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Digital nucleic acid detection is rapidly becoming a popular technique for ultra-sensitive and
quantitative detection of nucleic acid molecules in a wide range of biomedical studies. Digital
polymerase chain reaction (PCR) remains the most popular way of conducting digital nucleic
acid detection. However, due to the need for thermocycling, digital PCR is difficult to
implement in a streamlined manner on a single microfluidic device, leading to complex
fragmented workflows and multiple separate devices and instruments. Loop-mediated
isothermal amplification (LAMP) is an excellent isothermal alternative to PCR with potentially
better specificity than PCR through the use of multiple primer sets for a nucleic acid target.
Here we report a microfluidic droplet device implementing all the steps required for digital
nucleic acid detection including droplet generation, incubation and in-line detection for digital
LAMP. As compared to microchamber or droplet array-based digital assays, continuous flow
operation of this device eliminates the constraints on the number of total reactions by the
footprint of the device and the analysis throughput by the time for lengthy incubation and

transfers of materials between instruments.

Introduction

Digital polymerase chain reaction (PCR) is rapidly becoming the
technique of choice for ultra-sensitive quantification of rare nucleic
acid molecules present in biological samples *®. Digital PCR
involves breaking down a sample mixed with PCR reagents into a
large number of discrete reactions where single molecules are
stochastically confined. As PCR is run in parallel on all these
reactions through thermocycling, accurate quantification of the
nucleic acid molecule of interest can be obtained through simple
statistical analysis based on the number of positive PCR reactions
from the total pool of reactions.

Since the initial demonstrations of this concept in tube ® and
capillary format 7, a variety of microfluidic platforms have been
proposed for practical implementation of the digital PCR technique.
These platforms can be broadly classified into two different types.
The first type involves microfabrication of a large array of micro-
wells on a substrate 5°. This format is capable of real-time digital
PCR monitoring. More recently this platform has also been
implemented for digital isothermal amplification'™ 2. However, the
sample volume that can be analyzed and the well size are fixed by
the microfluidic design. Any change in sample volume or individual
reaction volume (well size) requires a change in design.

The second type involves generation of a large number of tiny
emulsion droplets (nanoliter to picoliter-sized) from the sample
mixed with PCR reagents™ 2. Each of the individual droplets then
functions as an independent reaction chamber. While the
microfluidic droplet platform offers the flexibility in changing the
reaction volume without modifying the chip design, previously
developed systems either have poor amplification efficiency®® or
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require a complicated workflow*, Commercial instruments available
for conducting this type of analysis, such as ddPCR™ from Bio-
Rad, involve fragmented workflow requiring separate
instruments/devices for completion of analysis viz. 1) A droplet
generation device 2) A thermocycler and 3) A droplet reader device
to detect reaction outcome from droplets. This mode of operation is
inefficient for high throughput analysis due to the need of material
transfers between devices and the time wasted on idle instruments.
Implementing the droplet-based digital nucleic acid analysis
workflow on a single device addresses the issues mentioned above.
Such a device can be capable of performing all three steps of
analysis viz. droplet generation; droplet incubation as well as droplet
detection in a continuous flow manner. Continuous flow operation
implies that there is no idle time involved in the sample processing
workflow. Since the entire process is performed in an assembly-line
manner, the throughput of analysis is not limited by the thermal
cycling or incubation time that typically is the time-limiting step in
nucleic acid amplification. When coupled to the techniques of
arrayed sample delivery using a capillary cartridge % | the
continuous flow design promises high throughput digital analyses of
multiple samples on a single device. Furthermore, since the number
of droplets that can be analyzed is no longer limited by the footprint
of the incubation zone on the microfluidic chip, continuous flow
digital assays allow for, in principle, unlimited sample volume and
number of reactions and thus wide dynamic range of quantification.
Despite this potential for improved throughput, larger sample
volume processing capability and wider dynamic range,
implementing continuous flow digital assays in droplet format is
difficult due to issues caused by thermocycling on a chip, such as
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evaporation and droplet collision and fusion. Very few attempts have
been made in the past to realize digital PCR in a continuous flow

format. These few attempts have had limited success in terms of
13,21

target nucleic acid quantification
Digitization of
Target + Lamp

Reagents

Incubation +
Amplification

Detection via
CFS

Figure 1. Droplet microfluidic device for continuous flow digital LAMP
analysis: A schematic illustrating three steps of digital LAMP analysis that
are conducted on the droplet microfluidic device is shown at top right.
Images of the droplet generation and incubation region an actual
microfluidic device are shown in the top two circles on the left hand side.
An image of an actual thin microfluidic device is shown at the bottom.

