
REVIEW

Single-molecule emulsion PCR in microfluidic droplets

Zhi Zhu & Gareth Jenkins & Wenhua Zhang &

Mingxia Zhang & Zhichao Guan & Chaoyong James Yang

Received: 10 December 2011 /Revised: 23 February 2012 /Accepted: 28 February 2012 /Published online: 27 March 2012
# Springer-Verlag 2012

Abstract The application of microfluidic droplet PCR for
single-molecule amplification and analysis has recently
been extensively studied. Microfluidic droplet technology
has the advantages of compartmentalizing reactions into
discrete volumes, performing highly parallel reactions in
monodisperse droplets, reducing cross-contamination be-
tween droplets, eliminating PCR bias and nonspecific am-
plification, as well as enabling fast amplification with rapid
thermocycling. Here, we have reviewed the important tech-
nical breakthroughs of microfluidic droplet PCR in the past
five years and their applications to single-molecule amplifi-
cation and analysis, such as high-throughput screening, next
generation DNA sequencing, and quantitative detection of
rare mutations. Although the utilization of microfluidic drop-
let single-molecule PCR is still in the early stages, its great
potential has already been demonstrated and will provide
novel solutions to today’s biomedical engineering challenges
in single-molecule amplification and analysis.

Keywords Single-molecule amplification . Emulsion
PCR .Microfluidic droplets . High-throughput
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detection

Introduction

The abilities to selectively and sensitively detect single
molecules, especially single biomolecules such as DNA
and proteins, could lead to enormous breakthroughs in
chemistry, biology, medicine and environmental science
[1–3]. Compared with ensemble method, single molecule
measurements explore the information of time trajectories
and status distributions of individual molecules in various
systems, which is useful for studying chemical and biolog-
ical reaction pathways [3–6]. For instance, nucleic acid
molecules have been revealed to be responsible for a wide
range of cellular functions, such as regulation/silencing of
gene expression, structural support for molecular machines,
and precise control of cell behaviors [7–9]. The ability to
detect gene expression with the sensitivity at the single-
molecule level will have considerable value in basic bio-
medical research, drug discovery and medical diagnostics
[7–9]. It is also necessary to distinguish between expression
products of related genes, since it is becoming increasingly
clear that single nucleotide changes can have significant
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effects on the biological activity of a gene product and are
highly related to various disease developments [10, 11]. One
of the most promising technologies for nucleic acid analysis
at the single-molecule level is the so-called polymerase
chain reaction (PCR), due to its dramatic amplification capa-
bility across several orders of magnitude that can generate
thousands to millions of copies of a particular DNA sequence
from even a single copy [12–15].

Microfluidic technology associated with micro total
analysis systems (μTAS), or lab-on-chip, has been de-
veloping rapidly with the potential to significantly trans-
form modern chemistry and biology. Microfluidic devices
offer many advantages, including low consumption of
reagents, high-throughput capabilities, accelerated chem-
ical reactions and heat transfer, and the ability to build
cheap and portable devices. One subcategory of micro-
fluidics is droplet-based microfluidics which creates dis-
crete volumes with the use of immiscible phases. The
ultrahigh-throughput generation of uniform droplets with
nL to pL volume greatly enhances the capability of
microfluidics to perform a large number of reactions without
increasing device size or complexity. In the past ten years or
so, microfluidic droplets have been widely applied to material
synthesis, molecular evolution, protein crystallization, drug
delivery, as well as single-molecule and single-cell analysis
[16–20].

In this review, we will specifically focus on the
recent development and application of microfluidic
droplets for single-molecule PCR. A brief overview of
PCR technology for single-molecule analysis will be
presented together with the limitations that have to be
addressed. Then, the solutions offered by microfluidic
droplets will be given with some recent breakthroughs
highlighted in this area. Finally, how this technique can
open up new research areas will be examined. More compre-
hensive reviews on droplet microfluidics can be referred else-
where [16, 21–24].

Conventional PCR and its limitation on single-molecule
analysis

Since the invention of PCR in 1983 by Kary Mullis for
DNA amplification [25, 26], PCR has been widely used in
biomedical research laboratories, and has revolutionized the
life science applications and related areas, such as biologi-
cal, medical, clinical, and forensic analysis. Due to its dra-
matic amplification capability across several orders of
magnitude that can generate thousands to millions of copies
of a particular DNA sequence from even a single copy, it
becomes the most promising tool for single-molecule genetic
analysis [12–15]. However, to perform single-molecule
analysis, conventional PCR often suffers from critical

requirements for the experiment parameters in order to
achieve the maximum product yield whilst minimizing non-
specific amplification [27]. Moreover, conventional PCR
needs to consume a large amount of expensive reagents,
and has a preference for amplifying short fragments and
producing short chimeric molecules, which is fatal to single-
molecule analysis with such low template concentration [13,
15]. The throughput of conventional PCR is also limited by
the spatial constraints and the long thermal-cycling time due
to the low heating and cooling rates for the relatively large
total thermal mass [27].

To overcome all these shortcomings, several attempts
have been made to achieve single-molecule amplifica-
tion capability. Two or more sequential PCRs have been
performed, often using nested sets of primers, in order
to suppress formation of non-specific products that in-
terfere with PCR and achieve single-molecule sensitivity
[28, 29]. However, the requirement of opening vessels be-
tween first and second steps is prone to the possibility of
cross-contamination.

