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Microfluidic systems are an attractive solution for the miniaturization of biological and chemical assays. The
typical sample volume can be reduced up to 1 million-fold, and a superb level of spatiotemporal control is
possible, facilitating highly parallelized assays with drastically increased throughput and reduced cost.
In this review, we focus on systems in which multiple reactions are spatially separated by immobilization
of reagents on two-dimensional arrays, or by compartmentalization in microfabricated reaction chambers
or droplets. These systems have manifold applications, and some, such as next-generation sequencing
are already starting to transform biology. This is likely the first step in a biotechnological transformation
comparable to that already brought about by the microprocessor in electronics. We discuss both current
applications and likely future impacts in areas such as the study of single cells/single organisms and high-
throughput screening.
Introduction
There must hardly be a researcher working at the bench, who

while pipetting small volumes into plate wells has not wished

on occasion to have, like the Indian deity Ganesha, multiple

arms to do work. Perhaps not nearly as dramatic as multiple

arms, microfluidics, the technology of plumbing at the micro-

scale, enables highly parallelized experiments with very small

reagent volumes. Microfluidic systems consist of networks of

channels with a diameter of typically ten to several hundred

micrometers, into which reagents are injected and processed

at the nano/pico liter scale. Many biological and chemical

applications are boosted by miniaturization, which both

minimizes reagent costs and opens up entirely new experimental

approaches. For example, assays on single cells are difficult to

perform in macroscopic systems, even though they are

absolutely required for measuring population variance and

distinguishing between distinct cellular states that are invisible

in averaged data from bulk populations. Furthermore, miniaturi-

zation enables highly parallelized experiments, thus drastically

increasing throughput. The dramatic effect of miniaturization

and parallelization using microfluidic systems is seen clearly

with next-generation sequencing systems where the time and

cost to sequence 3 billion base pairs (the equivalent of the

human genome) has been reduced from more than a decade

and US $3 billion for the Human Genome Project’s reference

genome (1990–2003) to less than a month and typically less

than US $100,000 using the latest microfluidic sequencing

technology (Metzker, 2010).

Historically, the behavior of liquid flow in microscopic

systems was already being thoroughly analyzed in the mid-

20th century (Taylor, 1953) and comprehensive micro

manufacturing knowledge was gained with the introduction of

miniaturized chromatographic systems (Terry et al., 1979;
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Manz et al., 1990) and ink-jet technology (Lemmo et al., 1998).

Traditionally, microstructures were patterned into glass or

silicon, making use of production techniques developed for

the semiconductor industry (such as photolithography and

etching). However, this approach is relatively expensive,

requires highly specialized equipment, and does not allow rapid

prototyping. A real breakthrough was achieved with the advent

of soft lithography (Figure 1), which enabled replica molding (Qin

et al., 1996). Instead of patterning microchannels directly into

expensive and potentially opaque materials (such as silicon),

from which only one device could be manufactured, a master

mold is used for the fabrication of multiple microfluidic devices

made from cheap and transparent elastomers such as polydi-

methylsiloxane (PDMS). Making use of this approach, custom-

made microfluidic chips for a variety of applications can be

rapidly manufactured.

Today, microfluidic devices are built out of a number of

materials including plastics, elastomers, ceramics, metals,

silicon, glass, paper, epoxies, gels, and wax. With each material,

there are unique issues (e.g., compatibility with organic solvents,

thermal stability, gas exchange, etc.), advantages and disad-

vantages—and in many applications, a combination of materials

is essential (Herold and Rasooly, 2009). Furthermore, the

surface chemistry may need to be adapted to specific applica-

tions. Besides materials, a variety of forces can be used to

drive fluids and objects inside fluids—including mechanical

forces, chemical gradients, surface, electrokinetic, and electro-

magnetic forces. These forces generate a pressure gradient that

causes flow through a chip on objects in the fluid to move them.

Control, detection, heating, and cooling systems also need to be

coupled to a microfluidic chip. We point the reader to several

other reviews comprehensively describing the material issues

and physics of microfluidics (Beebe et al., 2002; Squires and
ll rights reserved
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Figure 1. Manufacturing of Microfluidic
Devices by Soft Lithography
A photomask is generated using a computer-
aided design (CAD) program (A). Subsequently
the pattern is projected onto a silicon wafer
(gray) coated with a photosensitive polymer (light
brown, B). Specific polymerization of the exposed
areas (dark brown, C) and development (D) results
in a mold that can be filled with an elastomer (E),
typically polydimethylsiloxane (PDMS, light gray).
After baking, the cured PDMS is peeled off (F)
and inlets and outlets are punched into the poly-
mer (thus allowing the connection of syringes via
tubing, F). Subsequently, the polymer structure is
bound to a surface (typically glass, black lines)
by plasma treatment, thus closing the channels
(H).
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Quake, 2005; Stone et al., 2004; Whitesides, 2006). In this

review, we have tried to highlight the essential features of micro-

fluidics relevant to designing highly parallel, multiplexed

devices. For detailed information about applications in the

analytic and diagnostic field, we also refer the reader to other

publications (Lee et al., 2010b; Ohno et al., 2008; Weigl et al.,

2008).

