as well as for patterning
and microfabrication within microchannels,[105,106] are not discussed herein.

This Review summarizes recent developments in the use of droplets in microfluidics as
chemical reactors for many reactions. We introduce techniques for conducting reactions and
discuss examples of reactions in droplet-based microfluidic systems. Furthermore, we
examine how microfluidics can open up new research areas.

2. Criteria for Performing Reactions in Droplets
To perform reactions within microfluidic devices, at least two criteria should be met. First,
the microfluidic tool should be able to perform typical procedures that are conducted for
reactions on the macroscale. These procedures include the controlled addition of reagents to
a reaction mixture, the thorough mixing of reagents, control of the reaction time, the
combining and splitting of reaction mixtures for multiple-step reactions, and analysis over
the course of a reaction. Second, the microfluidic tool should provide a characteristic
advantage, for example, the ability to perform more reactions under more reaction
conditions. As with any high-throughput screening technique, there must be a method for
organizing and indexing each reaction condition. Likewise, there must be an efficient
method for assaying many different conditions and also for optimizing a particular
condition. These methods should be scalable, straightforward, and simple. In this section, we
discuss techniques that were developed for droplet-based microfluidics to fulfill the two
criteria described above.

2.1. Formation of Droplets within Microfluidic Channels
Droplet formation in two-phase systems has been extensively studied for both liquid–liquid
flows[107–109] and gas–liquid flows.[110] Although many methods are available for making
bulk emulsions, droplets in microfluidic channels have been generated mostly by two
techniques: T junctions[1,35–39] and flow-focusing.[36,97,98,111–115] In T junctions, the
disperse phase and the continuous phase are injected from two branches of the “T”. Droplets
of the disperse phase are produced as a result of the shear force and interfacial tension at the
fluid–fluid interface (Figure 4; see also Figure 1). The phase that has lower interfacial
tension with the channel wall is the continuous phase.[37] To generate droplets in a flow-
focusing configuration, the continuous phase is injected through two outside channels and
the disperse phase is injected through a central channel into a narrow orifice (Figure 5).[111]

This geometry is only slightly more difficult to implement than a T junction and may
facilitate the formation of droplets, especially small or viscous droplets.[45,97,111,115–117] For
both methods, surfactants are often added to the continuous phase to stabilize the fluid–fluid
interfaces of the droplets.[1,35,111] The conditions under which monodisperse droplets form
have been well documented.[96,118–123] The droplets are not useful as general microreactors,
however, unless methods of introducing reagents into the droplets are also developed, as is
discussed below.

2.2. Introduction of Reagents into Droplets
Different techniques have been developed to introduce reagents into droplets for different
droplet-based microfluidic applications. For high-throughput screenings, one target sample
must be tested against a large number of different reaction conditions. Each reaction
condition may be composed of different reagents or a different combination of a set of
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reagents. For measuring kinetics or optimizing reaction conditions, only a few reagents need
to be incorporated within the droplet, but the concentration of these reagents are varied. For
multiple-step reactions, the addition of a reagent should occur at a specific time during the
course of the reaction. Each of these applications requires a different method for introducing
the reagents.

2.2.1. Cartridge Technique—For screening a large number of reaction conditions
against one target sample, preformed cartridges can be produced to store an array of plugs
(Figure 6a,b).[42] Each plug contains a different reaction condition of different reagents. For
example, an array of 48 plugs was formed in which each plug contained 15 nL of a different
reagent.[42] The target sample can be introduced into the preformed plugs by using a
microchannel T junction (Figure 6c). Reagent cartridges can be stored inside sealed
capillaries for months without evaporation or exposure to the ambient environment.[42]

Reagent cartridges can be used for applications that require parallel screening of one target
sample against many different reagents or reaction conditions. By using a repeated splitting
device, 16 reagent cartridges (each containing approximately 20-nL plugs) were formed in
parallel by splitting one array containing large droplets (ca. 320 nL).[125] Such parallel
preparation of reagent cartridges accelerates high-throughput screening. Reagent cartridges
have already been used in a range of applications: screening of protein crystallization
conditions and in enzyme assays,[42] screening of the reaction conditions for an organic
reaction,[126] and for immunoassays (using a liquid–air two-phase cartridge).[127]

2.2.2. Variation of Reagent Concentrations—For some reactions, rate constants or
optimal reaction conditions are determined by varying the concentrations of several
reagents. In one case, laminar flow was used to dilute two reagents within plugs on a
chip.[44] The plugs were formed by using two streams of reagents with a buffer stream in the
middle to prevent premature mixing of the two reagent streams (Figure 7). Varying the
relative flow rates of the three aqueous streams varies the concentration of the reagents
within the plug (Figure 7c). For example, a higher flow rate of the stream containing reagent
A (green stream, 45 nLs−1) results in a larger proportion of the green reagent in the plug
(Figure 7c, left).

This technique was also used to obtain an array of plugs, whereby each plug contained a
unique composition of four reagents.[128] The composition of reagents within each plug was
determined by the relative flow rates of the reagent streams, which were controlled by a
computer. This capability allows rapid switching of reaction conditions without stopping the
experiment or wasting valuable reagents. This approach is not limited to the geometries
shown in Figure 7; it is also compatible with “flow focusing” (Figure 5) for forming droplets
with controlled concentrations of reagents.

2.2.3. Direct Injection of Reagents into Droplets—For multiple-step reactions, a
reaction mixture is allowed to react for a certain time and then another reagent is added to
the mixture. In droplet-based microfluidics, the first step of the reaction can be contained
within a plug that is transported within the microchannel. Then, a reagent for the second step
of the reaction can be injected into the plug through a side channel further along the
microchannel network.

A reagent flowing through a side channel can be injected directly into droplets through a T
junction (as shown in Figure 6 for the injection of a target sample into an array of plugs).
However, if the T junction is preferentially wetted by the carrier fluid (e.g., with a
hydrophobic junction and aqueous reagents), then the injection of the reagent into a plug is
favorable only at low values of the capillary number (Ca ≈ 0.01).[129,130] At higher values of
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Ca (for example, at higher flow rates), the injection can be accomplished by mechanical
agitation of the PDMS channel.[129]

Another injection method was developed with a side channel that is preferentially wetted by
the reagent fluid (e.g., with a hydrophilic channel and aqueous reagents; Figure 8a).[131,132]

As a droplet is formed from the injection of reagent fluid from a side channel into the main
channel, wetting of the side channel prevents this droplet from breaking off until a plug
passes by the side channel, and this droplet is injected into the plug.[131] With this injection
method, the volume of the reagent injected into the plug increases linearly with the flow rate
of the reagent stream in the side channel (Figure 8b).[132] Cross-contamination between
plugs at the T junction was quantified by fluorescence measurements and found to be
minimal.[131]

For gas–liquid slugs, the reagents need to be injected into the continuous phase, as reactions
occur within this phase. Such injection is easy, as this continuous phase is always in contact
with the microchannel wall. However, contamination between slugs can result, especially in
rectangular microchannels. The merging of a tracer dye into the continuous phase was
demonstrated for slugs within microchannels.[48]

