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DNA can execute programmed strand exchange reactions that process signals and 

information. In particular, toehold-mediated strand exchange, a process in which one 

strand of a hemi-duplex is replaced by another, single strand to create a more stable 

complex, is the basis for many DNA circuits. By engineering several strand exchange 

reactions in a systematic way, complex DNA circuits can be created that accomplish 

sophisticated control tasks, similar to an electronic circuit.  

In this dissertation, we will demonstrate how we engineered and improved a 

toehold-mediated strand exchanged-based reaction, catalytic hairpin assembly (CHA), to 

make it into a real-world nucleic acid diagnostic. While CHA has previously been shown 

to act as an excellent amplifier of nucleic acid signals, it can sometimes execute 

non-specifically even in the absence of catalyst, limiting signal-to-noise and limits of 

detection. By introducing two mismatched bases into a specific domain on the circuit, the 

background leakage can be greatly decreased and the signal-to-noise ratio can be 

improved from less than 10 to over 100. 

However, the improvement of the signal:background ratio still cannot increase 

sensitivity compatible to the enzyme-based nucleic acid amplification. Still, DNA circuits 

can improve upon background issues inherent in isothermal amplification reactions, 

which often produce spurious side products. We engineered DNA circuits that were 
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thermostable from 37 °C to 60 °C and used these for the real-time detection of isothermal 

amplification reactions. These circuits in essence acted like an additional probe to 

measure the accumulation of correct, rather than spurious, amplicons. One isothermal 

amplification reaction, loop-mediated isothermal amplification (LAMP) combined with 

our DNA could detect particular alleles of M. tuberculosis RNA polymerase (rpoB) in 

sputum and of the melanoma-related biomarker BRAF.  

As one more step towards generating a true point-of-care (POC) test, we 

engineered DNA circuits to transduce amplicons into an off-the-shelf glucometer. Using 

these reactions and devices we could directly transduce Middle-East respiratory 

syndrome coronavirus (MERS) and Zaire Ebolavirus (Ebola) templates into glucose 

signals, with a sensitivity as low as 20-100 copies/µL. Virus from cell lysates and 

synthetic templates could be readily amplified and detected even in sputum or saliva. An 

OR gate that coordinately triggered on viral amplicons further guaranteed fail-safe virus 

detection. 



 viii

Table of Contents 

List of Tables ........................................................................................................ xii 

List of Figures ...................................................................................................... xiii 

Chapter 1: Introduction and background .................................................................1 

1.1 Introduction to strand exchange reactions and DNA circuits ...................1 

1.2 Types of nucleic acid circuits ...................................................................4 

1.2.1 Enzymatic-free DNA logic gates ..................................................4 

1.2.2 Enzyme-free catalytic circuits .......................................................6 

1.2.3 Strand-exchange based DNA nanowalkers ...................................8 

1.3 Current analytical application of the non-enzymatic catalytic circuits ...11 

1.3.1 Signal amplification ....................................................................12 

1.3.2 Signal transduction......................................................................19 

1.3.3 Circuit used for logic gates in multiplex-analysis .......................25 

1.4 Conclusion ..............................................................................................30 

Chapter 2: Mismatches improve the performance of strand-displacement nucleic acid 
circuits ...........................................................................................................31 

2.1 Introduction .............................................................................................31 

2.2 Materials and methods ............................................................................33 

2.3 Result and Discussion .............................................................................34 

2.3.1 The possible breathing sites ........................................................34 

2.3.2 The signal-to-noise performance of different mismatched hairpin35 

2.3.3 Different mismatches on the H2 .................................................41 

2.3.4 Native PAGE characterization of the CircA-H2D2M2 reaction 45 

2.3.5 MismatCHA performance with another set of circuit sequences46 

2.4 Conclusion ..............................................................................................50 

Chapter3: Real-time detection of isothermal amplification reactions with thermostable 
catalytic hairpin assembly .............................................................................52 

3.1 Introduction .............................................................................................52 

3.2 Material and methods ..............................................................................54 



 ix

3.2.1 Chemicals, oligonucleotides and oligonucleotide complexes. ...54 

3.2.2 Real-time CHA fluorescence kinetic reading .............................54 

3.2.3 Ligation of circular DNA ............................................................55 

3.2.4 Real-time reading of RCA-CHA system ....................................55 

3.2.5 Electrophoresis analysis of RCA reaction by agarose gel. .........56 

3.3 Design principle of the CHA circuit and HT-CHA circuit. ....................59 

3.3.1 CHA circuit workflow and design rule .......................................59 

3.3.2 Design of HT-CHA .....................................................................62 

3.4 Results and Discussion ...........................................................................62 

3.4.1 Real-time CHA fluorescence kinetic reading .............................62 

3.4.2 HT-CHA as a real-time detector of linear RCA .........................68 

3.4.3 HT-CHA as a detector for SDA ..................................................70 

3.4.4 LT-CHA as a detector for RCA and SDA ..................................72 

3.5 Conclusion ..............................................................................................73 

Chapter 4: Robust strand exchange reactions for the sequence-specific, real-time 
detection of LAMP amplicons ......................................................................75 

4.1 Introduction .............................................................................................75 

4.2 Material and methods ..............................................................................75 

4.2.1 Chemicals and oligonucleotides. ................................................76 

4.2.2 Preparation of the plasmids .........................................................78 

4.2.3 OSD reporter design ...................................................................80 

4.2.4 Initial testing of toehold-mediated strand displacement using 
synthetic target oligonucleotides .................................................81 

4.2.5 Standard LAMP reactions and electrophoretic characterizations81 

4.2.6 Real-time LAMP detection with either OSD or Evagreen .........82 

4.2.7 Real-time multiplex LAMP detection with OSD ........................82 

4.2.8 The pretreatment on the synthetic sputum. .................................83 

4.3 Results and disscussion ...........................................................................84 

4.3.1 OSD design .................................................................................84 

4.3.2 Real-time gene detection with LAMP and OSDs .......................85 

4.3.3 Real-time SNP discrimination with LAMP and OSDs ...............90 



 x

4.3.4 Multiplex, real-time detection with LAMP and OSDs ...............95 

4.3.5 LAMP-OSD-mediated detection of Mycobacterium tuberculosis 
(MTB) spiked into synthetic sputum ..........................................96 

4.4 Conclusion ..............................................................................................98 

Chapter 5: LAMP-OSD system for developing sensitive and specific point of care 
diagnostic device for MERS .......................................................................101 

5.1 Introduction ...........................................................................................101 

5.2 Material and method .............................................................................102 

5.2.1 Chemicals and materials ...........................................................102 

5.2.2 Synthesis, Expression, and Purification of Thermotoga maritima 
Invertase ....................................................................................104 

5.2.3 Cloning of MERS-CoV and Ebolavirus (ZEBOV) VP30 gBlocks 
and PCR amplification of transcription templates ....................105 

5.2.4 Nucleic acid extraction (Extracting MERS-CoV RNA from tissue 
culture derived virons) ..............................................................106 

5.2.5 Synthesis of Inv-FPc conjugate ................................................106 

5.2.6 Preparation of the Inv-FPc/FP/MB conjugate ...........................107 

5.2.7 Detection of mimetic target with OSD-to-glucose transduction108 

5.2.8 LAMP primer design ................................................................108 

5.2.9 Standard LAMP reaction ..........................................................109 

5.2.10 Standard reverse transcription (RT)-LAMP reaction .............110 

5.2.11 LAMP-OSD-glucometer transduction ....................................110 

5.2.12 Reproducibility and stability tests for Inv/FPc/FP/MBs .........111 

5.2.13 OR gate platform.....................................................................112 

5.2.14 Detection of Zaire Ebolavirus (ZEBOV) using LAMP-to-glucose 
transduction ...............................................................................113 

