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Abstract
Loop-mediated isothermal amplification of DNA (LAMP) is a powerful isothermal nucleic acid
amplification technique that can accumulate ~109 copies from less than 10 copies of input
template within an hour or two. Unfortunately, while the amplification reactions are extremely
powerful, the quantitative detection of LAMP products is still analytically difficult. In this article,
in order to both improve the specificity of LAMP detection and to make direct readout of LAMP
amplification simpler and much more reliable, we have developed a non-enzymatic nucleic acid
circuit (catalyzed hairpin assembly, CHA) that can both amplify and integrate the specific
sequence signals present in LAMP amplicons. Through a hairpin acceptor, one of the four loop
products amplified from the LAMP is transduced to an active catalyst ssDNA which can in turn
trigger a CHA reaction. After CHA detection, even less than 10 molecules/μL model templates
(M13mp18) can produce significant signal, and both non-specific template and parasitic
amplicons cannot bring interference at all. More importantly, to further enhance the specificity, we
have designed a dual-CHA circuit that only gave positive responses in presence of two LAMP
loops. The AND-GATE detector will act as a simultaneous, specific readout of the LAMP
product, rather than of competing and parasitic amplicons.
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INTRODUCTION
Signal generation and amplification plays a significant role in achieving sensitive detection
of nucleic acids.1–5 To realize this aim, a series of very powerful isothermal nucleic acid
amplification techniques have been developed that have shown promising applications in
research, diagnostics, forensics, medicine, and agriculture.6,7 These techniques include self-
sustained sequence replication (3SR8), nucleic acid sequence-based amplification
(NASBA9), signal-mediated amplification of RNA technology (SMART10), strand
displacement amplification (SDA11), isothermal multiple displacement amplification
(IMDA12), helicase-dependent amplification (HDA13), single primer isothermal
amplification (SPIA14), and loop-mediated isothermal amplification of DNA (LAMP15).
Among these techniques, LAMP is especially interesting as it employs only one enzyme and
is relatively insensitive to the secondary structure of the amplicon. LAMP relies on four
specially designed primers that recognize a total of six distinct sequences on a double-
stranded template (Figure 1 step I); these primers not only are extended but assist in
destructuring the template. By using alternating extension and strand displacement reactions,
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the entire LAMP process can continuously yield long DNA concatamers. Its sensitivity is
outstanding, as upwards of ~109 copies accumulate from less than 10 copies of input
template within an hour or two.15–18 Unfortunately, while the amplification reactions are
extremely powerful, the quantitative detection of LAMP products is still analytically
difficult. In many cases, the final concatameric products are characterized by agrose gel
electrophoresis 15. Limited quantitative results have been obtained by dye (ethidium
bromide) staining 15,19, or by crudely monitoring the increase of either calcein fluorescence
or solution turbidity due to the excessive release of pyrophosphate from nucleoside
triphosphates20,21. Even though these methods allow real-time detection, the signals are due
solely to the accumulation of base-pairs and can easily read false amplicons (molecular
parasites) as true ones.22–24 Off-target amplicons are an especially pernicious problem for
LAMP, in part because of its extraordinary ability to amplify small numbers of templates.

Recently, more specific detection methods have been developed that probe the single strand
loops at the termini of LAMP concatamers, including using AuNPs for colorimetric and
electrochemical detection.25,26 However, these methods require relatively expensive
reagents and devices, and are problematic for point-of-use or point-of-care diagnostics.
Moreover, since there are relatively few loop structures in each concatamer, direct readout
of the loops without amplification limits sensitivity.

