
üSample is partitioned so that individual nucleic acid 
molecules within the sample are localized and 
concentrated within many separate regions. 

ü The partitioning of the sample allows one to estimate the 
number of different molecules by assuming that the 
molecule population follows the Poisson distribution. As a 
result, each part will contain "0" or "1" molecules, or a 
negative or positive reaction, respectively. 



ü After PCR amplification, nucleic acids may be quantified by 
counting the regions that contain PCR end-product, positive 
reactions.

ü In conventional PCR, the number of PCR amplification cycles 
is proportional to the starting copy number. 

ü dPCR, however, is not dependent on the number of 
amplification cycles to determine the initial sample amount, 
eliminating the reliance on uncertain exponential data to 
quantify target nucleic acids and therefore provides absolute 
quantification.



üDigital	PCR	depends	on	the	ability	of	PCR	to	detect	a	single	mol-
ecule	of	a	target	locus.	The	sample	is	greatly	diluted	and	divided	
into	a	large	number	of	aliquots,	so	that	some	aliquots	receive	at	
least	one	molecule	of	the	target	(‘‘positive’’	aliquots),	whilst	
others	do	not.	The	number	of	positive	aliquots,	as	determined	
by	PCR,	then	reflects	the	abundance	of	the	target	locus	

relative abundance [1,7]. The reference sequence is usually chosen
to be one whose abundance is known – for example, one which is
present in two copies per diploid cell.

Besides being able to accurately quantify target sequences, dig-
ital PCR can also be used to identify rare variants, such as muta-
tions present in only a small minority of the cells from which the
DNA is isolated. Digital PCR experiments can be designed so that
each positive aliquot is the result of a single or a few template mol-
ecules being amplified. In those aliquots in which a rare variant is
present, it’s detection is not swamped by the more common vari-
ant, as it would be if bulk DNA were amplified [8,9]. In practice,
rare variant detection requires well-designed experimental proto-
cols with marker validation and non-template controls, but here
the point is to emphasize the potential of digital PCR in terms of
sensitivity and quantitation of rare variants.

The precision (reproducibility) of digital PCR-based quantitation
and its capacity to detect very rare variants depends on the total
number of aliquots that are interrogated – the precision and sensi-
tivity increase as more aliquots are analysed.

The degree of dilution of sample is also important: if it is too di-
lute, then very few aliquots will be positive, and the data will be
unreliable. If it is not dilute enough, then all the aliquots will be po-
sitive, and no quantitative information can be obtained. A number
of authors have investigated how linear the response is to DNA
concentration using various platforms [10–12]. In a recent study
using a droplet digital PCR system (ddPCR) and interrogating
20,000 partitioned reactions (microdroplets), a linear response to
DNA concentration was obtained in droplet saturation in the inter-
val 0.16–99.6% [11]. However, the relative uncertainty in DNA con-
centration varied across this dynamic range – in particular at the
lower end of this range the impact of stochastic events on the esti-
mated copy-number increased. Similar observations were made in
a study using a microfluidic based approach [12].

The uniformity of partition volume is also a critical determinant
of the accuracy of copy-number estimation and becomes particu-
larly important when the number of partitions exceeds one thou-
sand [11].

Finally, in digital PCR as opposed to QPCR, the efficiency of reac-
tions only has to reach a threshold at which a product will be de-
tected if present. Therefore, it may be unimportant if one reaction
is more efficient than another as long as both are sufficiently

efficient to amplify a molecule if present. This will potentially re-
duce the number of primer design ‘failures’ when biomarker assays
are designed.

There are a number of clinical circumstances in which the accu-
racy and precision of quantitation of potential biomarkers that can
be delivered by digital PCR may be very attractive.