Later on, it was realized that reaction volume might be a
key issue for single-molecule PCR [30]. The TaqMan assay
requires near saturating amounts of PCR product to detect
enhanced fluorescence, ~1011 product molecules/μL. To
reach this concentration of product after 30 cycles in a 10
μL PCR requires at least 103 starting template molecules,
i.e.103×230/10μL01011/μL. With less starting template
molecules and more cycle numbers, under special condi-
tions single molecule can be detectable, but this often fails
due to the competition between the desired PCR fragments
and spurious PCR products, such as primer-dimer. On the
other hand, if the PCR volume were reduced to 10 nL, a
single template molecule might be sufficient to generate a
saturating concentration of PCR product after ~30 cycles,
i.e. 1×230/10nL01011/μL. Kalinina et al. have shown a
novel nanoliter scale PCR method using glass capillaries
and TaqMan probes for fluorescent detection of amplicons
to achieve single-molecule amplification [30]. Meanwhile,
stochastic PCR amplification of single DNA template fol-
lowed by capillary electrophoretic analysis has been realized
on an integrated microfluidic device [31]. These micro-
devices increase the effective concentration of the initial
template DNA by reducing the reactor volume. However,
due to the increasing surface-to-volume ratio of these micro-
devices, the interaction between the channel surface and the
reagent/sample is the major challenge due to induced PCR
inhibition and carryover contamination. This problem is
particularly serious when working with a single DNA tem-
plate. Moreover, the particular requirements for the devices
and technology limit the throughput of single-molecule
detection.

To further reduce the reaction volume without sacrificing
PCR efficiency and throughput, single-molecule emulsion
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PCR was developed [32]. In emulsion PCR, water-in-oil
(W/O) emulsion was utilized to generate numerous droplets
of reaction mixture in bulk oil phase, capable of performing
millions of independent reactions in parallel. This method
consists of two steps: the reaction mixture containing the
template DNA and PCR reagents is emulsified into the bulk
oil phase, which is then followed by the PCR amplification
step. For water droplets in the W/O emulsion with diameters
about 2 to 10 μm, the volume ranges from 4.2 fL to 0.52 pL
and the effective concentration for single DNA molecule in
the droplet is around 3.2pM to 0.4nM, which is sufficient to
conduct single-molecule PCR. The increased concentra-
tion of the initial template DNA can also minimize the
interference of the primer-dimer effect and improve the spec-
ificity of PCR [33]. Moreover, the hydrophobicity of the oil
phase surrounding the droplets can prevent the contact be-
tween the surface of the reactor walls and the sample by
confining the sample in droplets, thus eliminating the adverse
effects due to the large surface-to-volume ratio encountered in
microfluidic devices. Although single-molecule amplification
could be achieved, the downstream high-throughput manipu-
lation and analysis is quite difficult due to the propensity for
loss of monoclonality when the oil phase is removed.

To address these problems, a method called BEAMing
was developed on the basis of four of its principal compo-
nents: beads, emulsion, amplification, and magnetics [34,
35]. In BEAMing, the single-molecule emulsion PCR is
performed by encapsulating a single primer-immobilized
microbead with a single DNA template in individual drop-
lets. The DNA template is amplified on the microbead in the
same droplet with thousands of DNA copies coated on the
bead, which prevents the possibility of the mixing of DNA
products from different droplets after breaking of the emul-
sion droplets. The use of microbeads is essential to maintain
monoclonality of the droplets during downstream process-
ing. Millions beads can be analyzed within minutes using
flow cytometry or optical scanning instruments. Such
advances have led to the ability to identify and quantify rare
mutant genes within large populations and have also en-
abled the new generation of high-throughput sequencing
systems [36, 37]. Ideally, each aqueous droplet should en-
capsulate one microbead together with similar volumes/
quantities of template and reagents to ensure reliable and
efficient results. However, the low monodispersity of
current techniques for emulsion generation, such as aggres-
sively stirring or agitating, that generates droplets with a
diameter distribution of up to 2 orders of magnitude, leads to
wide variations in PCR reagents and the probability of encap-
sulating one microbead in each droplet is low. This leads to
low PCR efficiencies, non-uniform amplification, limita-
tion on the length of the DNA amplicons (~250bp), as
well as the reduction of the number of parallel reactions which
can be successfully performed [38].

General operations of microfluidic droplets

To overcome the aforementioned limitation of conventional
PCR for single-molecule analysis, microfluidic techniques
for droplet generation becomes an overwhelmingly attrac-
tive alternative, which allows a high degree of control over
the droplet size and composition in a high-throughput man-
ner. Hence, microfluidic droplet techniques have been in-
creasingly applied to PCR technology. In this section,
general information about droplet generation and manipu-
lation will be briefly introduced.

Droplet generation

The high-throughput generation of uniform droplets and
the accurate control over the size, shape, morphology
and monodispersity of droplets are the prerequisites of
entry to this ultrasmall-volume field. Traditional top-
down methods of creating droplets by emulsification,
such as aggressively stirring or agitating using two
immiscible fluids, result in heterogeneous droplets with
a broad size distribution. However, for single-molecule
and single-cell assays, the sensitivity, accuracy and re-
producibility are highly dependent on the manufacture
of droplets with high requirements on their monodisper-
sity and homogeneity. Droplets formed by microfluidics
are generally monodisperse with less than 1% size var-
iations. Meanwhile, the size of droplets can be precisely
tuned by the channel geometry, the surface/interfacial tension,
the shear force, liquid velocity, etc. Among the reported
droplet-based systems, T-junction and flow-focusing techni-
ques are frequently adopted to continuously generate droplets
utilizing the channel geometry.

T-junction

In general, T-junction geometries contain a continuous
phase main channel and a disperse phase inlet channel,
perpendicular to each other, which looks like the two
branches of the “T” (Fig. 1a) [39–41]. A droplet formation
cycle starts with the stream of the disperse phase (water)
penetrating into the main channel (oil), and a droplet begins
to grow. The pressure gradient, the shear force, and the
interfacial tension at the fluid-fluid interface distort and
elongate the droplet in the downstream direction, until the
neck of the disperse phase becomes thin and eventually
breaks to release the droplet downstream into the main
channel. Then the tip of disperse phase retracts to the end
of inlet and the process repeats. Empirically, the size of
droplet and its generation process are highly dependent on
the capillary number, the flow rates, the viscosity ratio, and
the channel geometry [39, 42].
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To fully understand this process and achieve fine control
over the droplet size, several models have been proposed in
recent years to facilitate the optimization and predication of
droplet size. For example, Steijn et al. presented a theoret-
ical model to control the droplet size by the geometry of a
junction with fixed flow rates [43]. Chiu and colleagues
performed a systematic experimental study to validate this
model and improve it by highlighting the importance of
physical fluid properties [44]. These and other models [42,
45, 46] greatly advance our understanding and predictive
capability over the droplet size, which is important for the
accuracy and reproducibility of single-molecule and single-
cell applications using microfluidics.

