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ABSTRACT: Here we used a SlipChip microfluidic device to
evaluate the performance of digital reverse transcription-loop-
mediated isothermal amplification (dRT-LAMP) for quantifica-
tion of HIV viral RNA. Tests are needed for monitoring HIV viral
load to control the emergence of drug resistance and to diagnose
acute HIV infections. In resource-limited settings, in vitro
measurement of HIV viral load in a simple format is especially
needed, and single-molecule counting using a digital format could
provide a potential solution. We showed here that when one-step
dRT-LAMP is used for quantification of HIV RNA, the digital
count is lower than expected and is limited by the yield of desired
cDNA. We were able to overcome the limitations by developing a
microfluidic protocol to manipulate many single molecules in
parallel through a two-step digital process. In the first step we compartmentalize the individual RNA molecules (based on
Poisson statistics) and perform reverse transcription on each RNA molecule independently to produce DNA. In the second step,
we perform the LAMP amplification on all individual DNA molecules in parallel. Using this new protocol, we increased the
absolute efficiency (the ratio between the concentration calculated from the actual count and the expected concentration) of
dRT-LAMP 10-fold, from ∼2% to ∼23%, by (i) using a more efficient reverse transcriptase, (ii) introducing RNase H to break up
the DNA:RNA hybrid, and (iii) adding only the BIP primer during the RT step. We also used this two-step method to quantify
HIV RNA purified from four patient samples and found that in some cases, the quantification results were highly sensitive to the
sequence of the patient’s HIV RNA. We learned the following three lessons from this work: (i) digital amplification technologies,
including dLAMP and dPCR, may give adequate dilution curves and yet have low efficiency, thereby providing quantification
values that underestimate the true concentration. Careful validation is essential before a method is considered to provide absolute
quantification; (ii) the sensitivity of dLAMP to the sequence of the target nucleic acid necessitates additional validation with
patient samples carrying the full spectrum of mutations; (iii) for multistep digital amplification chemistries, such as a combination
of reverse transcription with amplification, microfluidic devices may be used to decouple these steps from one another and to
perform them under different, individually optimized conditions for improved efficiency.

In this paper, we evaluate the potential of using digital reverse
transcription loop-mediated isothermal amplification (dRT-

LAMP) for quantifying the concentration of HIV-1 viral RNA.
A simple, convenient quantification method for HIV viral load
is important as an in vitro diagnostic tool to aid the 34 million
people worldwide with HIV, many of whom live in developing
countries and under resource-limited conditions.1 As antire-
troviral treatment becomes more widely available, viral
resistance to first-line antiretroviral drugs is a problem of
increasing concern. To combat the spread of drug resistance
and make appropriate choices concerning second-line therapy,
it is important for patients to undergo regular monitoring of
HIV viral load (every 3−4 months)2 to check for sharp
increases, which indicate the evolution of viral resistance to
first-line therapies. Real-time reverse transcription-polymerase

chain reaction (RT-PCR) is the most commonly adopted
method in reference laboratories, yet it faces multiple
challenges in resource-limited conditions because of the cost
and technical constraints. It requires dedicated equipment and
physical resources such as uninterrupted electricity, air
conditioning, refrigeration, an isolated room, and access to
clean water.3 Moreover, it is a kinetic measurement method and
is sensitive to variations in reaction conditions that influence
reaction rate. As a result, the reproducibility of this method can
be influenced by a variety of perturbations (e.g., fluctuations in
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sample quality, reaction time, and temperature), which are
potential concerns for HIV viral load quantification, especially
in settings where little control over environmental fluctuations
is available.4

