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A B S T R A C T

Since the invention of polymerase chain reaction (PCR) in 1985, PCR has played a significant role in molecular
diagnostics for genetic diseases, pathogens, oncogenes and forensic identification. In the past three decades,
PCR has evolved from end-point PCR, through real-time PCR, to its current version, which is the absolute
quantitive digital PCR (dPCR). In this review, we first discuss the principles of all key steps of dPCR, i.e., sample
dispersion, amplification, and quantification, covering commercialized apparatuses and other devices still under
lab development. We highlight the advantages and disadvantages of different technologies based on these steps,
and discuss the emerging biomedical applications of dPCR. Finally, we provide a glimpse of the existing
challenges and future perspectives for dPCR.

1. Introduction

Nucleic acids, which include deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA) are among the most important biomacromole-
cules found in living organisms that carry genetic information, and thus
have been used as an essential biomarker for detection of various
diseases, such as infectious diseases (Chapman and Hill, 2012;
Churchill et al., 2016; Deeks et al., 2012; Hofer, 2016), neoplasm
diseases (de Magalhaes, 2013; Kanwal and Gupta, 2012;
Schwarzenbach et al., 2011; Vogelstein et al., 2013), and cardiovascular
diseases (Ball, 2013; Kathiresan and Srivastava, 2012; Konstantinidis
and Kitsis, 2012; Lalani et al., 2013; Susiarjo and Bartolomei, 2014). In
diagnosis of inherited or acquired disorders, nucleic acid testing is
normally performed to determine the target concentrations (e.g., copy
numbers of target nucleotide sequences). However, the concentration
of target nucleic acids in clinical samples, for example in blood, is
typically low (e.g., ~180 ng/mL (Allen et al., 2004; Schwarzenbach
et al., 2008)), which is normally undetectable by most existing
detection methods, hence necessitating the amplification process.
Polymerase Chain Reaction (PCR) represents the most widely used
nucleic acid amplification technology for amplifying and detecting the

low concentration of nucleic acids. PCR is essential to make more
copies of nucleic acids available for chemical identification (Kleppe
et al., 1971). Since its invention in 1980s, PCR has found widespread
applications in medical diagnosis, environmental monitoring (Ottesen
et al., 2006; Tadmor et al., 2011) and food safety analysis (Burns et al.,
2010; Chapela et al., 2015; Floren et al., 2015; Köppel and Bucher,
2015; Marcheggiani et al., 2015; Morisset et al., 2013). The first
generation of PCR, termed end-point PCR, was developed in 1983 for
target amplification, which however could only provide relative and
qualitative results (Bartlett and Stirling, 2003; Saiki et al., 1985).
Thereafter, the second generation of PCR, Real-time quantitative PCR
(or qPCR), was developed in 1992 for target amplification and
detection by using either fluorescence-based probes or dyes. Even
though this technique enables quantitative detection, it is unable to
provide absolute result (exact quantity of target), due to the issue of
amplification bias that comes from fluorescence baseline estimation
errors and polymerase's preference on amplification efficiency in qPCR
(Ruijter et al., 2009; Tellinghuisen and Spiess, 2015b). In addition, this
PCR technique is highly dependent on operator skills and relies on
standard references, which requires a number of optimizations and
validations (Schmittgen and Livak, 2008; Tellinghuisen and Spiess,

http://dx.doi.org/10.1016/j.bios.2016.09.082
Received 18 August 2016; Received in revised form 23 September 2016; Accepted 24 September 2016

⁎ Corresponding author at: The Key Laboratory of Biomedical Information Engineering of Ministry of Education, School of Life Science and Technology, Xi’an Jiaotong University,
Xi'an 710049, PR China.

E-mail address: fengxu@mail.xjtu.edu.cn (F. Xu).

Biosensors and Bioelectronics xx (xxxx) xxxx–xxxx

0956-5663/ © 2016 Elsevier B.V. All rights reserved.
Available online xxxx

Please cite this article as: Cao, L., Biosensors and Bioelectronics (2016), http://dx.doi.org/10.1016/j.bios.2016.09.082

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
http://dx.doi.org/10.1016/j.bios.2016.09.082
http://dx.doi.org/10.1016/j.bios.2016.09.082
http://dx.doi.org/10.1016/j.bios.2016.09.082


2015a). The standard internal references would differ from lab to lab
and even may be inconsistent in duplicate experiments. However,
standard dilution curves and reaction efficiency are not longer needed
in digital PCR and it is this point that is one of the major issues in
qPCR, especially at the lower limits of detection.

Recently, dPCR has been developed as a nucleic acid quantitative
technique with unparalleled sensitivity (Huggett et al., 2013;
Vogelstein and Kinzler, 1999), where a trace amount of nucleic acid
is sufficient to obtain reliable quantitative results (Marx, 2014). The
term “digital” represents the signal switching (e.g., off or on, clotted or
not clotted, activated or not, fluorescent or non-fluorescent) in single
entities (Witters et al., 2014). In dPCR, DNA templates are initially
diluted to a certain concentration (Majumdar et al., 2015) (e.g., a few
hundred to several thousand copies per microliter), which statistically
results in one or zero molecule in reaction chambers prior to
amplification. However, even under a sufficient dilution, the chances
of more than one molecule per reaction are always there (especially
statistically). Most dPCR instruments therefore adopt the Poisson
distribution (Debski et al., 2015; Dong et al., 2015; Majumdar et al.,
2015) and novel applications are suggesting negative binomial dis-
tributions as the Poisson distribution is only correct in a theoretical
setting with now variation in partition sizes (Kreutz et al., 2011; Whale
et al., 2012). Amplification products are generally detected by fluor-
escent probes and the chambers that contain a single template
molecule yield positive signals. The exceptional cases with two or more
targets would produce unusual fluorescence intensity that can be used
to eliminate them. Thus the number of chambers with positive signal
can provide a digital readout which allows absolute target quantifica-
tion, avoiding the issue of amplification bias (Streets and Huang,
2014). Compared to conventional PCR technologies, dPCR enables a
more precise, sensitive and reproducible target quantification. In
dPCR, nucleic acid sample is partitioned into a mass of compartments
(e.g., droplets and microwells) or chambers, which are evaluated
individually after amplification, hence the outcome is unaffected by
the variations in the amplification efficiency. In addition, evaluation of
an individual compartment in dPCR reduces the background signal by
increasing the signal-to-noise ratio, thus significantly improving the
detection sensitivity (Belmonte et al., 2016; Bhat and Emslie, 2016;
Svobodova et al., 2015; Taylor et al., 2015).

Today, dPCR has attracted significant research interest, as reflected
by the increasing number of publications (Fig. 1), which mainly focus
on the concept or development of dPCR (Barrett and Chitty, 2014; Day
et al., 2013; Huggett et al., 2013; Li et al., 2012; McCaughan and Dear,
2010; Zhang and Xing, 2010). Besides, there are limited reviews on the
different existing dPCR commercial platforms (Baker, 2012; Marx,

2014; Perkel, 2014) However, the whole process, key steps, biomedical
applications and perspectives of dPCR have not been systematically
reviewed. In view of the rising need for highly sensitive, precise and
accurate target quantification with the requirement for only a small
amount of sample, there is a strong demand for a timely and
comprehensive review on dPCR. In this review, we first discuss the
principles of all key steps of dPCR, including sample dispersion,
amplification, and quantification, applied to those commercialized
apparatuses and other devices under lab development (Fig. 2). We
highlight the advantages and disadvantages of different technologies
based on these steps, and discuss the emerging biomedical applications
of dPCR. Finally, we provide a glimpse of the existing challenges and
future perspectives for dPCR.