Flow-focusing

In the flow-focusing configuration, as shown in Fig. 1b, a
liquid flows in a central channel and a second immiscible
liquid flows through two symmetric perpendicular channels.
The two liquid phases are then impelled to flow through a
small orifice that is located downstream of the inlet chan-
nels. The outer fluid applies pressure and viscous stresses
that drive the inner fluid into a narrow strand, which then
breaks into droplets inside or downstream of the orifice [47,
48]. The design employs symmetric shearing force by the
continuous phase which enables more stable and controlla-
ble generation of droplets [49]. Again, the droplet size,

monodispersity, and droplet generation frequency are highly
dependent on flow rate, liquid properties, and device geom-
etry. Yobas et al. found that the size of droplets can be
decreased by increasing flow rates of the continuous phase
with the increase of generation frequency [50]. Another
important factor is interfacial tension. As illustrated by Peng
et al., interfacial tension can be expected to decrease with a
decrease in droplet size and generation rate and monodisperse
droplets of a different size could be obtained by simply adjust-
ing the concentration of surfactant [51]. Many variations of
basic flow-focusing design and the channel fabrication have
been developed to facilitate more complex applications. For
example, in Fig. 1c, Takeuchi et al. fabricated a microfluidic
axisymmetric flow-focusing device that confines droplets in
the central axis of a microfluidic channel and avoids contact of
the droplets with the walls of the outlet channel, thus prevent-
ing the damage resulting from shearing, adhesion or wetting at
the walls [52]. Utada et al. designed a coaxial microcapillary
fluidic device to generate double emulsions that contained a
single internal droplet in a core-shell geometry [53].

Droplet manipulation

Once the droplets are formed, further controls are then
required to split the droplets for scaling up parallel reactions,
fuse droplets with different reagents, mix reagents inside
droplets, as well as analyze the content of droplets and sort

Fig. 1 Droplet formation with
different mechanisms. (a) T-
junction geometry (adapted
from Ref [39]). (b) Flow-
focusing configuration (adapted
from Ref [47]). (c) An axisym-
metrical flow focusing 3D
channel (adapted from Ref [52])
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them for desired properties. With the growth in this field,
various technologies have been developed to facilitate the
precise operation and manipulation of droplets on demand.
These controls can be achieved either passively or actively.

Droplet fission

Since each droplet can serve as a vessel for reagents, by
splitting a single droplet into two or more droplets, droplet
size can be reduced, the content concentrations of daughter
droplets can be controlled, and the experimental capacity
can be easily scaled up. It can be achieved by passive or
active methods. Passive methods mainly rely on the shear
forces created by channel geometry to split the droplets at
certain positions, such as T-junction and branching channels
(Fig. 2a) [54–56]. For instance, Hatch et al. designed a 256
droplet-splitter that can generate over 1-million, momodis-
perse, 50 pL droplets in 2-7 minutes for PCR, thus greatly
increasing the throughput and dynamic-range of digital PCR
assays [56]. In contrast, active methods may rely on external
power or electrical control of the splitting mechanism.
Shown in Fig. 2b, by charging the oil-water interface, pre-
cise control of droplet splitting can be realized by electro-
static force [57]. Electrowetting on dielectric (EWOD) is
also a powerful technology to actively divide a droplet into
smaller droplets [58].

Droplet fusion

Time controlled coalescence of droplets is important for
performing reactions within droplets (Fig. 2c–d). It has been
achieved by a variety of methods including: matching the
frequency of two sets of droplets in order to merge within
the main channel, geometry design to control flow rates,
channel obstruction, channel expansion, and selective hy-
drophilic treatment of a portion of a microchannel [54,
59–62]. It can also been achieved using EWOD, dielectro-
phoresis (DEP) and other electrically-controlled methods
[57, 63–65]. The merging can take place between droplets
with either the same or different sizes and with two droplets
or several droplets [54, 57].

Mixing in droplets

The control of mixing is an essential prerequisite for carry-
ing out and studying the kinetics of biological and chemical
reactions. Rapid and full mixing of reagents is necessary to
decrease reaction time and improve the reaction efficiency.
Chaotic advection is a useful technique to achieve complete
mixing in microfluidics [66]. It relies on repeated folding
and stretching of the two fluids inside the droplet and is
created mainly by channel geometries, such as the use of
winding channels (Fig. 2e) [59, 67]. The addition of bumpy
mixer or small protrusions can further increase the circulation

Fig. 2 Droplet manipulation. (a) Droplet fission by T-junction (adapted
from Ref [55]). (b) Droplet fission by electrostatic force (adapted from
Ref [57]). (c) Droplet fusion by channel geometry (adapted from Ref
[54]). (d) Droplet fusion by electrical field (adapted from Ref [57]). (e)

Mixing within droplet inside winding channels (adapted from Ref [59]).
(f) Bumpy serpentine mixer for fast mixing in droplet (adapted from Ref
[68]). (g) Gravity-driven droplet sorting (adapted from Ref [73]). (h)
Droplet sorting by DEP (adapted from Ref [74])
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within droplets, and even viscous biological samples have
been reported to be mixed well within milliseconds (Fig. 2f)
[68, 69]. Regarding active mixing, electric control can also be
applied for mixing inside droplets, which allows flexible
manipulation of individual droplets [70, 71].