Here we ask whether dRT-LAMP quantification provides an
attractive alternative to real-time RT-PCR. In principle, a digital
format quantification method could have higher tolerance to
variations in reaction rate than real-time bulk measurements
because it provides quantitative information via many
qualitative yes/no experiments. As is shown in the case of
recombinase polymerase amplification (RPA),5 a digital format
quantification method is robust to temperature variation,
because it requires interpreting only end point yes/no results.
Moreover, the LAMP reaction can be performed under
isothermal conditions and, when calcein is used as an indicator
to produce bright fluorescent output, it could allow for easy
counting of digital output, either visually or with a portable
imaging device such as a cell phone camera instead of a
sophisticated fluorescence microscope. This unique property
makes this chemistry a viable candidate for resource-limited
settings.
In this paper, we used a microfluidic SlipChip6 to evaluate

the suitability of dRT-LAMP for quantifying HIV viral RNA. It
has previously been shown that multiplexed PCR,7 dPCR,8

dRT-PCR,9 and dRPA5 can be performed successfully on
SlipChip. In addition, digital LAMP (but not digital RT-
LAMP) has previously been demonstrated for model double-
stranded DNA (dsDNA) targets on other microfluidic
devices.10,11 However, we found here that performing dRT-
LAMP in a single step on SlipChip is problematic for
quantifying HIV viral RNA: the quantification result using
dRT-LAMP was only 2.0% of that achieved using dRT-PCR
with the same template concentration. While bulk RT-LAMP
assays for the detection of HIV-1 RNA have been
developed,12,13 these assays differ from digital assays because
the latter is performed at the single-molecule level, which might
introduce additional complexity to the reaction. We performed
mechanistic studies to understand some of the shortcomings of
one-step dRT-LAMP and developed a two-step dRT-LAMP
protocol on SlipChip to overcome these limitations. We
demonstrated that SlipChip can be used to compartmentalize
single molecules and then to implement multistep reactions on
those compartments. We further showed that dRT-LAMP can
be performed on SlipChip devices made of both glass and
plastic, which is a more desirable and cost-effective material for
resource-limited settings. Finally, we identified problems,
including low overall efficiency and sensitivity to mutations in
patient samples, that need to be addressed in the future to make
this method suitable for quantitative diagnostics.

■ EXPERIMENTAL SECTION
Chemicals and materials used in this paper are described in the
Supporting Information. The fabrication, assembly, and loading
protocols for glass and plastic SlipChip are based on previous
work6,9 and are described in the Supporting Information. HIV
viral RNA purification from AcroMetrix HIV-1 Panel Copies/
mL was performed using the iPrep purification instrument. See
Supporting Information for more information. Primer
sequences for RT-LAMP and RT-PCR amplification and the
sequencing results of HIV viral RNA used in the paper are
described in the Supporting Information.
ssDNA Synthesis. HIV cDNA was created by reverse

transcription of the purified AcroMetrix HIV RNA using the

SuperScript III First-Strand Synthesis SuperMix according to
the manufacturer’s instructions. Briefly, a mixture of purified
HIV RNA (10-fold diluted from the direct elution), 100 nM B3
primer, 1x Annealing buffer, and water were heated to 65 °C for
5 min and then placed on ice for 1 min. A reaction mix and
SuperScript III/RNase Out enzyme mix were added to the
reaction for a final volume of 40 μL, and the mixture was placed
at 50 °C for 50 min. The mixture was then heated to 85 °C for
5 min to deactivate the reverse transcriptase, chilled on ice, split
into 5 μL aliquots, and frozen at −20 °C until further use.
Biotin-labeled DNA was created in a PCR reaction containing a
1:50 dilution of the HIV cDNA, 500 nM biotin-B3 and F3
primers, 500 μM dNTPs, 1 U/μL Phusion DNA polymerase,
and 1x of the associated HF buffer mix. After an initial 1 min
enzyme activation step at 98 °C, the reaction was cycled 39
times at 98 °C for 10 s, 58 °C for 15 s, and 72 °C for 15 s and
finished with a 5 min polishing step at 72 °C. The resulting
DNA product was analyzed on a 1.2% agarose gel in TBE buffer
stained with 0.5 μg/mL ethidium bromide. The specific band
was cut out and purified using the Wizard SV gel and PCR
cleanup kit according to the manufacturer’s instructions and
eluted into 50 μL of nuclease-free water. A 50 μL amount of
streptavidin MyOne T1 magnetic beads were primed by slow-
tilt rotation for 24 h in 20 mM NaOH.14 The beads were
washed one time with water and four times with binding buffer
(5 mM Tris, 0.5 mM EDTA, 1 M NaCl, 0.05% Tween-20) and
resuspended in 30 μL of 2x concentrated binding buffer. Thirty
microliters of PCR product was added to the beads and
incubated for 15 min while gently rotating to allow binding of
the DNA to the magnetic beads. The beads were separated with
a magnet, the supernatant was removed, and the beads were
resuspended in 40 μL of 20 mM NaOH and incubated for 10
min on a rotator to separate the nonbiotinylated strand. The
beads were then separated with a magnet, and the supernatant
containing the ssDNA was collected and mixed with 20 μL of
40 mM HCl. The resulting ssDNA was then purified using an
ssDNA/RNA cleaner and concentrator kit, eluted in 20 μL of
water, and analyzed on an Agilent RNA nano bioanalyzer to
confirm the size and integrity of the final product.