Flow in Fluidic Devices

Fluids in microfluidic systems behave in nonintuitive ways that

need to be taken into account when miniaturizing a biological

assay. Consider the act of mixing sugar cubes in tea: waiting

for the sugar to diffuse and mix is too slow, and rapid mixing

is achieved by stirring which induces turbulent flow (convec-

tional mixing). If the tea is replaced by a viscous liquid, stirring

becomes harder, because viscosity damps any motion reducing

turbulence and diffusive mixing dominates. In microfluidic

devices, viscous forces dominate. But instead of changing the

liquid, the same effect is obtained by reducing size. Scaling

a tea cup to less than a millimeter gives an approximation

of the fluid physics in a microfluidic system. This fluid flow

regimen in microfluidics is laminar and not turbulent. The quan-

titative description of laminar flow involves the Reynolds number

(Re), which is the dimensionless ratio between inertial and

viscous forces

Re=
ryl

m
;

where r is the density, v the velocity, l a characteristic length

scale, and m the viscosity. In a cylindrical pipe, flows with

Re <2300 tend to be laminar. Higher Re results in turbulent

flows. Lower Reynolds numbers can be obtained by either

increasing the viscosity or decreasing the length scale. Most

microfluidic devices have Reynolds numbers less than 5.

Viscous ‘‘friction’’ between fluid layers makes the flows stream-
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lined and damps down convectional

mixing. Two adjacent flowing fluids mix

mainly by diffusion unless special

methods are adopted (Figure 2A).

Besides having viscous forces domi-

nate, diffusional mass transport becomes

comparable to convection mass trans-
port, and another dimensionless number, Peclet number (Pe)

can be used to compare them

Pe=
vl

D
;

where D is the diffusion constant, v the velocity and l a character-

istic length. For Pe <1 diffusion dominates, for Pe >1 convection

dominates. In microfluidics both cases are possible. Low Re and

Pe �1 have striking consequences that are exploited in micro-

fluidic devices.

Miniaturization, Multiplexing, and Parallelization

In general, making components smaller enables greater speed,

lower cost, and savings in energy usage (Trimmer, 1989).

However, the driving pressure scales as the fourth power of

the radius of the pipe for low Reynolds number conditions,

increasing very rapidly as the radius reduces. Thus in general,

the best way to get higher throughput is not to simply increase

flow rates, but to parallelize and multiplex.

The ability to multiplex or parallelize requires two things:

(1) Separation: different chemical reactions have to be sepa-

rated out in time and/or space.

(2) Addressability: there needs to be a way to address or

recognize each different reaction. The addressing may

use temporal or spatial coordinates or optical or other

coding systems.

Single-Phase Devices
Broadly, microfluidic devices are of two types: devices having

a single liquid phase, and devices with two or more liquid or

gaseous immiscible phases (Figure 2A). The basic element in

both types is a channel. With single-phase devices, one simple

way to multiplex reactions is to flow reagents in a single channel

over a number of different spatially separated entities like
2010 Elsevier Ltd All rights reserved 1053



Figure 2. Fluid Flow on the Microscale
(A) Comparison of single-phase and two-phase microfluidic systems (Song and Ismagilov, 2003), Adjacent fluid streams mix by slow diffusion. Reproduced in
part with permission of Wiley-VCH Verlag GmbH & Co. KGaA.
(B) Parallel, straight channels compared with channels connected in a binary pattern. Depending on the type of application, it may be advantageous to parallelize
in one of the patterns.
(C) Generation of a diffusion gradient using three food dyes in a microfluidic system (Dertinger et al., 2001; Jeon et al., 2000). Reproduced with permission of the
American Chemical Society.
(D) Hydrodynamic focusing of green food dye in a 200 mm channel by two side flows containing plain buffer.
(E) A three-dimensional mold made from a 3-D wax printer.
(F) A set of posts arranged at an angle allows the separation of beads of different sizes. The red color is a time trace of a 2.7 mmmicrosphere, and the green a time
trace of a 1 mm microsphere (Morton et al., 2008b). Reproduced by permission of The Royal Society of Chemistry.
(G) Herringbonemixer (Williams et al., 2008) speeds up themixing process in amicrofluidic channel. Reproducedby permission of TheRoyal Society of Chemistry.
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sensors, chambers or molecules attached to surfaces that are

monitored for changes externally. A recent high-end example

involves flow over fiber bundles etched at one end to create

millions of micrometer sized chambers each of which can be

filled with a single bead (Tam et al., 2009).

For many applications, this kind of multiplexing is sufficient. It

is easy to further parallelize with multiple channels, either sepa-
1054 Chemistry & Biology 17, October 29, 2010 ª2010 Elsevier Ltd A
rate or connected (Figure 2B). With connected channels, more

uniform flows can be achieved with binary tree-like patterns

and delay lines. It is even possible to use the third dimension

to build more complex forms of channel geometry like vias and

overpasses if space considerations prevent high densities of

channels (Kartalov et al., 2006a; Martinez et al., 2008; Wu

et al., 2002).
ll rights reserved
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Mixing and Concentration Gradients

The real power of the microfluidic approach begins to reveal

itself when flow channels are combined with diffusion to create

multiplexed mixing ratios inside chips. A popular example is the

diffusion mixer designed by the Whitesides group (Jeon et al.,

2000) (Figure 2C). Even more sophisticated spatial and

temporal chemical patterns can be generated (Campbell and

Groisman, 2007; Lin et al., 2004; Xie et al., 2008). These devices

enable multiplexed experiments that probe a large spatial

chemical phase space in one chip (Lee et al., 2010a).

Hydrodynamic focusing experiments initiated by Knight et al.