Loop-mediated isothermal amplification (LAMP) is an excellent
alternative to PCR for nucleic acid amplification??. LAMP
functions through auto-cycling strand displacement DNA synthesis.
In a LAMP reaction, a DNA polymerase with a high strand
displacement activity is used with a set of two inner and outer
primers. All four primers are used during the initial stages of the
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reaction while only inner primers are used during the later stages of
the reaction. The reaction results in production of stem-loop DNAs
with multiple inverted target repeats. LAMP, through its simple
requirement for single temperature incubation, is very suitable for
implementation in a continuous flow format. Furthermore, since
LAMP uses a set of 4 different primers recognizing six independent
sequences on a target nucleic acid, it can also provide better
specificity than PCR % %,

In this report, we demonstrate the first continuous flow digital
LAMP assay implemented on a microfluidic droplet device. The
schematic shown in Figure 1 illustrates the simple functioning
scheme of the device. A sample to be analyzed is mixed with LAMP
reagents and then digitized into picoliter-sized droplets on the
device. The image shown in Figure 1 as well as Supporting Video 1
show the droplet generation process on the device. The droplets then
flow to an incubation region where they are exposed to temperature
suitable for the LAMP reaction. The image shown in Figure 1 and
Supporting Video 2 show droplets in this region of the device. The
incubation region is a wide serpentine channel designed to allow
multiple droplets to flow side-by-side, thus maintaining low flow
resistance, but at the same time sufficiently narrow to allow droplets
to flow in a sequence from droplet generation to detection region.
Finally these droplets move to a downstream detection region on the
device, where fluorescence detection is conducted on these droplets
using confocal fluorescence spectroscopy. All three steps required
for analysis occur simultaneously on the device. This implies that the
throughput of the device is only limited by the rates of droplet
generation and fluorescence detection.

Experimental section

A. Device Fabrication

An image of the whole microfluidic device is included in Figure 1.
The devices were fabricated using polydimethylsiloxane (PDMS) as
the structural material. To avoid evaporation of droplets during
transit through the incubation region, we devised a fabrication
scheme to fabricate thin PDMS devices. Initially the molds for the
devices were fabricated on 4” Si wafers using standard
photolithography technique with SU8-3025 (MicroChem Corp.) as
the structural material. Initially a relatively thick layer of PDMS
[Sylgard 184(Ellsworth Adhesives), 10:1 base to curing agent ratio]
is coated on a blank wafer at a slow spin speed of 100 rpm on a spin
coater (Laurell Technologies, Corp). This layer is cured at 80°C for
10 min. While the thick PDMS layer is being cured, a thin layer of
PDMS (6:1 base to curing agent ratio) is spin coated on the device
mold at 350rpm. This thin layer of PDMS is cured at 80°C for 6 min.
A rectangular piece, large enough to cover the whole device area, is
then cut out from the cured thick PDMS layer. This rectangular piece
is partially bonded to the cured thin PDMS layer on the device mold
by baking at 80°C for 5 min. Finally the bonded thick and thin layers
are peeled off the mold. The thick layer just acts as a support to
allow for manipulation of the thin layer. Access holes are then
punched on the device at the input and output ports. The thin layer is
then bonded to thickness #1 cover glass (Ted Pella, Inc) using
standard O2 plasma treatment. The thick layer being partially
bonded to the thin layer, can then be easily peeled off without
breaking the bond between the thin layer and the cover glass. Small
cubes of PDMS (10:1 base to curing agent ratio) with holes punched
at the center are then bonded to the thin PDMS layer using O2
plasma treatment. Finally another thickness #1 coverglass is bonded
to the thin PDMS layer, effectively sandwiching this layer between
two pieces of coverglass in the incubation region on the device. A
schematic of the fabrication sequence is included in Supporting
Figure S1.

