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Table 1. Annealing sequences of the standard primer set and the elongated primer variants, the nucleotide sequence, and the predicted melting temperatures
(Tm) at a standardized concentration of primers

Annealing sequence Nucleotide sequence (5′ to 3′) Tm

F1c of FIP (as in DOP) TCC AAG AAA GGA CCC GGT C 68.4oC
F1c elongated (of FIP) to use in DOP-LFIP GGT TGA TCC AAG AAA GGA CCC GG 70.7oC
F2 (of FIP) T CTG CGG AAC CGG TGA GTA C 70.2oC
F3 CCT CCC GGG AGA GCC ATA G 65.9oC
B1c of BIP (as in DOP) TTGGGCGTGCCCCCGCAAG 73.7oC
B1c elongated (of BIP) to use in DOP-LBIP GAGATTTGGGCGTGCCCCCGCAAG 76.3oC
B2 (of BIP) CAGTACCACAAGGCCTTTCGCGACC 73.7oC
B3 GCACTCGCAAGCACCCTATC 66.0oC

found that the speed of the reaction with DOP-NLF (23.2
± 0.2 min) was about 4.7 min slower than the DOP set (18.5
± 0.1 min; P = 3.1 × 10−4) (Figure 4A). However, surpris-
ingly, the digital efficiencies did not differ significantly be-
tween the DOP and DOP-NLF sets (P = 0.37). This com-
parison of the corresponding reaction efficiencies showed
that the presence of only one loopB primer was sufficient to
maintain the same ability to determine template concentra-
tions with high sensitivity (detected as digital efficiency), as
with both loop primers, despite the drop in reaction speed
(Figure 4B).

The lack of correlation between reaction speed and effi-
ciency in the case of only loopB primer presence in the re-
action mixture may be partially explained by the fact that
the products of loop primer amplification by design (13)
cannot efficiently participate in subsequent exponential am-
plification. Despite having a primary ‘signal amplifying’
function, loop primers still improve digital efficiency (Fig-
ure 4B), which is in agreement with previous work showing
their positive effect on sensitivity (13). For the first time we
show that despite a drop in reaction speed, having just one
loop primer in a reaction mixture is sufficient to maintain
the high digital efficiency seen in experiments containing
both loop primers. Measurements of speed alone did not
allow reliable detection of the changes in sensitivity that re-
sulted from different loop primers being present, whereas
digital measurements of the cumulative fates of the template
molecules (Figure 4B, Supplementary Figure S3B) provided
a tool for a direct detection of the changes. These experi-
ments specifically show that, in some cases, two isothermal
reactions performing at the same digital efficiency may dif-
fer in their reaction speeds.

The effect of using different enzyme mixtures on amplifica-
tion speed and sensitivity

We also tested whether different enzyme mixtures affected
reaction speeds and digital efficiencies in a correlating way.
Reverse transcription adds a few uncertainties to subse-
quent amplification outcomes. First, its efficiency directly
affects the fate of RNA molecules––whether they are re-
verse transcribed and used as cDNA copies in a subsequent
amplification chain, or lost from the template pool. Sec-
ond, the temperature at which different enzymes exhibit op-
timal activity affects the outcome of reverse transcription of
the secondary structure-rich templates (63), especially when
gene-specific primers are used, or when reaction is done as a
one-step RT-LAMP performed at 63◦C. Third, reverse tran-
scriptase may interfere with polymerase performance (50),

Figure 5. Comparison of the effect of two different RT-LAMP enzyme
mixtures on amplification using (A) real-time, digital single-molecule and
(B) real-time bulk approaches. (A) Real-time digital measurements of
single-molecule amplification fates and rates in a microfluidic device shown
as the number of wells that reached a signal threshold over time in each ex-
periment (N = 3). We compared a commercially available enzyme mixture
(EM, blue dashed lines) and an experimental lot of RTx Bst 2.0 enzyme
mixture (red solid lines). (B) Real-time measurements of reaction speeds
(time to threshold in min) in a multi-molecule format. In all enzyme exper-
iments we used DOP primers with an FIP primer identical to the one from
the BPP set. Error bars are S.E. and N = 3.

as reverse transcriptase binds to the primers/DNA com-
plexes and may also exhibit some limited DNA/DNA poly-
merase activity.