In order to both improve the specificity of LAMP detection and to make direct readout of
LAMP amplification simpler and much more reliable, we have developed a non-enzymatic
nucleic acid circuit that can both amplify and integrate the specific sequence signals present
in LAMP amplicons. As a result of the unique primers and mechanisms involved in LAMP,
the amplicons include cauliflower-like structures with four types of single-stranded loops
(Figure 1, Step I). Recently, we and others have developed non-enzymatic catalytic hairpin
assembly (CHA) reactions27–29 that are triggered by short, single-stranded nucleic acid
(catalyst) inputs and that can be coupled to a variety of analytical outputs. We therefore
sought to transduce the single-stranded loop regions from LAMP into CHA reporters. As
shown in Figure 1, step II, one of the LAMP loops opened a hairpin (Acceptor) and in turn
activated the single-stranded catalyst (sequence 3-2-1). The 3-2-1 could then further trigger
downstream amplification by CHA and ultimately fluorescence detection. The fact that
hybridization is required to open the hairpin Acceptor means that the LAMP reaction is
being probed with high specificity, similar to a TaqMan probe. In addition, the high signal-
to-background ratio of CHA guaranteed hundreds-of-fold additional signal amplification
within a few hours. Using these methods we could detect less than 10 molecules/μL of a
model target (here, M13mp18). Our adaptation of CHA to LAMP was especially useful for
suppressing false-positive signals from parasitic amplicons, one of the key problems limiting
the further development of LAMP as a technology. We further guaranteed the surety of
signaling by using a dual-CHA circuit that only gave positive responses in the presence of
both LAMP loops. This AND-GATE detector acts as a simultaneous, specific readout of the
LAMP product, rather than of competing, parasitic amplicons. Finally, CHA is not only
enzyme-free, but inherently modular and scalable. Thus, a previously optimized CHA circuit
can be immediately adapted to new reactions based on the redesign of the intermediate
Acceptor molecule without also redesigning the main circuitry or reporter constructs.

EXPERIMENTAL SECTION
Chemicals and oligonucleotides

All chemicals were of analytical grade and were purchased from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise indicated. All oligonucleotides were ordered from Integrated
DNA Technology (IDT, Coralville, IA, USA). Oligonucleotide sequences are summarized
in Table S1. Other than F and Q, all oligonucleotides were purified via denaturing PAGE (7
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M Urea, 1x TBE), and concentrations were determined by measuring the absorbance at 260
nm. All oligonucleotides were stored as 10 μM stocks in H2O or 1x TE (pH 7.5) at −20°C.
M13mp18 single-stranded DNA, lambda DNA, and 120,000 U/μL Bst polymerase large
fragments were obtained from New England Biolabs Inc. (Ipswich, MA).

Standard LAMP reaction
Mixtures containing template, 0.8 μM each B1c-B2 and F1c-F2, 0.2 μM each B3 and F3, 1
M betaine, and 0.4 mM dNTPs in a total volume of 24 μL 1x ThermoPol Buffer (20 mM
Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1 % Triton X-100, pH 8.8)
were heated to 95°C for 5 to 10 min, followed by chilling on ice for 2 min. Then, 1 μL (120
U) of Bst polymerase large fragment was added to initiate the LAMP reaction. The reactions
(with a final volume of 25 μL) were incubated at 65°C for 1 to 1.5 hours, followed by
heating to 80°C for 10 min to denature the polymerase. In some control experiments, LAMP
reactions were carried out without betaine. When necessary, 6 to 10 μL aliquots from the 25
μL LAMP reactions were resolved on a 1% agarose gel containing ethidium bromide.

Coupling LAMP to CHA and real-time fluorescence detection
A 10 μL aliquot of the 25 μL LAMP reaction was mixed with 1 μL of 500 nM B/F-
Acceptor, followed by heating to 95°C for 5 min and slowly cooling to room temperature at
a rate of 0.1°C/s. Some 5 μL of this mixture was further mixed with 5 μL of 200 nM H1, 5
μL of 1.6 μM H2, and 5 μL of Reporter duplex (containing 200 nM F and 400 nM Q) in
TNaK Buffer (20 mM Tris, pH 7.5; 140 mM NaCl; 1 μM (dT)21). H1 and H2 were
separately refolded (90°C for 1 min, followed by cooling to room temperature at 0.1°C/s) in
TNaK Buffer immediately before use. For each reaction, 18 μL of the final 20 μL reaction
mixture was added to a well of a 384-well plate that had been pre-incubated at 37°C in a
TECAN Safire plate reader. Fluorescence readings were immediately taken as a function of
time.