Droplet sorting

A more challenging operation is droplet sorting, which can
analyze and transport a droplet individually out of a popu-
lation. Many microfluidic sorters have been developed,
using mechanical, optical, magnetic, electro-osmotic, elec-
trophoretic, and DEP actuations. For example, channel ge-
ometry has been employed to sort droplets passively by size,
and droplets with a size difference as small as 4 μm can be
differentiated [72]. As shown in Fig. 2g, Huh et al. devel-
oped the μSOHSA—microfluidic sorting device with hy-
drodynamic separation amplification—which is able to sort
different sizes of particles based on gravity induced sorting
and channel geometry [73]. Baret et al. developed a highly
efficient microfluidic sorting system that actively sorts drop-
lets using DEP based on their fluorescence signal at rate up to
2000 droplets/s, named fluorescence-activated droplet sorting
(FADS) (Fig. 2h) [74]. It could be used to sort bacteria, cells,
viruses, or even single genes expressed in vitro.

In addition to the methods mentioned above, more tech-
niques have been designed to be incorporated with droplet-
based microfluidic systems, such as droplet trapping
[75–78], incubation [79–81], and presentation to an analyt-
ical instrument [17, 82–84]. Meanwhile, in order to carry
out complex biological experiments and produce automated
droplet microfluidic systems, module integration is a major
challenge to be addressed. Many integrated devices have
been developed to enable multiple droplet operations, from
droplet generation to final analysis all on chip, thus realizing
laboratory miniaturization in droplets. More detailed
reviews can be found elsewhere [21, 23, 24].

Microfluidic droplet PCR

Microfluidic techniques for droplet generation allow a high
degree of control over the droplet size and composition with
particularly good monodispersity, at the rates of up to sev-
eral thousand per second. Due to the high surface-to-volume
ratios at the microscale, heat and mass transfer times are
shorter, facilitating fast reaction time. Similar to the W/O
emulsion, the contact between the surface of channels and
the sample inside droplets has been eliminated by the sur-
rounding immiscible fluid. Meanwhile, droplet microflui-
dics allows the independent control over each droplet,
such as mixing, transporting and analysis. Since identical
droplets are produced at a very high frequency within one

experiment, massively parallel processing and experimenta-
tion can be easily achieved in ultra-short time and with
confident reproducibility.

Hence, such techniques are well suited to emulsion PCR.
Microfluidic droplet techniques have been increasingly ap-
plied to PCR due to the inherent advantages of compart-
mentalizing reactions into discrete volumes, performing
highly parallel reactions in monodisperse droplets, reducing
cross-contamination between droplets, eliminating PCR bias
and nonspecific amplification, as well as enabling fast am-
plification with rapid thermocycling. Herein, a summary of
reaction conditions used in different microfluidic droplet
PCR systems will be presented, followed by specific exam-
ples of advanced microfluidic droplet techniques for single-
molecule PCR.

Reaction conditions in different microfluidic droplet PCR
protocols

In general, microfluidic droplet PCR can be classified into
two categories based on whether the amplification is per-
formed on-chip or off-chip. For on-chip amplification, either
the whole chip has to go through thermocycles for amplifi-
cations [85, 86], or the specific geometry designs have been
made such that droplets can go through different tempera-
ture zones inside the chip [87, 88]. These highly integrated
devices will facilitate the development of lab-on-a-chip
toolkits as well as the future evolution of chip-based instru-
mentation. However, the control over amplification condi-
tions on-chip is still very limited with simplified procedures.
To guarantee the PCR amplification efficiency for sensitive
detection, most of microfluidic droplet PCR is still per-
formed using off-chip amplification. In some other cases,
such as if the droplets contain microbeads [38, 89] or require
other materials [90, 91], off-chip amplification will be more
compatible. For off-chip amplification, uniform droplets are
generated on chip, collected in a PCR tube, and amplified
inside a PCR machine. Afterwards, the droplets can be
reinjected into the microfluidic device for on-chip analysis.
Or, the emulsion will be broken and the products can be
collected for off-chip analysis, such as gel electrophoresis,
sequencing, etc.

The thermostability of droplets is very important for their
successful application and becomes a prerequisite of W/O
droplet vesicles. Droplet stability depends on a number of
factors such as oil phase and surfactants in oil/aqueous
phases. Especially, these materials also need to be compat-
ible with PCR conditions. Other factors that need to be
considered include the droplet generation method, the gen-
eration frequency, droplet volume as well as amplicon size.
Table 1, has summarized the experimental conditions used
in different microfluidic droplet PCR protocols.
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Bead-free on-chip emulsion PCR in microfluidic droplets

The first successful example of combining emulsion PCR
with microfluidic droplets was reported by Beer et al.,
where an on-chip digital microfluidic real-time PCR instru-
ment was developed for generating monodisperse micro-
droplet reactors in a single channel chamber, thermal
cycling for amplification reaction, and monitoring amplifi-
cation real-time in the individual picoliter droplets [85]. This
system utilized a shearing cross-flow T-junction in a silicon
device to generate W/O microdroplets (Fig. 3a). Highly
monodisperse droplets were generated at the rate 1 kHz with
diameter around 24-31μm at different experimental condi-
tions and with a variation of less than 1μm. Figure 3b
schematically illustrates their integrated instrument with
droplet generator, thermal cycler and fluorescence detector.
In particular, an off-chip valving system can stop the droplet
generation before performing thermal cycling and real-time
monitoring on-chip. The six order of magnitude reduction of
reactor size allowed detection of a single-molecule DNA at
significantly reduced cycle thresholds with high-throughput
and low reagent usage to achieve single copy PCR am-
plification (Fig. 3c). Subsequently, they developed a sim-
ilar system for on-chip single-copy real-time Reverse-
Transcription PCR in monodisperse picoliter droplets
[86]. Hence, single-molecule PCR throughput is signifi-
cantly increased, and DNA, RNA and viruses from a
complex environment could be isolated and detected for
single-molecule or single-cell genetic analysis and gene-
profiling applications.