2. Sample dispersion

Sample's dilution and dispersion is usually the first step in dPCR
(Vogelstein and Kinzler, 1999). For a high throughput analysis (e.g.,
thousands of reactions), the reaction volume for each compartment is
normally reduced to nano/picoliter scale. In this case, the samples are
separated into a large number of compartments for single molecule
analysis, which could successfully increase the detection accuracy, and
realize multiple target detection in a high-throughput manner. As a
result, the most of DNA molecules could be fully dispersed in the
separated compartments (e.g., micro-chambers) containing “0” or “1”
molecules (i.e., negative or positive reaction) in each partition. Of
course, few exceptional case with two or more targets would be
identified by it's unusual fluorescence signal and the correct count is
acquired. By creating individual reaction chambers, the cross-contam-
ination between neighboring compartments could be avoided to
achieve absolute quantification of targets in each sample.

For sample dispersion, there are four parameters that could
significantly affect the dispersion results, i.e., compartment size (i.e.,
digitized sample volume), throughput capability (i.e., number of
compartments), reaction thermal stability, and dispersion rate
(Baker, 2012; Day et al., 2013; Marx, 2014). Large compartment size
could accommodate a large volume of sample that may contain more
than one DNA molecule, making the result less reliable, while separat-
ing the equal sample into a smaller volume may acquire a large
quantities of compartments that is beneficial to reaching a lower
detection limit. In addition, the common compartment volume(range
from hundreds of pico-liters to a few nano-liters) may not be able to
hold some DNA molecule (e.g., non-fragmented genomic DNA sam-
ples). In these cases, the DNA molecule have to be fragmented (Milbury
et al., 2014; Nie et al., 2008). Nevertheless, the quantification preci-

Fig. 1. Digital PCR Publications from 1996 to 2016. Data from web of science database. The following general search string was used: topic=(digital PCR) and published=1996–
2016.8).

L. Cao et al. Biosensors and Bioelectronics xx (xxxx) xxxx–xxxx

2



sion, especially, mutation quantification could be confounded by heat-
induced mutations during heat-induced fragmentation (Bhat et al.,
2011; Kang et al., 2016; Knierim et al., 2011). As for the evaluation of
throughput capability, dPCR reaction system that contains more
compartments can accommodate more target molecules from sample,
having a larger probability of detecting the target with extremely low
concentration, and hence providing more sensitive and accurate
quantification result. Besides compartment size and throughput cap-
ability, reaction thermal stability is also a key factor to be considered in
sample dispersion. Reaction thermal stability is often defined as the
percentage of compartments that are still readable after thermal
cycling, which is inherently affected by evaporation rate and template
loss. Sample evaporation and cross-contamination normally occur in
thermal cycling that would reduce the efficiency of the assay. Besides,
slow sample dispersion rate would directly increase the detection time,
adding more complexity, thus hindering application of dPCR in point-
of-care tests. In short, a dPCR system with small size of compartment,

good thermal stability, high throughput, with high dispersion rate is
highly desirable (Hudecova, 2015).

To date, various sample dispersion methods have been developed
for dPCR including droplet-based sample dispersion, micowell-based-
capillary force driving sample dispersion, channel-based sample dis-
persion, hydrogel bead based sample dispersion and printing based
sample dispersion, etc. (Fig. 3). These methods are compared in terms
of compartment size, compartment volume, partition number, reaction
thermal stability and dispersion rate in Table 1. The advantages and
disadvantages of these methods will be briefly discussed in the
following sections..

2.1. Droplet-based sample dispersion

As the earliest and most widely used dPCR, droplet-based dPCR has
made great achievements in many scientific fields (Beer et al., 2007;
Guan et al., 2015; Hindson et al., 2011; Mazutis et al., 2009; Strain

Fig. 2. Principles in digital PCR. There are mainly four ways for dispersing diluent nucleic acid molecules extracted from white blood cells, tissue cells or bacteria: droplet based
sample dispersion, micowell based sample dispersion, channel based sample dispersion and printing based sample dispersion. Fluorescent signal collection of droplet method is
applicable for photomultiplier tube (PMT) detection, and the other methods rely on CCD or complementary CMOS for capturing 2D fluorescent images.
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et al., 2013; Tay et al., 2015; Wang et al., 2015). Droplet-based sample
dispersion only requires a sample fluid volume in the micro- or nano-
liter range to produce a large number of uniform droplets in oil phase
via microemulsion, where thousands of parallel reactions can simulta-
neously happen (Fig. 3A). Water-in-oil droplets can normally be
achieved by channel array on silicon, T-junction (Link et al., 2004;
Nisisako et al., 2002) on acrylated urethane, polymethyl methacrylate
(PMMA) and polydimethylsiloxane (PDMS), and shear-focusing on
PDMS (Tanaka et al., 2015; Teh et al., 2008). In this process, a specific
concentration of DNA and PCR mixtures (including Taq DNA poly-
merase, primers, TaqMan probes and dNTPs) are added into the
microchannel. The PCR solution is emulsified in the microchannel of

flow-focusing microfluidic chip, generating water-in-oil droplets with
nanoliter volume for the following thermal cycling. Since molecular
concentration is much less than the quantity of droplets, most of
droplets contain either one or zero target molecule under the guidance
of Poisson distribution. The PCR reaction is conducted on each droplet,
and the droplets are collected for photomultiplier (PMT) or flow
cytometry (FCM) analyzing (Bio-Rad, 2013). During amplification,
only the droplets containing target DNA molecules will accumulate
fluorescence as a result of TaqMan probe cleavage. The interpretation
of a phosphor is “1”, while opposite is “0”, in which the threshold value
is determined based on the fluorescence's Poisson distribution (Kreutz
et al., 2011; Majumdar et al., 2015; Trypsteen et al., 2015). Finally, by

Fig. 3. Schematics of different DNA sample dispersion methods. (A) Droplet based sample dispersion (Shembekar et al., 2016; Zhong et al., 2011) or hydrogel bead based
sample dispersion. There are mainly three design for generating water-in-oil droplets: (a) T-junction geometry (aqueous phase is sheared by oil and thereby generates droplets) (b) Flow-
focusing geometry (droplets produced by shearing the aqueous stream from two directions) (c) Co-flow geometry (aqueous phase is ejected through a thin capillary, which is placed co-
axially inside a bigger capillary, through which oil is pumped). (B)Micowell based sample dispersion. The hydrophilic modification of inner wall and the capillary force of these through-
holes could keep the sample in place, producing nucleic acids’ monomolecular dispersion on surface modified microwell chips. Sealing oil is injected onto both sides of the chip to
preventing sample evaporation and cross-contamination during thermal cycling. (C) Channel based sample dispersion (Blow, 2007; Heyries et al., 2011; Ottesen et al., 2006). Channel
based dPCR chip consists of two PDMS channel layers: fluid channel and control channel. After the fluid channel is filled with aqueous/nucleic acids sample, oil or air is pumped into
control channel to produce the pressure to compartment fluid channels. (D) Printing based sample dispersion (Sun et al., 2014). The volume of each droplet printed on substrate is
about 0.8 nl, and the quantity is 400 (20×20). Images reprinted from (Shembekar et al., 2016). (For interpretation of the references to color in this figure, the reader is referred to the
web version of this article.)
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counting the positive droplets’ quantity, the concentration of target
DNA in the sample could be determined.

In recent years, Bio-Rad® has developed and commercialized the
QX100™ and QX200™ digital PCR systems. When performing the
assay, 20 µl dPCR mix and DNA sample is loaded into an multichannel
(8-channel), disposable droplets generation cartridge. Subsequently,
60 µl of mineral oil containing biocompatible surfactant and emulsion
stabilizer is loaded into oil inlets. Thereafter, the cartridge is connected
to a droplet generator. The generator produced a vacuum to the
cartridge outlet, thus creating a negative pressure across the cartridge.
Thereafter, the pressure drives and partitions the DNA sample stored
in sample well into approximately 20,000 uniformly monodisperse
water-in-oil droplets simultaneously (Hindson et al., 2013). In general,
it can produce micro-droplets with an average volume of 1 nL or
smaller. Recently, RainDance® has launched a water-in-oil based dPCR
system (called Rain Drop™) with smaller sized compartments, which is
capable of producing 100,000 microdroplets each with a 5 pL volume
(Baker, 2012; Huggett et al., 2013).