For the experiment with molecular beacon reporters, 1 μL of 500 nM MB (instead of
Acceptor) was added to 10 μL of LAMP reaction products. The mixtures were then heated
to 90°C for 1 min and cooled down to room temperature at 0.1°C/s, after which 5 μL of the
mixture was diluted with 15 μL TNaK Buffer, and fluorescence measurements were taken at
37°C in a 384-well plate using a TECAN Safire plate reader.

Coupling LAMP to AND gate dual-CHA detector
A 10 μL aliquot of the 25 μL LAMP reaction was mixed with 1 μL of 500 nM B-
Acceptor1 and F-Acceptor2, followed by heating to 95°C for 5 min and slowly cooling to
room temperature at a rate of 0.1°C/s. Some 5 μL of this mixture was further mixed with 5
μL of 200 nM H1+H3, 5 μL of 1.6 μM H2+H4, and 5 μL of Reporter duplex (containing
200 nM F3, 400 nM M, and 400 nM Q) in TNaK Buffer (20 mM Tris, pH 7.5; 140 mM
NaCl; 1 μM (dT)21). H1+H3 and H2+H4 were separately refolded (90°C for 1 min,
followed by cooling to room temperature at 0.1°C/s) in TNaK Buffer immediately before
use. For each reaction, 18 μL of the final 20 μL reaction mixture was added to a well of a
384-well plate that had been pre-incubated at 37°C in a TECAN Safire plate reader.
Fluorescence readings were immediately taken as a function of time.

RESULTS AND DISCUSSION
Principle of using CHA as LAMP detector

A three-step LAMP-CHA detection pathway was designed as follows (Figure 1). In Step I,
a standard LAMP reaction (See supporting information) should produce four types of single-
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stranded loops containing the sequences F-target, F-probe, B-target, and B probe. In Step
II, a hairpin acceptor (B-acceptor) with a loop complementary to, for example, B-target, is
added to the reaction mixture containing LAMP amplicons. B-acceptor is essentially a
transducer, and hybridization to B-target will release domain 1, which will in turn trigger a
catalytic hairpin assembly between two-hairpin substrates (H1 and H2). In Step III, the
active domain 1 of the B-acceptor attaches the domain 1* on H1 as toehold, and initiates a
branch migration reaction that extends to domain 3*, opening H1 and releasing domain 3.
Domain 3 then binds to the domain 3* (toehold) of H2, initiating another branch migration
reaction and ultimately forming the H1:H2 complex. During this process, the 3-2-1 of the
B-acceptor is released, leading to further catalytic assembly of H1 and H2. In order to
directly monitor the CHA reaction, a fluorescent transducer (F:Q duplex) was constructed.
Formation of H1:H2 leads to displacement of an oligonucleotide-Iowa Black® (Q) from the
oligonucleotide-FAM (F) in the transducer. We anticipate that the background for our circuit
design should be extremely low, since hybridization of either (H1, H2) or (H1, H2,
unopened B-acceptor) should be extremely slow as their interacting domains are
sequestered in intramolecular secondary structures.

In order to show the utility of our method, one well-established LAMP reaction involving
M13mp18 single-stranded DNA (over 7000 bases)9 was adapted to an optimized CHA
circuit.28 The function of the CHA circuit was initially assayed with a surrogate for the
LAMP product, ssDNA, C1 (containing the sequence 3-2-1). Reactions were carried out in
physiological buffer conditions (20 mM Tris-HCl, 140 mM NaCl, 20 mM KCl, pH 7.5). As
was previously observed, C1 could catalyze the formation of H1:H2 with an apparent
turnover rate of ~1 min−1. As shown in Figure 2, in the presence of 12.5 nM C1, a sharp
increase in fluorescence was observed and the reaction went to completion in less than 20
min. No background was observed in the absence of C1 over 3 hours.