5.2.15 Detection with human saliva samples .....................................113 

5.3 Result ....................................................................................................113 

5.3.1 Adapting isothermal amplification to a glucometer ..................113 

5.3.2 Demonstrating LAMP-to-glucose transduction. .......................117 

5.3.3 Adapting LAMP-to-glucose transduction to RNA detection with 
thermostable invertase. .............................................................120 



 xi

5.3.4 Integrating LAMP-to-glucose detection in one tube with 
thermostable invertase. .............................................................125 

5.3.5 LAMP-to-glucose transduction can be readily adapted to different 
molecular targets. ......................................................................128 

5.3.6 Molecular computation improves the robustness of sensing. ...129 

5.4 Dissusion ...............................................................................................133 

5.5 Conclusion ............................................................................................136 

References ............................................................................................................138 



 xii

List of Tables 

Table 1.1: Comparison for different amplifiers. ....................................................25 

Table 1.2: Comparison of detection limits with different detection platforms. .....25 

Table 2.1: Reporter sequences ...............................................................................33 

Table 2.2: Wild-type sequence and mismatched sequences*. ...............................37 

Table 2.3: Single mismatch sequence for Circuit A: CircA-H1D4M1 ..................39 

Table 2.4: Different domain 2 mismatches for Circuit A ......................................44 

Table 2.5: Wild-type circuit and mismatched sequences for CircB ......................48 

Table 2.6: Different domain 2 mismatches for Circuit B. .....................................49 

Table 2.7: Single mismatch sequence for Circuit B: CircB-H1D4M1 ..................50 

Table 3.1: Components used in Figure 3.2 to Figure 3.5 .......................................57 

Table 3.2: Oligonucleotides used in this chapter ...................................................58 

Table 3.3: Comparison of the ΔG value of LT-CHA and HT-CHA components at 

different temperatures. ......................................................................66 

Table 4.1: Oligonucleotides used in this chapter. ..................................................77 

Table 5.1: Sequences of oligonucleotides used in this chapter (5’ to 3’). ...........104 



 xiii

List of Figures 

Figure 1.1: Toehold-meditated strand exchange reaction ........................................2 

Figure 1.2: OR gate and XOR gate on a molecular beacon (MB) platform ............5 

Figure 1.3: Schemes for CHA and HCR ..................................................................7 

Figure 1.4: Schematic illustration of walker locomotion .........................................9 

Figure 1.5: Autonomous DNA nanowalker ...........................................................10 

Figure 1.6: Fluorescence analysis of a bipedal walker ..........................................11 

Figure 1.7: Various analytical signal outputs for CHA .........................................14 

Figure 1.8: Various analytical signal outputs for HCR ..........................................18 

Figure 1.9: Nucleic acid circuits serve as a programmable intermediate between 

inputs and outputs .............................................................................19 

Figure 1.10: CHA connecting with LAMP ............................................................21 

Figure 1.11: Toehold-sequence effects on CHA reaction rate ...............................23 

Figure 1.12: Metal ion and protein as inputs for DNA circuits .............................24 

Figure 1.13: AND gate and NOT gate for two microRNAs detection ..................27 

Figure 1.14: Schematic illustrations of a see-saw gate and a threshold gate .........28 

Figure 1.15: LAMP with an AND gate dual-CHA circuit .....................................29 

Figure 2.1: Catalytic hairpin assembly reaction with fluorescence read-out. ........32 

Figure 2.2: Possible pathways for leakage and positions of potential active breathing 

sites relative to the introduced mismatches. .....................................35 

Figure 2.3: Signal generation with four different mismatches. .............................38 

Figure 2.4: Signal generation in Circuit A with a single mismatch in domain 4. ..39 

Figure 2.5: Signal-to-background ratios for four different mismatches. ...............41 



 xiv

Figure 2.6: Signal generation in Circuit A with nine different domain 2 mismatches.

...........................................................................................................43 

Figure 2.7: Signal generation in Circuit A with various H2 mismatches.. ............44 

Figure 2.8: Native polyacrylamide gel electrophoresis of CHA reactions. ...........45 

Figure 2.9: Signal generation with four different mismatches of CircB. ...............47 

Figure 2.10: Signal generation in Circuit B with domain 2 mismatches. ..............49 

Figure 2.11: Signal generation in Circuit B with a single mismatch in domain 4. 50 

Figure 3.1: CHA work flow and design of the LT-CHA. ......................................61 

Figure 3.2: LT-CHA and HT-CHA fluorescence reading. ....................................64 

Figure 3.3: Concentration dependence of CHT with HT-CHA at 60 °C in TNaK 

reaction. .............................................................................................67 

Figure 3.4: CHA as a detector for RCA .................................................................69 

Figure 3.5: High-temperature CHA transduction is sensitive and specific. ..........70 

Figure 3.6: CHA as a detector for SDA. ................................................................72 

Figure 4.1 qPCR verification for the plasmid copy numbers in LAMP-OSD. ......80 

Figure 4.2: OSD trial experiment...........................................................................85 

Figure 4.3: Schematic depicting the generation of LAMP amplicons and their 

detection by OSD reporters. ..............................................................88 

Figure 4.4: Intercalating dye fluorescence reading and agarose gel characterization of 

LAMP reactions with different amounts of rpoB plasmid. ...............89 

Figure 4.5: Performance of LAMP-OSD. ..............................................................90 

Figure 4.6: LAMP-OSD SNP discrimination at different temperatures. ...............91 

Figure 4.7: LAMP-OSD can distinguish single nucleotide polymorphisms. ........92 

Figure 4.8: LAMP-OSD can detect different ratios of alleles. ..............................94 



 xv

Figure 4.9: Real-time, sequence-specific detection by OSD probes of two templates in 

a multiplex LAMP reaction. .............................................................96 

Figure 4.10: LAMP-OSD with the rpoB gene. ......................................................98 

Figure 5.1: Scheme for adapting isothermal amplification to a glucometer. .......115 

Figure 5.2: Temperature dependence of yeast invertase. .....................................116 

Figure 5.3: Detection of DNA mimic of the LAMP loop (1A-T) using the 

OSD-to-glucose transduction. .........................................................117 

Figure 5.4: Sensitive and specific detection of synthetic MERS-CoV DNA (sORF1A) 

using LAMP-to-glucose transduction. ............................................119 

Figure 5.5 Agarose gel electrophoretic characterization of LAMP amplicons produced 

from target and non-target templates. .............................................120 

Figure 5.6. Detection of MERS-CoV RNA from tissue culture-derived virions 

through reverse transcription and LAMP amplification (RT-LAMP).122 

Figure 5.7 Real-time reverse transcription PCR (rtRT-PCR) detection of MERS-CoV 

RNA ................................................................................................123 

Figure 5.8 Stability and reproducibility of modified magnetic beads. ................125 

Figure 5.9 Realization of high temperature OSD and one-tube LAMP-OSD 

transduction .....................................................................................127 

Figure 5.10 Detection of synthetic ZEBOV DNA (ZEBOV-VP30) using LAMP-to- 

glucose transduction........................................................................129 

Figure 5.11 OR gate glucometer responses to DNA mimics of the LAMP loops (1A-T 

and upE-T) amplified from two regions on the MERS-CoV genome.131 

Figure 5.12 Using an OR gate to improve the robustness of sensing. .................132 

Figure 5.13 Detection of synthetic ZEBOV DNA (ZEBOV-VP30) using 

LAMP-to-glucose transduction in human saliva. ...........................136 



 1

Chapter 1: Introduction and background 

1.1 INTRODUCTION TO STRAND EXCHANGE REACTIONS AND DNA CIRCUITS 

In the last decade, nucleic acids have been adapted to function as circuits capable 

of executing algorithms. Although the word “circuit” in general is used with respect to 

electronic computers, it can also be applied to virtually any hardware that carries out an 

algorithm. In the case of nucleic acids, the algorithm is typically embedded directly in the 

nucleic acid circuit itself, making many nucleic acid circuits “matter computers” whose 

output is reflected in a changed physical state of the circuit, such as its sequence or 

conformation. This means that the typical difference between hardware and software has 

been blurred for nucleic acid circuits, and there is not currently an easily defined 

“software” equivalent for DNA computers.  