Collectively, droplet-based dPCR (Dangla et al., 2013; Teh et al.,
2008; Zhang and Xing, 2010) provides simple and accurate quantifica-
tion of targets (Eastburn et al., 2013; Schneider et al., 2013; Zhang and
Xing, 2010). This method ensures control of approximately uniform
droplet size and droplet composition, and enables mixing, transferring
and analyzing of each individual droplet. Secondly, due to the high
specific surface area of micro-scaled droplets system, the heat transfer
rate could be increased obviously, thus accelerating PCR reaction. In
particular, producing droplets in oil phase could prevent potential
cross-contamination among droplets and nonspecific amplification.
However, because the liquid barrier among aqueous droplets is likely
to break up during droplets transfer and thermal cycling at some times,
confused results would appear at sometimes. In the future, the trends
of droplet-based dPCR should be more sophisticated and multifunc-
tional, especially in device design, optimization, fabrication and system
integration.

2.2. Micowell based sample dispersion

The microwell based sample dispersion is an attractive alternative
to the water-in-oil strategy, because it combines the parallelism of
microarrays (Lindstrom and Andersson-Svahn, 2011) with the good
quantification, high specificity and sensitivity of dPCR (Brenan and
Morrison, 2005). The main step of this method is fabrication of a
microwell array chip (most of case through holes). Initially, dense array
of microscaled through-holes are built on the rigid chip (mostly on a
silicon chip) (Fig. 3B). Then, physical or chemical methods are applied
for surface modification (hydrophobic or hydrophilic surface). With the
microwell array, it is possible to produce thousands of nanoliter
microreactors in which single molecular amplification occurs. Highly
specific polychromatic fluorescent-labeled oligonucleotide probes are
adopted, thereby achieving sensitive and specific target quantification.
Finally, a dedicated two-dimensional image acquisition device is used
for image capture and analysis. The templates in microwell react

specifically with labeled probes during PCR, producing signals that
reveal the identity and concentration of each labeled target in the
sample (Stears et al., 2003).

Microwell-based dPCR has been developed and commercialized in
2013 by Thermofisher®, offering a great market potential due to its
convenience and reliability. One of the most representative microwell
based dPCR chips is Quant Studio 20K™ chip (ThermoFisher, 2015). It
consists of hydrophobic chip surface and wells with hydrophilic inner
wall. The microwell silicon chip is generally fabricated by photolitho-
graphy. It contains 20,000 hexagonal wells with a 0.8–1 nl volume. It is
worth mentioning that they are all through-holes. In fact, the hydro-
philic modification of inner wall and the capillary force of these
through-holes could keep the sample in place. After dispersion, sealing
oil is injected onto both sides of the chip immediately to avoid
evaporation and cross-contamination during thermal cycling
(Fig. 3B). Several studies have demonstrated the applications of
microwell-based dPCR (Conte et al., 2015; Laig et al., 2015; Sefrioui
et al., 2015; Wu et al., 2014). For instance, Dimov's group has made a
microwell array (20 µm long, 20 µm wide and 50 µm deep) on silicon
via standard photolithography. The multiplex single-cell RNA cytome-
try has been performed on the chip with 60,000 reaction chambers
(Dimov et al., 2014). In another study, microwell-based sample
dispersion has been demonstrated by coupling the microwell with
paramagnetic beads (Witters et al., 2013), and the assay could detect
the target with a concentration ranging from 10 aM to 90 fM.

Due to the presence of solid barrier between adjacent micro-
reactions, microwell based sample dispersion avoids the risk of
droplets breaking up, thus reducing the probability of false positive
test results. Because microwell based sample dispersion only needs one
step to disperse all the samples, producing uniform compartments and
the process is time-saving. It also has advantages in physical partitions
and dispersion speed compared to other dispersion strategies.
Furthermore, the simple 2D fluorescence image capturing integrated
with fluorescent dots image processing greatly reduces the analysis
time to a few minutes. Taken together, integrating this method into
sample-to-answer microfluidic chip holds great potential to achieve
rapid and robust point-of-care testing (POCT) (Yager et al., 2006).

2.3. Channel-based sample dispersion

Soft-lithography has been increasingly used in many molecular
biology research (Mujahid et al., 2013; Whitesides et al., 2001), due to
its advantages in access to a variety of materials (Qin et al., 2010),
mechanical and thermal stability (Mogi et al., 2014), replication
accuracy and chemical resistance. It is convenient and time-saving to
fabricate the nano/microfluidic devices with high resolution, high
aspect ratios, and low surface roughness, such as array of nano-dots
or well structures, nano/microchannels, and other micro-structures
(Blow, 2009; deMello, 2006; Sackmann et al., 2014; Velve-Casquillas
et al., 2010). Recently, soft-lithography based multilayer-channels
(Psaltis et al., 2006) and dPCR have been combined to create an
innovative microfluidic chip called “microfluidic valve”, which looks

Table 1
Comparison of different DNA sample dispersion methods (Baker, 2012; Day et al., 2013).

Sample dispersion
method

Dispersion parameters

Compartment size (m) (Streets and
Huang, 2014)

Compartment volume Throughput capability Reaction thermal
stability

Dispersion rate

Droplets 10−4–10−5 1 pL–1 nL 20,000–10,000,000 ** ~2,000/min
Microwell 10−5–10−6 0.8–1.0 nL 20,000 per chip each generate

channel
**** ~60,000/min

Channels 10−4–10−5 6.25 nL 14,112 per sample panels *** ~10,000/min
Beads 10−4–10−5 – 10,000,000 ** ~3,000,000/min
Printing 10−4 0.8 nL 400 (each experiment) *** ~100/min
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similar to the integrated circuit transistor (Heyries et al., 2011; Tian
et al., 2015a) and therefore is referred to “integrated fluid circuit
(IFC)”. Monolithic fabrication of the chip could be accomplished by
multilayer soft lithography (Streets and Huang, 2014; Unger et al.,
2000).

Briefly, PCR premix is initially mixed with the diluted DNA sample,
and then transferred into a piece of PDMS microfluidics chip. Sample
channel is composed of thousands of nano-fabricated small chambers
connected in series. A certain amount of sample solution is added into
the chambers, where DNA molecules are uniformly dispersed into
these units, eventually forming a PCR reactions array that contains
single nucleic acid molecule (i.e., reaction layer). These small chambers
are separated by “microfluidic valve”. Another piece of PDMS film is
used to divide the vertical channel of reaction layer. Micro-reaction
chambers completely independent with each other are ultimately
formed, and PCR reactions are carried out in a number of mutually
independent small chambers (Blow, 2007; Nixon et al., 2014; Ottesen
et al., 2006; Ramakrishnan et al., 2013).

The Fluidigm® has made significant achievements on the develop-
ment of channel-based dPCR chip (termed IFC) (Ramakrishnan et al.,
2013). Each microfluidic chip employ micromechanical valves
(NanoFlex™ valve) to partition tens of microliters PCR mixture into
1176 independent reaction chambers (NanoFlex™ chamber, each is
6.25-nl) randomly (Ottesen et al., 2006). Once hydraulic or pneumatic
pressure is applied to the control channel network (lower), the thin
PDMS membranes between the control channels and fluid channels are
deformed and deflected upward. This creates the so-called microme-
chanical valves. When these valves are closed under pressure, the
continuous fluid network preloaded PCR mixture is partitioned into
thousands of independent PCR microreactors (Fig. 3C).