3. Digital PCR – attributes

3.1. Rare variant detection

There is a move towards using molecular biomarkers obtained
from peripheral blood sampling to detect specific mutations and
monitor disease progression, recurrence and stability [13–15].
The assay needs to be able to detect a low proportion of mutant al-
leles in a huge excess of wild type alleles. Digital PCR can readily
achieve this aim. There is also increasing evidence that each indi-
vidual’s cancer may have diverse subclonal populations [16,17].
The clinical relevance of this is that subclones may harbor specific
mutations that confer resistance to currently available cancer ther-
apeutics. Examples of this are discussed in more detail in Section 5.

3.2. Estimating copy-number variation

The clinical implications of very precise estimates of germ-line
or somatic copy number variants (CNVs) are unclear and will vary
depending on the clinical scenario. However, CNVs do alter gene
expression [18] and therefore may well be of clinical importance.

The attributes of digital PCR discussed above facilitate the accu-
rate and precise discrimination of the number of copies of specific
loci. Assuming reference diploid loci have been validated and
therefore have a relative copy-number of two, it is possible to dis-
tinguish between one (indicating allelic loss) and two copies, and
also between higher integers, for example, five and six copies
[9,19,20]. Digital PCR performs better in this regard than other cur-
rently available methods including QPCR [9,10,21].

3.3. Minimal template requirements

A key advantage of the digital PCR strategies is that template
requirements are generally low. This is of particular importance
in some clinical scenarios when tissue samples may be limited in
size and/or heterogeneous, or when extracted nucleic acids are de-
graded as a result of processing [22]. In many genomic analyses
(array CGH, next generation sequencing) of limited clinical mate-
rial a pre-amplification step has been used with the intention of
increasing the abundance of all sequences of interest, without
altering their relative abundances. In practice, however, unbiased
pre-amplification is very difficult to achieve, and has been shown
to introduce bias in digital PCR [10] and other genomic platforms
[23,24]. The importance of this bias will depend on the specific
application.

With respect to digital PCR, the low template requirements
mean pre-amplification should generally be unnecessary - there-
fore the data generated will not be subject to pre-amplification
bias.

3.4. Ease of analysis

The digital nature of the results means that data handling is rel-
atively straightforward. Some platforms have automated thermo-
cycling, data capture and analysis meaning that the generation of
results can be streamlined. A basic analysis of the results for
relative quantitation that would probably be sufficient for most
readers purposes is relatively straightforward, requiring only the

Fig. 1. Limiting dilution PCR. The principles underpinning digital PCR are very
simple. DNA undergoes limiting dilution. PCR is then used to probe each aliquot for
the presence (+) or absence (!) of a locus of interest.
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ü More often, the sample is not diluted quite so far. 
ü Then many (but not all) of the aliquots will be found to be 

positive, and some of these positive aliquots will probably (and 
unbeknownst to the experimenter) have contained two, three 
or more target molecules. 

ü Simply counting positive aliquots will underestimate the true 
number of molecules. 

ü This can be corrected by using the Poisson equation
A = -loge(1-P), 

where A is the average number of molecules per aliquot, and P is 
the proportion of positive aliquots 



üMore commonly, the abundance of the target 
sequence is compared to that of a reference 
sequence analysed in the same way, to determine 
the target’s relative abundance

üThe reference sequence is usually chosen to be one 
whose abundance is known – for example, one which 
is present in two copies per diploid cell.



ü Rare variants detection
ü Minimal template requirements
ü Estimating copy-number variation (assuming reference diploid 

loci have been validated and therefore have a relative copy-
number of two, it is possible to distinguish between one 
(indicating allelic loss) and two copies, and also between 
higher integers, for example, five and six copies)



ü The precision (reproducibility) of digital PCR-based 
quantitation and its capacity to detect very rare variants 
depends on the total number of aliquots that are interrogated 
– the precision and sensitivity increase as more aliquots are 
analysed.

ü Contamination-the systems necessary to avoid contamination 
include a reliable supply of clean reagents, a dedicated PCR 
suite and controls on the concentration of template DNA 
permitted in the laboratory.