We used digital amplification to test an enzyme mixture
of RNAseH active thermostable reverse transcriptase RTx
and Bst 2.0 polymerase enzymes (from NEB). Our prelimi-
nary check of performance of this enzyme mixture showed
later times to positive compared to an analogous reaction
using a commercial enzyme mixture (EM, from EIKEN).
However, when we tested how many HCV RNA templates
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were correctly detected from a known number of loaded
RNA templates, we discovered that despite being slower
than EM, the RTx Bst 2.0 enzyme mixture provided higher
digital efficiency (Figure 5). These data show once again
that isothermal reaction speed and efficiency do not al-
ways correlate, and could be untangled using digital mea-
surements of the cumulative fates and rates of the template
molecules (Figure 5A, Supplementary Figure S3C), but not
using multi-molecule format alone.

Characterizing ‘digitally optimized primers’ (DOP) and ‘best
published primers’ (BPP) using digital experiments and ex-
periments in a multi-molecule format

To address whether digital efficiency correlates with analyt-
ical sensitivity (measured using a multi-molecule format),
we compared the DOP set to a set of primers taken from
the literature for HCV 5′ UTR RNA, which we refer to as
‘best published primers’ (BPP) (58). We used digital mea-
surements of efficiency, and real-time digital measurements
of both efficiency and reaction speed. We also did real-time
kinetic measurements of reaction speed and determined an-
alytical sensitivity (determined as the limit of detection,
LOD) in a multi-molecule format using standard PCR well
plates for each condition. We found good agreement be-
tween digital efficiency and LOD measured in well plates
for both the DOP and BPP sets. The normalized BPP digi-
tal efficiency measured in a microfluidic device was 34% of
the DOP digital efficiency (Figure 6A) (P = 1.05 × 10−6).
In the multi-molecule format, the LOD for the BPP set was
determined to be 75 template copies/10 �l, while the LOD
for DOP set was found to be 18 copies/10 �l (Figure 6C).
The LOD values in PCR well plates and the digital effi-
ciencies measured in microfluidic devices correlated well in
this example. At a very low template concentration of ∼1.2
copy/10 �l, the DOP set enabled detection of 44% of the
wells in the well plates; whereas there were no positive sig-
nals detected at the same template concentration with the
BPP set (Figure 6C), which is a result of the higher analyti-
cal sensitivity of the DOP set.

To ensure that in all cases the results of the reactions in
digital format were in accordance with those of reactions
performed in a multi-molecule format, we measured the ab-
solute time of the reaction in both formats (Figure 6D). The
single-molecule enzymatic reaction start time was stochas-
tic. Due to heterogeneity among the rates of amplification
of different template molecules (Supplementary Figure S3),
the reported ‘time to positive’ in the digital experiments was
defined as the time to the first positive well (fluorescent sig-
nal) in a microfluidic device that was immediately followed
by a subsequent series of signals from other positive wells.
We found that for all primers used in our experiments un-
der similar conditions, the times to positive in a digital for-
mat in a microfluidic device correlated well with the times
to positive in multi-molecule reactions performed in a PCR
well plate (Figure 6D). Our data indicate that the digital for-
mat resulted in a faster readout (Figure 6D), which is con-
sistent with the higher concentration of template molecules
in the digital reactions. While we started with identical so-
lutions for multi-molecule and digital experiments, the ef-
fective concentration of single template molecules confined