Besides the IFC, other similar channel-based dPCR have also been
demonstrated. For instance, Tian et al. (2015a) have designed and
fabricated a multilayer PCR chip which is capable of performing DNA
purification and dPCR detection. With the magnetic beads and external
magnetic field, the steps of washing and elution of DNA are performed.
DNA and PCR mix are introduced into reaction layer with individual
chambers by the temporary negative pressure offered by suction layer,
then, the main channels are filled with injected silicone oil to rushed
away excess aqueous samples (Song et al., 2015). Another layer of
PDMS is added, which is filled with water to keep the wettability of PCR
reaction layer, reducing the evaporation of solvents. Similar to the
multilayer chip design, a negative pressure driven dPCR chip made up
of PDMS has also been developed with 650 chambers on the chip and
6.28 nl of sample in each chamber (Tian et al., 2015b). Another
microfluidic device integrating cell capture, cell lysis, RNA reverse
transcription and digital PCR is fabricated for single cell analysing
(White et al., 2013). The difference from previous mentioned “IFC” is
that it doesnot need pressure actuated control layer, but flowing oil to
produce individual aqueous compartments. With this platform, three
lung cancer related genes have been successfully quantified, suggesting
the feasibility and flexibility of the chip for single nucleic acid
molecule's amplification (Zhu et al., 2014).

In addition, a microfluidic device called “SlipChip” has been
fabricated to accurately quantify nucleic acid in combination with
PCR (Shen et al., 2010a, 2010b). The fluidic channel is assembled by
independent wells in two glass plates. And when the two plates are
aligned, wells in a line are connected one by one to become a fluent
channel which introduces the sample and PCR mixture into the chip.
Afterwards, the fluidic channel is broken up and restored to individual
wells just by a single step of slipping the two plates. In this way, the
overlaps among wells are removed and the aqueous sample in each well
in contact with a reservoir preloaded with oil to generate hundreds of
separate compartments simultaneously. In this work, the sample has
been separated into 1280 chambers with 2.6 nl of each sample for
single molecule detection. What's more, the unique “slip-break up”
partitioning concept has been further optimized for a large and tunable

dynamic range, i.e., multivolume digital RT-PCR (MV digital RT-PCR)
(Shen et al., 2011).

In short, employing the active partitioning strategy instead of
dilution, channel-based sample dispersion is better than the other
methods mentioned above in terms of sample loading, partition
accuracy and reproducibility. However, the requirement for functional
integration makes it much harder in design and fabrication process. In
addition, the air permeability of PDMS film used in microfluidics may
lead to risk of sample evaporation, even cross-contamination. And it's
not an easy work to prison drops of PCR mix solution in chambers
under thermal cycling.

2.4. Hydrogel bead based sample dispersion

Besides the water-in-oil droplet-based dPCR, other hydrogel bead
based sample dispersion methods have also been introduced. For
instance, multiplexed hydrogel bead based digital PCR (Qi et al.,
2011) has been demonstrated using hydrogel microbeads and emulsi-
fication to produce micro-droplets containing template strands. Briefly,
it includes three steps, i.e., template preparation using common
sequence labeled primers for reverse transcription, single molecule
amplification based on microemulsion (Williams et al., 2006), and bead
counting on a hydrogel-bead array. Moreover, it can detect multiple
targets on a hydrogel-bead array. Detection limit of the assay can be as
low as 0.1% (i.e., a target molecule is detected from 1000 molecules).
Using β-actin gene as a target analyte, the assay has been shown to
achieve a detection limit as low as 100 cells.

Agarose beads based digital PCR can reduce cross contamination
between droplets by transition into solidified agarose beads. This
method has been used for single copy genetic analysis (Leng et al.,
2010). In this assay, PCR mixture is dispersed to small droplets with
the droplet size of 80–100 µm in oil phase when passing through the
microfluidic channels. Droplet surface is uniformly wrapped by agarose
gel. This “sol-gel switching” mechanism is capable of preventing cross-
contamination between PCR droplets. Also, it makes the manipulation
and preservation of droplets more convenient as for the temperature
dependent phase transformation. Compared to the conventional “clon-
ing-sequencing-chemical synthesis-screening” work flow for aptamer
screening, agarose bead based digital PCR avoids large-scale sequen-
cing and time-consuming synthesis of massive DNA aptamer candi-
dates, providing a high screening efficiency (Zhang et al., 2012). Unlike
fluid droplets, hydrogel (such as agarose) beads can be processed much
easier and thus benefit for relevant downstream biomedical applica-
tions such as sequencing validation. Because of the low-cost “sol-gel
switching” beads provide a natural partition strategy for DNA samples,
there is no need for expensive micro-nano chip fabrication.

2.5. Printing based sample dispersion

Inkjet printing (Arrabito et al., 2013) has flexibility and high-
throughput capability in the evolution of dPCR, which offers significant
competitive advantages (Hoffmann et al., 2012). Combining droplet
printing and dPCR, namely “printing-based dPCR”, is capable of
producing a customized instrument, which fits various experimental
demands in the studies. Droplet printing-based dPCR typically involves
a few operation steps (Fig. 3D), i.e., oil droplet array is first printed on
a hydrophilic-in-hydrophobic-patterned chemically modified substrate
(Sakakihara et al., 2010; Zhang et al., 2011) and then sample micro
droplets containing target nucleic acid and PCR mixture is printed into
each oil droplet. And then, PCR thermal cycling reaction is performed
and fluorescence dot images are acquired and analyzed at the end of
reaction (Guttenberg et al., 2005; Sun et al., 2014). Inspired by droplet
printing, it has been reported that hundreds of droplets have been
printed on a hydrophobic and oleophobic surface to perform qPCR
detection (Sun et al., 2014; Zhu et al., 2015). The droplet could reach
the volume as low as 800 pL, which is encapsulated in a silicone oil
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droplet, to avoid sample evaporation and cross-contamination during
thermal cycling.

Taken together, with advances in droplet printing technologies, the
droplet printing based dPCR offers great advantages in applicability,
reproducibility and cost-effectiveness. Because of printing's customiz-
ability, the printed droplet size can be optionally changed to meet a
variety of requirements during experiment (Li et al., 2015). The success
in development of inkjet printing (Rose, 2000) or contact printing (Kim
et al., 2009) technologies offers great potential to achieve single
molecule DNA printing in dPCR in the near future.

3. Amplification process

Following the sample dispersion process, PCR amplification process
is performed relying on repeated thermal cycling to the sample,
commonly consisting of two or three distinct temperature stages for
denaturation, annealing and extension. Conventional bench-top PCR
thermal cyclers complete the process by heating and cooling the sealed
tubes loaded with PCR reagent, which are mostly based on Peltier
thermoelectric units functioning as both the heating and cooling
elements (Fig. 4A and B). However, the amplification process is time
consuming due to the relatively low temperature change rates 1.5–
5 °C s−1). In addition, these thermal cyclers are bulky, high cost, and
high power consumption, hindering their extensive applications
(Miralles et al., 2013). To address this, various new thermal cyclers
have been developed recently for PCR amplification, showing attractive
features of compact size, improved heating/cooling rates and reduced
amplification time (El-Ali et al., 2004; Liao et al., 2005; Poser et al.,
1997; Yoon et al., 2002). All these cycling systems can be classified into
two systems based on the position between the sample and the thermal
block during amplification, i.e., stationary system and spatial system.

3.1. Stationary system

Stationary system is defined according to the position between the
sample and the thermal block, in which no movement occurs during
the PCR amplification process. Recently, various heating techniques
have been integrated into microfluidic systems for PCR thermal
cycling, including photonic heat- (Roche et al., 2012; Son et al.,
2015), acoustic waves- (Shilton et al., 2015), and micro machined
Joule heat-based system (Liao et al., 2005; Neuzil et al., 2006).
Recently, to achieve photonic heating, laser-activated nanoparticles in
solution have been demonstrated to be capable of heating the
surrounding solution through the mechanism of light-to-heat conver-
sion (Jaque et al., 2014). In addition, a thermocycler based on photonic
heating has been proposed for PCR amplification. For example, gold
nanoparticles with 60 nm diameter were activated by a 532 nm laser
beam for heating and a fan was used for cooling, providing heating rate
of 7.62 °C s−1 and cooling rate of 3.33 °C s−1 (Roche et al., 2012).
However, this strategy is subjected to the high cost of the laser. More
recently, an ultrafast photonic PCR thermal cycler based on using a
thin gold film excited by light-emitting diodes for heating has been
developed (Fig. 4C) (Son et al., 2015). Due to the high thermal
conductivity of the gold film, the ultrafast heating (12.79 °C s−1) was
achieved by the light illuminated gold film with highly efficient light-to-
heat conversion and fast cooling (6.6 °C s−1) was obtained through the
high thermal dissipation with the aid of a cooling fan. This method is
characterized by low cost and low power consumption with ultrafast
thermal cycling capability, without the need for expensive laser source,
thus showing promising prospect for POCT.