Fig. 2 Digital PCR, mutant allele frequency (MAF) and test sensitivity. The issue of sensitivity and mutant allele frequency in biopsy 
material has rarely been addressed but may have a significant impact on the interpretation of molecular biomarkers and th...
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In droplet digital PCR, reaction chambers are separated not by 
the walls of a well but by carefully titrated emulsions of oil, water 
and stabilizing chemicals. First, samples are put into a machine 
where they are mixed with all the necessary reagents and 
dispersed into tiny droplets. The droplets for each sample are 
transferred into tubes that can be placed in a thermocycler for 
PCR. Afterward, the tubes are transferred  to a droplet reading 
machine, which functions like a flow cytometer to analyze each 
droplet for whether or not a reaction has occurred.

Chip dPCR: two systems that mix samples with reagents, 
partition the reaction mixture, perform thermocycling and read 
each partition



Table 1
Summary characteristics of the major platforms currently available for digital PCR.

Platform Description Number of
reactions

Aliquot
volume

Analysis Published
sensitivity
for rare
variants

Integrated
thermocycling
and analysis

Commercial
availability

Published
applications

Microdroplets
ddPCR, BioRad Microdroplets are generated in an emulsion and transferred to 96 well

plates for cycling then to the custom analysis unit (QX100 droplet reader).
The reader unpacks the emulsion to single droplets for analysis.

20,000 per
20 ll sample

1 nL Automated droplet
flow cytometer (two
colors) with Taqman
probes

0.001% No Yes
QX100
Droplet
digital PCR
System

Genotyping
absolute
quantification
[9,11]

RainDrop,
raindance
technologies

Microdroplets, are generated in an emulsion, collected and transferred for
thermocycled. The emulsion is then injected onto a microfluidic device and
each droplet is analysed

Continuous
flow

9 pL End point analysis
with TaqMan probes

0.0005% No Yes
RainDrop
digital PCR
system

Genotyping[65]
Absolute
quantification[63]

BEAMing (beads,
emulsion,
amplification,
magnetics)

Microdroplets containing magnetic beads are generated in an emulsion and
transferred to 96 well plates for thermocycling. The emulsion is dispersed
and the beads separated. A circularizable probe is hybridized to the
sequences on the beads and the changes of interest are labeled with
fluorescently labeled dideoxynucleotide terminators

5 ! 107 beads 9 lm
diameter

Labeled beads are
analyzed by flow
cytometry

0.01% No No Genotyping
Absolute
quantification [13]

Microfluidic chambers
MegaPixel digital

PCR
Surface tension based sample partitioning creates aliquots that are
thermocycled and analyzed on the device. Fluorescent probes are annealing
during thermocycling to enable analysis

1 ! 106 10 pL Microarray scanner 0.001% Yes No Genotyping [20]

Spinning disk
platform

Aliquots are generated by passive compartmentalization through
centrifugation. These are thermocycled and analysed on the device

1,000 33 nL CCD camera – end
point melting curve
analysis

– Yes No Copy number
variation and
absolute
quantification [61]

OpenArray
Life
technologies/
ABI

Microfluidc reaction chambers are loaded, thermocycled and analysed using
the OpenArray system. Chambers may be preloaded with the assay of choice

3,072 33 nL CCD camera – real time
PCR end point melting
curve analysis

– Yes Yes
OpenArray
Real-Time
PCR
platform

Digital array chip,
fluidigm

Microfluidic reaction chambers are loaded, thermocycled and analysed
using the BioMark system

9,180
(12 ! 765)
Prototype
2 ! 100,893

6 nL CCD camera – real time
PCR end point melting
curve analysis

Yes Yes
BioMark HD
system

microRNA
expression [53]
Single cell gene
expression [66]
Genotyping [35]
Targeted
resequencing [67]
Copy number
variation[19,21,60]
Absolute
quantification [25]
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assays loaded into the 48 or 96 separate assay inlets, resulting in a
total of 2,304 or 9,214 individual reactions per array for 48.48 or
96.96 arrays respectively (Table 1). The BioMark array qPCR cham-
ber volume of 10 nL (48.48 arrays) or 6.75 nL (96.96 arrays) is the
lowest of the nanofluidic platforms discussed here [45]. Both
hydrolysis probe- and intercalating dye-based qPCR assays may
be performed on the BioMark nanofluidic qPCR system and unlike
other platforms the dynamic array assay sets are loaded by the
user, enabling versatility.