Figure 6. (A) The digital efficiency of the ‘best published primers’ (BPP)
and the no loop F (DOP-NLF) sets normalized to the ‘digitally optimized
primers’ (DOP) set, N = 6. (B) Normalized fluorescence intensity over time
for amplification using the BPP (orange lines), DOP (blue lines) and DOP-
NLF (green dashed lines) sets, N = 3. (C) Percent of positive wells in a PCR
well plate at different template concentrations with the DOP and BPP sets
(N indicated above each bar). (D) Measured times to positive of LAMP
reactions in a multi-molecule format in PCR well plates (light gray) and in
the digital format on a microfluidic device (dark gray) for all primer sets.
Error bars indicate S.E., N = 4–8 in digital; N = 16–40 for well plates.
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in microfluidic wells on a digital microfluidic device was
∼5 times higher than the concentration of the templates
in corresponding reactions performed in a PCR well plate,
because ∼ 80% of wells on the digital device lacked tem-
plate molecules and therefore all of the template molecules
were concentrated into ∼20% of the wells. This correla-
tion (Figure 6D) between the times to positive of multi-
molecule reactions and earliest amplification reactions in
corresponding digital experiments (40) is consistent with
the ‘winner takes all’ dynamics in multi-molecule amplifi-
cation: the products of the first few successful amplifica-
tion events become the primary source of amplicons for
subsequent exponential reactions. We also plotted the av-
erage times to threshold values for BPP, DOP and DOP-
NLF sets (Figure 6B) to illustrate that the relative efficiency
of a primer set cannot be deduced through reaction speed
alone. Time to positive signal was shorter for DOP (18.5
± 0.1 min) compared to BPP (21.9 ± 0.2 min) sets, but the
DOP NLF set had a longer time to positive (23.2 ± 0.2 min),
although the DOP NLF set had the same efficiency as the
DOP set (Figure 4B).

Digitally optimized primers had better analytical sensi-
tivity compared to the best published primers set. The LOD
for the DOP set was 18 molecules in 10 �l, while the LOD
for the BPP set was 75 template molecules in 10 �l. How-
ever, in our multi-molecule format experiments, before we
could determine these LOD values with statistical signifi-
cance we had to test 99 PCR wells for the DOP set and 103
PCR well plate wells for the BPP set. In contrast, in the dig-
ital experiments comparing DOP and BPP sets, just one de-
vice per condition was enough to observe clear differences
in the sensitivity of detection of loaded templates, and ad-
ditional replicates confirmed statistical significance.

DISCUSSION

Isothermal reactions provide a useful tool for nucleic acid
amplification tests, particularly in point-of-care settings.
Designing reliable tests requires finding the best isother-
mal amplification primer variants and reaction conditions.
The digital format provides an invaluable tool for assess-
ing the efficiency of an isothermal amplification reaction
by directly detecting the percentage of successfully ampli-
fied template molecules from the known number of loaded
template molecules. Our results show that digital efficiency
correlates with analytical sensitivity, and that amplification
reaction speed in a digital format correlates with reaction
speed in a multi-molecule format (e.g. in a PCR well plate or
tube). Thus, observations made about digital efficiency and
reaction speed in nanoliter-scale volumes are directly appli-
cable to the same reactions performed in a large-volume,
multi-molecule format.

Applying the digital method to isothermal amplification
experiments revealed a number of surprising results that
contradict the intuition derived from qPCR experiments.
First, and perhaps most interestingly, reaction speed does
not correlate with digital efficiency (and analytical sensitiv-
ity) in isothermal amplification reactions. Specifically, test-
ing FIP and BIP primer variants showed that the digital effi-
ciency in one-step RT-LAMP reactions may be significantly
higher for one of the tested primer variants, even without an

observed change in the speed of the reaction (Figure 3). We
also found a lack of correlation between speed and sensi-
tivity (digital efficiency) in the experiments using different
enzymes mixtures, where we observed reactions with higher
digital efficiency having substantially longer times to posi-
tive (Figure 5).

Digital experiments confirmed that the presence of two
loop primers in the LAMP reaction mixture slightly im-
proved sensitivity to determine template concentration, in
addition to their primary function of accelerating the accu-
mulation of amplification products (13). However, an un-
expected result was that having just one loop primer in a
reaction mixture was sufficient to maintain the same im-
proved digital efficiency, despite the expected partial drop in
reaction speed compared to reactions containing both loops
(Figure 4).

We conclude that the well-known qPCR approach for
selecting optimal primers and conditions based on earlier
times to positive is not applicable to all isothermal am-
plification reactions. In all of the reaction conditions we
tested, deriving conclusions about optimization based only
on observed changes in reaction speed could have been mis-
leading. As a consequence, a kinetic-based evaluation of an
isothermal reaction’s performance (e.g. an evaluation based
on the proposed isothermal doubling time (IDT) parameter
(42)), would not discriminate between a slow, sensitive reac-
tion, and a less sensitive (e.g. inhibited) reaction. Therefore,
faster reaction speed is not an appropriate way to determine
better reaction conditions or primers in the case of isother-
mal amplification reactions. Detailed analyses of optimiza-
tion processes are typically not reported for new assays. The
final analytical sensitivities of newly developed isothermal
assays are either reported through LOD (64) or more typ-
ically evaluated by using 10-fold serial template dilutions
that are then compared to the sensitivities of a standard
PCR method as a way to demonstrate the value of each de-
veloped isothermal test (65–67).