dRT-LAMP and dLAMP Amplification on SlipChip. To
amplify HIV viral RNA using the one-step RT-LAMP method,
the RT-LAMP mix contained the following: 20 μL of RM, 2 μL
of BSA (20 mg/mL), 2 μL of EM, 2 μL of FD, 2 μL of primer
mixture (20 μM BIP/FIP, 10 μM LooP_B/Loop_F, and 2.5
μM B3/F3), various amounts of template solution, and enough
nuclease-free water to bring the volume to 40 μL. The solution
was loaded onto a SlipChip and heated at 63 °C for 60 min.
To amplify HIV viral RNA using the two-step RT-LAMP

method, the first solution contained the following: 10 μL RM, 1
μL of BSA, 0.5 μL of EXPRESS SYBR GreenER RT module
(part of EXPRESS One-Step SYBR GreenER Universal), 0.5
μL of BIP primer (10 μM), various amounts of template
solution, and enough nuclease-free water to bring the volume to
20 μL. The second solution contained: 10 μL of RM, 1 μL of
BSA, 2 μL of DNA polymerase solution (from LoopAmp DNA
amplification kit), 1 or 2 μL of FD, 2 μL of other primer
mixture (20 μM FIP, 17.5 μM FIP, 10 μM LooP_B/Loop_F,
and 2.5 μM F3), 1 μL of Hybridase Thermostable RNase H,
and enough nuclease-free water to bring the volume to 20 μL.
The first solution was loaded onto a SlipChip device and
incubated at 37 or 50 °C, the second solution was loaded onto
the same device and mixed with the first solution, and the entire
device was incubated at 63 °C for 60 min.
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To amplify λ-DNA, the LAMP mix contained the following:
20 μL of RM, 2 μL of BSA (20 mg/mL), 2 μL of DNA
polymerase, 2 μL of FD, 2 μL of primer mixture (20 μM BIP/
FIP, 10 μM LooP_B/Loop_F and 2.5 μM B3/F3), various
amounts of template solution, and enough nuclease-free water
to bring the volume to 40 μL. The same loading protocol as
above was performed, and the device was incubated at 63 °C
for 70 min.
To amplify ssDNA, the LAMP mix contained the following:

20 μL of RM, 2 μL of BSA, 2 μL of DNA polymerase, 2 μL of
FD, 2 μL of primer mixture (20 μM BIP/FIP, 10 μM LooP_B/
Loop_F, and 2.5 μM B3/F3), various amounts of template
solution, and enough nuclease-free water to bring the volume to
40 μL. The same loading protocol as above was performed, and
the device was incubated at 63 °C for 60 min.
dRT-PCR Amplification on SlipChip. To amplify HIV

viral RNA, the RT-PCR mix contained the following: 20 μL of
2X Evagreen SuperMix, 2 μL of BSA, 1 μL of EXPRESS SYBR
GreenER RT module, 1 μL of each primer (10 μM), 2 μL of
template, and enough nuclease-free water to bring the volume
to 40 μL. The amplification was performed under the same
conditions as reported previously9 except for a shortened
reverse transcription step of 10 min. Image acquisition and
analysis methods are described in the Supporting Information.