(1998) and further refined by others (Song and Ismagilov,

2003) combine the flow of three channels into a single one-flow

channel. The central channel flow can be squeezed into

a narrow stream (as small as 50 nm)—a consequence of

laminar flow. As one traverses down the channel, convectional

flow competes with diffusional mixing and the narrow stream

acts like a timeline for probing reaction kinectics, i.e., temporal

chemical phase space.

In many experiments, rather than creating a concentration

gradient, components need to be well mixed. Mixing by diffusion

alone is often too slow, and therefore microfluidic mixers are

necessary. Herring bone type mixers (Stroock et al., 2002) and

rotary peristaltic mixers (Unger et al., 2000) are two examples

of mixer design (Nam-Trung and Zhigang, 2005). On the flip

side, instead of mixing, complete separation of components

may be required. Again, there are single-phase microfluidic

methods: channels containing a set of posts arranged at an

angle have been used to separate out micron-scale particles

based on size (Figure 2F) (Morton et al., 2008b).

It must be noted that in all these microfluidic chips, a critical

element is accurate, long-term control of flow rates, which

requires connecting macroscale plumbing to the chip (like

syringe pumps or solenoid-based air pressure controllers). Inev-

itably, this increases the bulk and complexity of systems, and

presents a big hurdle to widespread use of fluidic chips. Thus,

methods that bypass macroscale plumbing or miniaturize it will

have a big impact.

Compartmentalization Using Active Valves

Valves allow the transient creation of small, separated cham-

bers, increasing the power as well as the complexity of microflui-

dic devices (Oh and Ahn, 2006). They can be made in several

different types: normally open, normally closed, check valves

(which allow flow only in one direction), and latch valves (which

need only a pulse signal to change state). Besides stopping

flow, valves can be used in other ways: for example, they may

be adjustable; partially closed valves can filter out particles or

create a reversible bead absorption column on chip (Figure 3D);

three valves in a row can be operated in a peristaltic motion to

move liquids (Figure 3E).

Since valves need energy, each must be connected to

a control line that supplies it (Figure 3A). If they are operated

simultaneously, then all of them can be connected to one control

line (Figure 3B). Several applications use this to create indepen-

dent reaction chambers, since one control line can control any

number of valves that are operated simultaneously. Multilayer

soft lithography is a particularly versatile method to create

thousands of simultaneously controlled valves (Melin and

Quake, 2007).
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If the valves on a chip are not operated simultaneously, then

the number of external control lines needed can be prohibitive.

As in electronics, this problem can be overcome by multiplexing.

Valves can be combined together to create addressable

channels in the forms of a multiplexer. There are two types of

multiplexers: combinatorial and logarithmic (Hua et al., 2006;

Thorsen et al., 2002) (Figure 3F). Grover et al. (2006) have

designed two way valves that use pressure and vacuum and

have multiple states, reducing even further the number of control

lines required (Figure 3G).

The reader may wonder in which direction all this extra

complexity is headed. From the parallel in electronics, one possi-

bility is the creation of more general purpose programmable

fluidic controller chips similar to microcontrollers. For instance,

all microcontrollers have an instruction set which includes an

instruction to add two numbers in a register; similarly, a general

purpose microfluidic chip may contain an instruction to combine

two plugs of reagents located in specific chambers (Urbanski

et al., 2006). Some early work in the direction has been in the

form of multiplexers, which can be used to run a set of valve

combinations that function as a chip’s state or instruction set,

in a device called a deconvolver (Vyawahare et al., 2008), and

the combining of a cascade of fluidic logic gates, using a combi-

nation of pressure levels to generate gain and compensate for

line losses (Weaver et al., 2010).

Applications of Single-Phase Microfluidics
Hundreds of examples exist of using valves and multiplexers to

create complicated chips that can perform multiple tasks.

An increasing number are also commercially available from

companies such as Fluidigm (http://www.fluidigm.com/), Caliper

Lifesciences (http://www.caliperls.com), and Dolomite (http://

www.dolomite-microfluidics.com/). Researchers can custom-

design devices in microfluidic foundries located at Caltech

(http://kni.caltech.edu/foundry) and Stanford University (http://

www.stanford.edu/group/foundry/). Here, three broad areas of

single-phase microfluidic applications will be described: nucleic

acid biology, biochemical screens, and cell-based assays.