2.3. Controlling Mixing by Chaotic Advection
The control of mixing is important for reactions and autocatalytic processes.[133,134] Rapid
mixing of reagents is necessary to determine the starting time of a reaction accurately.
Droplet-based microfluidics allows rapid mixing and the extent of mixing can be
quantified.[1,40,135] It has been reported that for a single-phase microfluidic flow, a reagent
can be mixed by hydrodynamic focusing with a large excess of a second reagent with
mixing times of only 10 μs.[136] The mixing was sufficiently rapid that the time resolution
of kinetic measurements was limited by dispersion and not by mixing. Chaotic advection in
a staggered herringbone mixer[137] was used to achieve complete mixing of two reagents in
milliseconds and to reduce dispersion. This idea of chaotic advection (see Figure 9 and a
movie in the Supporting Information) was implemented with droplets.[1,40,46] Chaotic
advection[137–139] relies on repeated folding and stretching of the two fluids to achieve
layers of fluids (striations) that become exponentially thinner and thinner (Figure 9) until
mixing by diffusion becomes rapid. Mixing in droplets by chaotic advection can be achieved
in sub-millisecond times[40] without dispersion and is especially useful when both mixing on
a short timescale and dispersion over a longer timescale need to be controlled.

Droplets traveling through a microchannel experience internal recirculation, which has been
used to enhance mixing in plugs[37,140–143] and slugs.[46,50,144–146] In straight channels, two
symmetric vortices form on the left and right halves of a plug (in the direction of plug
movement, Figure 3). The mixing occurs by convection within each half and mainly by
diffusion between the two halves of the plug. In winding channels (Figure 10), the interface
between the two halves of the plug is reoriented from the direction of plug movement and is
stretched and folded by recirculations (Figure 10). This technique greatly enhances mixing
(see two movies in the Supporting Information for a comparison of mixing in straight and
winding channels).

The extent of mixing is dependent on the number of winding turns and can be quantified by
analyzing fluorescence images (Figure 11b). By using a “bumpy” mixer (Figure 12) to
generate oscillating shear within plugs, even viscous biological samples containing high
concentrations of bovine serum albumin or hemoglobin can be mixed within
milliseconds.[45] The striations (Figure 12c) observed in this mixer are astonishingly similar
to those expected for chaotic advection (Figure 9, Figure 10).
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2.4. Control of the Interfacial Chemistry
In microfluidics, surface effects are important because of the high surface-area-to-volume
ratio. Surface effects can appear at the interface between the solid microchannel wall and the
fluid (solid–liquid) or between the two immiscible fluids in the microchannel (liquid–
liquid). For a molecule within a droplet, interactions at the liquid–liquid interface become
especially important as the dimension of the droplet approaches Γmax/C0, in which Γmax
(mol m−2) is the maximum surface coverage of the interface that can be achieved at
saturating concentrations of the molecule and C0 (mol m−3) is the initial concentration of the
molecule. A recent review article illustrates how interfaces between fluids and interactions
in fluids can be controlled by microfluidics.[119] These interactions can be used to
concentrate solutes within the droplets,[147] to maximize efficiency of a catalyst embedded
on the surface of a microchannel,[104] and to synthesize coated particles by interfacial
reactions.[112,117] A high surface-area-to-volume ratio ensures rapid heat transfer between
plugs and the carrier fluid and allows rapid switching between different temperatures. This
rapid switching is essential for DNA amplification,[148] in vitro protein expression in
plugs,[149] and DNA analysis.[51]

Interactions at solid–liquid and liquid–liquid interfaces in a microchannel can be
advantageous for certain applications yet detrimental for others. Therefore, these
interactions need to be controlled. For plugs, the reaction occurs within the dispersed phase,
which does not come in contact with the solid microchannel wall but is encapsulated by a
layer of the carrier fluid. Therefore, reactions within plugs will be affected by the surface
chemistry at the liquid–liquid interface. For slugs, the reaction occurs within the continuous
phase, which is in contact with both the solid microchannel and the dispersed phase.
Therefore, reactions within slugs will be affected by the surface chemistry at both the solid–
liquid and liquid–gas interfaces.

To form plugs in microchannels, the surface of channels should be treated to ensure that the
carrier fluid (and not the aqueous phase) preferentially wets the channel wall. The surface
tension between the aqueous phase and the carrier fluid should be lower than the surface
tension between the aqueous phase and the channel wall. Surfactants can be used within the
carrier fluid to lower the surface tension between the aqueous phase and the carrier fluid.
However, this surface tension should not be lowered too far as the capillary number Ca of
the flow must be low to favor the formation of plugs;[38] the capillary number is defined as
Ca = μU/γ, in which μ (kgm−1s−1) is the viscosity of the fluid, U (ms−1) is the flow rate and
γ (Nm−1) is the interfacial tension between the aqueous phase and the carrier fluid.

Perfluorinated liquids are optimal carrier fluids for the formation of plugs. They are
considered to be chemically and biologically inert and have been used as blood
substitutes,[150] for liquid ventilation of fetuses,[151] for diagnostic ultrasound imaging,[152]

for cell cultures,[153,154] and in drug delivery.[155] Many types of fluorocarbons and
fluorinated surfactants are commercially available (however, recent evidence shows that
some fluorinated surfactants may accumulate in tissues,[156,157] and therefore such
surfactants should be handled with care). Also, fluorocarbons and fluorinated surfactants
provide an orthogonal chemistry to reactions conducted in organic phases.[158]

Fluorinated surfactants can be used to control the surface chemistry at the liquid–liquid
interface between the aqueous phase and the fluorinated phase,[43] in a similar manner to
how hydrocarbon surfactants are used to block adsorption at the interface between aqueous
and hydrocarbon phases.[159–161] Fluorinated surfactants are insoluble in the aqueous phase
and arrange themselves at the interface between the aqueous and fluorous phases. Plugs are
encapsulated in a thin layer of carrier fluid, so different surface properties can be obtained
by simply changing the surfactant in the fluorous carrier fluid without requiring
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functionalization of the microchannel wall. The adsorption of fibrinogen within a plug was
controlled by using this method (Figure 13). A surfactant with a carboxylic acid group
resulted in adsorption (Figure 13a), whereas a surfactant with an oligoethylene glycol group
prevented adsorption (Figure 13b).