■ RESULTS AND DISCUSSION
We first compared quantification results of HIV viral RNA
purified from Acrometrix panel at four dilutions using two
different digital chemistries: dRT-PCR and dRT-LAMP. dRT-
PCR with primers targeting the LTR region of HIV was used as
the standard because it has been validated previously.9 B3/F3
primers taken from the LAMP primer set were also used in
dRT-PCR for comparison. For RT-LAMP, we used a
commercial kit with published primers targeting the p24
gene.12 The priming region of HIV RNA was sequenced to

confirm that there was no mismatch between primers and
template (see Supporting Information). HIV viral RNA
concentration was calculated based on the number of observed
positive wells (“digital counts”) on a single device according to
the Poisson statistical analysis method discussed in a previous
paper.15 The overall result was surprising: while dilution curves
with good linearity were obtained for both digital chemistries
listed above, the absolute values were dramatically different. For
the two chemistries, the same concentration of RNA gave
quantification values that differed by ∼50-fold, with dRT-
LAMP giving the lowest digital counts (Figure 1). The
quantification values calculated from digital counts for one-
step dRT-LAMP were on average only 2.0% of the values for
the dRT-PCR standard with LTR primers and were on average
3.9% of the values for dRT-PCR with B3/F3 primers. One
could interpret these results optimistically and state that as long
as one has a calibration curve, one could perform adequate
quantification no matter the efficiency of the particular digital
amplification chemistry. However, there are also two alternative
interpretations, admittedly more pessimistic in nature. First,
seeing a proper dilution curve does not mean that the
quantification is correct: digital “absolute” quantification is
not absolute unless rigorously validated by independent
experiments. Second, using an inefficient digital method like
the one-step dRT-LAMP shown in Figure 1 is inadequate for
quantifying lower concentrations of analytes. This is a problem,
especially in the case of HIV viral load, where changes most
often in the range of 50 to 5000 copies of RNA per mL need to
be quantified to make clinical decisions.16 Therefore, we acted
on the more pessimistic interpretation of these results and
worked on understanding why the digital efficiency of dRT-
LAMP is so low, toward the goal of improving its efficiency.
Given the poor performance of one-step dRT-LAMP, we

performed a parallel control experiment on the same SlipChip
using a published and well-characterized LAMP system based

Figure 1. One-step RT-LAMP has lower efficiency than RT-PCR in digital format when quantifying HIV RNA on SlipChip. (A) Schematic
demonstration of one-step dRT-LAMP and dRT-PCR in which use of the same template concentration results in different digital counts. (B)
Quantification results of HIV viral RNA (copies/mL) in a serial dilution experiment on SlipChip using one-step dRT-LAMP (n = 4), dRT-PCR with
B3/F3 primers (n = 3), and dRT-PCR with LTR primers (n = 3). Error bars represent standard deviation.