Besides photonic heat-based system, acoustic waves-based system
has also been introduced for thermal cycling. Acoustic waves have been
widely applied to manipulate droplets on microfluidic chip owing to the

Fig. 4. The thermal cycling systems for PCR amplification process including bench-top system and microfluidic-based system. (A) Photograph of a gradient thermal
cycler. (B) Photograph of a ProFlex™ 2x Flat PCR thermal cycler. (C) Schematic of the photonic system using a thin gold film as a light-to-heat converter and excitation light from the
LEDs. (D) Setup of the SAW system. (E) Schematic of the micro machined system containing both the heater and sensor made of a thin film of metal and thermally connected by placing
them at the same silicon ring. (F) Schematic of a flow-based system containing three individual thermostatic zones for PCR amplification. (G) Schematic illustration of a rotary system
consisting of a microchip, three heat blocks, and a stepper motor. Images reprinted from (Jung et al., 2012; Kopp et al., 1998; Neuzil et al., 2006; Reboud et al., 2012; Son et al., 2015).
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pressure wave within the droplet generated by acoustic energy (Friend
and Yeo, 2011). The acoustic waves can also induce thermal effect
when the acoustic energy is dissipated into the fluid (Kondoh et al.,
2009). Reboud et al. (2012) have demonstrated that PCR amplification
in a microliter droplet covered by oil using a thermocycler based on
surface acoustic wave (SAW), where SAW was generated by the
interdigitated transducer (IDT) and coupled into a disposable super-
strate as an alternative to expensive SAW chip (Fig. 4D). In the
configuration, the heating process was achieved by changing the input
frequency and excitation power and the cooling process was achieved
by passive thermal dissipation through a heat sink. Recently, a direct
SAW actuated digital microfluidic heating strategy has been demon-
strated with the SAW decoupled from other heating sources (Shilton
et al., 2015). The experiment showed that the higher temperature
change can be obtained with higher viscosity fluids (~10 °C for water),
achieving rapid thermal cycling between 65.0 °C and 95.8 °C of a
viscous glycerol droplet. The acoustic thermal cycling system is simple,
easy to achieve and also easily integrated into a hand-held system.

Micro machined Joule heat-based system has also been reported.
For example, Neuzil et al. have reported an ultrafast miniaturized PCR
thermal cycling system, which enables the temperature ramp rates up
to 175 °C s−1 for heating and 125 °C s−1 for cooling, respectively (Liao
et al., 2005; Neuzil et al., 2006). In the system, both the heater and the
sensor are fabricated by a thin film of Au/Cr metal deposited on the
same micro machined silicon ring (Fig. 4E). Further, the miniaturized
system has been integrated into handheld PCR instruments for rapidly
detecting infectious diseases (Ahrberg et al., 2016a; Neuzil et al.,
2010). However, the system is subjected to the high cost and
complicated fabrication due to the need for e-beam evaporation,
etching and lithographic process.

3.2. Spatial system

In the spatial microfluidic system, the PCR thermal cycling is
completed through the position change between the sample and the
individual thermostatical temperature blocks. For instance, Martin
et al. have successfully demonstrated a continuous flow PCR on a glass
chip, where the PCR sample was pumped sequentially and repetitively
flowing through three individual thermostatic zones (Fig. 4F) (Kopp
et al., 1998). Recently, a real-time quantitative PCR in picoliter water-
in-oil droplets has been accomplished on a continuous flow-based
thermal cycling, which enables quantification of target in each picoliter
droplet, showing great prospect for dPCR application (Kiss et al.,
2008). The amplification speed is fast due to the high speed of the flow
rate and the cross-contamination could be avoided because of the
spatially separated amplification cycles. However, in this configuration,
the number of PCR amplification cycles was determined by the layout
of the microfluidic channel on the chip. More recently, another liquid
flow-based PCR relying on the pre-heated liquids heating the PCR
chamber has been developed (Houssin et al., 2016). This strategy
showed ultrafast temperature change rate with the maximum heating
and cooling ramp rates of 25 °C s−1 and 18 °C s−1, respectively.
Moreover, this system is compatible with large-volume samples (tens
of microliters) with ultrafast temperature cycling rates and good
temperature homogeneity, which shows higher sensitivity than that
of low-volume samples due to the relatively low numbers of DNA
templates in low-concentration samples. However, this system needs a
reservoir and a heat exchanger for each heat-transfer liquid and a
pressure controller for precisely controlling the liquid flow, thus
making the system bulky and complicated.

Similar to the principle of flow-based PCR, rotary PCR systems have
also been developed, in which the thermal cycling is performed through
sequential rotation of the microchip containing PCR sample on three
adjacent thermal blocks to accomplish the amplification process
(Fig. 4G) (Jung et al., 2012). This system is fast and does not require
precise control of liquid flow. Further, the cycling ramp rates of the

rotary PCR could be dramatically improved by maximizing the thermal
contact between the sample reactor and the thermal block. For
instance, a capillary containing the sample was fixed in a recessed
groove on the surface of the thermal block to minimize the thermal
contact resistance, showing the maximum ramp rate of 44 °C s−1

(Bartsch et al., 2015).
As stated above, various thermal cycling systems have been devel-

oped for microfluidic and droplet-based PCR application. Compared to
bench-top systems, these systems are characterized by minimal size,
low power consumption, low cost, easy operation and fast/ultrafast
temperature change rates. Hence, these systems are well suited for
dPCR amplification through the limiting dilution of sample on the
microfluidic chip. However, the spatial systems are subjected to the
precise control of the liquid flow and/or the friction wear during the
rotation of the thermal block against the sample reactor, which could
potentially be an issue for the long-term reliability of the system. On
the other hand, the stationary systems require the heating/cooling
elements to accomplish thermal cycling, which consume more power.
In addition, microwave dielectric heating of the water-in-oil droplets
shows great potential application for droplet-based PCR amplification,
holding the ability to increase the temperature of drops rapidly
(Issadore et al., 2009).

4. Quantification process

Depending on the sample dispersion strategies, the quantification
processes in dPCR mainly rely on two methods (Fig. 5A and D). One is
droplet-based fluorescence signal counting, determining the number of
droplets that have different fluorescence intensity via the photomulti-
plier tube (PMT) (Mazutis et al., 2009, 2013), which is similar to the
principle of flow cytometry. The other is chip-based fluorescent dots
image processing, using the charge-coupled device (CCD) or comple-
mentary metal-oxide-semiconductors (CMOS), acquiring and analyzing
the two-dimensional (2D) fluorescence bitmap images. Both quantifi-
cation methods are integrated optical detecting systems with high
precision, excellent sensitivity and resolution. The evaluation of
different image processing techniques and principles used correspond-
ing to different sample dispersion methods is summarized in Table 2.
In dPCR quantification, an ideal fluorescent processing system must
have high resolution, rapid detection, false positive screening, and high
versatility (Lievens et al., 2016).

4.1. Droplet based fluorescence signal counting

Droplet-based fluorescence signal counting has been widely used in
commercial dPCR instruments (QX100™ and QX200™, Bio-Rad®;
Rain Drop™, RainDance®) (Baker, 2012; Chen et al., 2013; Day
et al., 2013). After the amplification reaction in water-in-oil based
dPCR, all of the droplets are collected in a custom transfer vial which is
connected to the readout chip in a droplet reader. The oil is
continuously introduced to the intersection under a constant pressure,
aqueous droplets are then individually separated by the spacer fluid
and being transferred to the subsequent laser-induced two-color
detector (i.e., the PMT) one by one at the rate of ~1000 per second
(Pekin et al., 2011; Zhong et al., 2011) (Fig. 5A and B).