Further optimization of the B-acceptor (the acceptor that showed the lowest background)
was carried out to ensure that background leakage in the absence of M13mp18 would be
low. Systematic variation of the length of the stem and loop sequences in the hairpin
revealed that a hairpin with a 27-mer loop and a 14-mer stem (B-acceptor1) yielded the
lowest background signal (Figure 2, Figure S1).

Detection of LAMP amplicons from M13mp18
As a prelude to mixing LAMP and CHA reactions, we verified that the formation of the
appropriate LAMP product from the M13mp18 template and the 4 primers, B3, B1c-B2, F3,
F1c-F2, 15 via agarose gel electrophoresis (Figure 3A). The LAMP reaction mixtures were
carried out in a volume of 25 JL and incubated at 65°C for 1 to 1.5 hours, followed by
heating to 80°C for 10 min to terminate the reaction.

The LAMP reaction was then mixed with the CHA detection reaction. Some 1 JL of the B-
acceptor1 (500 nM) was added to 10 μL of the LAMP reaction mixture, and the samples
were thermally equilibrated by heating to 95°C for 5 min, then cooling at a rate of 0.1°C/s to
37°C). An aliquot of 5 μL was added to 15 μL mixtures of pre-annealed H1, H2, and F:Q
duplex. The final concentrations of B-acceptor1, H1, H2, and F:Q duplex were 12.5 nM,
50 nM, 400 nM, and 50 nM:100nM, respectively, and the development of fluorescence was
followed at 37°C on a TECAN Safire plate reader (Figure 3B). While overall this procedure
utilized a series of solution transfers so that each reaction could be separately optimized, it is
also possible that some steps can be combined, such as the heat denaturation of the LAMP
reaction and the annealing of the B-acceptor1.
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As has previously been observed with LAMP, the limits of detection are extremely good
(Figure 3B). As few as 7 templates (~4 ×10−19 M in 25 μL LAMP reaction mixtures; or
~1×10−19 M in final CHA detection mixtures) could be obviously discriminated from
reactions lacking a template. However, it was also clear that the background leakage of the
CHA reaction was slightly increased compared with that shown in Figure 2 (in TNaK
buffer). This was because some components of the more complex LAMP reaction mix (e.g.,
betaine), might have altered the conformational equilibration of the hairpins and led to
analyte-independent initiation of the cascade. Nonetheless, this background leakage was
very reproducible (Figures 3–5), so it should not have impacted either qualitative or
quantitative analysis. In addition, the initial rates of reaction (as opposed to the reaction end
points) could be reliably utilized as either a primary or confirmatory quantitative signal. As
shown in Figure 3B, inset, the initial CHA reaction rate was dependent on initial template
copy numbers, especially in the low copy range from several copies to tens of copies.
Notably, the dynamic range could potentially be adjusted by simply changing LAMP
reaction conditions such as reaction times and enzyme concentrations.

Control experiments to demonstrate CHA amplification and specificity
In this section, three control experiments were carried out to prove the utility of the CHA.

We firstly demonstrated the higher sensitivity of the CHA transducer by direct comparison
with an alternative signal transducer, molecular beacons (MB, Figure 4A). A 7 base-pair
stem molecular beacon was designed to be activated by the B-target, and was labeled with
FAM and Iowa Black® on its 5′ and 3′ end, respectively. Here 7 base-pair stem was chosen
since an optimized molecular beacon usually adapts 5 to 7 base-pair stem to make sure it is
stable enough as hairpin, yet also weak enough to be easily and effectively opened by its
antisense DNA.30 While the molecular beacon showed a positive signal in the presence of
LAMP amplicons, the CHA transducer displayed almost 5-fold higher signal amplitude. The
ability to monitor the increase in CHA-mediated signal as a function of time, as opposed to
merely doing end-point analysis, should ultimately make the interpretation of LAMP
reactions more reliable, and will yield higher confidence in amplicon detection.