Figure 2. Schematic drawings and images showing the operation of SlipChip for two-step dRT-LAMP. (A) Top (black) and bottom (red) plates of
the SlipChip before assembly. (B) Assembled SlipChip after loading of RT solution. (C) RT solution containing RNA molecules confined to
individual wells after slipping. (D) Loading of LAMP reagent mixture after RT reaction has completed. (E) LAMP reagent mixture confined to
individual wells after slipping again. (F) Reaction initiated after slipping to mix RT and LAMP wells.
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on λ-DNA10,17 to confirm that the SlipChip device did not
introduce any artifacts when used with LAMP chemistry. The
concentration of the λ-DNA stock solution was measured with
a Qubit fluorometer and used as the expected original
concentration for further dilution. dLAMP was performed
according to a previous publication.10 Without a preheating
step at 95 °C to dissociate double-stranded DNA template, we
observed zero digital counts. Unfortunately, previous reports on
dLAMP with λ-DNA did not specify whether preheating was or
was not required.10,16 Neither was this preheating step specified
in a recent paper where β-actin DNA was used as the template
for dLAMP reaction.11 When a preheating step was introduced,
the quantification value of dLAMP on SlipChip increased to
62% of the expected value (Figure S2). The results depend on
the details of how preheating is performed and how quickly
DNA is cooled and used in the subsequent amplification
step.18,19 We did not optimize the preheating protocol because
it is not required by single-stranded HIV RNA (aside from the
secondary structure), so we did not expect a perfectly efficient
quantification. It was concluded that the glass SlipChip
platform was not introducing artifacts significant enough to
be responsible for the 2.0% efficiency observed for one-step
dRT-LAMP.
To determine the cause of the lower efficiency of one-step

dRT-LAMP compared to dRT-PCR, we attempted to decouple
the reverse transcription step from the amplification step and
look at the efficiency of each step independently. We designed a
glass SlipChip device for performing dRT-LAMP in two steps
(Figure 2). The device was composed of two glass plates with

wells and channels etched on their facing sides. The plates of
the chip were assembled and aligned to allow for the loading,
compartmentalization, incubation, and mixing of reagents in
multiple steps. This chip is reminiscent of, but not the same as,
the chip previously described for digital RPA.5 First, a buffered
solution containing template, primer, and RT enzyme was
loaded into wells on the chip (Figure 2B). Next, the plates of
the chip were slipped relative to one another to confine single
HIV viral RNA molecules into droplets (Figure 2C). A first
incubation step was performed here to allow for reverse
transcription. cDNA was synthesized from RNA in each
compartment during the reverse transcription step. Then, a
second solution containing the LAMP reagent mixture and
other primers was loaded (Figure 2D) and split into
compartments by slipping (Figure 2E). Finally, each of the
compartments containing a cDNA molecule was combined
with a compartment containing LAMP reagents, and the entire
device was incubated at a higher temperature for amplification.
The fluorescence microphotograph of part of a loaded glass
device after amplification, along with a line scan showing
intensity, is presented in the Supporting Information.
We then studied the influence of several factors, including

the orders of primers annealing to the RNA template, the effect
of different reverse transcriptases, and the ease of breaking up
the DNA:RNA hybrid independently, and proposed a new two-
step mechanism (Figure 3).
In the RT-LAMP mechanism, a BIP primer should first

hybridize to target RNA to start the synthesis of the first-strand
cDNA, which will be released from the RNA later by strand

Figure 3. A modified two-step mechanism for RT-LAMP leads to higher efficiency compared with a one-step protocol in digital format. (A)
Comparison of the new two-step RT-LAMP mechanism versus the published one-step RT-LAMP mechanism. In the initial step, the two-step
mechanism uses only BIP primer, and the one-step protocol uses all primers together. After the formation of the DNA:RNA hybrid, the two-step
mechanism uses RNase H instead of B3 primer-initiated strand displacement to release the cDNA. The two mechanisms converge after the
formation of first-strand cDNA that is looped on one side. Figure truncated; details of cycling amplification including the loop primers’ annealing are
not shown here and can be found in previous papers.20,21 Inset shows designated primers: B2 and B2c, B3 and B3c, F1 and F1c are complementary
sequences, respectively. (B) Concentration of HIV viral RNA (copies/mL) measured with dRT-LAMP using different protocols and the same
template concentration. (i) one-step dRT-LAMP; (ii) two-step dRT-LAMP, all primers in RT step, AMV RT; (iii) two-step, BIP in RT step, AMV
RT; (iv) two-step, BIP in RT step, Superscript III; (v) two-step, BIP in RT step, AMV RT, with RNase H; (vi) two-step, BIP in RT step, Superscript
III, with RNase H; (vii) two-step, BIP in RT step, Superscript III, with RNase H, 0.5x calcein (n = 2). (C) Quantification results of HIV viral RNA
(copies/mL) in a serial dilution experiment on SlipChip using one-step dRT-LAMP and two-step dRT-LAMP (n = 4). Error bars represent standard
deviation.