However, the set-ups presented above have involved ther-
mal cycling of the entire device, thus limiting cycling rate and
throughput. To further improve the throughput of single-
molecule droplet PCR, several types of chip design have been
proposed. Kiss et al. presented a continuous-flow-based real-
time PCR system, in which a range of template concentrations
could be detected and the results agreed closely with the
frequencies predicted by Poisson statistics (Fig. 4) [87].
Millions of picoliter droplets containing PCR reagents and
DNA templates were generated by a flow-focusing design at a
rate of 500/s (Fig. 4b). Then droplets were conveyed through
the designed chip by the continuous-flow of oil, passing
alternative denaturation and annealing zones controlled by
static heaters below the chip. This format avoids temperature
cycling of the entire chip and leads to more rapid (55s per
cycle) and efficient PCR amplification. By placing channel
restrictions called “neckdowns” periodically throughout the
chip where droplets can only go through one by one, the
amplification process within individual droplets at specific
channel locations can be monitored (Fig. 4c). As a result,
amplification of a 245-bp product can be detected and quan-
tified in 35 min with 35 cycles at starting template concen-
trations as low as 1 template molecule/167 droplets. This
represents the first successful example of continuous-flow
microfluidic PCR chip for high-throughput, single-molecule
DNA amplification and quantification.

Meanwhile, Schaerli et al. reported another high-
throughput microfluidic device for continuous-flow PCR
of single-copy DNA in water-in-oil nanoliter droplets [88].
As shown in Fig. 5, they designed a radial pattern featured

Fig. 3 On-chip, real-time, single-molecule PCR in picoliter droplet
reactors. (a) Overall channel and flow configuration. (b) Schematic of
the integrated instrument for real-time PCR in droplets. (c) Real-time
PCR data from picoliter droplets at an estimated 7, ~0.06, and 0 copies of

genomic DNA per single droplet, respectively. Droplets were identified
from the bright-field image and then monitored at each cycle to generate
real-time fluorescence curves. (Adapted from Ref [85])
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with a central hot zone for DNA denaturation and a lower
temperature periphery for DNA annealing and extension.
Droplets were formed at a T-junction and flowed through
alternating temperature zones in a continuous-flow of oil.
Fluorescence lifetime imaging (FLIM) of Rhodamine B was
used to measure the temperature inside the droplets to pro-
vide precise temperature control for successful DNA ampli-
fication by PCR. Here product analysis was completed off-
line by gel electrophoresis, real-time PCR and sequencing.
Amplification of 85-bp products from as low as 0.3 tem-
plate/droplet was achieved in 17 min for 34 cycles, while an
attempt for longer, 505bp fragments resulted in lower effi-
ciency. These two examples demonstrated high-throughput
amplification from single molecule DNA in droplets that is
paving the way for microfluidic digital PCR.

Bead-based emulsion PCR in microfluidic droplets

From simple emulsion PCR to the more popular BEAMing
method, control over downstream high-throughput manipu-
lation and analysis was greatly enhanced. Therefore, since
the development of emulsion PCR in microfluidic droplets,
researchers have been seeking to combine BEAMing with
microfluidic droplets for both more precise volume control,
easier manipulation and more importantly, flexible down-
stream processing and analysis. Several breakthroughs have
been made recent years.

The bigest difficulty for incorporating beads into micro-
fluidic droplets lies in the microbead sedimentation, i.e.
preventing bead settlement within the syringe. Kumaresan
et al. successfully solved this problem by designing a hybrid
glass-PDMS-glass microdroplet generator (μDG) integrated
with a three-valve diaphragm micropump that provides uni-
form droplet size, controlled generation frequency, and ef-
fective microbead transportation and encapsulation (Fig. 6)
[38]. A high-throughput single-copy genetic amplification
(SCGA) process was developed based on this design.

Fig. 4 Image of continuous flow droplet PCR chip. (a) Schematic of
the overall flow configuration. Pink-shaded zones of the chip were set
at 95°C, and nonshaded zones were at 67°C. The yellow regions for the
interrogation neckdowns and the corresponding cycle numbers are
indicated on the left. The nozzle is highlighted in red, and the oil
extractor (OE) is in blue. (b) Optical image of droplet generation at
the nozzle. (c) Optical image of uniform droplets in the downstream
channel and flowing through one of the neckdowns. (Adapted from
Ref [87])

Fig. 5 Design of the continuous-flow radial PCR device for single-
molecule DNA amplification. The device contains an oil inlet (a) that
joins two aqueous inlet channels (B1 and B2) to form droplets at a T-
junction (c). The droplets pass through the inner circles (500-μm wide
channels) in the hot zone (d) to ensure initial denaturation and travel on
to the periphery in 200-μm wide channels where annealing and exten-
sion occur (e). The droplets then flow back to the center where the
DNA is denatured and a new cycle begins. Finally, the droplets exit the
device after 34 cycles (f). All channels are 75 μm deep. The positions
of the underlying copper rod and the Peltier module are indicated with
orange and blue areas, respectively. (Adapted from Ref [88])
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Individual DNA molecules or cells together with primer
functionalized microbeads were encapsulated in uniform
PCR mix droplets. After bulk PCR amplification, the drop-
lets were broken and the beads were collected for down-
stream analysis via flow cytometry. For the first time, the
researchers have shown the generation of 100 amol of >600
bp PCR amplicons on individual beads starting from a
single template, which are ideally suited for next-
generation de novo sequencing applications, as well as
high-throughput genetic analysis of single cells.