2.5. Combining and Splitting Reactions
To perform a multiple-step reaction, reaction mixtures must be combined and split in a
controlled manner. By using droplet-based microfluidics, a range of interactions between
reactions can be controlled in time.[1] Reactions can be combined by merging two droplets,
and reactions can be split by splitting one droplet into two smaller droplets (Figure
14).[1,162]

Various methods have been developed for merging and splitting droplets. To combine two
parallel reactions, two sets of droplets can be formed in two parallel microchannels that
converge into one main channel. The two sets of droplets will merge within the main
channel if the frequency is matched between the two droplets and the droplets are of
different sizes (Figure 14a).[1] The merging of several smaller droplets with a single larger
droplet[163] and of two droplets of the same size has also been shown.[164] The splitting of
droplets in a constricted T junction (Figure 14b)[1,125] and at isolated obstacles has also been
studied.[165]

Numerous studies have investigated how droplets can be manipulated and controlled within
microchannels;[166] examples include the sorting of droplets with dielectrophoretic
forces,[167] the control of droplet volume, chemical concentrations, and sorting of
droplets,[168] as well as numerical studies on the deformation, breakup, and coalescence of
droplets.[110,130,169] A method was developed recently that uses electric forces to combine
and split droplets in microchannels. In this method, two streams of droplets are produced,
and opposite charges are applied to the interfaces of aqueous and carrier fluid (Figure 15);
the two streams are synchronized and combine completely in a 1:1 ratio upon
confluence.[170a] Neutral droplets could be recharged by splitting each droplet into two
droplets of opposite charge.[170a] Charged droplets were also sorted by means of electric
interactions.[170a] Another method used alternating current field to control the coalescence
of plugs.[170b] These techniques should be useful for developing automated, droplet-based
microfluidic platforms.

2.6. Indexing Reaction Conditions by Means of Droplet Pairs
Indexing of droplets is important when many droplets, each containing different reactants,
are involved. One possibility is to add reporter dyes at concentrations that are correlated
with those of the reagents in the droplet. To avoid possible interference of the reaction by
the reporter dyes, pairs of droplets can be produced, one in which the reaction is performed
and the other for carrying the information (Figure 16).[33,41] Information about the reaction
conditions can be spatially organized with these pairs of droplets—one droplet contains the
reaction mixture, the other contains dyes whose ratiometric intensity reports the ratio of
reagents within the first droplet.[33,41]

Droplets within microchannels can be generated with alternating compositions (XYXY…).
A pair of droplets consists of a droplet of composition “X” and a droplet of composition
“Y”. The formation of alternating droplets in microchannels was characterized as a function
of the capillary number and the flow rates of the aqueous and carrier-fluid streams.[41] A
movie of alternating droplets forming in a microchannel can be found in the Supporting
Information.
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2.7. Analysis of Droplet Contents
There are two methods of analyzing the composition of the reaction mixture and the
progress of the reaction within droplets: either each droplet can be analyzed individually or a
single measurement can be made of many droplets.

Analysis of the contents of a single droplet requires the handling of a small volume of
sample (typically from femtoliters to microliters). Fluorescence is used most often for
analysis within microfluidic devices, in which case the contents of a single droplet are
detected by using a fluorogenic substrate. Electrophoresis has been used in integrated
microfluidic devices.[51] Recently, MALDI-MS was used for semiquantitative
characterization of deacetylation reactions in nanoliter-sized plugs.[126] Also, microcoil
NMR spectroscopy can be used to analyze small samples.[171] X-ray diffraction has also
been used to analyze single protein crystals within a plug.[34]

Measurements on multiple droplets can be made either outside or within the microfluidic
device. For external analysis, droplets can be collected into vials until there is sufficient
volume for analysis. This method is typically used for nanoparticle synthesis, the
characterization of which requires absorbance measurements, SEM, and similar methods.
For on-chip analysis, time-resolved measurements can be obtained from a single spatially
resolved fluorescence microphotograph (such as that in Figure 11b).[1,44] The fluorescence
intensity is linearly related to the formation of the cleavage product. As dispersion is absent,
the amount of product formed at time t can be determined by measuring the fluorescence
intensity within the microchannel at distance d (Figure 17). Kinetics can be measured with
this method on a millisecond timescale with nanoliter volumes of reagents.[44]

3. Applications of Droplet-Based Microfluidics
The techniques described above have been applied to many different types of reactions,
performed in parallel as well as in series. We divide these reactions into five categories: 1)
enzyme kinetics, enzyme assays, and DNA analysis; 2) protein crystallization; 3) synthesis
of molecules; 4) synthesis of nanoparticles, microparticles, and colloidal assemblies; 5)
synthesis of reaction networks.

3.1. Enzyme Kinetics, Enzyme Assays, and DNA Analysis
3.1.1. Enzyme Kinetics within Droplets—The rapid mixing (Section 2.3), the
biocompatible interfacial chemistry (Section 2.4), and the absence of dispersion make
droplet-based microfluidics the method of choice to measure single-turnover kinetics of the
enzyme ribonuclease A (RNase A) with millisecond resolution (Figure 18).[44] By using on-
chip dilution (Section 2.2.2), serial measurements of the kinetics of RNase A turnover were
performed for three substrate concentrations (Figure 18b). A kinetic trace is obtained from a
time-averaged image of the fluorescence intensity (Section 2.7); each kinetic trace required
approximately 66 nL of sample. The conversion of alkaline phosphatase was also studied
within plugs on a millisecond timescale.[43] The activity of luciferase within droplets of
viscous solutions could be studied with millisecond resolution by using the “bumpy mixer”
(Figure 12a).[45] Control of dispersion enables plugs to be used to perform enzymatic
reactions on slower timescales (from seconds to hours). A multiple-step assay to measure
the clotting time of blood was adapted to the droplet-based microfluidic system, which
allowed fibrin clots within the droplets to be transported through the channel without
contacting or contaminating the channel walls.[132] By using a preformed cartridge
containing plugs of various enzymes (Section 2.2.1) and by merging these plugs with a
stream of a substrate (Figure 6), enzymes could be screened to identify an enzyme with
desired reactivity.[42]
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Microreactors for in vitro protein expression are useful for directed evolution of proteins,
because the genes and substrate for the protein can be contained in the same microreactor to
express the protein and probe its function simultaneously.[61,149] In a microfluidic device,
droplets of sub-picoliter volume were formed from two aqueous streams (Section 2.2.2)
containing the components for GFP expression (GFP-encoding vector, RNA polymerase,
amino acids, nucleotides, and ATP; GFP = green fluorescent protein).[149] After incubation
of the droplets at 37°C, the expression of GFP was confirmed by high-sensitivity
epifluorescence microscopy (Figure 19).[149] This method, which allows easy control of the
concentrations of a large number of droplets (Section 2.2.2), demonstrates the potential
application of droplet-based microfluidic channels for the directed evolution of proteins.

3.1.2. Encapsulation of Macromolecules and Cells in Droplets—Cell cultivation
can be highly parallelized with droplet-based microfluidics, as has been demonstrated for C.
elegans embryos[172] and microbial cells.[162,173,174] By confining a cell within a droplet,
dilution is minimized, and the small amounts of molecules released by the cell can be more
easily detected.