Analytical Chemistry Article

dx.doi.org/10.1021/ac3037206 | Anal. Chem. 2013, 85, 1540−15461543



displacement initiated by a B3 primer.20,21 However, we
hypothesized that if instead of BIP primer, Loop_B primer or
B3 primer hybridizes to the target RNA first and starts reverse
transcription, no looped structure on the 3′ size of cDNA will
be formed after strand displacement; once B3 primer hybridizes
to RNA and forms an RNA:DNA duplex, it is difficult for other
primers to insert into the duplex and start reverse transcription
because of the high stability of RNA:DNA.22 As a result, we
hypothesized that it is critical to start reverse transcription with
BIP primer to make sure each RNA molecule is amplified. We
tested this hypothesis by performing a two-step protocol and
using different primer compositions in the RT step: one has all
LAMP primers and the other has only BIP primer (Figure 3A).
With all primers, 3.2% efficiency relative to dRT-PCR using
LTR primers was observed, while with only BIP primer, the
efficiency of dRT-LAMP increased about 2-fold to 6.8% (Figure
3B(ii and iii)). All of the dRT-LAMP experiments reported in
Figure 3B were performed using an HIV RNA solution of the
same concentration as the 0.1 dilution in Figure 1B. Given
these results, we concluded that the order in which the primers
anneal to the target influences the initiation efficiency of the
reaction.
Different reverse transcriptases are reported to have different

efficiencies in first-strand cDNA synthesis.23 In bulk experi-
ments where multiple copies of the target are initially present, a
high RT efficiency is not crucial for the reaction to proceed
because the LAMP reaction is so sensitive that even with a very
low RT yield, the synthesized cDNA molecules can still initiate
subsequent amplification. This could also explain why RT-
LAMP can be performed at a temperature (63 °C) beyond the
optimal temperature of AMV reverse transcriptase (37 °C to 42
°C). However, at the single-molecule level, to get an accurate
absolute digital count of RNA molecules, it is necessary to
choose a reverse transcriptase with a high RT yield to obtain
cDNA from as many RNA molecules as possible (and ideally,
from each molecule) in the reverse transcription step. We
replaced AMV reverse transcriptase with Superscript III reverse
transcriptase, which is reported to have a higher reverse
transcription efficiency.23 However, we did not observe any
efficiency increase (Figure 3B(iii and iv)). Considering the fact
that Superscript III (similar to Superscript II) has low strand
displacement activity24 due to the reduced RNase H activity,
while AMV reverse transcriptase has strong strand displacement
activity, and that the release of cDNA from the RNA:cDNA
hybrid relies on the strand displacement initiated by B3 primer,
we hypothesized that even if more cDNA is synthesized by
Superscript III, it may not be released from the hybrid. To test
this hypothesis, we added RNase H, which can cleave RNA
from an RNA:DNA duplex through a hydrolytic mechanism, to
aid the release of the cDNA (Figure 3A). However, because the
presence of RNase H will interfere with the activity of reverse
transcriptase, it can only be added after the reverse tran-
scription is complete. We used the two-step protocol and added
a thermally stable RNase H to the second reaction mixture. To
make sure we are looking at only the effect of RNase H
breaking up the RNA:DNA hybrid, without the interference
from any strand displacement, we removed the B3 primer from
the second reaction mixture because it was no longer needed.
Both reverse transcriptases were tested with RNase H in this
protocol. We observed no improvement using RNase H
together with AMV reverse transcriptase (Figure 4A(v)),
confirming that AMV strand displacement activity was
sufficient for the release of the first strand ssDNA. However,

under the same conditions, using RNase H together with
Superscript III significantly increased the quantification results
of dRT-LAMP from 5.3% to 25% (Figure 3B (iv and vi))
relative to that quantified by dRT-PCR with LTR primers.
In a LAMP reaction, calcein is used as the readout