Nucleic acids circuits are based mostly on the idea of toehold-mediated strand 

exchange. Nucleic acid strand exchange is the process by which base pairs on two 

homologous dsDNA are exchanged with one another. This reaction is a common feature 

of natural processes, such as genetic recombination, DNA replication, and transcription. 

However, in these instances it is often facilitated by a protein that help to open or 

partially open one or both of the two homologous duplexes first, leading to the exchange 

of single strands that bind to complementary sequences [1, 2]. In contrast, by adding an 

extra domain, a toehold, toehold-mediated strand exchange can be engineered to initiate 

strand exchange and potentially to allow the formation of more stable products. As shown 

in Figure 1.1, the reaction is initiated by binding of the invader (strand A) to the toehold 

(green domain on strand B). The invader then replaces the paired bases (strand D), one by 

one, via branch migration (a random walk between the invader hybridizer to the target 

and the original complementary strand, intermediate A..B). After strand D is completely 
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Nucleic acid circuits can be artificially divided into classes based on their 

components and settings. With respect to their components, nucleic acid circuits can 

operate either completely on their own (DNA strand exchange circuits), with only the 

nucleic acids themselves carrying out an algorithm, or can be assisted by protein enzymes 

or DNAzymes [4-8]. Such enzymatic DNA circuits, because of the difficulties in defining 

rules for catalysis that are as simple and robust as DNA:DNA hybridization, have proven 

to be hard to design and engineer, and were not chosen for further elaboration.  

In contrast, DNA strand exchange circuits are more controllable yet complex 

because it only contains two factors that can be engineered: sequence and conformation. 

Because of this, there have been a variety of examples of how toehold-mediated strand 

exchange can be used as an elementary step to build complex system, including chemical 

kinetic model simulation[3, 9, 10], various logic gates[11], see-saw gates[12], 

enzyme-free catalytic system[13-17], nanowalkers[16], nanoscaled assembly[18], 

multiplexed mRNA mapping[19] and so on. 

In the following Section 1.2, we will expand upon some these examples, 

providing mechanism and demonstrating the signal processing and control tasks they can 

accomplish.   
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1.2 TYPES OF NUCLEIC ACID CIRCUITS 

Nucleic acid circuits can be artificially divided into classes based on their 

components and settings. With respect to their components, nucleic acid circuits can 

operate either completely on their own, with only the nucleic acids themselves carrying 

out an algorithm, or can be assisted by protein catalysts, enzymes.  

Here we will be focused on several non-enzymatic nucleic acid circuits that are 

based on toehold-mediated strand exchange.  We will examine several circuits in greater 

detail:  a logic circuit, two catalytic systems, and a DNA nanowalker.  

1.2.1 Enzymatic-free DNA logic gates  

To systematically create controllable yet reliable circuits, digital logic is 

necessary for both electrical and DNA circuits. Although the DNA strand exchange 

reaction has been known for decades, in 2006 Erik Winfree’s group at Caltech first 

reported the design and experimental implementation of various DNA-only-based digital 

logic circuits, including AND, OR, and NOT gates, signal restoration, amplification, 

feedback, and cascading[11]. All the modular DNA components were treated as elements 

in computation (such as input and output) and thus the DNA strand exchange reaction 

could be translated into computational concepts.  

DNA Boolean logic gates are the least complex logic gates and thus they have 

been widely used in biosensing and signal processing [20-24]. For example, Figure 1.2 

shows a simple and universal molecular beacon-based platform that can function as OR 

or XOR gates[20]. OR is a Boolean operator that gives the value one if at least one input 

has a value of one, and otherwise has a value of zero. Similarly; the XOR operator has a 

value of 1 if only one input has a value of one, otherwise it has a value of zero. In this 

system, Input A and Input B could be any reaction product from up-stream biosensing 

steps. If we assume that a value of one is equal to signal-on and a value of zero is equal to 
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1.2.2 Enzyme-free catalytic circuits 

In addition to the ability to compute and transduce biosensing signals, 

non-enzymatic nucleic acid circuits also can be used as signal amplifiers. The first 

amplification circuit that utilized toehold-mediated strand displacement was developed 

by Turberfield et al. and was later modified by Seelig et al. using metastable kissing-loop 

structures [17, 25]. Since these early demonstrations, a number of different amplification 

circuits have been implemented, such as catalytic hairpin assembly (CHA)[16, 26], 

hybridization chain reactions (HCR)[27], entropy-driven catalysis (EDC)[28], and 

see-saw gates[29]. In all of these cases, the amplification circuits essentially work by 

having a single-stranded input act on one kinetically trapped substrate DNA substrate 

(hairpin or hemiduplex) via toehold binding and strand exchange reactions, thereby 

allowing two or more DNA substrates to overcome kinetic barriers and form a more 

thermodynamically favorable configuration.  During this process, the input is 

regenerated, which is why it is typically called a catalyst. 

In particular, much of this thesis draws upon catalytic hairpin assembly as an 

amplification circuit.  Catalytic hairpin assembly (CHA; Figure 1.3A) was first 

developed by Pierce’s group at Caltech and has been proven to be extraordinarily 

versatile[16]. A one-layer CHA consists of two hairpin motifs (H1, H2) and one single 

stranded catalyst (C). The two hairpin motifs are designed to be complementary to each 

other; however, spontaneous hybridization between H1 and H2 is hindered because the 

complementary regions are embedded within the hairpin stems. As shown in figure 1.3A, 

in the presence of a catalyst strand C, the stem portion of H1 is opened by the 

toehold-mediated strand displacement. A newly exposed ssDNA region within H1 can 

then hybridize to a toehold on H2 and trigger branch migration, ultimately forming 

duplex H1-H2 and disassembly the input strand C from H1. The strand C then will be 
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As with other nucleic acid circuits, one of the features of CHA and HCR is that 

they can be rationally designed to change their signaling or amplification properties. For 

example, in one of our previous works[26], we changed the original CHA design by 

removing a so-called clamping domain s that was not necessary for strand exchange and 

in turn increased the size of each interaction domain from 6 to 8bp (schematic illustration 

is shown in chapter 3). This new CHA circuit proved to have lower background leakage. 

Another example of redesign is so-called kinetically controlled, non-equilibrium 

self-assembly [30, 31], in which the reaction mechanism and concatameric products are 

very similar to HCR, except that the substrates are duplex structures with an internal loop 

instead of a hairpin. In the section 1.3, we will focus on the analytical applications of 

HCR and CHA circuits, as well as their derivatives, to discuss their potential use in 

real-world diagnostics.  