3.1.2. OpenArray
The OpenArray comprises a microscope slide-sized stainless

steel chip consisting of 48 sub-arrays each containing 64 (8 ! 8)
through-holes (reaction chambers), with a total of 3,072 qPCR
chambers per array (Table 1, Fig. 1B) [46]. For qPCR applications,
assays are pre-spotted on the interior surface during the manufac-
turing process. The associated PCR cycler can process three chips
simultaneously. Both custom arrays and off-the-shelf target panels
to a range of physiological pathways, including ADME/Tox, Cancer,
Cardiovascular Disease and Inflammation, are available for screen-
ing samples [47].

3.1.3. SmartChip
SmartChip system (Wafergen) is the latest nanoscale qPCR plat-

form to emerge onto the market (Fig. 1C) [48]. Assays are either
pre-dispensed or customer-dispensed in PCR nanowell plates, like
OpenArray or BioMark arrays respectively, on PCR arrays and the
number of different gene targets may be user-defined. This allows
flexibility in terms of profiling 100–1000s of genes for the purpose
of biomarker discovery, or a small number of genes for screening
large sample numbers. Off-the-shelf panels are also available for
this platform, such as the Human Oncology Panel, which contains
gene-specific assays for over 1200 targets in 16 cancer-related
functional groupings [49].

3.2. dPCR

dPCR is a development on standard PCR that utilises single mol-
ecule amplification for absolute quantification [50]. In this method
limiting dilutions of samples are used to facilitate sample distribu-
tion across multiple reaction chambers at single copy densities.
The presence of target is indicated by amplification and positive
reaction chambers are counted to obtain the number of target cop-
ies, thus converting the analogue signal associated with qPCR into
a digital one [51]. Amplification of single target molecules reduces
the signal-to-noise ratio offering increased assay sensitivity. This is

particularly useful for detection of minority targets, for example
early disease markers/splice variants, and trace RNA detection
(low copy number) such as single cell samples [52]. dPCR measure-
ment of DNA is often described as an absolute quantification tech-
nique and there is increasing evidence that this approach may
indeed offer one of the most accurate estimations of DNA copy
number [36,51]. This approach may be applied to RNA quantifica-
tion by combining a reverse transcription step with dPCR and may
provide a means of certifying RNA reference materials for applica-
tion in biomarker diagnostics.

The advent of next generation PCR instruments has changed
dPCR from a technically challenging and laborious technique to a
very powerful method with considerable potential. There are sev-
eral platforms currently available for dPCR analysis, based on
microfluidic chip- or emulsion-based formats.

3.2.1. Microfluidic chip-based dPCR
Microfluidic PCR platforms which can be used for dPCR analysis

include the Biomark (Fluidigm) and OpenArray (Life Technologies).
For the BioMark, two dPCR chip formats are available (Table 2),
working on similar principles to the related Dynamic arrays (Sec-
tion 3.1.1.). For the OpenArray, the number of sub-arrays used to
analyse a sample can be altered according to the level of sensitivity
or precision required (Life Technologies, personal communication).
Such dPCR platforms are characterised by single molecule amplifi-
cation in pre-fabricated microfluidic reaction chambers and ampli-
fication can be monitored in real time. Results are generated by
calculating the number of positive reaction chambers (Fig. 2A)
and equating it to the number of target copies present.