TaqMan assay has been performed for the duplex detection of
target and reference genes using the dual fluorophores: Fluorescein
amidite (FAM) and Aequorea victoria (VIC). Resulting from quenching
failure of fluorescent probes during PCR, each droplet is bound to have
an intrinsic fluorescence value. All of the droplets are gated by
fluorescence peak width to filter out rare abnormal droplets (Pekin
et al., 2011; Trypsteen et al., 2015; Zhong et al., 2011) (e.g., doublets,
triplets) (Fig. 5C). The data is recorded by imaging software,
QuantaSoft™ analysis software (Bio-Rad®), based on the fluorescence
amplitude using the droplet reader (Hindson et al., 2011). For the
number of all droplets is known, proportion of positive (containing
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Fig. 5. Quantification methods and representative results for dPCR. (A) Droplet based fluorescence signal counting. As similar with a flow cytometry, Amplified droplets
flowing through the dual-color fluorescence detection channel in sequence. For a single droplet containing Target 1 (modified by FAM™), Target 2 (modified by VIC™) or no templates,
lasers with different excitation wavelength (494 nm and 538 nm) can produce the corresponding emitted light (518 nm and 554 nm), which is recorded by PMT1 and PMT2. Then,
counting the number of characteristic peaks to get targets’ proportions. (B) Quantitative and sensitive detection of rare mutations using droplet-based microfluidics (Pekin et al., 2011)
(scale bar 60 µm). (C) Droplet readout by fluorescence value. Fluorescence is accumulated during PCR and each discrete burst of fluorescence corresponded to an individual droplet.
Two groups of droplets were evident: PCR (+) droplets peaking at 0.8 V and PCR (-) droplets at 0.1 V (scale bar 100 µm) (Pekin et al., 2011; Zhong et al., 2011). (D) The other one is chip
based fluorescent dots image processing, using the CCD, acquiring and analyzing the 2D fluorescence bitmap images. (E) Schematic of the process for discovering heterogeneity within
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targets）droplets is obtained to calculate the absolute concentration of
target.

4.2. Chip based fluorescent dots image processing

Chip-based fluorescent dots image processing (Fig. 5D) includes
acquisition of fluorescence image, image processing, and data analysis.
With similar “2D fluorescent image capturing” process, microwell chip,
channel based chip, hydrogel beads array and printing droplet array are
applicable with the fluorescent dot imaging system (Zhu et al., 2015).
Several fluorescent dots imaging approaches have been applied in
dPCR (Dimov et al., 2014; Fan and Quake, 2007; Zhang et al., 2012;
Zhong et al., 2011; Zhu et al., 2014), where selecting an appropriate
imaging approach is essential to achieve an optimum result.

To achieve high resolution and quality fluorescence images of the
dPCR, various imaging strategies have been reported. For example, a
microwell array has been placed on an automatic slide scanning system
(Zeiss Axio Imager DIC/Fluorescence Microscope) for a full array
imaging (Fig. 5E) (Dimov et al., 2014). The exposure was set to cover
70% dynamic range of the CCD (Peltier cooled, Sony ICX 285 sensor).
In another study, an inverted fluorescent microscope (Nikon Eclipse
Ti-U, Tokyo, Japan) exposing for 3 s at 100-fold magnification has
been used for imaging purpose (Zhang et al., 2012). Zhong's group has
developed their own microscope (Zhong et al., 2011) with a 20 mW,
488 nm laser source (Cyan; Picarro, Sunnyvale, CA) to visualize the
interior of the microfluidic channels. A two band pass filter have
discriminated the fluorescence collected through the objective lens:
512/25 nm and 543/22 nm for FAM and VIC fluorophores respec-
tively. The fluorescence has been detected by two H5784-20 photo-
multipliers and simultaneously recorded at 200 kHz sampling rate with
an USB-625 data acquisition card. The droplets have been imaged
through the objective lens with backside illumination from a light-
emitting diode (LED) (wavelenth: 850 nm). At last, a short-pass filter is
applied to separate the optical paths for fluorescence detection and
imaging, and a Guppy CCD camera. Besides, imaging of a chip has
demonstrated after target amplification using a Maestro Ex IN-VIVO
imaging system (CRI Maestro) (Zhu et al., 2014). Fluorescence images
have been acquired by a large area CCD system with an enlarged image
observed under a fluorescence microscope (OLYMPUS). Fluorescence
was been excited at 455 nm and the emitted light was collected by a
CCD with a 495 nm long-pass filter.

On the other hand, a lens-free on-chip imaging technique has been
introduced, which is composed of a plasmonic chip, an LED, a battery,
and a CMOS imager chip for rapid and sensitive detection of nucleic
acid (Colle et al., 2013). The resolution of this lens-free on-chip
imaging is 25 µm. This lens-free imaging resolution offers a great
potential for quantification in dPCR.

Till now, the widely used image processing tools includes ImageJ,
Matlab (Dimov et al., 2014; Fan and Quake, 2007; Zhu et al., 2014),
LabView (Zhong et al., 2011), and Mathematica (Strain et al., 2013).
ImageJ v4.4 (NIH, USA) and MatLAB 5.3 (MathWorks, El Segundo
CA, USA) software have been demonstrated in analyzing the images
(Fig. 5F) (Dimov et al., 2014). A Matlab program also has been
developed to process and obtain the chip's fluorescent image after 40
cycles of thermal cycling and which determined the number of
fluorescent channel (Fan and Quake, 2007). A custom algorithm in
Mathematica has been developed to classify each channel into positive,
negative, or ambiguous (Strain et al., 2013). The copy number of
template per unit volume has been determined by the ratio of positive
reaction observed. Since dPCR provides an endpoint detection, some
compartments contain more than one target, thus, Poisson distribution
plays an important role at this point (Perkel, 2014) to eliminate
outliers. The template number existing in a droplet was assumed to
follow the Poisson distribution, meanwhile, the number of positive
droplets was assumed to follow a binomial distribution. In another
study, an algorithm in LabView has been developed to detect positive
droplets as contiguous region above a fixed or manually set intensity
threshold (Zhong et al., 2011).

5. Biomedical applications of dPCR

The two main applications of dPCR in biomedical fields are rare
mutation detection and nucleic acid quantification (Huggett and
Whale, 2013). The detection of rare mutants means a specific rare
DNA molecule could be detected in the vast background (Vogelstein
and Kinzler, 1999). In qPCR, the primers or probes are normally used
to detect the wild-type sequences, which may not accurately detect the
target of interest in genetic testing. In contrast, dPCR is capable of
absolutely quantifying the mutated target genes by using a small
amount of sample. For example, the absolute numbers of MON810
transgene and High-Mobility Group (HMG) maize reference gene
copies in DNA samples have been determined using dPCR duplex
assay without the need for calibration curves, with the detection limit
as low as 5 copies of target DNA (Morisset et al., 2013).