Second, in order to ensure that the transducer was acting specifically, full-length lambda
DNA (over 40,000 bases) was used as template with the 4 primers designed to amplify
M13mp18. As shown in Figure 4B, the incorrect template did not yield a CHA signal.

Third, while LAMP is an extremely powerful amplification method, the fact that it occurs
continuously makes it especially vulnerable to side reactions, the accumulation of parasitic
amplicons, and thus the production of false positive signals. For example, in the absence of
betaine, a reagent that destabilizes spurious base pairing15,31, false amplification products in
the absence of template frequently arise (Figure 5A, lane a). Even with betaine, false
amplification products can still sometimes occur (Figure S2).24 One of the great advantages
of our CHA transducer is that since it is highly dependent on specific loop sequences, it is
largely refractive to such amplicons and to false signalling (Figure 5B).

Coupling LAMP to a parallel CHA detector
To further ensure specificity of detection, it is possible to imagine probing multiple loop
sequences within a LAMP product in parallel. The modularity of CHA circuit design makes
this notion relatively easy to implement; for example, the loop sequences of the B-
acceptor1 hairpin could be readily changed to hybridize to the F-target, B-probe, or F-
probe, instead (Figure 1). As an example, we altered the loop sequence of the original B-
acceptor1 to be a 25-mer antisense complement to the F-target (F-acceptor1). As observed
(Figure S3), LAMP products can be detected by CHA reactions triggered by either the F-
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acceptor1 or B-acceptor1. It should be noted that the CHA reaction rate via transduction
with the F-acceptor1 is slower than that with the B-acceptor1, which is consistent with the
fact that the concentration of loops containing the B-target (or F-probe) is higher than the
concentration of loops containing the F-target (or B-probe; explanation in Supporting
information). There was virtually no cross activation between these two cascades (data not
shown).

This experiment also demonstrated another advantage of the CHA transducer. One CHA
circuit can probe different loops (i.e., different LAMP amplicons) by simply changing the
loop sequence of the acceptor (which hybridizes with the loop sequence of the amplicon).
All downstream reactions in the cascade can remain the same, including labeled (and often
expensive) reporter molecules.

Conversely, different CHA reactions can be used to probe different loop sequences, and to
multiplex reactions. To this end, we designed another CHA circuit (CHA2) to target the
other LAMP loop (F-probe in Figure 1, Step I). The F-acceptor2 had a 10 base-pair stem
with a loop sequence complementary to the F-probe). In order to avoid cross-talk with
CHA1, the CHA2 circuit contained completely different sequences (Table S1: H3, H4, and
F2-Q2). As shown in Figure S4, F-acceptor2 and CHA2 successfully monitored the
appearance of the F-probe sequence. The fact that a single set of molecules could be
designed and implemented with little additional optimization showcases the flexibility and
robustness of CHA as a general signal transducer.

Coupling LAMP to AND gate dual-CHA detector
We further designed an AND gate that only yields a positive response when two of the
correct loops exist in the LAMP products. The potential Advantage of the AND gate is that
it provides a means to discriminate true LAMP amplicons from non-specific amplicons,
such as primer artifacts, that may inadvertently contain a sequence that would trigger the
LAMP reaction. Similar to the previous experiments (Figure 3 and Figure S4), the B-target
and F-probe could be transduced to trigger the CHA1 and CHA2 circuits, respectively
(Figure 6A), and the two CHA circuits would produce H1-H2 (with a 2-5-6 tail) and H3-H4
(with a b-e-f tail), respectively. Here, we used a three-strand reporter (F3-M-Q) to replace
the previous F-Q (or F2-Q2) reporter duplex in both CHAs. To release F3 (with FAM) from
Q (with quencher), H3-H4 (b-e-f) (CHA2 product) was firstly required to displace the M
sequence and release domain 2*′ on F3. The CHA1 product H1-H2 (2-5-6) could then bind
2*′ as a toehold to displace Q. The whole pathway indicates that both CHA1 and CHA2 are
necessary to yield increased fluorescence. Therefore, it represents a relatively worthy
implementation of a Boolean AND gate for a diagnostics application,32–34 with B-target
and F-probe as two inputs (Figure 6B true value table). Because it was difficult to obtain
random or incorrect LAMP products with only one of the current loops, we used the two
CHA catalysts (C1 and C2) as the B-target mimic and F-probe mimic, respectively. As
shown in Figure 6C, the dual-CHA circuit produced a perfect AND gate response with C1
and C2 as inputs. Only when C1 and C2 existed could we observe the significant
fluorescence enhancement. As expected (Figure 6D), compared with background (without
M13mp18), the correct LAMP reaction (from 3250 molecule/μL M13mp18) produced a
high CHA response in the presence of the dual-CHA detector. This proof-of-concept
experiment demonstrated the strong potential of CHA to achieve higher-sepecifity detection.