Single-cell enzymatic assays have been achieved by encapsulating single cells inside
droplets.[175] A single droplet of controlled femtoliter volume could be generated by using
specially designed T channels. Before the formation of the droplet, a single cell was selected
from the aqueous solution and moved by optical trapping to the interface between the
aqueous phase and the carrier fluid.[175] The cell was encapsulated in the resulting droplet.
Similar selective encapsulation has been demonstrated for polystyrene beads, single cells,
and single mitochondria.[175] In one example, a single mast cell was encapsulated in a
droplet containing a fluorogenic substrate outside the cell (Figure 20a). Before photolysis of
the cell, the droplet appeared dark under the fluorescence microscope (Figure 20b). After
photolysis of the cell (Figure 20c), the intracellular enzyme β-galactosidase was released
and cleaved the fluorogenic substrate, and thus the droplet became fluorescent (Figure
20d).[175] In a microfluidic device with integrated heaters and coolers, slugs were used for
cells lysis and for detection of the transient responses of the MAPK signaling pathway.[176]

Recently, microfluidic droplets were also used to generate lipid vesicles encapsulating
biological macromolecules or cells. Aqueous droplets were first generated by using oleic
acid containing phospholipids as the carrier fluid (continuous phase).[177] This water–lipid
emulsion was subsequently injected into an EtOH/H2O mixture to extract the oleic acid, and
the phospholipids rearranged to form vesicles.[177] Encapsulation of biological molecules or
cells was achieved by using an aqueous solution containing the encapsulation targets to
generate the initial droplets (Figure 21).[177] Cells encapsulated in vesicles with this method
remained viable for 2 hours.[177] This approach is a single-step process and does not require
toxic solvents.[177]

3.1.3. DNA Analysis—The use of slugs as microreactors was nicely illustrated by an
integrated DNA analyzer.[51] This device measures and handles nanoliter volumes of
solutions in slugs. A hydrophilic microchannel with a hydrophobic patch on its surface is
filled by capillary action with an aqueous solution (of the sample or reagent) until the
solution reached the hydrophobic patch (Figure 22).[51,178] An air bubble is then generated
by pressure to split off a liquid slug of nanoliter volume and to move it through the channel
(Figure 22). The sample and reagent slugs are subsequently combined and heated in the
reaction chamber. When the reaction is finished, the slug is moved by pressure to an
electrophoresis channel for on-chip separation and detection. Polymerase chain reaction of
DNA has also been performed in continuous flows of slugs[148a,b] and plugs.[148c]
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3.2. Protein Crystallization with Droplet-Based Microfluidics
Growing high-quality crystals is an important step in solving protein structures by X-ray
crystallography. Crystals are typically grown by using the microbatch method or the vapor-
diffusion method. In microbatch methods, a microliter-sized drop containing precipitants
and the protein sample is incubated under a layer of oil. In vapor-diffusion methods, a
microliter-sized drop containing precipitants and the protein sample is placed next to a
reservoir containing a high concentration of desiccant. In this method, water evaporates
from the drop into the reservoir, which increases the concentration of the supersaturated
solution within drop and promotes the nucleation and growth of crystals.

Protein samples are usually available in only limited amounts. Therefore, strategies have
been developed to miniaturize these processes by using either robotics[179,180] or
microvalve-based microfluidics.[24–26] Droplet-based microfluidics allows the use of
nanoliter-sized droplets, so a thousand crystallization trials can be set up with approximately
10 μL of protein sample. In this section, we discuss how droplets can be used to conduct
both microbatch and vapor-diffusion methods of crystallization, to perform on-chip X-ray
diffraction, and to study the effect of mixing on the nucleation and growth of protein
crystals.

3.2.1. Protein Crystallization by Sparse-Matrix and Gradient Screening—The
growth of crystals of a protein with the microbatch method usually involves two steps. First,
a large number of crystallization reagents (a particular combination of buffer, precipitants,
and polymer solution) are tested with the protein to identify the appropriate combinations of
reagents that produce protein crystals (sparse-matrix screening). Then, the concentration of
each reagent in the combination is finely screened to grow crystals of diffraction quality
(gradient screening).

Sparse-matrix screening was performed with droplet-based microfluidics by introducing the
protein sample into a preformed cartridge containing an array of crystallization reagents
(Section 2.2.1).[42] The plugs in the cartridge were combined with a stream of thaumatin
protein through a T junction, transported into a glass capillary, sealed, and finally incubated
to allow crystals to grow. These trials could be stored in glass capillaries for more than half
a year without evaporation.[42] Protein crystals grown in the capillaries were detected with a
bright-field microscope equipped with a polarizer.

Gradient screening was performed by using a computer program to control the flow rates of
the reagents to produce an array of droplets (Figure 23).[128] The concentrations of the
reagents were varied by changing the flow rates of the reagents (Section 2.2.2). After setting
up the gradient screen, the flow of reagents was stopped and the array of droplets was
incubated to determine the appropriate crystallization conditions for the protein.

3.2.2. Protein Crystallization by Vapor Diffusion—In the vapor-diffusion method of
crystallization, the diffusion of water vapor from a drop containing the crystallization
reagents is accelerated by a reservoir containing a solution of a desiccant (e.g., a
concentrated salt solution). To implement this method in droplet-based microfluidics, pairs
of alternating plugs (Section 2.6) were formed in which one droplet contained a mixture of
protein and precipitant, and the other droplet contained a concentrated salt solution (Figure
24).[34] To allow water to transfer between plugs, a water-permeable carrier fluid was used
to form the plugs.

3.2.3. Protein Structure Determination by On-Chip X-ray Diffraction and In Situ
Structure Solution—Before X-ray diffraction data can be obtained, the crystals must be
transferred from the mother liquor, soaked with cryoprotectant, frozen, and finally mounted
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onto an X-ray diffractometer. Handling these crystals is often not trivial. By growing
crystals in plugs inside X-ray-transparent capillaries, the diffraction pattern of a thaumatin
crystal was obtained directly (Figure 25).[34]

As crystals are easily damaged by X-ray radiation, it is difficult to obtain a complete set of
data from one crystal without freezing the crystal. By growing multiple crystals in a
capillary and merging the data from each crystal, a complete data set was obtained. This
concept of “in situ structure solution”[181] has been demonstrated for model proteins within
plugs.[182] It will be important to establish whether this method can be used as a general
approach for determining the structure of a broad range of proteins.

3.2.4. Influence of Mixing on Protein Crystallization—Mixing has been presumed to
be a cause of inconsistencies in batch crystallization. In typical benchtop procedures, mixing
is not well controlled, and the effect of mixing is difficult to study with conventional
pipetting methods. As mixing can be controlled within plugs (Section 2.3), the effect of
mixing on the nucleation of protein crystals within plugs can be studied (Figure 26).[183]

The rate of nucleation increases rapidly (exponential squared) with increasing concentration
above supersaturation (related to the concentrations of the protein and the precipitant).
Because precipitants (often small molecules or salts) may diffuse faster than the protein, the
solution at the interface between the solutions of the protein and the precipitant is more
supersaturated than the solution after mixing. Mixing was used to control the lifetime of the
interface between the solutions of protein and salt in plugs. If mixing was slow, then the
lifetime of the interface was long and excessive nucleation resulted (Figure 26b). If mixing
was fast, then the lifetime was short and fewer nucleation events resulted (Figure 26c).