Particularly, based on different detection target, dPCR mainly plays
an important role in pathogen detection, copy number variation (CNV)
detection，MicroRNA (miRNA) expression analysis，next-generation
sequencing, single-cell gene expression analysis and chromosome
abnormality detection (Fig. 6). Furthermore, rare cancer target detec-
tion (Mangolini et al., 2015; Milbury et al., 2014; Parsons et al., 2016;
Qin et al., 2016; Schwarzenbach et al., 2011), establishment of accurate
reference or standards (Bhat and Emslie, 2016; Corbisier et al., 2015;
Dong et al., 2015; Huggett et al., 2015) and genetically modified
components identification (Bucher and Köppel, 2015; Findlay et al.,
2016; Gerdes et al., 2016; Zhu et al., 2016) are all the crucial and
potential applications of dPCR. Recently, the development of this field
has been extended towards the detection of tumor DNA in liquid biopsy
of tumor patients, with the ability of detecting target DNA even at levels
as low as 0.1% of total DNA in the blood (Chi, 2016).

cell populations (Dimov et al., 2014). The fluorescence intensity of the cleaved probes is detected by an automated fluorescence microscope scanner and processed through custom
scripts in ImageJ and MatLab. The intensity signals are quantified and normalized from each mRNA amplification. (F) The end point fluorescence of the B20pl microwell PCR reaction
before and after cycle 40 (Dimov et al., 2014). There is a clear log-linear trend between well intensity and the number of cells per well after amplifying the promoter region of the Nanog
gene. It shows that the well intensity is a semi-quantitative indicator of the initial concentration of target DNA. Images reprinted from (Dimov et al., 2014; Pekin et al., 2011; Zhong
et al., 2011; Zhu et al., 2015).

Table 2
Comparison of detection parameters of different dispersion methods (Baker, 2012).

Sample
dispersion
method/
Detection
principle

Sensitivity (Day
et al., 2013)

False
positive

Portability Speed

Droplets/PMT or
FCM

0.000–0.01% **** ** *

Microwell/CCD or
CMOS

0.005% * *** ****

Channels/CCD or
CMOS

0.01% *** **** ***

Beads/Scanner 1% ** ** **
Printing/Scanner – ** * **

Notes: PMT: Photomultiplier tube, FCM: Flow cytometry, CCD: Charge-coupled device,
CMOS: Complementary metal-oxide-semiconductors.
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Fig. 6. Biomedical applications of dPCR. (A) Pathogen detection: rapid detection of single bacteria in unprocessed blood using integrated comprehensive droplet digital detection
(Kang et al., 2014). (B) Copy number variation (CNV) detection: a localized temporary negative pressure assisted microfluidic device for detecting keratin 19 in A549 lung carcinoma
cells with digital PCR (Tian et al., 2015b). (C) MicroRNA (miRNA) expression analysis: absolute quantification of lung cancer related microRNA by droplet digital PCR (Wang et al.,
2015). (D) Next-generation sequencing result validation: microfluidic droplet enrichment for targeted sequencing (Eastburn et al., 2015). (E) Single-cell gene expression analysis:
ultrahigh-throughput mammalian single-cell reverse-transcriptase polymerase chain reaction in microfluidic drops (Eastburn et al., 2013). (F) Chromosome abnormality detection:
digital PCR for the molecular detection of fetal chromosomal aneuploidy (Lo et al., 2007). Images reprinted from (Eastburn et al., 2015, 2013; Kang et al., 2014; Lo et al., 2007; Tian
et al., 2015b; Wang et al., 2015).
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5.1. Pathogen detection

The numerous individual reaction partitions of dPCR makes it
possible to study the single cell genomics of pathogens (Gutierrez-
Aguirre et al., 2015). A droplet-based system named “IC 3D” has been
successfully used to detect single bacteria in raw blood within a few
minutes (Fig. 6A) (Kang et al., 2014). A microfluidic-based dPCR has
also been demonstrated to quantify the presence of pig intestinal
bacteria (Prevotella) dependent on the specific drug being used (Looft
et al., 2014). In addition, dPCR has also been performed to sensitively
detect human immunodeficiency virus (HIV) nucleic acid (Kiselinova
et al., 2014; Perez-Santiago et al., 2015; Yukl et al., 2013) in
cerebrospinal fluid (CSF) cell and peripheral blood mononuclear cell
(PBMC) (Oliveira et al., 2015). The housekeeping gene Ribonuclease P
protein subunit p30 (RPP30) has been used as a reference for absolute
quantification of HIV nucleic acids. It has been reported that 64% of
cerebrospinal fluid cell spheres contain HIV-DNA whereas 53% con-
tains HIV-RNA.

In human cytomegalovirus (HCMV) detection, two digital PCR
platforms, namely QX100™ droplet digital PCR system (Bio-Rad
Laboratories®) and Biomark™ HD system (Fluidigm®) have been used
simultaneously for sample testing (Pavsic et al., 2015). When using the
QX100 system, the copy number of virus in direct amplification-
detection has shown 18% higher than plasma extracted DNA, and
35% higher than PBS solution extracted DNA. As for the detection
using the Biomark system, the virus copy numbers has been shown
26% higher than plasma extracted DNA and 53% higher than PBS
solution extracted DNA. Overall, in pathogen detection, dPCR have
been shown to successfully detect low target concentration in various
samples with reliable test results.

5.2. Copy number variation (CNV) detection

CNV is an important source of human genetic variation, and is
closely associated with a large number of human diseases. Digital PCR
enables the detection of copy number variation with the detection limit
as low as 1–100 copies (Marx, 2014). Microwell based digital PCR has
been used to detect the mitochondrial DNA (mtDNA) copy number in
germline karyoplasts (Wang et al., 2014). A correlation between
proximal Spinal muscular atrophy (SMA) severity and centromeric
Survival of motor neuron 2 (SMN2) gene copy number has been
determined using the QuantStudio 3D™ dPCR system (Stabley et al.,
2015). In addition, a homemade device called “localized temporary
negative pressure assisted microfluidic device” has been demonstrated
to quantify the amount of keratin 19 in A549 lung carcinoma cell lines,
and a good correlation has been observed between the amount of
fluorescent spots and dilution factor (Fig. 6B) (Tian et al., 2015b).
Similarly, in another lung cancer study, Alexandra (Pender et al., 2015)
and Chien (Lin et al., 2015) have successfully detected the copy
numbers of mutated KRAS (Kirsten rat sarcoma viral oncogene) gene
and EGFR (Epidermal growth factor receptor) gene respectively via
dPCR. The detection limit of mutated KRAS gene has shown 2000: 1 (a
mutated KRAS gene has been detected in two thousand wild KRAS
genes), which is much sensitive than that using sanger sequencing (10:
1) and next-generation sequencing (50: 1). In addition to the lung
cancer, in detection of HGSOC (high-grade serous ovarian cancer), the
numbers of deleted NF1 (Neurofibromin 1) deletion and mutant TP53
p.R175H (Tumor protein 53) have been succesfully quantified in
HGSOC tissues (Schwarz et al., 2015). In short, the aforementioned
studies are all about the detection of copy number variation of genes or
mutation, which have currently attracted significant research interest
in the field of dPCR and have become the mainstream of dPCR
applications.

5.3. MicroRNA (miRNA) expression analysis

In cancer detection, microRNA (Ambros, 2004; Bartel 2004) has
been known as a promising circulating biomarker in liquid biopsy for
early diagnosis of cancers (Ma et al., 2013; Ono et al., 2015; Zhang
et al., 2015). Digital PCR, especially water-in-oil based (or droplet
based) dPCR enables absolute quantification of target microRNAs in
lung tissue samples (Fig. 6C) (Wang et al., 2015). Besides, The
microwell based dPCR (Thermo Fisher Scientific®) has been adopted
to detect the copy numbers of five kinds of microRNA biomarkers (mir-
16-5p, mir-21-5p, mir-126-3p, mir-486-5p and mir-660-5p) in lung
cancer detection (Conte et al., 2015). In this work, the plasma, cell
lysates and tissue from lung cancer patients have been used for target
miRNA extraction. Synthetic oligonucleotide (as internal control) has
been used to create a standard curve to evaluate the performance of the
assay in terms of efficiency, precision, and sensitivity. In another study,
dPCR has been performed to quantify the expression level of two lung
cancer-associated miRNAs (miR-31 and miR-210) in lung cancer
patients (Li et al., 2014). This technology has also been demonstrated
in other cancer research, including diagnosis of microRNAs in the
serum of breast cancer patients (Mangolini et al., 2015) and absolute
quantification of cell-free microRNAs in cancer patients (Ferracin et al.,
2015; Tsukuda et al., 2016).