1.2.3 Strand-exchange based DNA nanowalkers  

DNA nanowalkers are a class of nucleic acid nanomachnies where a nucleic acid 

(single or hemiduplex, ~40 bp) is able to move along a nucleic acid ‘track,’ which is 

usually a series of precisely or randomly places oligonucleote ‘steps’ with the potential to 

hybridize to the walker [32, 33] (Figure 1.4).  The first DNA nanowalker dependent on 

DNA:DNA hybridization was developed by Pierce’s group in 2004 [32]. As shown in 

Figure 1.4, the walker consisted of two partially complementary oligonucleotides, while 

the track was comprised of five partially complementary oligonucleotides with four 

single-stranded branches. Input A1 and A2 were the bridge strands that helped to attach 

the walker to the track by forming a sandwich structure; Input D1 is perfectly 

complementary to A1 so that it can bind with the toehold of A1 and further displace A1 

from the branch to form a duplex ‘waste’ product. As a result of sequential reactions with 
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CHA reaction is initiated. Through a CHA reaction pathway similar to that shown in 

Figure 1.3A, H2 first reacts with the open H1 on site 1 and subsequently releases the 

walker from Site 1. Since the other leg of the walker is still holding it onto site 2, the 

walker is able to bind to H1 on site 3 (which is adjacent to site 2). As the CHA reaction 

proceeds, the walker can autonomously walk along the track by continuously moving to 

adjacent sites.  

 

Figure 1.5: Autonomous DNA nanowalker 

(A)Schematic illustration of an autonomous DNA walker. Different colored stars indicate 
different fluorescence labels. When the quencher groups move closest to the 
fluorophores, the corresponding fluorescence signals drop to the lowest point. (B)The 
green, red, and blue signals arrive at the lowest point sequentially, which indicates the 
walking path is from green-to-red-to-blue. (C) Anthropomorphism for the DNA walking 
motions.  

Beyond walking systems that are completely dependent on DNA:DNA 

hybridization, such as the CHA-DNA system described above, there are other 

DNA-based nanowalkers where movements are propelled by other interactions, such as 
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restriction enzyme cleavage of the track[34] or DNAzyme cleavage of the track, which 

can also be induced by metal ions[35, 36]. The walker therefore can be used for the 

detection of the effector molecules that help to propel movement. For example, a bipedal 

walker system that involved four inputs, Hg2+, cysteine, H+, OH- can push the walker 

forward or backward. As shown in Figure. 1.6, by monitoring four kinds of resultant 

fluorophore intensities, the relative amounts of the four inputs can be monitored.  

 
 

Figure 1.6: Fluorescence analysis of a bipedal walker  

(A)Schematic illustration of a walker activated by Hg2+/cysteine and H+/OH- inputs. (B) 
Time-dependent fluorescence changes upon the reversible activation of the bipedal 
walker 

1.3 CURRENT ANALYTICAL APPLICATION OF THE NON-ENZYMATIC CATALYTIC 

CIRCUITS 

There are many ways in which nucleic acid circuits can be adapted to analytical 

applications.  In particular, signal amplification, signal transduction, and logical 
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computation are all important features of assays that can potentially be programmed by 

relying on nucleic acid circuits.  In terms of amplification, nucleic acid circuits can 

undergo target-dependent amplification of conformers (uniform double-stranded or 

concatameric products), as was made apparent for CHA and HCR, and detection of the 

amplified conformers can enhance the sensitivity of a biosensor.  In terms of signal 

transduction, nucleic acid circuits have proven to be adaptable to many different 

analytical outputs, such as color, fluorescence, and electrochemistry, and can be used to 

suppress background and increase specificity, acting similar to TaqMan probes in qPCR.  

Finally, in terms of logical computations, nucleic acid circuits may prove to be 

increasingly useful for multiplexing different inputs and making diagnostic decisions. 

Since medical diagnosis frequently involves detecting molecular biomarkers and 

making decisions about the state of human physiology, it should be possible to adapt 

nucleic acid circuits to diagnostic applications. This is especially important because 

nucleic acid circuits can potentially directly interact with some of the most diagnostic 

molecules in the human body, RNA and DNA. In this section, we will attempt to 

demonstrate both progress in the development of nucleic acid circuits as molecular 

diagnostics and their future capabilities. 

1.3.1 Signal amplification 

The non-enzymatic catalytic DNA circuits that are able to function as signal 

amplifiers have begun to be coupled to nucleic acid biosensors, not only because 

enzyme-free signal amplification is especially appealing for the development of low-cost, 

point-of-care diagnostics, but also because the modularity and programmability behind 

the circuits provide more flexibility for engineering for specific purposes. 
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CHA has been shown to provide up to 100-fold signal amplification[26](Table 

1.1) for nucleic acid hybridization by connecting the analyte to a signal output via the 

formation and turnover of H1-H2 duplexes. The signal output can either result from 

reporters that are directly associated with the substrates, or from downstream reporters 

that are triggered by the formation of the H1-H2 duplex. 

The simplest labeling strategy is directly to label either H1 or H2, or both, with 

FRET pairs: a fluorophore and a quencher. For example, hairpin substrates can function 

as molecular beacons[37, 38] that do not reveal fluorescence until they are incorporated 

into H1-H2 duplexes [39](Figure 1.7A, Table 1.2). Other reporters that can be included 

on the substrates include nanoparticles (colorimetric signaling), and electrochemical 

redox indicators (electrochemical signaling) (Table 1.2).  Multiple H1 and H2 hairpins 

have been separately conjugated to gold nanoparticles. (AuNPs) for colorimetric 

signaling (Figure 1.7 B), and in the presence of an input strand CHA can leads to the 

formation of H1-H2 duplexes that connect multiple particles one to another, in turn 

leading to aggregation of AuNPs and a resultant color change[40]. For electrochemical 

signaling, H1 was labeled with methylene blue (MB), and a capture probe that was 

complementary to the tail of the H1-H2 complex was immobilized on a gold electrode. 

The capture of H1/H2 brought MB closer to the electrode surface, yielding an 

electrochemical signal (Figure 1.7E)[26]. 

Because of the modularity of DNA base-pairing, signals can also be further 

transduced in a cascade using and additional strand displacement circuit. For fluorescence 

signaling (Figure 1.7C, Table 1.2) [26], a fluorescent reporter was constructed by 

hybridizing oligonucleotides that contained a fluorophore and a quencher. The tail of the 

H1-H2 complex can then bind the toehold of the strand containing the fluorophore and 

thereby displace the quencher, leading to fluorescent signal-on. For colorimetric signaling 
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(Figure 1.7D, Table 1.2), a hemiduplex that blocks the formation of a G-quadruplex 

sequence was used. Only when the tail of the H1-H2 complex displaces the blocker is the 

G-quadruplex able to fold and catalyze the oxidation of the colorless substrate, ABTS2−, 

into the readily observed green product, ABTS-[41, 42]. 

 

 

Figure 1.7: Various analytical signal outputs for CHA[43] 

(A)Fluorescence signaling by FRET pair labeling. (B) Colorimetric signaling using gold 
nanoparticles. (C) Fluorescence signaling with one more step of strand displacement. (D) 
Colorimetric signaling using G-quadruplex. (E) Electrochemical signaling with 
methylene blue. 
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In order to improve signal, background suppression of CHA is possible. The 

background leakage from CHA is from a small amount of H1 and H2 that spuriously bind 

to one another in the absence of catalyst to generate signal. The lower 

signal-to-background ratio (S/N) that results from background leakage will of course 

affect the detection limit. The S/N of the CHA circuit based on its original design proved 

to have a S/N less than 10 when it was applied to a fluorescence read-out [44]. By adding 

a clamp[16], changing the domain organization[41], or manually creating 

mismatches[44], the background leakage can be suppressed. In Chapter 2, we will detail 

our discovery that mismatches can decrease the background leakage of a CHA circuit and 

improve the S/N from 10 to over 100. 

In addition to decreasing background leakage, the overall signal can also be 

improved by cascading the circuits. As with a one-layer CHA, the input strand binds to 

the toehold of H1-1 and leads to the formation of a H1-1/H2-1 complex. However, rather 

than directly yielding a signal, single-stranded regions on this complex initiate a second 

layer of CHA. Although cascaded CHA reaction generates greater amplification, 

nonspecific hybridization among the numerous CHA substrates can again lead to the 

accumulation of background. By systematically analyzing the origins and characteristics 

of circuit leakage[45], we established a multiple-layer CHA cascade that yields upward 

of 600 000-fold signal amplification with minimal leakage. However, this multiple layer 

reaction requires 12 h to execute, which makes it less useful for many diagnostic 

applications (Table 1.1).  