The droplet generation frequency of the μDG reported
above was only about 6Hz. To further improve the through-
put and enable detection of extremely low-frequency events
in a vast population, the single-channel μDG was scaled up
using microfabricated emulsion generator array (MEGA)
devices containing 4, 32, and 96 channels with a flexible

capability of generating up to 3.4 million nanoliter-volume
droplets per hour [89]. As shown in Fig. 7, on chip micro-
pumps provided sufficient power to drive the generation of
multiple droplets in parallel, and the symmetrical design
ensured even fluidic transport. A multiplex single-cell
PCR was demonstrated to efficiently amplify multiple target
genes specific to different cell types. The large size of
microbeads (34 μm) used allows multiple, different forward
primers to be conjugated, and the PCR mix contains reverse
primers each labeled with a unique fluorescent dye. Individ-
ual cells together with microbeads were encapsulated in
uniform PCR mix droplets. The droplets were collected
and thermally cycled in parallel. Afterwards, the beads were
recovered from the emulsion and rapidly analyzed by mul-
ticolor flow cytometry. The method was able to identify and
quantify a pathogen-to-background ratio in the order of 1/105,

Fig. 6 Single copy genetic amplification (SCGA). a Monodisperse
droplets containing target DNA or cells, beads and the PCR reagent
(blue) are formed in a carrier oil (yellow) at the cross-injector and routed
into a tube for temperature cycling. b Each functional PCR droplet
contains a bead covalently labeled with the reverse primer, dye-labeled
forward primer, and a single target copy. Subsequent steps of PCR
generate dye-labeled double-stranded product on the bead surface. c
Layout of the device, showing the PCR solution inlet, the two oil inlets,

and the droplet outlet ports(red).A three layer(glass-PDMS-glass) pneu-
matically controlled micropump is integrated on-chip to deliver PCR
reagent. d Comparison of PCR yields for 380 (∼175 amol/bead), 624
(∼155 amol/bead), and 1139 bp (∼10 amol/bead) amplicons from a
starting pUC18 template concentration of 10 molecules per droplet. e
Flow cytometry analysis of beads carrying a 624 bp product amplified
from 1 template per droplet (upper) and 0 template per droplet (lower).
(Adapted from Ref [38])
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demonstrating that multiplex MEGA is an ultrahigh-
throughput microfluidic platform for large-scale quantitative
genotypic studies at single-molecule and single-cell levels.

Agarose droplet microfluidics for single-molecule emulsion
PCR

The ability of primer functionalized microbeads that can
link with the PCR amplicons generated from a single
DNA molecule or a single cell is critical for efficient
high-throughput downstream manipulation and analysis.
However, the use of microbeads also leads to many
problems, including poor PCR efficiency, (i.e. 40% for
microbead ePCR [38]) and short product length due to
the steric hindrance effect and charge repulsion when
PCR is performed on a solid surface. Moreover, accord-
ing to the Poisson statistics, the encapsulation of diluted
molecules and microbeads into droplets at random leads
to a large number of void droplets including empty
droplets or droplets with only either molecule or
microbead, which is wasteful and negates the speed and
efficiency afforded by ePCR.

To address these challenging problems and still preserve
the monoclonal nature of the DNA product in each droplet,
we introduced agarose as a trapping matrix to replace con-
ventional primer functionalized microbeads [90]. Illustrated
in Fig. 8, the agarose-in-oil droplets generated by a flow-
focusing design contain agarose solution, PCR mix and
DNA templates. Agarose has a unique thermoresponsive
sol-gel switching property. It remains in liquid phase at all

PCR temperatures, such that PCR can take place with high
efficiency. After off-chip PCR amplification, the solution
form of the agarose droplet can be switched to the solid
gel phase by simply cooling the solution below gelling point
of agarose. Since PCR forward primer is conjugated to
agarose, amplicons can physically attach to the agarose
matrix after PCR. As a result, DNA products amplified in
the droplet can retain their monoclonality even after the oil
phase is removed and afford flexible downstream processing
and analysis, such as flow cytometry, sequencing, or long
term storage etc. This method does not require coencapula-
tion of primer labeled microbeads, allows high-throughput
generation of uniform droplets (~500Hz), and enables high
PCR efficiency (~95%), making it a promising platform for
many single copy genetic studies.

Applications of microfluidic droplet PCR

Recent technical advances in microfluidic droplet PCR have
proven this technique to be an important and capable tool for
the execution of many new biological applications and assays,
especially its great advantages in single-molecule amplifica-
tion and analysis. Herein, we cover three key applications in
this field using the aforementioned techniques.

High-throughput screening

For decades, biotechnologists have kept exploiting various
technologies for high-throughput screening of genes and

Fig. 7 Microfluidic emulsion generator array (MEGA) devices. (a)
Layout of a glass/PDMS/glass hybrid four-channel MEGA device with
a pneumatically controlled three-valve micropump integrated to drive
four nozzles for droplet generation. (b) Design of a 32-channel MEGA
device using an array of eight identical micropumps to operate 32 nozzles
simultaneously. c Layout of 96-channel MEGA on a 4 in. wafer com-
posed of a single ring pump and 96 droplet generators. Inset: close-ups of
a single repeating unit composed of four T-shaped nozzles (left) and the

pump structure schematically showing three pairs of coaxial ring-shaped
valves and displacement trenches (right). (d) Exploded view of the
complete four-layer 96-channel MEGA device and the plexiglass assem-
bly module used to infuse oil and to collect the generated emulsion. (e-f)
E. coli O157 detection using a 96-channel MEGA shows the measured
O157 ratios consistent with the inputs: (e) 0.94/103 vs 1/103(10 cpd) and
(f) 0.85/104 vs 1/104 (100cpd). (Adapted from Ref [89])
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proteins to obtain novel functionalities from a large pop-
ulation library [95–97]. One particular technology is so-
called SELEX (systematic evolution of ligands by ex-
ponential enrichment) for generation of aptamers, which
are single-stranded DNA or RNA sequences that can bind
to their target molecules with high affinity and specificity
[98–102]. The SELEX process involves progressive enrich-
ment of aptamers sequences by 8-30 rounds of partitioning
and amplification from a starting library containing 1014 to
1016 molecules [98–100]. After several rounds of enrichment,
normally the enriched DNA library has to be cloned into
plasmids, which are then transfected into bacteria. Bacteria
are then grown and colonies are picked and sequenced in large
quantities to obtain aptamer candidates. After bioinformatic
analysis, possible candidates are then chemically synthe-
sized, and their binding affinities are measured individually.

Such a process is time-consuming, labor-intensive, inefficient
and expensive.