5.4. Next-generation sequencing validation

Unlike conventional qPCR, dPCR allows accurate result quantifica-
tion (either 0 or 1) independent of varying amplicon lengths, which
could potentially generate amplification bias in qPCR (Kim et al., 2011;
White et al., 2009). Digital PCR has been reported to provide sensitive
and absolute calibration for high throughput sequencing (Robin et al.,
2016), as shown by the accurate quantification of 454 and Solexa
sequencing libraries (White et al., 2009). This method has successfully
reduced the sample volume more than 1000-fold without the step of
pre-amplification, minimizing the undesired effects of bias.
Additionally，microfluidic droplet enrichment for sequence analysis
(MESA), a new target enrichment technology has been introduced. In
this work, 250 kb targeted genomic DNA from 5 different genomic loci
have been enriched by 31.6-fold using MESA (Fig. 6D) (Eastburn et al.,
2015). Fragments of genomic DNA are extracted for TaqMan probe
based droplet dPCR. The TaqMan positive droplets are recovered by
dielectrophoresis, followed by the removal of amplicons by enzymatic
reaction prior to sequencing. Taken together, this method enables
comprehensive identification of genetic polymorphisms within the
targeted loci with requirement for only a small amount of DNA,
making it very suitable for the study of genetic variation in biomedical
applications.

5.5. Single-cell gene expression analysis

In the absence of need for pre-amplification, dPCR allows single-
cell gene expression analysis without amplification bias, highlighting its
potential to substitute the conventional qPCR (Fig. 6E). With this, cell
development mechanism could be evaluated in depth. For instance, to
study single cell transcriptome, microbeads are modified with barcode
primers, each single cell combined with these microbeads is encapsu-
lated in water-in-oil droplets (Klein et al., 2015; Macosko et al., 2015).
A self-seeding microwell chip that consists of 6400 microwells has been
developed, with a pore of approximately 5 µm at the bottom of each
microwell. Once a single cell landed on the pore, it could prevent other
cells flow through the microwell, leading the subsequent cells to flow
into the next microwell (Swennenhuis et al., 2015). With this method, a
large number of single cells could be quickly and efficiently formed in
each microwell (Jen et al., 2012a, 2012b; Lindstrom and Andersson-
Svahn, 2011; Lindstrom et al., 2009; Yang et al., 2015).

In fact, single-cell restriction analysis of methylation (SCRAM) has
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been introduced to analyze methylation level on multiple sites of single
cell. SCRAM mainly includes the following steps: isolation and lysis of
single cell; digestion of genomic DNA using methylation sensitive
restriction enzyme; two cycles of PCR amplification for multiple sites,
and determination of methylation status of target (Cheow et al., 2015).
Using the droplet based dPCR to analysis single cell's gene expression
(Brouzes et al., 2009; Mazutis et al., 2013), about 1 million single-cell
hybridomas have been successfully detected within 2–6 h.

Additionally, circulating tumor cell (CTC) (Cohen et al., 2008; Plaks
et al., 2013; Williams, 2013) screening and detection (Kim et al., 2016;
Stott et al., 2010; Vona et al., 2000; Yang et al., 2015) by dPCR with
analysis of single cell gene expression has also been introduced
(Pfitzner et al., 2014). Westbrook's group have summarized the
micro-nano technologies for generating high throughput single cells
and have laid the foundation for using dPCR in single cell gene
expression analysis (Weaver et al., 2014). Undoubtedly, this applica-
tion has attracted much interest of researchers around the world.

5.6. Chromosome abnormality detection

To date, chromosome abnormality is possible to be detected by
dPCR (Zimmermann et al., 2008). Chromosomal abnormality refers to
deletions, additions, or irregular changes of a segment from chromo-
some (Izatt, 2012). Non-invasive prenatal screening (NIPS) or detec-
tion of chromosomal abnormality in fetus by dPCR has been intro-
duced (Fig. 6F) (El Khattabi et al., 2016; Lee et al., 2015; Lo et al.,
2007; Perlado et al., 2016; Xu et al., 2016b). Further, chimaerism in
hematopoiesis has also been accurately quantified by dPCR (Stahl
et al., 2015). A drop-phase method combined with water-in-oil based
dPCR had been applied to ascertain the phase of DNA sequence
variants, without cloning or dilution of sample to single molecule
(Regan et al., 2015). It is worth mentioning that by performing dPCR,
tedious gene cloning and manual dilution of sample are not required,
lengthy and complicated operation steps could also be addressed at the
same time.

6. Conclusion and future perspective

In conclusion, dPCR represents a novel, sensitive, accurate and
multiplex quantification strategy to detect a scarce amount of target
nucleic acid in complex clinical sample. Various sample dispersion
methods for dPCR, including droplet based, micowell based-capillary
force driving, channel based and printing based sample dispersion have
been introduced to address the tedious dilution step required in
conventional dPCR. The proper employment of these sample disper-
sion methods offers hundreds to millions of nanoliter or even picoliter-
scale reaction partitions, enabling sensitive and accurate absolute
quantification of multiplex target nucleic acids.

The integration of portable thermal cycling amplification (Ahrberg
et al., 2016b) or isothermal amplification (Rodriguez-Manzano et al.,
2016) into dPCR platform, coupling with on-chip fluorescent dots
image processing (Devadhasan et al., 2015) or fluorescent signal
counting, particularly in microfluidic-based dPCR allows absolute
nucleic acids detection under many circumstances. This kind of
integrated dPCR platform would offers great potential in wide range
of applications including early diagnosis and prognosis monitoring.

However, dPCR with unique accuracy, small reaction volume and
high sensitivity is still subject to a number of challenges for further
development (Brenan and Morrison, 2005): (Ⅰ) How to perform simple,
robust and efficient droplets manipulation on microplate or micro-
fluidic chip to set up PCR systems for single molecule detection without
the aid of external instruments? (Ⅱ) Realize good isolation of micro-
reaction systems in PCR thermal cycling and droplets manipulation
process; (Ⅲ) Considering the requirements of molecular diagnostic in
POCT, how can we miniaturize the dPCR system without affecting data
quality and detection speed, simultaneously. An self-priming compart-

mentalization (SPC) based microfluidic chip has been fabricated to
perform digital loop-mediated amplification (digital LAMP) (Zhu et al.,
2012), and the digital droplet multiple displacement amplification
(ddMDA) also has been applied for whole genome sequencing in a trace
of DNA sample (Rhee et al., 2016; Xu et al., 2016a). These digital-
isothermal amplification methods are power-free, valve-free, inexpen-
sive and labor time saving. So, cheap and readily available material,
simple fabrication process, and energy-efficient amplification assay
would greatly reduce the cost, and complexity of dPCR system. (Ⅳ)
With the existing and emerging dispersion strategies of dPCR, what
orders of sensitivity can we reach to, when we analyzing a limited DNA
sample with an unknown concentration. But the prediction is that
dPCR's detection limit will continuously improve with the increasing
number of partitions benefiting from rapid development of micro-nano
machining technology.

Although there exist a numbers of commercial dPCR systems based
on different partition technology, most of them are expensive with poor
integration and multiplexing capability (Baker, 2012; Day et al., 2013).
Besides dPCR, there are also other biosensors that are not based on
PCR, but use molecular beacons, enzymatic, immunological, and other
biorecognition or biomimetic techniques in DNA and RNA recognition
(Hepel et al., 2012; Stobiecka and Chalupa, 2016; Stobiecka and
Chałupa, 2015; Stobiecka et al., 2007). These biosensors are simple,
rapid, and low cost, which hold great potential for DNA and RNA
recognition. With the rapid development of microfluidic technology
and microfabrication, we envision that dPCR system could be con-
tinuously improved without adding cost and greatly simplified without
compromising its performance. If some burgeoning auxiliary detection
technique such as isothermal amplification (Zhao et al., 2015) and lens-
free imaging (Takehara et al., 2016) could be integrated in dPCR, the
dPCR system will be fully minimized for various biomedical applica-
tions in the near future, especially in developing world.
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