An alternative approach to accurately evaluate different
primer variants or conditions used in isothermal reactions
is to perform experiments to estimate a limit of detection
(LOD) (5) in a multi-molecule format for each introduced
change in reaction conditions. However, this approach has a
number of disadvantages: (i) sometimes a single introduced
change in conditions may only slightly affect analytical sen-
sitivity (ii) some introduced changes may have cumulative
or interactive effects on analytical sensitivity, (iii) LOD ex-
periments are not easy to perform at low dilutions especially
for RNA due to its potential degradation, (iv) experiments
must be done side-by-side for both tested conditions to ex-
clude variation related to reagent freshness and reaction se-
tups, and (v) a large number of replicates is required to es-
tablish statistical power.

Using digital methods during optimization can be a
reliable tool for finding primers and conditions that al-
low the best analytical sensitivity in a standard multi-
molecule format––providing faster results and requiring
lower replication. To further illustrate the advantage of dig-
ital measurements in optimization, we performed a back-
of-envelope analysis of a question: How many experimen-
tal replicates are needed (i.e. what is the ‘sample size’ nec-
essary) to distinguish a change in digital efficiency (Target
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Difference, TD) between two reaction conditions in a digi-
tal format? We sought to answer this question in a way that
would be applicable to both single-molecule amplification
(e.g. digital formats) and multi-molecule amplification (e.g.
in a PCR tube or well plate). In both cases, we calculated
the minimum number of replicates (N) required to differen-
tiate with statistical power which reaction had higher digital
efficiency.

First, in the context of digital experiments, we calculated
the standard deviation for the number of positive wells in a
single device (39,68,69). For a device with 1280 wells of 3 nl
and a concentration of 5 × 104 molecules/ml, the standard
deviation � of ln(�) is 0.075 (Equation 1):

σ = 1

λν
√

n
eνλ−1

(1)

Here, � is the concentration in molecules/ml, � is the well
volume in ml, and n is the total number of wells in the digital
device. We calculated TD as an absolute difference between
the natural logarithms of two measured efficiencies (for this
example a 20% difference in efficiency was selected). Next,
we calculated the standardized difference, SD = 2.98, from:

SD = TD
σ

(2)

Finally, we calculated the minimum number of experi-
mental replicates (N) required to achieve the TD (70):

N = 2

SD2 × Cp,power (3)

Here, Cp,power, a constant defined by the combination of
P-value (typically set to 0.05) and statistical power (set to
95%), is equal to 13.0 (70). Under these assumptions, N
∼ 3 (2.93), or only three SlipChip devices for each of the
two conditions being compared are necessary to establish
a 20% difference in detection efficiency between these reac-
tions with 95% confidence and a P-value of 0.05. To estab-
lish a 25% difference in efficiency with the same parameters,
we would need only N ∼2 (1.76) SlipChip devices.

Next, using the same approach, we calculated the theoret-
ical number of replicates needed to achieve this level of sta-
tistical power in a standard, multi-molecule reaction when
using ∼ 1 template copy per reaction (Equations 1-3). If one
uses 10 wells (of 10 �l each in a well plate) per experiment,
each loaded with 1 template molecule/well, 90 independent
trials would be necessary, for a total of 900 reactions per
condition (or 9 trials using 100 tubes each) which is im-
practical. Pragmatically, experiments are not done on this
scale and therefore it has not been possible to optimize re-
actions by directly measuring small differences in detection
efficiency, whereas digital experiments open this possibility.

The digital format provides accurate measurements of re-
action efficiency, independent of reaction speed and we sug-
gest that it provides an efficient tool for optimizing new as-
says based on isothermal amplification reactions. Isother-
mal amplifications chemistries beyond RT-LAMP should
also be tested for the lack of correlation between reaction
speeds and analytical sensitivities. We anticipate that digi-
tal methods will be useful both to understand mechanistic

details of various isothermal amplification reactions and to
improve these reactions for practical applications.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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