3.2.2. Emulsion dPCR
Emulsion PCR employs individual vesicles, formed by water-

in-oil emulsions, as reaction vessels for dPCR. The QX100™ Droplet
Digital PCR™ system (Bio-Rad), formerly the QuantaLife Droplet
Digital PCR™ platform, couples the emulsion vesicles to a capil-
lary-based analysis system [53]. Samples are emulsified in an 8-
channel disposable droplet generator cartridge then transferred
to a standard 96-well plate for thermal cycling. Following PCR
amplification, end-point detection of PCR products is achieved by
streaming vesicles singularly past a fluorescence detector at a rate
of 1,000 droplets per second, which determines the presence or ab-
sence of amplified product (Fig. 1D) [54]. The recently launched
RainDrop™ dPCR platform (RainDance) uses a flow cytometry
approach in order to count positive PCR reactions and higher order
assay multiplexing is possible with this approach based on

Table 1
Performance characteristics of selected high throughput nanofluidic RT–qPCR platforms currently on the market.

System Reaction
volume (nL)

Total no. of
reactions

Maximum no. of gene
targets per sample

Maximum
no. of samples

Melt curve
capacity

Biomark Dynamic Array (48.48 or 96.96) 10 or 6.75 2,304 or 9,216 48 or 96 48 or 96 Yes
OpenArray 33 3,072 224 (12 samples) 48 (64 assays) Yes
SmartChip 100 5,184 1728 384 Yes

Table 2
Performance characteristics of selected dPCR platforms currently on the market.

System Reaction
volume

Total no. of
reactions

No. of reactions
per sample

Maximum
no. of samples

Melt curve capacity

Biomark Digital Array (12.765 or 48.770) 6 or 0.85 nL 9,180 or 36,960 765 or 770 12 or 48 Can use intercalating dye but no melt analysis
OpenArray 33 nL 3,072 3,072 (1 sample) 48 (64 reactions) Yes
QX100 "1 nL 160,000 20,000 8 End-point analysis
RainDrop "5 pL 80 million 1–10 million 8 End-point analysis
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Also, digital PCR does not require the 
calibration and internal controls neces-
sary for qPCR. Instead, counts from rep-
licate wells can simply be added together. 
“Thinking in terms of absolute copies is so 
intuitive,” he says. Nonetheless, his lab cur-
rently performs more qPCR experiments 
than digital PCR experiments. qPCR has 
lower cost and higher throughput, says 
Tewari, and his staff is more familiar with it.

That’s a typical situation, says Paul 
Pickering, head of the digital PCR business 
unit at Life Technologies. “Most customers 
are seeking to do RT-PCR and then, in the 
situations that they need it, they’ll deploy 
digital PCR.” In those cases, he says, “there 
are four attributes that customers value: 
sensitivity, specificity, precision of the 
answer and the fact that you can get an 
absolute count without needing to refer-
ence any other material.”

Digital PCR on chips
In 2006, Fluidigm became the first com-
pany to commercialize digital PCR. It 
offers two systems that mix samples with 
reagents, partition the reaction mix-
ture, perform thermocycling and read 

ing workflows for qPCR for 20 years.”  
In contrast, the first full conference dedi-
cated to applications of digital PCR is 
scheduled for October of this year (see 
http://www.healthtech.com/digital-pcr).

Mi c ro R NA  re s e arche r  Mu ne e sh 
Tewari at the Fred Hutchinson Cancer 
Research Center uses digital PCR in situ-
ations where absolute quantification is 
important, such as when detecting low- 
abundance RNA. One advantage of digital 
PCR is that with more partitions, a greater 
volume of a dilute RNA sample can be ana-
lyzed, he says. 

dynamic range than digital PCR. For exam-
ple, it can determine that transcripts of one 
gene are as much as a billion times more 
abundant than transcripts of another gene.