This journal is © The Royal Society of Chemistry 2012
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B. Materials

The following reagents were used for LAMP reactions on and off-
chip: Betaine (Sigma-Aldrich Co., LLC), MgSO4 (New England
Biolabs), ROX reference dye (Life Technologies), dNTPs (Life
Technologies), BSA (New England Biolabs), Calcein (Anaspec,
Inc), Manganese Chloride (Sigma-Aldrich Co., LLC), EvaGreen dye
(Biotium Inc), Bst 2.0 WarmStart DNA Polymerase and isothermal
reaction buffer (New England Biolabs). A typical reaction mixture
consisted of 1X isothermal reaction buffer, 0.8M Betaine, 7mM
MgSO4 , 25uM Calcein, 0.75mM Manganese Chloride, 0.25uM
ROX reference dye, 0.1mg/mL BSA, 1.4mM dNTPs and 0.32 U/uL
BST WarmStart DNA Polymerase. For experiments with EvaGreen,
Calcein and Manganese chloride were replaced with 0.5X EvaGreen
dye where 1X is the manufacturer recommended concentration.

The primers for the experiments were designed to be specific to
a region on the 16s rRNA gene for Neisseria Gonorrhoeae. The
genome sequence of Neisseria Gonorrhoeae (strain FA1090) was
obtained from the NIH genetic sequence database Genbank®. The
primers were designed using the LAMP primer design software
PrimerExplorer. For the experiments with synthetic target, a double
stranded target was generated using fusion PCR and then purified
from the gel band specific to the target after running electrophoresis
on the PCR product. For the experiments with genomic DNA, DNA
extracted from Neisseria Gonorrhoeae (Strain FA1090, ATCC®
700825™) was purchased from ATCC®. The base sequences of
primers used for LAMP experiments are as follows
F3:5- ATC CTG GCT CAG ATT GAA CG -3
B3:5- ATA TCG GCC GCT CGG ATA -3
FIP: 5- GCC ACC CGA GAA GCA AGC TTC TTT TGG CGG
CAT GCT TTACAC AT -3
BIP: 5- TAC CGG GTA GCG GGG GAT AAT TTT CTG CTT
TCC CTC TCA AGA CG -3
LoopF: 5- TGC TGC CGT CCG ACT TG -3
LoopB: 5- CTG ATC GAA AGA TCA GCT AAT ACCG -3

The base sequence of the target region flanked by the primers F3
and B3 is
5- ATC CTG GCT CAG ATT GAA CGC TGG CGG CAT GCT
TTA CAC ATG CAA GTC GGA CGG CAG CAC AGG GAA GCT
TGC TTC TCG GGT GGC GAG TGG CGA ACG GGT GAG TAA
CAT ATC GGA ACG TAC CGG GTA GCG GGG GAT AAC TGA
TCG AAA GAT CAG CTA ATA CCG CAT ACG TCT TGA GAG
GGA AAG CAG GGG ACC TTC GGG CCT TGC GCT ATC CGA
GCG GCC GAT AT -3

For all experiments, the final concentration of all primers in the
reaction mixture was kept constant at 1) 0.2uM for F3, B3 2) 1.6uM
for FIP and BIP and 3) 0.8uM for LoopF and LoopB respectively.
The oil phase used for experiments on-chip consisted of FC40 (3M)
with 5% perfluoropolyether-polyethyleneglycol surfactant (RAN
Biotechnologies, Inc) by weight.

C. Device operation

Reagents (oil phase and sample) were delivered to the device
through custom assembled flow controllers with flow feedback
(IDEX Health and Science, LLC). For the duration of an experiment,
the device was mounted on a platform designed such that the
incubation region on the device was placed on a custom peltier
heater assembly. This peltier heater assembly was used to maintain
the incubation region on the device at a temperature of 63°C suitable
for the LAMP reaction. Fluorescence was continuously detected
from droplets passing through the detection region on the device by
a custom built confocal fluorescence spectroscopy setup. The optical
setup is capable of dual excitation (488nm and 552nm) as well as
dual band detection (506-534nm and 608-648nm). A schematic of
the optical setup is included in Supporting Figure S2.

This journal is © The Royal Society of Chemistry 2012
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Results and discussion

Reliable quantification with digital LAMP reaction requires
assay readout with good signal to background ratio (SBR). We
compared two different assay outcome indicators for the LAMP
assay viz. 1) DNA binding dye EvaGreen® and 2) A Calcein dye
based indicator 2. The details of the experiments are included in
Supporting Section 1. Briefly, EvaGreen indicates a positive LAMP
reaction through increased fluorescence resulting from the binding of
the dye to the large amount of double stranded DNA generated by
the LAMP reaction. On the other hand Calcein dye is non-
fluorescent when bound with Manganese ions. However, large
amount of DNA generated during LAMP reaction results in
generation of pyrophosphate as a byproduct, which sequesters
Manganese from Calcein, resulting in return of the dye to its original
fluorescence.