Nucleic Acid Biology

All of the next-generation sequencing techniques use microflui-

dic flow cells or chambers (Holt and Jones, 2008; Metzker,

2010; Shendure and Ji, 2008) (Figure 4A). Although the technol-

ogies for template preparation, sequencing, and imaging differ,

all rely on tethering a template to a solid support in a flow cell,

to which nucleotides/oligonucleotides and other reagents are

iteratively applied and washed away. The DNA template may

be clonally amplified before sequencing by bridge PCR

(Illumina/Solexa) or emulsion PCR (Roche/454, Life/APG and

Dover Polonator) or single DNA molecules can be sequenced

directly (Helicos). In each cycle, sequencing can be performed

by measuring the incorporation of unlabeled dNTPs by the

polymerase by detecting pyrophosphate release using chemilu-

minescence (Roche/454). Alternatively, the incorporation of

fluorescently labeled modified nucleotides, which function as

cyclic reversible chain terminators, is measured (Illumina/Sol-

exa, Helicos) (Figure 4B). In this case, after each cycle, the fluo-

rophor is removed, and the nucleotide can be extended in

ensuing cycles. DNA ligase can also be used in place of poly-

merase to sequentially incorporate fluorescently labeled
y 17, October 29, 2010 ª2010 Elsevier Ltd All rights reserved 1055
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Figure 3. Components of Continuous-
Phase Microfluidic Circuits
(A) Schematic showing a pneumatic valve in oper-
ation. Air pressure from the control line shown in
yellow deflects the membrane closing the flow
channel shown in red.
(B) Pneumatic valves cordon off 100 mm wide
chambers in a microfluidic chip.
(C) Partially closing valve allows fluids through but
stops 6 mm diameter microbeads creating
a temporary affinity column.
(D) Button valves allow cordoning of a circular area
on the surface, removing any proteins that are not
chemically bound to the surface (Maerkl and
Quake, 2007). Reproduced with permission of
The American Association for the Advancement
of Science.
(E) Schematic of peristaltic pumpwith three valves
in a row.
(F) Schematic of logarithmic and combinatorial
multiplexers, where C is the number of control
lines, and F the number of flow lines (Vyawahare
et al., 2008).
(G) Example of a 4 bit multiplexer circuit that uses
vacuum and pressure pulses to operate latching
valves (Grover et al., 2006). Reproduced with
permission of The Royal Society of Chemistry.
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oligonucleotides in the sequencing by ligation approach (Life/

APG and Dover Polonator). This way, tens of millions of gene

fragments can be sequenced in parallel: for example, the Solexa

GAII uses a microfluidic flow cell split into eight lanes, allowing

eight independent experiments (of up to 8 million reads each)

in a single run (Figure 4A).

Microfluidic chips can also be used to perform sample prepa-

ration upstream of sequencing, for instance, to quantify amounts

of DNA in aDNA library usingdigital PCR (Dubeet al., 2008; Push-

karev et al., 2009; Vogelstein andKinzler, 1999).Digital PCR relies

on dividing target DNA samples into small enough volumes such

that they contain, for the most part, only one or zero DNA

molecules of interest, and then performing PCR in each volume

to quantitate initial copy number. This method allows absolute

quantitation without the need to compare to a standard. Micro-

fluidic chips can also be used to prepare multiple library samples

for sequencing: the Fluidigm Access Array chip allow the amplifi-

cation and bar-coding of 48 samples in parallel, and all 48

samples can be multiplexed at the sequencing step.
1056 Chemistry & Biology 17, October 29, 2010 ª2010 Elsevier Ltd All rights reserved
Biochemical Screens

Multiplexing by surface patterning of

proteins can be combined with multiplex-

ing by microfluidic architecture to obtain

large data sets, for example, in experi-

ments to measure protein binding

kinetics (Bates and Quake, 2009; Maerkl

and Quake, 2007). In this particular

case, the devices used a further innova-

tion, the ‘‘button valve’’ (Figure 3C), which

is essentially a membrane valve used to

squeeze out unbound protein and isolate

a surface. Microfluidics can also be used

to pattern the proteins themselves (De-

lamarche et al., 2005), and one device
can then be used to both generate the protein pattern and

perform the subsequent assay.

In diagnostics, moving toward a microfluidic approach can

provide significant advantages due to portability and low reagent

use (microliters to picoliter). Commercially, blood diagnostic

devices made by Abbott laboratories called i-STAT use micro-

fluidic cartridges with a handheld reader. Another example of

this approach involves multiplexed immunoassays on human

blood serum using a system of bar-coded proteins combined

with microfluidic channels (Fan et al., 2008). Several immunoas-

says benefit from flowing reagents multiple times over a reactive

region by pumping reagents continuously in a closed loop (Karta-

lov et al., 2006b) A singularly promising approach for low cost,

multiplexed, anddisposablediagnostics uses sheetsof patterned

paper and adhesive tape as the main subtrate, moving liquids by

wicking (Martinez et al., 2008). The nonprofit organization ‘‘Diag-

nostics for All’’ (www.dfa.org) is commercializing this approach.

For protein crystallization, precise dispensing of picoliter

volumes of liquids (Hansen et al., 2002) can be followed by using

http://www.dfa.org


Figure 4. Next-Generation Sequencing
Using the Illumina/Solexa System
(A) The microfluidic sequencing flow cell, which is
divided into eight lanes.
(B) Individual DNA molecules are immobilized on
the surface of the flow cell and amplified by bridge
PCR to form DNA colonies (polonies). Subse-
quently modified nucleotides, labeled with four
different colored fluorescent dyes, which function
as cyclic reversible chain terminators, are incor-
porated in the newly synthesized strands by
polymerase and imaged. After each cycle, the flu-
orophores are removed, and the 30-hydroxyl group
of the nucleotide deprotected to allow extension in
ensuing cycles.
(C) Images highlighting the data obtained during
six cycles of the sequencing process (Metzker,
2010). Reprinted by permission from Macmillan
Publishers Ltd.
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Figure 5. Examples of Continuous-Phase
Microfluidic Applications
(A) A single-cell processor to extract mRNA from
stem cells, capable of performing 32 simultaneous
single cell experiments (Zhong et al., 2008).
Reproduced with permission of The Royal Society
of Chemistry.
(B) Fluidic chip to studyMAPK signaling network in
yeast cells (Paliwal et al., 2007).
(C) Neuronal culture chip which consists of two
large channels connected by narrow slits. The
inset shows the chip, and the main figure shows
axons growing into the slits (Park et al., 2006).
(D) C. elegans trapped in a microfluidic channel
and exposed to odors (Chalasani et al., 2007).
(E) Human blood protein analysis performed using
a bar-coded chip (Fan et al., 2008).
(B–E) Reproduced with permission of Nature
Publishing Group.
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free-interface diffusion to generate of a vast chemical phase

space with different reagent concentrations (Li and Ismagilov,

2010). This approach uses low reagent volumes and is particu-

larly suited for cases where only a small amount of target protein

is available. Commercially, systems made by Fludigm under the

brand name Topaz use this technology.