HCR signal amplification has also been adapted to analytical applications, with 

both immobilized and homogenous solution phage detection being demonstrated. 

Immobilization methods are easy to envision, as the long concatamer can potentially 

contain multiple reporters that will be concentrated in one place. As with CHA, the 
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hairpin substrates can again contain fluorescent or electrochemical indicators, or can 

contain binding sites for reporters or oligonucleotides conjugated to reporters. As shown 

in Figure 1.7, for example, the HCR reaction can be used as an excellent way to enhance 

signals that result from initial in situ hybridization to an electrode or glass slide. For 

electrochemical detection(Figure 1.8A, Table 1.2)[46], [Ru(NH3)6]
3+ was added to 

assembled HCR concatamers, bound via electrostatic interactions with the negatively 

charged phosphate backbone of DNA, and could then serve as a redox indicator for 

electrochemical signaling. The longer the HCR concatamer is, the higher the 

electrochemical signal that is observed, up to 5 times higher than without HCR 

amplification. For fluorescence detection[47] (Figure1.8B, Table 1.2), the HCR 

substrates are labeled with fluorophores and HCR concatamers are concentrated at the 

spot where a corresponding target has been captured onto a glass slide. The sensitivity of 

fluorescence detection can be improved by an average of 200-fold via the HCR reaction. 

By using different HCR substrates labeled with different fuors, a multiplex-analysis can 

be achieved by observing different target spots with different colors. HCR has been used 

to stain and localize DNA or RNA within cells and tissues (Figure 1.8C). By using HCR 

substrates containing different fluorophores, the expression and localization of up to five 

different mRNAs could be simultaneously observed in fixed zebrafish embryos; this was 

a revolutionary advance in staining technologies made possible by DNA nanotechnology. 

HCR can also be adapted to homogeneous solution-based detection methods. 

Similar once again to colorimetric signaling with CHA, conformational changes based on 

strand exchange can lead to the folding of a G-quadruplex that can oxidize ABTS2− to 

green colored ABTS− (Figure 1.8D, Table 1.2) [48-50]. Because of the large number of 

G-quadruplexes activated, as low as 7.5 nM target RNA (as a catalyst strand) could be 

detected using this method, about 2 orders of magnitude lower than the detection limit 
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with a control 1:1 target: G-quadruplex reaction (Table 1.2)[51]. As another example of a 

homogeneous solution-based method, HCR can also be adapted to AuNP colorimetric 

signaling. (Figure 1.8E)[52]. It has been noted that gold nanoparticles coated with 

double-stranded DNA aggregate at high salt concentrations, whereas gold nanoparticles 

coated with single-stranded DNA are dispersed. In the absence of a trigger strand 

(catalyst), the tailed single-stranded region of each H1 and H2 substrate can be more 

easily absorbed onto gold nanoparticles and the resultant electrostatic repulsion makes 

them less likely to aggregate. However, in the presence of the catalyst, the long dsDNA 

HCR products do not absorb well onto gold nanoparticles and they therefore more easily 

aggregate in high salt. Using this simple colorimetric mechanism, detection limits via 

instrument and naked eye were determined to be 50 and 100 pM, respectively, about 2 

orders of magnitude lower than conventional AuNP-based colorimetric biosensing(Table 

1.2).  
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1.3.2 Signal transduction  

 

 

Figure 1.9: Nucleic acid circuits serve as a programmable intermediate between inputs 
and outputs 

Nucleic acids are frequently useful tools in their own right for signal transduction 

(Figure 1.9) [53, 54]. They can be configured both to a wide variety of analytical outputs, 

as we have seen, but also to various inputs, including nucleic acid targets (through 

hybridization), metal ions (through DNAzyme reactions), and protein molecules (through 

aptamer binding) [55-60]. 

While DNA circuits are useful amplifiers, enzymatic amplifiers are still far better. 

Some of the polymerase-based nucleic acid amplification methods are able to amplify the 

templates by 109-fold within one hour (Table 1.1)[61]. That said, DNA circuits can still 

be useful transducers for enzymatic amplifiers.  Many enzymatic amplification methods 

generate spurious products due to non-specific primer-binding. Traditional reporters such 

as intercalating dyes cannot distinguish correct from spurious products. Therefore, 

combining existing enzymatic amplification method with enzyme-free circuits [24, 46, 

62] can yield an ultra-sensitive and selective diagnostic system.  



 20

The CHA circuit has been used as sequence-specific signal transducer of 

enzymatic amplification in both end-point and real-time mode. As an example of 

end-point signal transducer, we previously used a hairpin transducer to connect 

loop-mediated isothermal amplification (LAMP) with a hairpin transducer (Figure 1.10), 

creating a sensitive and specific genetic diagnostic tool. LAMP can quickly amplify 

templates by 109-fold by generating large molecular weight concatmers containing both 

duplex regions and single-stranded regions (so-called loop region, see detailed schematic 

illustration in Chapter 4)[63]. As shown in Figure 1.10, one of the LAMP loops (whose 

sequence is independent of the primer) opened a hairpin and in turn activated an input 

strand that triggered the CHA reaction.  

Typically, if LAMP products are examined by electrophoresis, concatamer bands 

will be seen both in the presence and absence of input template, due to non-specific 

interactions between the primers. Since the grey portion of the LAMP loop (Figure 1.10) 

is exclusively derived from the target sequence, spurious amplicons that do not contain 

this sequence will not be able to initiate CHA. Thus, this transducer acts similarly to a 

TaqMan probe for qPCR and will yield fluorescence only from ‘true’ amplicons. As a 

result, we were able to use CHA detect as low as 17 aM M13m18 gene in a 25µL LAMP 

reaction, without any false positive responses. In addition, since the sequence of the 

catalyst feeding into CHA is independent of the sequence of targets or primers, the CHA 

system used here is universally adaptable to any target detection by simply designing 

different hairpin transducers. In Chapters 4 and 5 we will demonstrate how a very simple 

strand-displacement circuit that consists of a single hemiduplex can be used with LAMP 

to achieve the detection of single nucleotide polymorphisms (SNPs) with transduction to 

an electrochemical readout, an off-the-shelf glucometer. 
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Figure 1.10: CHA connecting with LAMP 

The red portion on the transducer is the catalyst relative sequence of a CHA system. The 
grey portion on the transducer is the target relative sequence which is independent of 
LAMP primers. The target sequence from the LAMP product is able to release the 
catalyst from the transducer and initiate CHA reaction. 

Beyond endpoint detection, CHA probes have been adapted to real-time and 

highly specific detection of other isothermal amplification reactions, such as rolling circle 

amplification (RCA) and strand displacement amplification (SDA).  These advances 

required engineering a thermostable CHA circuit [62] that could work with these high 

temperature reactions. In Chapter 3, we will discuss in detail the rules for thermostable 

CHA design and its performance in real-time monitoring of RCA and SDA.  