3.3. Syntheses in Droplets
3.3.1. Synthesis of Organic Molecules in Droplets—Organic reactions have been
performed in microfluidic plugs and slugs to exploit the advantages of miniaturization as
well as facile heat and mass transfer. Examples of single-step reactions that have been
performed within plugs include the nitration of benzene,[184–186] the extraction of acid from
kerosene,[187] the fluorination of aromatics,[49] the bromination of alkenes,[188] and
precipitate-forming reactions.[189] Monomeric and novolak azo dyes were formed within
plugs in a two-step reaction.[47] The hybridization efficiency on DNA microarrays was
improved by segmenting the samples into slugs.[190]

Mass transport is crucial for heterogeneous reactions that occur between multiple phases. In
droplet-based microfluidics, effective and well-controlled mass transport between phases
can be achieved[96] thanks to the reproducible flow patterns. This enables droplet-based
microfluidics to be used as a tool for investigating the effect of mass transport on
heterogeneous reactions. One example of this application is the catalytic hydrogenation of
unsaturated aldehydes, in which three phases were involved: the aqueous phase contained
the [RuII(tppts)] catalyst (tppts = triphenylphosphane trisulfonate), the organic phase
contained the unsaturated aldehyde, and the gas phase was composed of H2. The reaction
was conducted in capillaries by forming alternating (Section 2.6) aqueous droplets and H2
bubbles in an organic solvent, which served as the carrier fluid (Figure 27).[191] The mass
transfer between phases was controlled by the flow rates and the diameter of capillary. This
study suggested that the mass transport is the rate-determining factor of the reaction.[191]

Minimization of the reagent consumption is an important factor for optimizing reactions of
precious substrates. The consumption of substrates per reaction can be decreased to nanoliter
volumes by conducting these reactions in plugs. A preformed cartridge (Section 2.2.1)
containing different reaction conditions (Figure 28) was used to optimize an organic
reaction,[126] and the plugs from the cartridge were merged (Section 2.2.3) with a stream of
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the substrate solution. In the selective deacetylation of the substrate hexaacetyl ouabain
(Ac6-OUA), less than 1 μg of Ac6-OUA was required for each reaction. In contrast to
screening in microtiter plates, this plug-based method requires only two syringe pumps for
flow control. Evaporation is also eliminated. MALDI-MS was used as a semiquantitative
detection method to analyze the reaction in the nanoliter-sized droplets (Figure 28b).[126]

3.3.2. Synthesis of Monodisperse Nanoparticles—In addition to kinetic
measurements, the synthesis of monodisperse polymers and particles also requires accurate
control of the reaction time. Compartmentalization and rapid mixing (Section 2.3) result in a
defined starting point of reactions and a narrow distribution of residence times. This control
of mixing enabled, for example, the synthesis of silica gel particles of uniform size within
liquid slugs.[192] The size of the nanoparticles was controlled by varying the flow rate and
therefore the residence time (Figure 29).[48,129,192] The reproducible synthesis of CdSe
nanocrystals at elevated temperatures was achieved within both slugs[116a] and plugs[116b] in
microfluidic devices.

A multiple-step synthesis of CdS and CdS/CdSe core–shell nanoparticles was demonstrated
within plugs in a PDMS device. By using a merging junction (Section 2.2.3) to deliver a
quenching reagent, the nanoparticles were more monodisperse than those produced without
the quenching step (Figure 30).[129] The quenching step also allowed core–shell particles to
be synthesized.

3.3.3. Synthesis of Microparticles with Controlled Morphology—Microparticles
with uniform morphology are important in drug delivery, electrooptic devices, and
catalysis.[193] Most methods for the synthesis of these particles[117,194] are either expensive
or specific to only a particular type of material with controlled morphology.[195] As droplets
produced in microfluidic devices are uniform in size and shape, they can be used to study
the self-assembly of gel emulsions[196] and colloidal particles into three-dimensional[197]

and periodic two-dimensional[198] structures. Trapping these uniform droplets by either
interfacial polymerization or bulk solidification is a practical alternative to the existing
methods for synthesis of particles with micrometer dimensions.

Uniform capsules (Figure 31a) were synthesized by forming droplets with an axially
symmetric flow-focusing device, in which the dispersed phase was an aqueous solution of
1,6-hexanediamine and the continuous phase was hexadecane with adipoyl chloride.[117]

Polymerization of 1,6-hexanediamine and adipoyl chloride at the interface between the
aqueous and the hexadecane phase generated a semi-permeable membrane (Figure 31c) of
nylon-6,6 coating the aqueous droplets.[117] The diameter of the capsules could be
controlled by adjusting the flow rates of the dispersed and continuous phases. It is possible
to introduce novel functionality by adding micro- or nanoparticles to the dispersed phase.
For example, by incorporating superparamagnetic iron oxide nanoparticles into the aqueous
solution, the resulting capsules can be manipulated under a magnetic field (Figure 31b).[117]

Semipermeable polyamide capsules have been synthesized by means of a droplet-generating
device, which was produced without microfabrication methods.[112] Capsules have been
formed by encapsulating yeast cells inside droplets and polymerizing the outer shell of the
droplet.[199]

Solid particles with controlled shape can be fabricated in two steps by first generating
uniform droplets of the desired shape in a microfluidic device and then solidifying the
content of the droplet. As the morphology of droplets is determined only by the physical
properties of the fluids and operating conditions (device geometry and flow rates), this
method is a general way to synthesize particles of a variety of materials with dimensions on
the micrometer scale. By increasing the flow rate of the dispersed phase, the volume of the
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droplet is increased, and the shape of the droplet changes from spheres into nonspherical
shapes that touch the walls of the microchannel. The droplets could be solidified by
photoinduced polymerization, thermally induced gelation, or through a liquid–solid phase
transition. Monodisperse particles with a range of morphologies (spherical, cylindrical, and
rod-shaped) were synthesized by various methods of solidification with this method (Figure
32).[194] With similar or modified methods, monodisperse polymer particles were
synthesized with different functionalities, including nonspherical particles,[200] molecularly
imprinted polymer beads,[201] particles with novel core–shell structures,[195] particles
containing immobilized biocatalyst,[202] bicolor beads,[203,204] and particles of
biodegradable microgels.[205]

Double emulsions are droplets that contain smaller droplets within them. Their potential
applications range from food science to pharmaceutics.[206] Monodisperse double emulsions
and core–shell structures of various sizes and internal composition have been fabricated by
means of droplet-based microfluidics.[206–208] By using a flow of alternating droplets
(Section 2.6), double emulsions containing two droplets of different composition were
formed (Figure 33).

3.4. Synthesis of Functional Reaction Networks
A number of biological functions (e.g., self-regulation, energy conversion, and
amplification) are performed by networks of interacting enzymatic reactions. Such
functional networks of chemical reactions are nonequilibrium systems, and synthesizing
them is an exciting challenge for chemists. Microfluidic droplets provide an opportunity to
maintain reactions away from equilibrium by using fluid flow to supply reagents and remove
products. Reactions can also be controlled so that they occur “at the right place and the right
time”.