Cell-Based Assays

The small volumes in microfluidics are especially well matched

for single-cell analysis, which is often the only route for studying

cells that cannot be cultured. Typically, sophisticated chips are

needed for single-cell analysis, and the number of single-cell

experiments that can be performed in parallel currently run in

the low two-digit range. Work has been done on TM7 bacterial

cells from the human oral cavity (Marcy et al., 2007), immune

cells (Huang et al., 2007; Toriello et al., 2008; Wheeler et al.,
1058 Chemistry & Biology 17, October 29, 2010 ª2010 Elsevier Ltd All rights reserved
2003), mammalian cells (Coupland,

2010; Marcus et al., 2006), termite gut

bacterial cells (Ottesen et al., 2006),

insect cells (Hellmich et al., 2005), yeast

(Taylor et al., 2009), stem cells (Zhong

et al., 2008) (Figure 5A) among many

others. In many of these devices,

a system of valves and multiplexers is

used to isolate single cells of interest, fol-

lowed by cell lysis and extraction of

genetic material or proteins for analysis.

The use of microbead columns allows

part of the subsequent steps, like cDNA

conversion, to be performed on-chip

(Zare and Kim, 2010). However, coupling

of PCR and RT-PCR (Zhang et al., 2006),

i.e., the miniaturization and integration of

heating and cooling or of sequencing

methods, would also be extremely

powerful, but has not been demonstrated

yet in a single-cell device. Besides cell

analysis, another exciting possibility is

the use of microfluidic chips to study

dynamics of genetic networks at the

single-cell level (Bennett and Hasty,

2009). For instance, Cai et al. (2006)
were able to isolate Escherichia coli cells in picoliter size cham-

bers to analyze stochastic protein expression using a chemilumi-

nesence-based assay.

Three further single-phase microfluidic cellular applications

are worth briefly mentioning: separation, culturing, and chemo-

taxis. First, separation: an arrangement of posts in a channel

has been demonstrated to separate cells in blood (Inglis et al.,

2008) and the same chip can also be used to wash, lyse, and

label them (Morton et al., 2008a). Posts coated with antibodies

have also been shown to separate out circulating tumor cells in

blood (Nagrath et al., 2007). The operating principle of these

devices relies on microscale fluid physics and would be

impossible at the macroscale. Further cell separation applica-

tions are discussed later in the multiphase device section of

this review.



Figure 6. Generation and Manipulation of
Droplets
Droplets can be generated by flow-focusing (A) or
by using a T-junction configuration (B). Subse-
quently they can be split (C), fused (by applying
electric fields (Frenz et al., 2008). Reproduced
with permission of Wiley-VCH Verlag GmbH &
Co. KGaA. (D) Sorted (according to their fluores-
cence, E), and incubated on- (F) or off-chip (G).
Cells (H) and multicellular organisms (I) can be
cultivated.
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For cell culturing, microfluidic chips allow precise control of

the growth conditions and reduce the amount of reagents

required.While E. coli and yeast are easily cultured, it has proved

harder to culture mammalian cells like neurons (Park et al., 2006)

(Figure 5C) continuously in fluidic chips, due to the more strin-

gent conditions required. Cell-culture chips can be used to

analyze how an aggregate of cells responds to various stimuli

and conditions. Environmental stresses like food scarcity and

toxins are easily simulated in chips, even in a time-dependent

manner (Keymer et al., 2006). Several designs to study cell

aggregates have been successfully demonstrated including the

Tesla chemostat (Cookson et al., 2005), chemostat chips to

study genetic population circuits in E. coli (Balagadde et al.,

2005), and protein network dynamics in yeast (Paliwal et al.,

2007; Rowat et al., 2009).

Finally, in chemotaxis assays, microfluidic chips can play two

roles: one, proteins can be patterned precisely on a surface (or

as a spatial chemical gradient) and two, the chips also serve

as containers for the cell of interest and cell-growth media.

A variety of cells have been studied for chemotactic response

including: cancer cells (Saadi et al., 2006), bacterial cells (Kim

and Breuer, 2007), neutrophils (Li Jeon et al., 2002), neural crest

cells (Cornejo et al., 2010), neurons (Taylor et al., 2006) to name

just a few. Ibidi (http://www.ibidi.com/) sells a line of disposable

microfluidic slides for chemotaxis studies.

It should also be mentioned that besides cells, high-

throughput microfluidic experiments on small multicellular

organisms such as Caenorhabditis elegans have also been pro-

gressing rapidly (Chronis, 2010; Figure 5D). For small organisms

like C. elegans, planaria, and zebra fish, microfluidic channels

are at the right size scale to allow screening experiments inside

chips (Lockery, 2007). Furthermore, chips can be used to

precisely expose trapped single organisms like C. elegans or

parts thereof to odors (Chalasani et al., 2007; Figure 5D).