DNA hybridization methods can in general be used to distinguish different 

sequences, including mismatches. DNA circuits can further improve on mutation 

detection. This is because binding stability to relatively short toeholds is essential for 

kinetic performance of strand exchange reactions; a single mismatch on toehold of H1 

will slow down the CHA circuit by 10 fold [26]. Based on these observations, a number 

of researchers have developed DNA circuits for the detection of single-nucleotide 

polymorphisms (SNPs) [64, 65]. However, in the gene diagnostic or drug resistance study 

[66-68], the mutations need to be analyzed usually distribute throughout various regions 

of a gene (which is much longer than the toehold region, 8 to 10 bp), so that one circuit is 
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not able to detect all of the mutations. We developed a novel use of CHA to detect 

mutations that were separated in sequence. Two auxiliary strands hybridized with the 

target to create four-way junction structure [64, 69], as shown in Figure 1.11. The GT and 

RT strands are designed to have the targeted mutation located on the hybridization 

junction (position No.18), while the green portion and red portion together work as a 

catalyst for CHA. When there is no complementary (mutation-containing) target, the 

green portion and red portion are too far away to initiate a CHA reaction. When the target 

is present, CHA can be initiated and reports the type of mutation at the No.18 position 

(Figure 1.11C). Since the green and red portions of GT and RT strands are independent 

of the target, an existing CHA circuit can once again be universally adapted to virtually 

any sequence or mutation combination by simply using two new GT and RT strands. This 

once again shows the modularity of the DNA circuitry. In Chapter 4, we will demonstrate 

a similar example of a real-time SNP detection method that relies on LAMP and a DNA 

circuit. 
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Figure 1.11: Toehold-sequence effects on CHA reaction rate 

(A) A four-way junction structure that provides catalyst for CHA. (B) By introducing 
mutations into the hybridization junction, the toehold exposed can be adjusted. (C) 
Normalized reaction rates of CHA corresponding to different kinds of mutations. 

Beyond nucleic acid targets, DNA circuits can also be used to detect non-nucleic 

acid targets such as metal ions and proteins. For example of CHA has been adapted to 

metal ion detection (Figure 1.12 A). A lead-dependent DNAzyme was hybridized to a 

substrate such that upon lead-induced cleavage, released an input strand that triggered a 

CHA reaction. The combination of DNAzyme and CHA turns was 4 orders of magnitude 

more sensitive than previous lead biosensors (Table 1.2)[59]. Similarly, a CHA detection 

system for proteins (Figure 1.12 B) was created by embedding the anti-thrombin aptamer 

into the stem and loop regions of H1. The breathing of H1 presumably allows the 

thrombin-binding DNA quadruplex to transiently fold. In the presence of thrombin, the 
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quadruplex is stabilized, leading to more persistent presentation of a sequence that can 

then interact with a toehold on H2. The completion of the CHA cycle leads to the 

formation of a H1/H2 complex and the release of thrombin, which can recycle and 

reinitiate the strand exchange reaction. The CHA amplification reduced the detection 

limit for thrombin to 20 pM, more than 2 orders of magnitude better than similar 

aptasensors and comparable to conventional ELISA (Table 1.2)[60]. Relevant 

characteristics of subject amplifiers are compared in Table 1.1 and the detection limits of 

sensors with or without circuits on different platforms are summarized in Table 1.2.  

 

Figure 1.12: Metal ion and protein as inputs for DNA circuits  

(A)Lead-induced DNAzyme cleavage initiates CHA reaction. (B) Thrombin initiates 
CHA reaction.  
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Table 1.1: Comparison for different amplifiers. 

Category CHA HCR Cascaded CHA Enzymatic 
amplification(PCR, 
LAMP 

Amplification fold 50-100, 
3-5h[26] 

50-100, 3-5 
h[27] 

106 for 12h[45] 109 within a few 
hours[63, 70, 71]  

Leakage (without 
catalyst or enzyme) 

Moderate[16] Moderate[27] High [45] None [63, 70, 71] 

Whether there is 
side-product  

No[26] No[27] No [45] Yes[24]  

Tolerance for 
mismatches  

Low[26]  Low[27, 72] Low[26] High[24, 71] 

 
 

Table 1.2: Comparison of detection limits with different detection platforms. 

Detection limits for different 
detection platforms 

CHA HCR Without HCR or 
CHA circuit 

Colorimetry (G-quadruplex)  1 - 5nM[26]  7.5nM[48]  0.2uM[51] 
Colorimetry 
(AuNPs) 

200pM[40] 50-100pM[73] 5-10nM[74] 

Fluorescence 
(fluorophore labeling) 

10-20pM for DNA [26, 
39]; 20pM for 
thrombin[60] 

0.5-1pM for DNA or 
cycokine[47]  

1nM for DNA[75] 
or small 
molecule[26] 

Colorimetric metal ion 
detection with DNAzyme 

50-100pM[59] N/A 0.5uM[76] 

Electrochemistry  10pM[26] 5-fold 
improvement[77] 

1nM[26] 

 

1.3.3 Circuit used for logic gates in multiplex-analysis  

Multiplex target detection or multiplex signal processing can greatly enhance 

medical diagnostics. As we described in section 1.2.1, DNA logic gates can lead to 

complex signal processing schemes that have multiple inputs and outputs. This can be 

useful in diagnostic applications [78-82]. For example, AND gates are able to report 

combinations of several essential targets in parallel, such as multiple cancer biomarkers. 

In saliva the simultaneous detection of 8 mRNA overexpression biomarkers leads to 
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much more accurate diagnosis of breast cancer [83]. A series of AND gates connected to 

mRNA detection could potentially be used to distinguish patients that have all 8 

biomarkers overexpressed. Similarly OR gates return a true value when there is at least 

one target present, which can useful in cases when diagnostics don’t require a specific 

detection result. For example, there are several strains of Mycobacterium tuberculosis 

(Mtb) that are known to be resistant to the antibiotic rifampin (Rif) [80]. By using OR 

gates to probe for all the different Rif-resistant mutations, patients that are infected with 

Rif-resistant Mtb strain could be identified in one assay even without knowing exactly 

which strain was present.  

As an example, the Boolean logic gates that Winfree and Seelig created by 

toehold-mediated strand displacement reactions have been used for the analysis of micro 

RNAs[11]. As shown in Figure 1.13, an AND gate system was designed to detect the 

presence both mircoRNA strands let-7c and miR-124a (Figure 1.13A), while a NOT gate 

system was designed to signal only when there was miR-124a in the absence of let-7c 

(Figure 1.13B). For AND gate detection, the two outputs, Jout and Mout, from target let-7c 

and miR-124a, respectively, reacted with the hemiduplex K-Jout and Mout-L, to 

sequentially displace the blocker G and quencher strand Eq from the reporter strand Ff. In 

the NOT gate, an additional input K strand will be added into solution simultaneously 

with the input let-7c and miR-124a. Input K is designed to react with let-7c3-Jout substrate 

and release the Jout strand, which will work together with Mout transduced from target 

miR-124a to generate signal. However, in presence of let-7c, the K will first bind with 

let-7c target and thus inhibit the release of Jout. Thus, the engineered NOT system should 

only respond positively to miR-124a in the absence of let-7c exists. By scaling up 

multiple strand displacement reactions, a five-layer circuit consisting of a total of 11 

gates was able to detect different combinations of as many as 6 micro RNAs. 
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Figure 1.13: AND gate and NOT gate for two microRNAs detection 

(A)AND gate for detecting let-7c and miR-124a. (B) NOT gate for detecting of (NOT 
let-7c) and miR-124a 

Much more complex circuits capable of computation far beyond simple AND or 

OR gates decision have also been constructed. So-called seesaw gates are largely used in 

such complex circuits. As shown in Figure 1.14, a see-saw gate reaction, unlike 

unidirectional toehold-mediated strand displacement reaction, is reversible. An input 

strand binds to the seesaw gate via the active toehold site (T*), releasing an output strand 

by toehold-mediated strand displacement. The resultant input strand/seesaw strand 

complex has a newly activated toehold site (T*), which is identical to the previous 

toehold. Therefore, the released output strand can potentially re-hybridize to the substrate 

complex and compete with the input strand. This reversible “seesaw” reaction can be 

readily tuned, and by adjusting the sequences (and therefore the connectivity) of inputs 
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and outputs, multiple seesaw gates can be easily wired into more complex circuits. The 

three basic reactions: reversible see-saw gates, unidirectional toehold-controlled strand 

displacement reactions (used as thresholding reactions), and output reporting reactions 

have been used construct large functional networks with more than 100 DNA strands. As 

an example, Qian and Winfree have successfully created a circuit that was able to 

compute complex three-bit XOR functions by just cascading see-saw gates and threshold 

gates. By scaling-up multilayer digital circuits, they were even able to make the system 

function as a small neural network [84].  