A reaction network that displays signal amplification with a threshold response has been
synthesized by using plugs to compartmentalize an autocatalytic reaction and to control the
interactions between reactions. The oxidation of a Co3+ complex by KHSO5 produces Co2+

ions, which catalyze the reaction and therefore their own production (Figure 34a).[163]

Oxidation of the ligand leads to dissociation of the complex and liberation of the unstable
Co3+ ion, which is subsequently reduced by the by-products of the ligand oxidation reaction.
Without Co2+ ions, the reaction proceeds at a very low initial rate, but this reaction mixture
is far from equilibrium and unstable. Because the reaction is autocatalytic, once the
concentration of Co2+ accumulates to a certain level, the reaction accelerates rapidly and is
complete within a short period of time. Thus, the transition time required for all of the Co3+

complex to be converted into Co2+ ions decreases with increasing initial Co2+ concentration.

The network was designed with two stages in tandem; Co2+ ions act as both the input and
the output (Figure 34b).[163] In the first stage, the input solution containing Co2+ ions is
combined with streams containing the Co3+ complex and a solution of KHSO5 to form small
plugs (Figure 34b, left microphotograph). These plugs are transported through a small
microchannel over a defined period of time to the junction with a second, larger channel,
where additional streams containing solutions of Co3+ complex and KHSO5 are introduced
to form large plugs. Several small plugs from the first channel are merged with a large plug
from the second channel at the junction (Section 2.5). The second stage of the reaction is
monitored as the large plugs flowed through the second channel (Figure 34b, right
microphotograph). The flow rate and the length of the first channel determines the time
between formation of the small plugs and injection into the large plugs. This reaction
network shows a threshold response to the input Co2+ concentration: only input Co2+

concentration above a threshold value is amplified (Figure 34c).[163]
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This network mimicks biochemical networks[163] that perform amplification in vision and
signal transduction. The fundamental principles are similar to those of biochemical
networks: 1) a metastable, kinetically trapped state; 2) a threshold response that stabilizes
this nonequilibrium state so long as the input concentration of autocatalyst is below the
threshold level, thus ensuring that the network is stable to noise; 3) multiple stages of
amplification to increase the overall amplification. Droplet-based microfluidics was
essential in the development of this system, as it provided the influx of reagents to
implement the first principle, and provided the time control to implement the second and
third principles. This network may find practical applications in the detection of
autocatalytic species and the control of nucleation in protein crystallization.

4. Conclusions and Outlook
To perform chemical reactions in droplets, a set of basic techniques has been developed to
introduce, mix, and transport reagents, control the interfacial chemistry of droplets, and
analyze the reactions. On the basis of these techniques, miniaturization of many types of
reactions has been demonstrated, including enzymatic assays, protein crystallization, as well
as organic and particle syntheses. Some unique properties of droplets, such as their
controllable morphology, were used to synthesize particles.

Challenges remain for the further improvement of the capabilities of droplet-based
microfluidics, both in the construction of devices as well as the control of fluids. Some of
these challenges are general for microfluidics. Examples include the development of new
materials for fabricating devices with desired properties, techniques for surface patterning,
analytical tools with higher sensitivity and accuracy, and integrated microfluidic platforms.
Other challenges are specific to droplets, for example, the automated control of the
movement of many droplets.

Current progress is being made in methods for the active control of droplets by means of
electrowetting on dielectric (EWOD),[71–74] dielectrophoretic,[167] and electric forces.[170]

“Liquid teflon” is one example of a new material for microfluidics.[209] These developments
will lead to further applications. In particular, new analytical methods with high resolution
in both space and time will be critical for studying reactions and reaction networks.[210]

The basic properties of droplets have been well understood for a number of years, but the
behavior of droplets can rapidly become complicated.[35,99,211] Research is being
undertaken to understand these phenomena better.[143,163,183,212] New technologies based
on droplets will also benefit many areas of science. The synthesis of functional reaction
networks[163] and investigation of the influence of mixing on nucleation of protein
crystals[183] are the examples discussed herein. These and numerous other examples—such
as the analysis of the pressure changes as different cells pass through microfluidic
channels,[212,213] the formation of nonspherical bubbles by using “colloidal armor”,[214] and
understanding the nonlinear dynamics in a bubble generator[99]—suggest that technologies
based on droplets in microchannels will continue to lead to scientific advances.

Addendum (October 16, 2006)
Performing reactions in droplets in microchannels has become increasingly established as a
standard part of microfluidics,[215–217] and during the time since submission of this Review
over a dozen papers have been published. These publications cover new techniques and
devices such as the formation of droplets,[218–221] regulation of droplet traffic,[222] merging
of droplets,[223,224] a microfluidic viscometer[225] and interfacial tensiometer,[226] and
analysis of droplets with Raman spectroscopy.[227,228] New applications range from the
synthesis of microparticles[229–231] and capsules,[232–234] the rate enhancement of
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reactions,[235] to the control of nucleation and growth of protein crystals.[236] Basic studies
to understand the pressure drop in droplet flow[237] and the physics in formation[238] and
organization[239] of bubbles were also reported during this period.
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Figure 1.
Droplets formed within microfluidic channels can serve as microreactors. In this example,
the reactions are performed within aqueous droplets, which contain reagent A, reagent B,
and a separating stream containing buffer. The droplets are encapsulated by a layer of a
fluorinated carrier fluid and transported through the microchannels. Reprinted from
reference [1].
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Figure 2.
Comparison of reactions compartmentalized in parallel and in series. a) Parallel reactions
performed by using well plates: The reagents are localized within wells, and the target
sample is delivered to the well through a multipipettor. The reaction products are detected
by scanning over the samples, and each reaction is indexed as a function of the spatial
location of each well. b) Serial reactions performed by using flow. Reactions are localized
within pulses and separated by a buffer solution between each reagent. These pulses are
transported through the reaction tube by the flow, and the target sample is delivered to the
reagents. The pulses are transported by the flow past a stationary detector to analyze the
reaction products. Each reaction is indexed as a function of the elution time.
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Figure 3.
Reactions can be studied in two types of segmented flows in microfluidic channels. a)
Discrete liquid plugs are encapsulated by an immiscible continuous phase (for example, a
fluorocarbon-based carrier fluid). Reactions occur within the dispersed phase (within the
plugs). Owing to the surface properties of the microchannel walls, these walls are
preferentially wet by the continuous phase. b) Aqueous slugs are separated by another
immiscible phase (for example, discrete gas bubbles). Reactions occur within the continuous
phase (i.e., within the slugs).
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Figure 4.
Formation of droplets within a T junction of a microfluidic device.[35] In this case, the oil is
a mixture of hydrocarbon and the surfactant Span80, and the channels are made of
polymerized acrylated urethane. Reprinted with permission from reference [35]. Copyright
2001 American Physical Society.
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Figure 5.
Formation of droplets by flow-focusing.[111] Modified from reference [111]. a) A schematic
of the device. The rectangle outlines the field of view in (b). Copyright 2003 American
Institute of Physics.
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Figure 6.
Preformed cartridges of plugs enable the combination of a large number of reagents with a
sample in sub-microliter volumes.[42, 124] a,b) Four different reagents stored as an array of
plugs in a capillary. The plugs are separated by a fluorocarbon carrier fluid, as well as air
bubbles (in b), to prevent cross-communication between the plugs. Scale bars: 200 μm. c)
Merging of plugs from a preformed cartridge with a target sample stream through a T
junction. The resulting array of plugs is transferred into a receiving capillary and the trials
are collected. d) Photograph of the T junction. Reprinted from reference[42] (a,b) and with
permission from Elsevier from reference [124] (c,d).