Two-Phase Devices
The compartmentalization of assays is obviously one key

element for obtaining large data sets in biological experiments.
Chemistry & Biology 17, October 29, 2010 ª
Besides using valves for the compart-

mentalization of individual reactions on

chip, aqueous droplets in an immiscible

carrier phase (such as oil or air) can be

generated for the stable separation of

chemicals, biomolecules, and even cells.

The first devices for the microfluidic

generation of droplets were based on

capillary systems (Umbanhowar et al.,
2000). Today, drops are usually generated in PDMS chips, either

by injecting an aqueous phase orthogonally into a flow of the

immiscible phase (T-junction configuration) or by hydrodynamic

flow-focusing (with the immiscible phase) through a narrow

nozzle (Anna et al., 2003; Christopher and Anna, 2007; Song

et al., 2003; Thorsen et al., 2001) (Figures 6A and 6B). In both

cases, the aqueous phase is dispersed into distinct droplets,

each of which can function as an independent microreactor. In

contrast to continuous flow microfluidics, chemicals encapsu-

lated in drops are not subjected to diffusion or dispersion and

can be mixed in milliseconds by chaotic convection (Song

et al., 2003). Microfluidic drop makers allow for the generation

of highly monodisperse droplets (±3% in terms of the volume)

at kilohertz frequencies, making them attractive for high-

throughput applications. Drops can be generated either using

a stabilizing surfactant, in which case the drops do not coalesce

upon contact (they can be stored off-chip in form of an emulsion),

or in absence of any surface active molecules. In the latter case,

to prevent coalescence between the individual drops they

permanently have to be kept in contact with the channel walls

in form of extended plugs. This way, the oil spacers in between

the plugs cannot drain, and a contact between the plugs is

excluded during ‘‘segmented flow’’ of the system.

Alternatively droplets can also be generated by electrowetting

(digital microfluidics) and droplet on demand (DOD) technolo-

gies. For electrowetting, multiple electrodes are embedded

into the device and used to change the contact angle between

the droplets and the surface of the chip, thus enabling controlled

movement, splitting, and merging (Srinivasan et al., 2004).

However, due to the complex nature of the system, only a few

droplets (typically <100) can be processed at the same time for

which reason they have mainly been used for analytical or

preparative applications (Miller and Wheeler, 2009), which are

not described further in this review.

Various techniques have been developed for the generation of

droplets on demand. For example, this can be achieved using

piezoelectric (Bransky et al., 2009) or acoustic (Lee and Lal,

2004) actuators. As a general feature, these devices couple an
2010 Elsevier Ltd All rights reserved 1059
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electronic control unit with droplet production, thus allowing the

discontinuous generation of droplets. A potential benefit of this

approach is the possibility of synchronizing the generation of

droplets.

To exploit the potential of droplet-based microfluidics for

high-throughput applications, further modules for the controlled

manipulation of droplets at very high frequencies (up to

kilohertz) have been developed. Droplets can be split, fused,

incubated, and sorted (Ahn et al., 2006; Link et al., 2004,

2006; Song et al., 2003) (Figures 6C–6E). The splitting of drop-

lets can be achieved by flushing them through a T-junction,

where the size of the resulting droplets can be determined by

the relative flow rates in the outgoing channels. Droplet fusion

can be achieved by applying opposite charges to the drops,

by destabilizing uncharged droplets in electric fields or simply

by generating droplets without surfactants or with transiently

low concentrations of surfactants at the interface of one of

the droplets being fused (passive droplet fusion) (Li et al.,

2007; Mazutis et al., 2009; Niu et al., 2008). Any unfused drop-

lets can be removed by passive hydrodynamic size separation,

generating highly monodisperse emulsions comprising >99%

pairwise fused droplets (Mazutis and Griffiths, 2009). For incu-

bation purposes, droplets can be flushed through long delay

lines or collected in reservoirs (on and off-chip) (Figures 6F

and 6G) in the absence of any flow. Due to the fact that droplets

can be reinjected into further devices subsequent to an incuba-

tion period off-chip (Clausell-Tormos et al., 2008), almost unlim-

ited incubation times can be realized. However, one has to

keep in mind that mass transport through the oil phase occurs

over time, either based on diffusion of molecules dissolved

directly in the oil or by micellar transport. This is of particular

importance for small hydrophobic molecules which might

exchange between the droplets, thus resulting in cross-

contamination of the samples (Bai et al., 2010; Courtois et al.,

2009). The use of perfluorinated oils, in which nonfluorinated

molecules are highly immiscible and insoluble (Hudlicky and

Pavlath, 1995; Li et al., 2006), mitigate against transport of

molecules directly dissolved in the oil but does not eliminate

micellar transport.

Both charged and uncharged drops can be actively sorted

using electrical fields (Ahn et al., 2006; Link et al., 2006),

however, for practical applications, the sorting of uncharged

droplets by dielectrophoresis is most useful. Drops can be

sorted, triggered on fluorescence, at rates of up to 2000 per

second and with false positive rates of <1 in 104 droplets (Baret

et al., 2009). Microfluidic fluorescence-activated droplet sorters

combine many of the advantages of microtiter-plate screening

and traditional fluorescence-activated cell sorting (FACS).

As with microtiter plates, the reactions are compartmentalized

(in drops rather than wells) allowing a wide range of assays to

be performed: the fluorescent marker(s) do not need to remain

either inside or on the surface of the cells being sorted. However,

as with traditional FACS high-throughput fluorescence-activated

sorting is possible.