Also, qPCR experiments can routinely 
analyze hundreds of sequences per sam-
ple run. Eventually, Kubista believes that 
it will be possible to multiplex dPCR to 
examine perhaps as many as 100 reac-
tions at once, but no one would con-
sider measuring large numbers with 
digital PCR today, he says. And qPCR 
is already well-integrated into many 
researchers’ labs. “We’ve been develop-

Table 1 | Commercial digital PCR offerings

Vendor
Instruments  
and list price

Consumables and  
list price

Number and volume  
of partitions Volumes required 

qPCR  
capacity Multiplexing

Fluidigm 
Corporation

BioMark HD:  
$200,000–$250,000

12 arrays per chipa (765 wells 
per array): $400 per chip  
(works in both EP1 and 
BioMark)

12-inlet chip: 9,180 
partitions, 6 nl per 
partition

12-inlet chip:  
8 +l of mix, ~4 +l 
of sample; 57% 
analyzedb

Yes Can use up to 5 colors 
to detect 5 targets 
(assumes 5th color is 
ultraviolet)

EP1:  
$100,000–$150,000

48 arrays per chipa (770 wells 
per array): $800 per chip 
(works in both EP1 and 
BioMark)

48-inlet chip: 36,960 
partitions, 0.85 nl per 
partition

48-inlet chip:  
4 +l of mix, ~2 +l of 
sampleb

No Can use up to 5 colors 
to detect 5 targets

Life 
Technologies

OpenArray RealTime 
PCR System and 
QuantStudio 12K Flex 
instrument:  
$140,000 and 
$90,000–$190,000, 
respectively

OpenArray platesa (64 holes 
per subarray): $150 per plate

Varies; 3,072 partitions 
per plate, 48 subarrays per 
plate, 33 nl per partition 
(machines run 3–4 plates 
at once)

100 +l of sample 
per plate (across 48 
arrays) 

Yes Uses 2 colors of probes 
to detect 2 targets

Bio-Rad 
Laboratories

QX100 ddPCR System 
(machines to generate 
and read droplets): 
$89,000

8 samples per chip  
(14,000–16,000 droplets per 
sample): $3 per sample

Up to 96 samples per run 
(assumes manual pipetting 
into PCR plate); 1,344,000 
partitions per run (assuming 
separate thermocycler runs 
12 chips at once), 1 nl per 
partition

Up to 9 +l per 
sample (20,000 
droplets made); an 
average of 70% read 

No Uses 2 colors to detect 
2 targets

RainDancec

RainDrop Digital 
PCR (machines to 
generate, collect 
and read droplets): 
$100,000

8 samples per chip (up to 
10,000,000 droplets per 
sample): $10–$30 per sample

8 samples per run; up to 
80,000,000 partitions per 
run, 5 pl per partition

5–50 +l per sample No Uses 2 colors, but 
can use varying 
concentrations of 
probes to detect up to 
10 targets

aArrays can hold separate samples, or the same sample can be spread over multiple arrays. bFor rare allele analysis, protocols are available to eliminate the dead volume. cPlans full commercial launch later this year.

Fluidigm Corporation’s BioMark HD System for digital PCR and qPCR.
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ü Mutation/rare variant detection
ü Pharmacogenetics
ü Gene Expression Analysis
ü Methylation-specific digital PCR





Fig	1.	KRAS	duplex	assays	at	optimal	annealing	temperature.

Pender	A,	Garcia-Murillas	I,	Rana	S,	Cutts	RJ,	Kelly	G,	et	al.	(2015)	Efficient	Genotyping	of	KRAS	Mutant	Non-Small	Cell	Lung	Cancer	Using	a	
Multiplexed	Droplet	Digital	PCR	Approach.	PLoS	ONE	10(9):	e0139074.	doi:10.1371/journal.pone.0139074
http://journals.plos.org/plosone/article?id=info:doi/10.1371/journal.pone.0139074

Black	drops- empty droplets,	blue- mutant DNA	FAM	positive	droplets,	green- wild-type
DNA	HEX	positive	droplets,	brown—wild-type and	mutant DNA	double	positive	
droplets.



Fig	2.	Four	different	KRAS	multiplex	digital	PCR	assays	combining	G12C,	G12V	and	G12D	mutant	assays	and	
corresponding	duplex	assays.