We tested both readouts for SBR under different conditions
using the synthetic dsDNA target containing a base sequence
specific to Neisseria Gonorrhoeae (Supporting Figures S3, S4, S5
and S6). Our results indicate that the maximum SBR possible with
EvaGreen was approx. 2 whereas the maximum SBR possible with
Calcein was approx. 6.5.
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Figure 2. Sample digital LAMP signal from droplets with a Calcein based
readout. Blue trace: Calcein fluorescence signal, Green trace: ROX
(indicator dye) fluorescence signal. The inset shows individual droplets in
the fluorescence data traces. The indicator dye fluorescence intensity can be
seen uniform across droplets whereas the Calcein fluorescence intensity
varies between two levels: high intensity indicating positive LAMP reaction
and low intensity indicating negative LAMP reaction.

We then fabricated a microfluidic device to conduct droplet
experiments as described in the Experimental section. To ensure
uniform processing of droplets, the incubation region of the device
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was designed to have channel height only sufficient for 1-2 layers of
droplets. Although this approach can minimize the variation in
droplet heating due to differences in distance from the heater for
different layers of droplets, it also makes the droplets more
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Figure 3. Average droplet fluorescence intensity data from large droplet
populations for different target concentrations. Each droplet has two data
points associated with it. A blue data point indicating average Calcein
fluorescence intensity and a corresponding green data point indicating
average ROX intensity. Data from a population of 100000 droplets is shown
for each target concentration. The ROX intensity shows minimal variability
across droplets whereas the Calcein intensity varies between two levels as
expected from Figure 2. The fraction of the positive droplet population can
be seen decreasing with decreasing target concentration.
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susceptible to evaporation, due to increased contact with the surface.
So to avoid any possible evaporation of droplets, we modified
standard soft lithography technique to fabricate very thin
microfluidic devices (Figure 1). The thin incubation region of the
device was further sandwiched between two pieces of cover glass.
The reduction in thickness of porous PDMS in the incubation region
as well as the physical barrier of cover glass can effectively reduce
evaporation during transit of droplets through this region.

Furthermore, effective functioning of this approach required
integration of an optical detection system, a temperature control
system, a pumping system as well as the microfluidic device. We
integrated all these systems as described in the Experimental section.
A schematic of the optical system can also be seen in Supporting
Figure S2. One of the challenges with proper functioning of this
system was large drift of optical focus of the optical detection
system during long term data acquisition from a device due to
temperature changes of the device holder stage, caused by heat
accumulated from the peltier heater used for heating the device.
Conventional fan-based cooling systems were ill-suited to this
application due to the vibrations induced by a cooling fan. Hence a
water cooling system, similar to that used for cooling of central
processing units (CPUs) in high-end computers was used. This
approach allowed us to collect fluorescence data from the device for
long periods of time, without significant drift in optical focus.

We then tested both of these assay outcome indicators on the
droplet device shown in Figure 1. To conduct this test, a low
concentration of the synthetic target was mixed with LAMP reagents
and then processed on the droplet device. An indicator dye (ROX) is
encapsulated in the droplets in these experiments to visualize droplet
boundary in a fluorescence data trace. Supporting Figure S7 shows
sample digital fluorescence signal obtained from Evagreen-based
assay readout. In this case, the fluorescence channel corresponding
to the indicator dye shows steady fluorescence intensity across
droplets whereas assay readout specific fluorescence channel shows
characteristic digital signal with droplet intensities varying between
two different levels. Similarly, Figure 2 shows a sample digital
fluorescence data trace obtained from Calcein-based assay readout.
Calcein-based detection clearly shows much stronger difference
between positive droplets (positive LAMP reaction) and negative
droplets (negative LAMP reaction). As data is collected from a large
number of droplets, the two droplet populations (positive and
negative) can be easily distinguished from each other in both cases
as long as the positive droplet population is a significant fraction of
the total droplet population. However, for droplet populations with
rare positive droplets, it was not possible to reliably threshold the
droplet intensity data to identify positive droplets from the droplet
population with EvaGreen based readout due to low SBR. So for all
subsequent experiments we used Calcein-based readout to detect the
outcome of the LAMP reaction.