Applications of Two-Phase Microfluidics
Nucleic Acid Biology

Single-molecule PCR is of significant importance for many

sequencing applications, as it allows the unbiased amplification
1060 Chemistry & Biology 17, October 29, 2010 ª2010 Elsevier Ltd A
of templates of different sizes, such as fragments of a cellular

genome (Margulies et al., 2005). Initially the template and the

PCR mix were encapsulated into droplets of in bulk water-in-

oil emulsion using nonmicrofluidic emulsification systems.

However, this approach results in highly polydisperse emul-

sions and hence varying efficiencies of the amplification. The

monodisperse emulsions created using microfluidic systems

can be used to overcome this problem and more. For example,

droplet-based microfluidics has been used for sample prepara-

tion for targeted DNA sequencing (Tewhey et al., 2009). Despite

the substantial reductions in costs with next-generation

sequencing systems, whole-genome sequencing is still an

expensive endeavor and targeted sequencing of specific

regions of the genome, for example, genes implicated in

a specific disease is a powerful strategy. However, PCR bias

makes it impossible to simply amplify thousands of genes in

a single pool. To avoid this problem, Tewhey et al. (2009)

described the simultaneous amplification of 3976 products

using a droplet microfluidic system which enables 1.5 million

amplifications in parallel. Each droplet containing the target

DNA and PCR reagents was electrocoalesced on-chip with

a droplet containing a pair of forward and reverse primers

specific for a single target. The fused droplets were then ther-

mocycled off-chip and the amplified DNA recovered and used

for sequencing. They reported an 84% capture efficiency with

90% of the targeted bases showing uniform coverage with

either the Roche/454 or Illumina/Solexa platform. This

approach is now exploited as the very first commercial

application of droplet-based microfluidics (www.raindance

technologies.com).

Droplet-based systems can also be used for the quantification

of DNA or RNA. In general, droplet-based PCR or RT-PCR can

be performed by either thermocycling the whole chip (or any

off-chip droplet reservoir) (Beer et al., 2007), or by flushing the

droplets through different temperature zones (Figure 7) (Dorfman

et al., 2005; Kiss et al., 2008; Schaerli et al., 2009). Beer and

co-workers demonstrated the amplification of single-copy viral

genomes at high efficiencies. Diluting the template to statistically

less than onemolecule per droplet also allows precise and sensi-

tive DNA quantification using digital PCR, as already described

for valve-based compartments.

Biochemical Screens

A further application of droplet-based microfluidics is protein

crystallization. The microfluidic approach allows simultaneous

testing of multiple crystallization conditions using only minimal

quantities of protein. Plugs of different chemicals potentially

enhancing nucleation and or growth of the crystals can be gener-

ated manually (e.g., by aspirating compounds and oil in an alter-

nating fashion into a length of tubing) before multiple dilutions of

each compound are generated on chip. This way, 1300 different

crystallization conditions were tested starting with only 10 ml of

protein solution (Li et al., 2006). Furthermore, the droplet-based

technology allows the conditions for crystal nucleation and

growth to be adjusted separately (Gerdts et al., 2006), and

samples can be concentrated by transfer of water from one

plug to another via a water-permeable carrier oil by osmosis. In

a similar approach, the system was used for the titration of the

anticoagulant argatroban within whole blood or plasma (Song

et al., 2006).
ll rights reserved
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Figure 7. Droplet-Based PCRT
The template and the PCR mix are encapsulated into picoliter droplets that
subsequently pass through different temperature zones on a chip. A heating
rod (orange) is embedded in the center of the device while the outer parts
(blue) are cooled using a Peltier element (Schaerli et al., 2009). Reproduced
with permission of The American Chemical Society.
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One limitation for the screening of chemical compounds in

droplet-based microfluidics is the rate at which they can be in-

jected onto the chip. While chemically identical droplets (or dilu-

tions of the same compound) can be generated very rapidly

(up to kilohertz frequencies), the loading of different compounds

from external sources such as microtiter plates is obviously

several orders of magnitude slower. While first studies on

compound screening were based on manually preloaded

cartridges (Chen and Ismagilov, 2006), automated systems

have also been developed (Chabert et al., 2006; Clausell-Tormos

et al., 2010). For example, compounds can be aspirated frommi-

crotiter plates using an HPLC autosampler, before being injected

into a length of tubing using oil as the carrier phase. This way, the

compounds are compartmentalized within aqueous plugs and

can be subjected to further manipulation such as droplet fusion

or splitting. Noteworthy, once a parental array of plugs has been

generated, multiple small volume copies can be obtained by

flushing its contents through symmetrical branching channels.

Hence the time-consuming step of loading the compounds

(>30 s per compound) has to be performed only once for several

independent screens.
Chemistry & Biolog
Cell-Based Assays

Two-phase microfluidic systems have also become a very

attractive tool for cell-based assays, particularly for studies on

single cells or organisms. Already at an early stage of the tech-

nology cells were encapsulated into droplets to obtain and

cultivate individual bacterial clones starting from bulk suspen-

sions (Martin et al., 2003). Integrating laser-based fluorescence

spectroscopy into such systems allowed quantitative protein

expression measurements in single GFP-expressing bacteria

and the determination of population variance (Huebner et al.,

2007). While assays based on intracellular or membrane bound

fluorophores (e.g., GFP, fluorescence-labeled antibodies) can

also be performed using conventional flow cytometry, droplet-

based approaches uniquely facilitate the use of soluble

fluorescent markers that are not directly linked to the cell and

enable the co-compartmentalization of further assay compo-

nents. Joennson and co-workers exploited this conceptual

advantage for the analysis of low abundance cell-surface

biomarkers that are below the detection limit of conventional

methods (usually several hundred protein molecules per cell).