Pender	A,	Garcia-Murillas	I,	Rana	S,	Cutts	RJ,	Kelly	G,	et	al.	(2015)	Efficient	Genotyping	of	KRAS	Mutant	Non-Small	Cell	Lung	Cancer	Using	a	
Multiplexed	Droplet	Digital	PCR	Approach.	PLoS	ONE	10(9):	e0139074.	doi:10.1371/journal.pone.0139074
http://journals.plos.org/plosone/article?id=info:doi/10.1371/journal.pone.0139074

Black	drops- empty droplets,	blue- mutant DNA	FAM	positive	droplets,	green- wild-type
DNA	HEX	positive	droplets,	brown—wild-type and	mutant DNA	double	positive	
droplets.



Fig	3.	KRAS	multiplex	digital	PCR	assays	A-C	and	corresponding	duplex	assays.

Pender	A,	Garcia-Murillas I,	Rana S,	Cutts RJ,	Kelly	G,	et	al.	(2015)	Efficient	Genotyping	of	KRAS	Mutant	Non-Small	Cell	Lung	Cancer	Using	a	
Multiplexed	Droplet	Digital	PCR	Approach.	PLoS ONE	10(9):	e0139074.	doi:10.1371/journal.pone.0139074
http://journals.plos.org/plosone/article?id=info:doi/10.1371/journal.pone.0139074

Black	drops- empty droplets,	blue- mutant DNA	FAM	positive	droplets,	green- wild-type
DNA	HEX	positive	droplets,	brown—wild-type and	mutant DNA	double	positive	
droplets.



Fig	5.	KRAS	mutant	FFPE	tissue	DNA	analysis	using	multiplex	and	duplex	assays	to	detect	KRAS	mutant	clones.

Pender	A,	Garcia-Murillas I,	Rana S,	Cutts RJ,	Kelly	G,	et	al.	(2015)	Efficient	Genotyping	of	KRAS	Mutant	Non-Small	Cell	Lung	Cancer	Using	a	
Multiplexed	Droplet	Digital	PCR	Approach.	PLoS ONE	10(9):	e0139074.	doi:10.1371/journal.pone.0139074
http://journals.plos.org/plosone/article?id=info:doi/10.1371/journal.pone.0139074

Black	drops-
empty droplets,	
blue- mutant
DNA	FAM	
positive	droplets,	
green- wild-type
DNA	HEX	positive	
droplets,	
brown—wild-
type and	mutant
DNA	double	
positive	droplets.



ü Beads, Emulsification, Amplification, and Magnetics
ü It combines emulsion PCR with magnetic beads and flow 

cytometry for highly sensitive detection and quantification.



ü Beads, Emulsification, Amplification, and Magnetics

one in approximately six compartments contained a template
molecule.

Step 3: PCR Cycling. PCR priming by oligonucleotides coupled to
beads was found to be very inefficient compared with the

priming by the same oligonucleotides when free in solution. For
this reason, a small amount of nonbiotinylated forward primer
identical in sequence to the biotinylated oligonucleotide coupled
to the beads was included in the reactions. This facilitated the
first few rounds of amplification of the single template within
each aqueous compartment. In the absence of additional primer,
no detectable amplification on the beads was generated. Con-
versely, if too much additional primer was included, no ampli-
fication on the beads occurred because of competition with the
primers in solution. An excess of the reverse primer was included
in the aqueous compartment to maximize the probability that
bead-bound oligonucleotides extended by polymerase would
serve as templates for further amplification cycles.

Step 4: Magnetic Capture of Beads. There are several ways to break
water-in-oil emulsions including extraction with organics (14).
We found that simply adding nonionic detergents produced
phase separations without any detectable modification of the
beads or DNA molecules bound to them. By measuring the
amount of DNA that could be released from the beads after
restriction endonuclease digestion, we estimate that !10,000
extended PCR products were present, on average, per bead.