To address these problems, very recently, we have devel-
oped a novel method for efficiently screening aptamers
from a complex single-stranded DNA (ssDNA) library by
employing single-molecule emulsion PCR based on the
technique just mentioned, agarose droplet microfluidics
[103]. As the working-flow shown in Fig. 9a, ssDNA of
pre-enriched library against Shp2 protein, a cancer biomark-
er, was statistically diluted and encapsulated into individual
uniform agarose droplets using a flow-focusing method for
droplet PCR to generate clonal agarose beads. Only the
bright clonal beads containing DNA were picked out
(Fig. 9c). The binding ability of amplified ssDNA from each
clonal bead was then screened via high-throughput fluores-
cence flow cytometry (Fig. 9d-e). Only the amplified

Fig. 8 Agarose droplet
microfluidics for single-
molecule emulsion PCR. (a)
Schematics of the agarose
emulsion droplet microfluidic
method for single copy genetic
analysis. Statistically diluted
templates are encapsulated into
uniform nanolitre agarose-in-oil
droplets, which are then ther-
mally cycled for PCR amplifi-
cation. Following ePCR, the
droplets are cooled to gelate to
agarose beads for downstream
genetic analysis. (b-c) Fluores-
cence microscope images of
agarose beads after amplifica-
tion from template concentra-
tions of (b) 1.5 and (c) 0 copy/
bead. d Percentage of microbe-
ads carrying PCR product. The
theoretical value (blue) was
calculated according to Poisson
distribution and the observed
value (green) was the statistic
result according to the
experimental data. (Adapted
from Ref [90])
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ssDNA with high binding affinity and high selectivity were
chosen as aptamers and sequenced, or they can be directly
used for downstream biomedical applications. Compared to
conventional cloning-sequencing-synthesis-screening work
flow, this method takes the advantage of the compartmen-
talization of microfluidic droplets and allows rapid molecu-
lar evolution of individual DNA sequences from an enriched
library prior to knowing their exact sequence information,
which makes the whole process more rapid, efficient and
cost-effective. This approach could also be further applied to
other molecular evolution technologies including mRNA
display, phage display etc.

Next generation DNA sequencing

DNA sequencing has been widely applied to numerous
fields, such as diagnostics, biotechnology, forensic biology
and biological systematics [7, 104, 105]. The Human Ge-
nome Project was successfully completed in 2003. Howev-
er, to further make it applicable for the development of

medicines and the healthcare of individuals, high accuracy,
long-range contiguity, high-throughput as well as low cost
are still the goals for researchers to develop next-generation
sequencing techniques. Eliminating the conventional
cloning-based DNA library preparation is the first step for
next-generation sequencing. BEAMing basedmicroemulsion
technology has emerged as a rapid, low-cost alternative [34,
35]. However, it suffers from non-uniform amplification with
a limitation on the DNA amplicon’s length (~250 bp), mainly
due to the small and variable volume of the emulsion.
Kumaresan et al. developed a high-throughput SCGA
process, as explained above, and demonstrated its application
for DNA sequencing [38]. Uniform droplets with tunable
2-5 nL volumes were generated and encapsulated with
microbeads of 34 μm in diameter. Compared to the small
beads and small droplets used in the BEAMing technique, the
large surface area of the microbeads allows sufficient forward
primers to be conjugated resulting in 4.4 fmol of primers per
bead, and the reverse primers and other PCR reagents in the
large droplets are ~10-fold excess required for the efficient

Fig. 9 Aptamer screening by agarose droplet microfluidic technology.
a Schematic working-flow. Single DNA sequences of an enriched
library obtained by traditional SELEX are encapsulated individually
into agarose droplets for high-throughput single copy DNA amplifica-
tion. The resulting agarose droplets are cooled to become agarose
beads and stained with SYBR Green in order to pick out high fluores-
cent beads containing DNA colonies. Binding affinity of DNA in each
fluorescent bead against target molecule are screened and aptamers are
identified. (b-c) Microscope images of agarose beads after PCR

amplification and SYBR Green staining at DNA template concentra-
tion of 0 (b) and 0.3 copies/droplet (c). (d-e) Binding assay of DNA in
clonal beads with Shp2 protein (d) and GST protein (e) monitored by
flow cytometry. Compared with unselected library, 10th library
exhibited clear fluorescence intensity shift. Among 30 positive clones,
3 possible aptamers (15th, 18th and 21st positive clone) displayed
obvious fluorescence shift with target protein Shp2 (d) and did not
show observable fluorescence shift with control protein GST (e).
(Adapted from Ref [103])
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generation of PCR amplicons [89]. As shown in Fig. 6d-e,
approximately 175 amol of 380 bp DNA product was gener-
ated on each bead, ~150amol of 624 bp DNA product per
bead, and ~10 amol of 1139 bp DNA product per bead. ~100
amol of a 624 bp product from a single bead was sufficient to
be directly sequenced by attomole-scale Sanger sequencing
[106], demonstrating the feasibility of SCGA to generate
sufficient amounts of long DNA on beads from a single
template molecule to enable next generation Sanger and pyro-
sequencing [37, 107–109].

Quantitative and sensitive detection of rare mutations

Genetic alterations, such as deletion, point mutation, and
rearrangement, play an essential role in the development and
progression of cancers, which can serve as biomarkers for
cancer diagnostics [10, 110]. Mutations within tumor cells
are released by the cells into clinical samples, such as blood,
lymph, and urine, where the mutation detection has to be
performed in a background of a large excess of non-mutated
DNA from normal cells. Thus a simple, sensitive and quan-
titative method to measure the ratio of mutant to wide-type
genes in clinical samples is highly desired.