 

Figure 1.14: Schematic illustrations of a see-saw gate and a threshold gate 

Given the utility of connecting enzymatic amplification and nucleic acid circuits 

that we saw in Section 1.3.2, the addition of molecular logic gates to these transducers 

should make them even more powerful diagnostics.  In our previous work that combined 

LAMP with CHA[24], we introduced an AND gate that only yields a positive response 

when two correct loops exist in the LAMP products. As shown in Figure 1.15, the F-loop 

and B-loop from LAMP amplicons could be transduced to trigger the CHA1 and CHA2 

circuits, respectively and the two CHA circuits would in turn produce a H1-H2 complex 

(with a 2−5−6 tail) and a H3-H4 complex (with a b-e-f tail), respectively. These feed into 

a three-strand reporter F3-M-Q that requires two strand displacement steps (the first to 
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displace strand b-e-f, the second to displace strand 2-5-6) and thereby yield a 

fluorescence signal. This configuration can provide surety for a given LAMP amplicon, 

or detect two specific alleles or mutations in different regions of the amplicon. An 

OR-gate has been connected to LAMP reactions, as we will further discuss in Chapter 5. 

 

Figure 1.15: LAMP with an AND gate dual-CHA circuit 

(A) Scheme for the AND gate pathway. (B) Fluorescence response and the value table of 
the dual-CHA circuit.  
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1.4 CONCLUSION 

Nucleic acid toehold-based strand exchange circuits show high sensitivity and 

specificity and can be readily programmed and adapted to different applications. They are 

particularly useful for signal amplification and sequence-specific signal transduction in 

biosensors. The prospect now exists to adapt even more complex circuits that will act as 

self-contained diagnostics. It is entirely possible that into the future molecular circuitry 

will make decisions on the fly that reconfigure a diagnostic device or lead to new 

treatment options, where the device itself decides on these options. These future 

prospects are exciting, but even now by combining DNA circuits with enzymatic 

amplification we can increase the speed, sensitivity, and accuracy of diagnostic reactions, 

potentially developing reactions and devices that can be immediately read at point of 

care. As DNA circuits become ever more complex, there will likely come a point at 

which analytical methods, devices, and platforms begin to be adapted to it, rather than the 

other way around. A future in which DNA ‘software engineers’ help to establish newer 

generations of analytical ‘hardware’ may mimic the current state of the electronics 

industry. 
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Chapter 2: Mismatches improve the performance of 
strand-displacement nucleic acid circuits  

2.1 INTRODUCTION 

 Nucleic acid circuits based on toehold-mediated strand exchange reactions have 

yielded interesting approaches to computation, nanotechnology, and diagnostics[3, 16, 28, 

40].  For example, a common amplification reaction known as the catalytic hairpin 

assembly (CHA) is shown in Figure 2.1.  The CHA circuit, which was originally 

developed by Pierce and Yin[16], has been subsequently adapted to a variety of 

applications, including acting as a monitor of isothermal amplification reactions, both 

end-point[24] and real-time[62]. 

Unfortunately, CHA circuits have also been shown to be able to execute 

non-specifically, even in the absence of particular inputs[69, 75, 85]. This background 

leakage is characterized by an initial burst of signal followed by a steady-state, 

non-catalyzed rate of circuit execution.  In our previous work, the rate constant of the 

steady-state leakage of a typical CHA circuit was about 200 M-1s-1 while the 

corresponding catalytic rate with 5 nM catalyst was 4000 M-1s-1[69]. While the 20-fold 

enhancement observed in the catalytic rate allowed for robust signal detection, any 

accompanying background leakage can potentially make quantitation of lower 

concentrations of inputs more difficult.  For example, we have found that even though 

CHA circuits can be designed for a variety of sequence targets and applications, the 

signal-to-noise ratio for these circuits (that is, the catalyzed reaction relative to the 

uncatalyzed reaction) can hardly exceeds 100-fold. 

The background leakage can be attributed to a number of factors, including the 

purity of DNA samples[45] and the mis-folding of nucleic acids into alternative 

conformers. Underlying many of these possible mechanisms is the uncatalyzed binding of 

Chapter 2 is based on previous publication: Y. Jiang, S. Bhadra, B. Li., and A.D., Ellington. Mismatches Improve 
the Performance of Strand-Displacement Nucleic Acid Circuits, YJ and BS conceived the study. YJ performed and 
analyzed the experiments. Angew. Chem. Int. Ed. Engl. 2014, 53, 1845-1848.   BL provided suggestions. YJ 
and ADE wrote the manuscript. 
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an occluded toehold to its hybridization partner, the subsequent initiation of strand 

exchange, and the continued propagation of the hairpin assembly reaction.  For example, 

when the kinetically trapped hairpin substrates in CHA ‘breathe’, they inadvertently 

reveal binding sites that can then initiate CHA even in the absence of a catalyst strand. In 

order to decrease such background leakage, we have developed a novel MismatCHA 

strategy to improve the signal-to- background ratio of this circuit.  

 

 

Figure 2.1: Catalytic hairpin assembly reaction with fluorescence read-out. 

Briefly, one short linear oligonucleotide, ‘catalyst’, will react with H1 via toehold 
binding and then initiate a branch migration reaction. The partially opened H1 can 
interact with a toehold on H2 and similarly initiate a branch migration reaction.  At the 
conclusion of the second branch migration the catalyst will be completely displaced from 
H1 and will be available for additional reaction cycles. Numbers in the figure stand for 
different sequence domains; each domain includes 8 bases.  
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2.2 MATERIALS AND METHODS 

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). All the hairpins were 

purified by 12% polyacrylamide gel electrophoresis (PAGE). All hairpins and duplexes 

were annealed at 95°C for 5min and cooled down to 25 °C by 0.1°C s-1 before use. A 

20mM Tris-HCl (pH 7.5, 25°C) buffer containing, 140mM NaCl, and 5mM KCl was 

used for oligonucleotide annealing and for CHA reactions. CHA circuits were setup in 

384-well plates (Thermo Fisher Scientific, Rochester, NY) in 20L volumes containing 

50nM H1 (either wild-type or mismatch), 50nM H2 (either wild-type or mismatch), 

50nM Reporter (the reporter mixture contains Reporter F:Reporter Q =1:2), and either 

2.5nM catalyst or no catalyst. Reaction kinetics were measured by fluorimetric readings 

carried out in a TECAN Safire plate reader. Each kinetic reading proceeded for 3h. All 

the reporter sequences are shown below: 

Table 2.1: Reporter sequences 

Name Sequence 

CircA-ReporterF /56-FAM/CGA GTGCTCTA TGACAAGG GCTAGGT 
CircA-ReporterQ C CCTTGTC ATAGAGCAC TCG/3IABkFQ/ 
CircB-ReporterF /56-FAM/-CAC AGAACTC GAAACTCT CTCAAACC 
CircB-ReporterQ G AGAGTTTC GAGTTCT GTG-/3IABkFQ/ 

CircA-Reporter was a mixture of CircA-ReporterF and CircA-ReporterQ with a 

ratio of 1:2.  For example, 50 nM CircA-Reporter contains 50 nM CircA-ReporterF and 

100 nM CircA-ReporterQ. Similarly, CircB-Reporter was a mixture of CircB-ReporterF 

and CircB-ReporterQ with a ratio of 1:2 where 50 nM CircB-Reporter contains 50 nM 

CircB-ReporterF and 100 nM CircB-ReporterQ. 
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Native polyacrylamide gel electrophoresis was used to further confirm that CHA 

reactions were occurring similarly irrespective of the absence or presence of mismatches.  