In particular, they stained the cells with enzyme-linked (b-galac-

tosidase) antibodies and coencapsulated a fluorogenic

substrate for the enzyme (fluorescein di-b-D-galactopyranoside,

FDG). Consequently each bound antibody generated high

numbers of fluorophores, thus allowing the quantitative detec-

tion of the poorly expressed surface markers CD19 and CCR5

on human U937 cells (Joensson et al., 2009).

In addition to analytical applications, droplet-based microflui-

dics also allow the sorting of cells according to specific enzy-

matic activities, as long as specific fluorogenic substrates are

available (Baret et al., 2009). This is of major interest for directed

evolution approaches and protein engineering. For example,

individual variants of an enzyme library can be displayed on

yeast cells and subsequently be selected for improved catalytic

activity. Agresti and co-workers demonstrated the screening of

108 horseradish peroxidase mutants and selected a variant

exhibiting catalytic rate more than ten times faster than the

wild-type (Agresti et al., 2010). This experiment, which took

only �7 hr and cost only $2.50, would have taken �2 years

and cost $15 million using a conventional robotic microtiter plate

system.

Even the long-term cultivation of cells and organisms within

droplets is possible (Figures 6H and 6I). A crucial factor for this

purpose is the biocompatibility of the oil and (if used) the surfac-

tant, the availability of nutrition and sufficient gas exchange.

Many droplet-based microfluidic systems use fluorinated oil as

the carrier phase since it shows good compatibility with

PDMS, low solubility of nonfluorinated molecules and high solu-

bility of respiratory gas. However, few fluorinated surfactants are

commercially available for which reason a number of new fluoro-

surfactants have been synthesized and tested for their biocom-

patibility (Holtze et al., 2008). Clausell-Tormos et al. (2008)

identified novel fluorosurfactants enabling human adherent and

suspension cells to survive for several days inside 660 pl drop-

lets. Furthermore, it was possible to quantitatively determine

the expression level of cellular reporters (LacZ and green fluores-

cent protein) after an off-chip incubation period of 16–24 hr,

which enabled the generation of a dose-response profile for

the nuclear receptor agonist 20-hydroxyecdysone at the
y 17, October 29, 2010 ª2010 Elsevier Ltd All rights reserved 1061
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single-cell level (Clausell-Tormos et al., 2008; Baret et al., 2010).

The encapsulation and incubation of individual cells in drops has

also been exploited for determine the cytotoxicity of compounds

(Brouzes et al., 2009). Furthermore, droplets have even been

used for the cultivation of small cell populations (�3000 cells)

and multicellular organisms. By increasing the droplet size

approximately 1000-fold (nanoliter volumes), a full life cycle of

C. elegans within droplets could be demonstrated (Figure 6I)

(Clausell-Tormos et al., 2008).

Droplet-based microfluidics has also been exploited to

analyze cellular responses to chemical stimuli at high spatial

and temporal resolution. Cells on a solid substrate such as

a microscope slide can be brought in contact with chemicals

encapsulated in droplets. Factors released by the cells are

then captured in these droplets and can be subjected to parallel-

ized analysis using different readout systems (e.g., fluorescence

spectroscopy/microscopy and MALDI-MS). This so-called

chemistrode setup allowed measuring the secretion of insulin

from single Langerhans cells at a frequency of 0.67 Hz (Chen

et al., 2008). In an alternative approach, small lipid coated

oil droplets (1–4 mm) have been brought into close contact

with specific regions of the plasma membrane of individual

cells (using optical tweezers), allowing the extraction of

membrane proteins at high spatial resolution (Lanigan et al.,

2009).

The possibility of analyzingmolecules secreted from individual

cells might also enable entirely new approaches for the

screening of antibodies. Koster et al. (2008) showed that single

hybridoma cells release detectable amounts of soluble anti-

bodies after just 6 hr of incubation. Hence clonal expansion prior

to the screening of antibodies (as performed for conventional

screening of hybridoma cells) is not required, potentially even al-

lowing the direct screening of nonimmortalized B cells.
Conclusions
The miniaturization, parallelization, and integration enabled by

microfluidic systems is somewhat analogous to miniaturization

and integration of electronic components in microprocessors,

which has already transformed society. Similarly, microfluidics

is starting to open up completely new opportunities in biology.

It has been lamented that microfluidics is a solution looking for

a ‘‘killer’’ application (Blow, 2007). However, it could now be

argued that next-generation sequencing, of which microfluidics

is an integral (but not the only) part, constitutes the first such

revolutionary application. Other applications related to

upstream processing of DNA samples for next-generation

sequencing and systems for genomic and trascriptomic

analysis are already commercially available. The reduction in

the amount of reagents of up to 1 million-fold makes experi-

ments that were previously prohibitively expensive feasible

and allows assays to be performed on systems which are not

available in large quantities (such as primary or stem cells).

The ability to use microfluidics for ‘‘digital biology’’ in which

many assays are performed at the single-molecule, single-

cell, or single-organism level are likely to be particularly impor-

tant. However, as with electronics, miniaturization using

microfluidics system is also likely to have many unforeseen

and exciting applications.
1062 Chemistry & Biology 17, October 29, 2010 ª2010 Elsevier Ltd A
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