The detection of low-frequency genetic variations requires
high analysis throughput in order to obtain the statistically
significant population for the target. Zeng et al. applied their
high-throughput microfabricated emulsion generator array
(MEGA) devices containing 4, 32 and 96 channels to detect
and quantify both wild type and mutant/pathogenic cells
[89]. Escherichia coli bacterial cells were taken as a model
to detect toxic E. coli O157 cells in a high background of
normal K12 cells. Microbeads functionalized with multiple
forward primers targeting specific genes from different cell
types were used for solid-phase PCR in droplets. By increas-
ing the ratio of cells per droplet (cpd) from 0.2 cpd to 10 cpd or
even 100 cpd, the number of droplets/beads that must be
processed was reduced by 50-fold or 500-fold. As shown in
Fig. 7e, to detect E. coli O157 cells at a frequency of 1/103,
9492 events were recorded with 10 cpd with the detection of
88 positive events, giving an output fraction of 0.94/103. To
further improve the detection capability, 100 cpd was applied
to detection a frequency of 1/104 with the output fraction of
0.85/104 (Fig. 7f). Here, 96-channels were operated at ~7 Hz
to generate droplets encapsulating up to 104 cells within 5 min.
The limit of detection was determined by further challenging
the systemwith lower pathogetic ratios with the result of 3/105

and a 99% confidence. Their results demonstrated the capa-
bility of using ultrahigh-throughput microfluidic platforms for
large-scale quantitative genotypic studies of complex
biological systems at the single-molecule and single-cell level.

Pekin et al. performed work using another design of
microfluidic droplet PCR for the highly sensitive detection
of mutated DNA in a quantitative manner within complex

mixtures of DNA [94]. In Fig. 10, using a microfluidic
system, single target DNA molecules were compartmental-
ized in microdroplets with PCR mix and clinically validated
fluorogenic TaqMan probes specific for mutated and wide-
type KRAS, which generated green and red fluorescence
signals, respectively. The droplets were collected in a tube
and thermocycled for PCR amplification. Afterwards, the
droplets were reinjected onto a microfluidic chip and the
green and red fluorescent signals of each droplet were
analyzed on chip upon laser excitation. Thus, the ratio of
mutant to wild-type alleles can be quantitatively determined
from the ratio of red and green fluorescence. By single
molecule compartmentalization in picoliter droplets and fast
fluorescence analysis on chip, this technique enabled the
determination of mutants in several cancer cell lines and
quantification of DNA down to 1 mutant KRAS gene in 200
000 wild-type KRAS genes when analyzing ~106 fluorescent
droplets. The sensitivity could be further increased if a
greater number of droplets can be analyzed. Furthermore,
simultaneous detection and quantification of multiple muta-
tions in a single experiment were also demonstrated by one-
to-one fusion of droplets containing gDNA with any one of
the several different types of droplets, each containing a
TaqMan probe specific for a different KRAS mutation or
wild-type KRAS, and an optical code. Very recently, Hind-
son et al. reported another droplet digital PCR system and
also showed sensitive detection of mutant DNA in a 100
000-fold excess of wild-type background [111]. They fur-
ther demonstrated absolute quantitation of circulating fetal
and maternal DNA from cell-free plasma. Thus, the high
sensitivity and quantitation of such procedures could allow
many other applications in complex biological samples, such
as detection of infectious disease, identification of alleles, and
analysis of transcription.

Conclusion and outlook

Microfluidic droplet technology has dramatically changed
conventional PCR for DNA amplification, especially single
DNA molecule amplification. Microfluidic techniques allow
a high degree of control over the droplet size and composi-
tion, as well as independent control over each droplet, such
as mixing, transporting and analysis. Secondly, due to the
high surface-to-volume ratios at the microscale, it can great-
ly reduce the heat and mass transfer times and facilitate fast
PCR processing, which is critical for instant medical diag-
nosis and in-field detection. Thirdly, the contact between the
surface of channels and the sample inside droplets has been
eliminated by the surrounding immiscible fluid, thus reduc-
ing cross-contamination between droplets, minimizing the
possibility of template loss and eliminating PCR bias. More-
over, since identical droplets are produced at a very high
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frequency within one experiment, massively parallel pro-
cessing and experimentation can be easily achieved in ultra-
short timescales and with confident reproducibility and
quantitative single-molecule analysis. Although utilization
of microfluidic droplet for PCR is still in the early stages, its
great potential for becoming the next generation of single-
molecule PCR amplification has already been demonstrated.
The high fidelity manipulation of droplets in microfluidic
channels, the ability to perform single molecule DNA am-
plification, and the high throughput workflow with high
accuracy using minute sample quantities will certainly drive
its further development and applications across branches of
experimental sciences. For instance, droplet microfluidics
has great advances for in vitro directed evolution by increas-
ing the size of the libraries and the throughput of the screen-
ing. Microbead cloning has provided the basis for novel
high-throughput genome sequencing technologies. By tak-
ing the advantage of droplet microfluidics, it is possible to

develop powerful automated instruments, thus further
accelerating the speed and reducing the cost of sequenc-
ing. Moreover, the compartmentalization of single mol-
ecules and even single cells offered by droplet microfluidics
enables its applications in rare mutation detection and
single-cell analyses of large populations, such as mutant
genetic analysis, pathogen detection, and disease cell
capture. It might also have a great potential on exploring
single-cell functional genomics, proteomics and metabolo-
mics. However, several technical concerns need to be solved
for its future development, such as the stability of droplets
for downstream manipulation, the molecular interactions on
the interface and outside the droplets, the techniques for
droplet detection and sorting. Future technology develop-
ment is still required to provide more sophisticated and
more versatile functionality, such as system integration,
device design optimization, device manufacture, and system
automation.

Fig. 10 Microfluidic droplet PCR for rare mutations detection. (a-c)
Overview of the system. a An aqueous phase containing the gDNA,
PCR reagents and TaqMan probes specific for the wild-type and mutant
genes is emulsified within a microfluidic device. (b) The emulsion is
collected in a PDMS sealed tubeand thermocycled. (c) The emulsion is
then reinjected onto a microfluidic chip, the droplets are spaced by oil,
and the fluorescent signal of each droplet is analyzed. (d-f) Fluorescence

confocal microscopy analysis of thermocycled droplets. gDNA extracted
from homozygous cell-lines bearing wild-type KRAS alleles (SW48) (d,
red), mutant KRAS alleles (SW620) (e, green), and a heterozygous cell-
line bearing both mutant and wild-type KRAS alleles (H358) (f red and
green) were analyzed by fluorescence confocal microscopy. (Adapted
from Ref [94])
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