fluorophore.25 Yet because calcein is a good ligand for metal
ions, it might interfere with enzyme activities or dsDNA
stability. We tested the effect of adding different amounts of
calcein and found that decreasing the calcein to half (0.5×) of
the recommended concentration gave the highest efficiency
(Figure 3B(vii)). We also performed two-step dRT-LAMP in
the temperature range of 57 °C to 66 °C and determined the
optimal temperature to be 63 °C (data not shown).
The assay was reproducible in our hand, and we believe that

n = 2 in each reaction condition is sufficient for the purpose of
optimizing the reaction protocols. However, to confirm the
robustness of this protocol, we performed two-step dRT-LAMP
with the optimized protocol at four different concentrations in
quadruplicate and compared the results to one-step dRT-
LAMP (Figure 3C). The quantification results showed a linear
relationship with the dilution level for both protocols. The P
value of the linear regression for one-step dRT-LAMP is 4.0 ×
10−11 and for two-step dRT-LAMP is 7.4 × 10−9, both of which
are ≪0.01. Therefore, we rejected the null hypothesis that
there is no relationship between the data points that composed
each curve. The average efficiency compared to dRT-PCR with
LTR primers was 2.0% ± 0.2% for one-step dRT-LAMP, and
23.2% ± 2% for two-step dRT-LAMP; thus, it increased by
about 10-fold.
Next, we excluded the influence of the RT step and assessed

the efficiency of the LAMP step independently by performing

Figure 4. (A) Quantification results of HIV viral RNA (copies/mL)
on a plastic SlipChip at two dilution factors, with comparisons to
results obtained on a glass device (n = 3). (B) Quantification of HIV
viral RNA purified from patient samples using dRT-LAMP and dRT-
PCR. For sample no. 4, quantification results using dRT-LAMP with
primers corrected for mutations are shown in the rightmost column of
the figure (n = 3). Error bars represent standard deviation.
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dLAMP using a 225 nucleotide (nt) ssDNA template of the
same sequence as the p24 LAMP priming region. We
hypothesized that if the formation of the desired single-
stranded cDNA is no longer the bottleneck in the two-step
protocol, then dLAMP using ssDNA as template would have
similar efficiency to two-step dRT-LAMP using HIV viral RNA
as template. Because the 225 nt ssDNA did not include the
LTR region, we could not use dRT-PCR with LTR primers as a
reference with which to compare. Instead, we used dRT-PCR
with B3/F3 primers as a reference. We have shown that two-
step dRT-LAMP gave on average 39% efficiency compared with
dRT-PCR using B3/F3 primers in the serial dilution experi-
ments (Figure 1). Here, we observed that dLAMP using
synthesized ssDNA as template gave 33% efficiency compared
to dPCR with B3/F3 primers using ssDNA as template. We
assumed that dRT-PCR and dPCR should have the same
efficiency because the HIV RNA template and the ssDNA
template had the same sequence (see Supporting Information),
and the same pair of primers was used to amplify them. Then,
we concluded that two-step dRT-LAMP and dLAMP had
comparable efficiency. This result indicated that by using the
two-step protocol, we have solved the problem of forming the
desired single-stranded cDNA.
To evaluate the robustness of this dRT-LAMP chemistry in

resource-limited settings, we also tested its compatibility with
plastic material and its tolerance to sequence divergence of
patient samples. We performed two-step dRT-LAMP of HIV
viral RNA on a plastic SlipChip device with the same design as
the glass device used in the previous experiments. The RNA
quantification results using two-step dRT-LAMP on the plastic
SlipChip device and the glass SlipChip device agreed well with
each other (Figure 4A). This result indicated that the
quantification results are not sensitive to the details of surface
chemistry of the SlipChip, as we expected, because the surface
chemistry control occurs at the liquid−liquid interface of the
aqueous solution and the lubricating fluid.6,7,26 This result also
confirmed the possibility of using a potentially low-cost plastic
device as the platform for performing dRT-LAMP.
We also tested the performance of two-step dRT-LAMP