Song et al. Page 30

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2007 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Controlling the concentrations of reagents within plugs by on-chip dilution.[44] a)
Experimental setup; the blue rectangle shows the field of view for microphotographs shown
in (c). b) A graph quantifying the on-chip dilution method. The concentrations measured
from the fluorescence intensity of plugs traveling through the microchannel are plotted as a
function of theoretical concentration calculated from the flow rates of the streams containing
reagent A, the dilution buffer, and reagent B. c) The concentrations of the reagents were
controlled by the relative flow rates of the reagent streams (values in parentheses, in nLs−1).
Reprinted with permission from reference [44]. Copyright 2003 American Chemical
Society.
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Figure 8.
Injection of a CaCl2 solution into a plug (blood) through a hydrophilic side channel.[132] a)
Time-lapse microphotographs of the injection process. b) The injection volume is controlled
by the flow rate (μLmin−1) of the CaCl2 stream. Each data point on the graph denotes
measurements for 10 plugs (y = 24.947x−0.2312, R2 = 0.9849). Reprinted with permission
from reference [132]. Copyright 2006 American Chemical Society.
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Figure 9.
Model for the mixing of two reagents by chaotic advection at low values of the Reynolds
number; photographs of two layers of modeling clay being stretched and folded. Images are
courtesy of Joshua D. Tice.
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Figure 10.
Mixing by chaotic advection in a plug moving through a winding channel. The interfaces
between the red and blue fluids are reoriented, stretched, and folded as the plug moves
through the corners and straight sections of the channel. Reprinted with permission from
reference [40]. Copyright 2003 American Institute of Physics.
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Figure 11.
Rapid mixing in droplets by chaotic advection.[40] Left: Schematics of the microfluidic
network. Right: a) Bright-field and b) fluorescence microscopy images of plugs moving
through winding channels. The observed fluorescence is a time average of the fluorescence
of many plugs passing through the field of view throughout the 2-s exposure time. The
mixing was quantified by using the fluorogenic substrate Fluo-4, whose fluorescence
increases upon binding to Ca2+. Figure reprinted with permission from reference [40].
Copyright 2003 American Institute of Physics.
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Figure 12.
Mixing of viscous solutions in plugs with a bumpy mixer.[45] a) Schematic of the bumpy
serpentine mixer; CS: crowded solutions, X and Y: reagents. b) Mixing of plugs containing
bovine serum albumin (BSA, 200 mgmL−1) and a calcein dye. c) Images of the striations
observed inside the plugs during mixing of a hemoglobin solution (300 mgmL−1) with a
BSA solution (260 mgmL−1 with 5 mM calcein). Figure reprinted with permission from
reference [45]. Copyright 2006 American Chemical Society.
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Figure 13.
Control of the surface behavior of plugs with surfactants at the interface between the
aqueous and fluorous phases. a) A COOH surfactant with a fluorinated side chain (Rf )
provides a non-inert interface that is prone to protein adsorption. b) A surfactant with a
fluorinated side chain and a polar oligoethyleneglycol (OEG) head group provides an inert,
biocompatible interface. Reprinted with permission from reference [43]. Copyright 2005
American Chemical Society.
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Figure 14.
Merging and splitting of droplets in microchannels.[1] Left: Schematic of the microfluidic
network. Right: Microphotographs of plugs traveling through the microchannel. a)
Spontaneous merging of pairs of plugs into single plugs in the main microchannel. b)
Spontaneous splitting of plugs at the branching point in a microchannel. When the outlet
pressures are equal, a stream of plugs splits into plugs of approximately half the volume of
the initial plugs (middle). When the outlet pressures are different, asymmetric splitting of
plugs is observed (right). Perfluorodecalin (PFD) serves as the carrier fluid. Reprinted from
reference [1].
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Figure 15.
Coalescence of drops by means of electric forces.[170a] a) Drops with opposite signs of
electrostatic charge could be generated by applying a voltage across the two aqueous
streams. b) In the absence of an electric field, the frequency and timing of drop formation at
the two nozzles are independent even at identical infusion rates. In the presence of
surfactant, the drops did not coalescence upon confluence of the two streams (scale bar: 100
μm). c) With an applied voltage of 200 V (separation of the nozzles: 500 μm), the drops
broke off from the two nozzles simultaneously and coalesced upon confluence. Reprinted
with minor modification from reference [170a].
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Figure 16.
The concentrations within the droplets can be indexed by producing alternating droplets
within the microchannels.[41] Pairs of droplets R and D are formed; droplet R contains the
reagents, and droplet D contains dyes for indexing. The flow rates of reagent A and dye A
and of reagent B and dye B are correlated (indicated by the dashed lines). a) The
concentrations of reagents A and B in R1 are correlated with the concentrations of dyes A
and B, respectively, in D1, so that the concentrations of dyes A and B in D1 can be used to
index the concentrations of reagents A and B in R1. b) An array of alternating droplets.
Reprinted with permission from reference [41] with minor modifications. Copyright 2004
American Chemical Society.
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Figure 17.
Kinetic measurements by analysis of a single microphotograph of droplets traveling through
a microchannel.[44] The red points indicate time points tn, and the blue rectangle outlines the
field of view for the fluorescence microphotograph. The reaction being measured within the
droplets should result in a change in fluorescence (as in Figure 11b). The time course of the
reaction can be obtained by measuring the fluorescence intensity at each position (red
circles) within the microphotograph. The equation shown enables the time difference
between each point to be determined; Δtn [s] is the time interval between n = 1 to 8 (for each
row of microchannel in the field of view), m = 1.5, l = 0.9 mm, U = 106 mms−1. Reprinted
with permission from reference [44]. Copyright 2003 American Chemical Society.