CONCLUSION
By pairing a novel enzymatic amplification technique, LAMP, with a novel DNA
computation, catalytic hairpin assembly, we preserve the best features of both: LAMP
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provides high sensitivity and specificity for molecular detection, while LAMP modularity
and ease of readout, and suppression of parasite detection. We anticipate that this
combination will ultimately make LAMP much more useful for the diagnostics community.
This initial proof-of-principle can be followed by systematically varying parameters that
impact both sensitivity and transduction, such as enzyme concentrations, primer
concentrations, and reaction time further, and by optimizing how the two reactions are
staged (potentially yielding real-time detection). By understanding how these variables
impact detection and reaction kinetics, we can potentially develop tradeoffs that allow the
most appropriate linear range of analyte to be determined while concomitantly speeding up
the somewhat tedious reaction times, which are currently on the order of hours.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Three-step scheme for DNA detection. Step I: LAMP reaction, which produces single-
stranded loops. Step II: LAMP products anneal to the Acceptor, and the resultant
conformational change yields a domain 1 toehold and a catalyst for CHA. Step III: CHA
amplification and fluorescence detection.
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Figure 2.
Test of CHA catalyzed by C1 (3-2-1) or B–acceptor1. [C1]=[B-acceptor1]=12.5 nM,
[H1]=50 nM, [H2]=400 nM, [F]=1/2[Q]=50 nM.
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Figure 3.
LAMP reactions. (A) 2% agarose gel electrophoretic analysis of a typical 75 min LAMP
reaction. Lane a: 1 kb DNA ladder (Invitrogen). Lanes b to k: LAMP products stemming
from a M13mp18 target introduced at 0, 6.5, 32.5, 65, 165, 325, 650, 1625, 3250, and 32500
copies, respectively, per 25 μL reaction mixture. (B) Time-course of CHA detection via
fluorescence. Inset: Reaction rate (change in fluorescence/min) as a function of copy
number of the M13mp18 template.
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Figure 4.
Control experiments. (A) Comparison of CHA detection of LAMP reaction products with
direct molecular beacon detection. (B) Detection of the M13Mp18 template relative to a
lambda DNA template.
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Figure 5.
Detection of true versus spurious LAMP amplicons. (A) 2% agrose gel electrophoretic
analysis of a LAMP reaction without betaine after 90 min. The reactions in lanes a and b
were seeded with 0 and 104 copies of M13Mp18, respectively. (B) Time-course of CHA
product formation for lanes a and b in Figure 5A, and lane b in Figure 3A.
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Figure 6.
Proof-of-concept experiments of coupling LAMP to AND gate dual-CHA circuit proof-of-
concept experiments. (A) Scheme for the AND gate pathway. (B) True value table of AND
gate. (C) Time-course of AND gate using C1 and C2 as two inputs. (D) Time-course of
dual-CHA response with (red) and without (black) LAMP template. [C1]=[C2] =8 nM, [B-
acceptor1]=[F-acceptor2]=12.5 nM, [H1]=[H3]=50 nM, [H2]=[H4]=400 nM,
[F3]=1/2[Q]=1/2[M]=50 nM.
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