using HIV viral RNA purified from patient samples and
compared these results to measurements from dRT-PCR.
Plasma samples from four different patients were purified using
a Roche TNAI kit. Both two-step dRT-LAMP with p24 primers
and dRT-PCR with LTR primers were performed to quantify
the RNA concentration. The dRT-LAMP quantification results
were 43% ± 9%, 139% ± 33%, 37% ± 20%, and 0.9% ± 0.2%
relative to the corresponding dRT-PCR results, respectively
(Figure 4B). The p24 region of the purified HIV viral RNA was
sequenced (sequences listed in the Supporting Information).
There were 3, 2, 5, and 5 point mutations in the priming
regions of sample nos. 1, 2, 3, and 4, respectively. Therefore,
the general conclusion is that the efficiency of dRT-LAMP is
sensitive to mutations in the target sequence, with more
mutations leading to lower efficiency. In particular, for sample
no. 4, according to the sequencing results, two of the mutations
are at the 3′ end of the BIP priming region and are adjacent to
each other, which we hypothesized dramatically decreased the
efficiency of reaction. To test this hypothesis, we performed
two-step dRT-LAMP on sample no. 4 with BIP primer
corrected at these two positions and its efficiency increased
from 0.9% ± 0.2% to 22% ± 1%. Because a LAMP reaction
requires three pairs of primers to proceed, its specificity is
higher than that of PCR, which requires only one pair of

primers. However, we speculate that this high specificity may
also make the dLAMP method more sensitive to mutations in
the priming regions. It would be valuable to take advantage of
the high specificity of this method while maintaining good
tolerance to mutations in real patient samples. To achieve this
goal, more than one set of primers could be included in a single
assay to ensure a higher probability of accurate readings,
although this idea needs to be tested experimentally.

■ CONCLUSION
We demonstrated in this paper that one-step dRT-LAMP for
HIV viral RNA showed only 2.0% efficiency relative to that
observed using dRT-PCR. In particular, we observed that the
efficiency of dRT-LAMP for HIV viral RNA quantification is
limited by the efficiency of reverse transcription, the order of
primer annealing, and the efficiency of the breakup of
DNA:RNA duplexes. We solved these problems by using a
two-step approach that enabled us to use a more efficient
reverse transcriptase, to add only the BIP primer during the RT
step, and to introduce RNase H to break up the DNA:RNA
hybrid. Technologies that enable multistep manipulation of
many volumes in parallel, such as SlipChip, provide a platform
for this multistep protocol for dRT-LAMP. Such microfluidic
technologies are useful for mechanistic studies of dLAMP and
other digital, single-molecule reactions. Furthermore, the
technologies that can be made simple enough for use in
resource-limited settings would be useful for deploying digital
single-molecule amplification for diagnostics applications.
Single-molecule counting using dLAMP and dRT-LAMP is

attractive because it is isothermal and therefore does not
require thermocycling equipment, is compatible with plastics,
and provides a bright signal from the calcein detection system
that should be readable by a cell phone. Although the efficiency
of dRT-LAMP for quantification of HIV RNA has been
improved over 10-fold, it ideally should be further improved by
about 4-fold. A more significant problem is the sensitivity of
digital amplification to mutations in the target regions. This
problem should be especially severe for viruses such as HIV
that mutate rapidly, and for other targets, the severity of this
problem remains to be established. General solutions to this
problem for dLAMP and dRT-LAMP protocols are needed.
Furthermore, comparisons of the sensitivity of different digital
amplification methods and their sensitivity to mutations found
in a broad cohort of patient samples are also needed. Digital
amplification technologies should not be assumed to provide
absolute quantification until validated against an absolute
standard and, for diagnostic applications, until validated on a
representative set of patient samples. Should all of these issues
be resolved, we are optimistic that digital single molecule
technologies would become useful for quantifying molecules
under resource-limited settings.
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