Song et al. Page 41

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2007 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 18.
Kinetic analysis on a millisecond timescale of the turnover of RNase A in plugs.[44] a) Left:
Experimental setup. Right: Fluorescence microphotograph (false-colored) that shows the
time-averaged (exposure time 2 s) intensity of aqueous plugs and carrier fluid moving
through the microchannel. b) Graph of the experimental kinetic data for three substrate
concentrations at 0.8 (▴), 3.3 (▪), and 5.8 μM (•); the data is obtained from analysis of
images such as that in (a). Also shown is a mixing curve (right axis, ▽) for a Fluo-4/Ca2+

system in the same microfluidic device. The solid lines are fits of the reaction progress
including explicit treatment of mixing. Reprinted with permission from reference [44].
Copyright 2003 American Chemical Society.
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Figure 19.
In vitro translation of GFP within droplets.[149] a) Fluorescence microphotograph of the
droplets after GFP expression. The droplets were collected in a microfabricated well. b)
Fluorescence spectrum of GFP; dashed line: commercially obtained protein in aqueous
solution, solid line: individual droplet after in vitro expression. Reprinted from reference
[149].
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Figure 20.
An enzymatic assay for a single mast cell within a droplet.[175] a, c) Brightfield images; b, d)
fluorescence images. Reprinted with permission from reference [175]. Copyright 2005
American Chemical Society.
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Figure 21.
Fluorescence microscopy of a) GFP encapsulated in DOPC vesicles; b) a single Hela
cervical carcinoma cell (diameter 10 μm) encapsulated in a DOPC vesicle; c) MCF7 breast
cancer cell encapsulated in a DMPC vesicle. Reprinted from reference [177]. Copyright
2006 American Chemical Society. DOPC = dioleoylphosphatidylcholine, DMPC =
dimyristoylphosphatidylcholine.
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Figure 22.
Optical microphotograph of the liquid-injection part of an integrated DNA analyzer.
Reprinted from reference [51]. Copyright 1998 AAAS.
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Figure 23.
Gradient screening of protein crystallization conditions in droplets.[128] a–c) The
concentrations of the crystallizing reagents (PEG, buffer, protein, and NaCl) are varied by
varying the relative flow rates of the reagents. d) Experimental characterization of the
gradient screen. Two droplets with volume of 7.5 nL were formed each second; each data
point represents one droplet. Reprinted with permission from reference [128]. Copyright
2003 American Chemical Society.

Song et al. Page 47

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2007 January 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 24.
Protein crystallization by the vapor-diffusion method by using alternating droplets.[34]

Microphotographs of a pair of alternating droplets at 0 h (left) and at 24 h (right) after the
droplets were transported into the capillary. A crystal formed within the droplet of the
protein solution after the volume of the droplet decreased by 50%. Dashed lines indicate the
interfaces between the aqueous droplets and the carrier fluid. Reprinted from reference [34].
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Figure 25.
On-chip X-ray diffraction of thaumatin crystals within a capillary.[34] Reprinted from
reference [34].
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Figure 26.
Study of the influence of mixing on the nucleation of protein crystals by using droplets.[183]

a) Experimental setup. b) At a low flow rate, precipitation was observed (top image);
precipitate and microcrystals grew within the plugs (bottom image). c) At a higher flow rate,
fewer and larger crystals were observed (bottom image). Reprinted with permission from
reference [183]. Copyright 2005 American Chemical Society.
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Figure 27.
Catalytic multiphase reaction for the hydrogenation of unsaturated aldehydes performed by
using alternating droplets.[191] Photograph of a capillary (diameter 750 μm) containing
alternating H2 bubbles and aqueous droplets. The continuous phase is an organic solvent
(either toluene or hexane) that contains the unsaturated aldehyde. Figure reprinted from
reference [191].
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Figure 28.
Testing of the conditions of organic reactions in plugs with subsequent analysis by MALDI-
MS.[126] a) Setup for serial merging of the reagent plugs with a stream of substrate solution.
“PEEK Tee” is a commercially available T junction. b) The reaction plugs are deposited on
a MALDI plate for analysis. Figure reprinted from reference [126]. Copyright 2006
American Chemical Society.
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Figure 29.
Synthesis of monodisperse particles of silica gel with a segmented-flow reactor (SFR).[192]

Various residence times τ resulted in silica particles with different average diameters davg.
SEM microphotographs are shown for a) τ = 9 min, davg = 407 nm, and b) τ = 14 min, davg
= 540 nm. c) Low-magnification SEM image of sample shown in (b). d) Standard deviation
of the mean diameter σ versus τ for particles formed by using an SFR or a batch reactor.
Reprinted with permission from reference [192]. Copyright 2004 American Chemical
Society.
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Figure 30.
Multiple-step synthesis of nanoparticles in droplets on a millisecond timescale.[129] a)
Experimental setup. b) UV/Vis spectra of four types of CdS nanoparticles; reaction
conditions: 1) CdCl2/Na2S 20:1, quench with methylpropionic acid (MPA) (black); 2)
CdCl2/Na2S 10:1, quench with MPA (red); 3) CdCl2/Na2S 1:1, quench with Na2S (blue). 4)
CdS/CdSe core–shell nanoparticle, synthesized using CdCl2/Na2S 1:1 with Na2Se
quenching (green). Reprinted with permission from reference [129]. Copyright 2004 The
Royal Society of Chemistry.
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Figure 31.
Nylon-coated aqueous droplets generated by interfacial polymerization at the liquid–liquid
interface of droplets.[117] Top: a) Capsules with narrow size distribution formed with an
axially symmetric flow focusing device. b) Capsules containing magnetic particles that align
in an induced magnetic field. c) Capsules containing NaCl were dehydrated by adding
ethanol (frame 1). As ethanol was exchanged for water, the membrane swelled over time
(frames 2–4). After 30 s, the capsules were fully swelled (frame 4). Reprinted from
reference [117].
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Figure 32.
Monodisperse particles with controlled shape and sizes generated in droplets.[194] a)
Polymer microspheres, b) a crystal of polymer microspheres, c) polymer rods, d) polymer
disks, e) polymer ellipsoids, f) agarose disks, and g) bismuth alloy ellipsoids. Reprinted
from reference [194].
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Figure 33.
Formation of double emulsions by encapsulation of alternating droplets.[206] Alternating red
and blue droplets were formed (a, b) and transported through the microchannel (c) to another
droplet-forming region. Double emulsions that contained one red and one blue droplet were
formed (d). Reprinted with permission from reference [206]. Copyright 2004 American
Chemical Society.
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Figure 34.
Signal amplification with a reaction network that relies on a droplet-based microfluidic
system.[163] a) Autocatalytic formation of the Co3+ complex 1. b) Schematic of the
microfluidic device for two-stage amplification. The first stage of the reaction takes place in
the thinner channels. The second stage takes place in the thicker channels. Left:
Microphotograph of the merging junction, where small droplets of a red solution merge with
larger ones. Right: Microphotograph of plugs containing the autocatalytic reaction mixture;
the abrupt color transition corresponds to the conversion of the purple Co3+ complex (1) into
colorless Co2+ ions. c) Below a threshold initial concentration of Co2+ (110 nM and below),
there is not enough time for formation of Co2+ within the plug in the small channels by the
reaction in the first stage. Therefore, the input concentration of Co2+ is not amplified in the
first stage and is further reduced upon merging and dilution. In this case, no response is
observed in the second stage (blue symbols). Above a threshold initial concentration of Co2+

(280 nM and above), the reaction in the small droplets of the first stage takes place to
produce enough Co2+ ions to trigger the reaction in the second stage, and a response is
observed (red symbols). Reprinted with permission from reference [163]. Copyright 2004
American Chemical Society.
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