Step 5: Sequence Differentiation. Most fluorescence-based meth-
ods for distinguishing alleles in homogeneous or two-phase
assays can be used to assess allelic variation captured on beads.
These methods include single nucleotide extension, allele-
specific priming, or hybridization. We generally used hybridiza-
tion of fluorescein-conjugated or biotin-conjugated oligonucle-
otides for discrimination. As shown in Fig. 1 and Table 1, these
oligonucleotides had a stem–loop structure, with the middle of
the loop containing the variant nucleotide(s). This design was
based on studies of molecular beacons wherein a stem–loop
structure was shown to improve allelic discrimination markedly

Fig. 1. Schematic of BEAMing. Step 1: Magnetic beads covalently coated with streptavidin are bound to biotinylated oligonucleotides (oligos). Step 2: An
aqueous mix containing all the necessary components for PCR plus primer-bound beads and template DNA are stirred together with an oil!detergent mix to
create microemulsions. The aqueous compartments (white circles in the gray oil layer) contain an average of less than one template molecule and less than one
bead. Red and green templates represent two template molecules, the sequences of which differ by one or many nucleotides. Step 3: The microemulsions are
temperature-cycled as in a conventional PCR. If a DNA template and a bead are present together in a single aqueous compartment, the bead-bound
oligonucleotides act as primers for amplification. The straight red and green lines connected to the beads represent extension products from the two different
kinds of templates. Step 4: The emulsions are broken, and the beads are purified with a magnet. Step 5: After denaturation, the beads are incubated with
oligonucleotides that can distinguish between the sequences of the different kinds of templates. Fluorescently labeled antibodies then are used to label the
bound hybridization probes, which renders the beads containing PCR product as red or green after appropriate laser excitation. Step 6: Flow cytometry is used
to count the red and green beads.

Fig. 2. Photograph of a typical microemulsion. Microemulsions were made
as described in Materials and Methods with the exception that the aqueous
compartments contained cascade blue-labeled dCTP and the beads were
prelabeled by binding to oligonucleotides coupled to R-phycoerythrin (red) or
Alexa 488 (green). One microliter of microemulsion was deposited in 1 !l of oil
on a microscope slide before photography. Of the seven aqueous compart-
ments visible in this picture, two contain beads. Note the heterogeneous size
of the aqueous compartments (beads are 1.05 !m in diameter).
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3:	The	microemulsions are	submitted to	PCR.	If a	DNA	template and	a	bead are	present together in	a	single	aqueous
compartment,	the	bead-bound oligonucleotides act as primers for	amplification.	The	straight red and	green	lines
connected to	the	beads represent extension products from	the	two different kinds of	templates.	4:	The	emulsions are	
broken,	and	the	beads are	purified with	a	magnet. 5:	After denaturation,	the	beads are	incubated with	oligonucleotides
that can	distinguish between the	sequences of	the	different kinds of	templates.	Fluorescently labeled antibodies then are	
used to	label the	bound hybridization probes,	which renders the	beads containing PCR	product as red or	green	after
appropriate	laser	excitation.	6:	Flow	cytometry is used to	count the	red and	green	beads.	

1:	Magnetic beads covalently
coated with	streptavidin are	
bound to	biotinylated
oligonucleotides (oligos).	
2.	An	aqueous mix	with	PCR	
reagents plus	primer-bound
beads and	template DNA	are	
mixed with	an	oil detergent to	
create	microemulsions.	The	
aqueous compartments (white
circles in	the	gray oil layer)	
contain an	average of	less than
one template molecule and	
less than one bead.	Red and	
green	templates represent two
template molecules,	the	
sequences of	which differ by	
one or	many nucleotides.	



Specific point mutations in targetable genes of interest such as PIK3CA can be detected in ctDNA using BEAMing
technology. ctDNA molecules are loaded onto magnetic beads coated with specific PCR primers for the gene of 
interest. PCR is done on the beads in an oil and water emulsion (emulsion PCR) to amplify the DNA. Fluorescent-
tagged probes specific for either the wild-type sequence or for particular common point mutations are added and 
hybridize to the amplified DNA. Magnetic flow cytometry of the beads is done to detect the fluorescent tag
and quantify the number of beads containing mutated DNA. 