We then tested the capability of the continuous flow device to
function for long periods of time while processing samples with
different target concentrations. Figure 3 shows average droplet
fluorescence intensity data for different target concentrations. The
data corresponding to each target concentration is obtained from a
population of 100000 droplets each. Each droplet has two data points
associated with it 1) A Blue data point indicating average Calcein
fluorescence intensity and 2) A Green data point indicating average
ROX fluorescence intensity. As expected for all different target
concentrations, the ROX fluorescence intensity shows minimal
variation whereas the Calcein fluorescence intensity shows two
distinct populations.

Target quantification from the droplet intensity data requires
proper separation of the two populations of droplets (positive and
negative) from each other. We tested two different techniques to

This journal is © The Royal Society of Chemistry 2012
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conduct this separation 1) Standard thresholding with a fixed
threshold and 2) Automated clustering using expectation
maximization algorithm in Matlab. For thresholding analysis, a
threshold approximately centered between the two peaks in the
droplet intensity histograms was used whereas for automated
clustering, two Gaussians were fit to the histogram data using default
fitting conditions in Matlab (Supporting Figure S8; details in
Supporting Section 2). The positive droplet fraction identified for
different input target concentrations using these two techniques is
plotted against the expected target concentration in Supporting
Figure S9. The data points follow a characteristic exponential curve
predicted by the Poisson distribution of target molecules within
droplets. We observed that the two techniques for positive droplet
identification agree fairly well with each other for higher target
concentrations. However, for lower target concentrations, the
automated clustering technique results in large overestimation of
positive droplets as a number of negative droplets are misclassified
as positive droplets by the clustering algorithm.

We then tested our device for quantification of genomic DNA
extracted from Neisseria Gonorrhoeae (Strain FA1090, ATCC®
700825™)_ All the experimental conditions were maintained same
as those for the synthetic target, except that the synthetic target was
replaced with genomic DNA. Similar to the synthetic target related
experiments, we experimentally obtained a positive droplet fraction
for various genomic DNA concentrations tested on the device and
then plotted them against the estimated target DNA concentration
(Figure 4). The lowest target concentration detected in our
experiments was ~600 copies/pL. The limit of detection is affected
by multiple factors. One of the factors is presence of a fraction of
droplets with incomplete amplification as seen in Figure 3. These
droplets appear between the two dense bands of ‘positive’ and
‘negative’ droplets. The intermediate intensity of these droplets
results in misclassification of a fraction of these droplets as negative
droplets after thresholding, resulting in a higher limit of detection.
Furthermore, isolated droplets with positive amplification in the
negative control (on the order of 1-10 droplets per million) also put a
constraint on the limit of detection. This issue is likely due to false-
positive non-specific amplification. These issues can be potentially
addressed through optimization of the LAMP reaction conditions on
the device, which may reduce false positives and bring LAMP
reaction to completion in most of the positive droplets.
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Figure 4. Neisseria Gonorrhoeae genomic DNA (gDNA) quantification with
digital LAMP. The plot of the positive droplet fraction against the expected
gDNA concentration in copies per droplet also shows an exponential
relationship predicted by Poisson distribution.

Conclusion

In summary, we demonstrated a continuous flow digital nucleic acid
detection system using LAMP reaction as a means of nucleic acid
amplification. Using this system, we obtained throughputs on the

This journal is © The Royal Society of Chemistry 2012
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order of one million droplets per 110 minutes. With an average drop
volume of 10pL, this corresponds to processing of 10uL of sample
volume per 110 mins. In the current setting, the throughput of this
system is only limited by the speed at which fluorescence can be
detected from droplets reliably. Since we are operating in a
conservative region where the transit time per droplet is ~1-2 msec
per droplet, there is plenty of room to further enhance the
throughput, making this an attractive alternative to the traditional
digital PCR workflow for digital nucleic acid sensing. The
continuous flow digital LAMP can be further interfaced with a
capillary that is pre-loaded with an array of samples plugs isolated
by oil ** to allow for seamless processing of multiple samples on a
single device. On the other hand, applications which require rare
molecule sensing, e.g. detection of circulating mutated DNA in a
high excess of normal DNA in blood samples %, can benefit from
the capability of this device to screen as large the total number of
reactions as required due to continuous flow format of operation.
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