We prepared hairpins at a concentration of 50nM and incubated them with or without 

5nM catalyst at 37°C for 3 h prior to loading the reactions (20L) onto a 10% native 

polyacrylamide gel.  The gel contained 10% acrylamide, 5% glycerol, 0.02M Tris-Boric 

acid (pH= 8.4), and was poured and polymerized (with 200L 10% Ammonium 

Persulfate and 20LTetramethylethylenediamine). Electrophoresis was carried out at 

250v for 1.5h.  The fluorescent bands were photographed using a Storm Scanner 840 

(Amersham Bioscience, UK) with Excitation 450nM, Emission 520LP, normal sensitivity 

and PMT Voltage of 800.   

2.3 RESULT AND DISCUSSION 

2.3.1 The possible breathing sites 

In order to reduce the prevalence of uncatalyzed strand exchange, we 

hypothesized that it might be possible to ‘block’ either the revealed, inadvertent binding 

reaction and / or its continuation as a strand exchange reaction.  In turn, the simplest 

way to introduce a block was to introduce mismatched nucleotides into the regions 

thought to breathe and / or adjacent positions that might be involved in strand exchange.  

Since the ends of helices are more likely to ‘breathe’ than internal base-pairs [86, 87] we 

chose to introduce mismatches into these portions of the hairpin substrates.  A CHA 

circuit (Circuit A) similar to those we and others have previously used[69] was designed, 

except that domains 1 and 1* were shortened from 10 nucleotides to 8, a length that we 

found could still act as an efficient toehold.  In addition, mismatches were introduced at 

the 3’ end of domain 2 in H2 (CircA-H2D2M2, where CircA refers to the overall circuit, 

H2 refers to the hairpin substrate, D2 refers to the domain, and M2 refers to the type of 
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introduction of a double mismatch into domain 2 (CircA-H2D2M2, Table 2.2) (Figure 

2.3A) led to a significant diminution of background signal development in the absence of 

catalyst.  In contrast, when mismatches were introduced into domains 3 and 1 

(CircA-H2D3M2, CircA-H1D1M2, Table 2.2) there was little effect on the performance 

of the circuit (Figure 2.3B & D), and the double mismatch in domain 4 (CircA-H1D4M2, 

Table 2.2) severely compromised the catalytic reaction rate (Figure 2.3C).  After we 

determined that the double mismatch on the 3’ end of domain 4 will severely compromise 

the catalytic rate, we tested to see if a single mismatch could return to a higher catalytic 

rate while maintaining low background leakage.  Figure 2.4 shows that CircA-H1D4M1 

(Table 2.3) can recover one-fifth of the catalytic rate and background leakage of the 

original wild-type construct. We think the signal-suppression comes from the low 

efficiency branch-immigration, since H1D4 is the starting point of the 

second-toehold-binding and branch migration of CHA.  
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Table 2.2: Wild-type sequence and mismatched sequences*. 

Name Sequence 

CircA-H1 AGAGGCAT CAATGGGA ATGGGATC ATGCCTCT AACCTAGC 
GATCCCAT TCCCATTG 

CircA-H2 ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATTG 
ATGCCTCT AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D2M2 ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATac 
ATGCCTCT AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D3M2 ATGGGATC GCTAGGTT AGAGGCAT atTCCCAT TCCCATTG 
ATGCCTCT AACCTAGC CCTTGTCA TAGAGCAC  

CircA-H1D4M2 AGAGGCAT CAATGGGA ATGGGATC ATGCCTCT AACCTAcg 
GATCCCAT TCCCATTG 

CircA-H1D1M2 AGAGGCAT CAATGGGA ATGGGATC taGCCTCT AACCTAGC 
GATCCCAT TCCCATTG 

*Mismatches in lowercase  
  



 38

 

 

Figure 2.3: Signal generation with four different mismatches. 

(A) Wild-type circuit and CircA-H2D2M2 circuit; (B) Wild-type circuit and 
CircA-H2D3M2 circuit; (C) Wild-type circuit and CircA-H1D4M2 circuit; (D) Wild-type 
circuit and CircA-H1D1M2 circuit.  The wild-type data are the same for each 
comparison; they are simply broken out for ease of viewing. 
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Figure 2.4: Signal generation in Circuit A with a single mismatch in domain 4. 

Comparison of wild-type Circuit A to the CircA-H1D4M1 circuit, with and without 
catalyst.  Each CHA reaction was carried out with 50 nM H1 (either wild-type or 
mismatch), 50 nM CircA-H2, and 50 nM CircA-reporter. 

Table 2.3: Single mismatch sequence for Circuit A: CircA-H1D4M1 

Name Sequence 

CircA-H1D4M1 AGAGGCAT CAATGGGA ATGGGATC ATGCCTCT AACCTAGg 
GATCCCAT TCCCATTG 

 

While the rate of the reaction with CircA-H2D2M2 was slightly compromised 

(Figure 2.4 and Figure 2.5), it nonetheless had a roughly 23-fold improved 

signal-to-noise ratio relative to the wild-type reaction.  Although these initial results 

represent only a single set of designs, they can be rationalized by making two 

assumptions: first, that breathing is more significant at the termini of helices than at 

positions adjacent to loops.  This would mean that there was more opportunity for the 

suppression of background for constructs CircA-H2D2M2 and CircA-H1D4M2 than for 
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CircA-H2D3M2 and CircA-H1D1M2 since CircA-H2D2M2 and CircA-H1D4M2 should 

decrease background due to breathing at the terminus of the H1 helix while 

CircA-H2D3M2 and CircA-H1D1M2 should reduce background interactions due to 

breathing adjacent to the loop in H1.  Second, in the case of CircA-H1D4M2 the double 

mismatch may effectively prevent not only the uncatalyzed reaction due to breathing, but 

also initiation of the second strand exchange reaction that occurs following the opening 

of H1 (Figure 2.1).  In contrast, the double mismatch in domain 2 would not interfere 

with the initiation but only the propagation of the second strand exchange reaction.   
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Figure 2.5: Signal-to-background ratios for four different mismatches. 

C denotes ‘with 2.5 nM catalyst’; B denotes ‘background’ or ‘without catalyst’.  
Signal:noise ratios were calculated from the linear portion of each fluorescence curve 
(such as those seen in Figure 3); each set of CHA reactions has been repeated at least 
three times.  The numbers at the tops of columns represent the ratio of the catalyzed rate 
to background leakage. 

2.3.3 Different mismatches on the H2 

Building on the observation that mismatches in H2 domain 2 (adjacent to the 

loop) can lead to better signal-to-noise characteristics; we generated a series of Circuit A 

variants that changed the number, position, and identity of the introduced mismatches 

(Figure 2.6, Table 2.4).  In Figure 2.6A and Figure 2.7A, we tested circuits with a 

variety of single mismatches between H1 and H2.  The mismatches (C:A, C:C, and C:T) 

were positioned at either the 3’-end of domain 2 or at the penultimate residue adjacent to 
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the 3’-end of domain 2 (A:A).  All mismatches improved the signal-to-background ratio, 

and the C:C mismatch gave a signal-to-background ratio of over 100.  The performance 

of the C:C mismatch may be due to the fact that it is one of the strongest mismatches[88, 

89], or may be due to the increase in the length of the H2 stem, due to a fortuitous pairing 

with an opposing guanosine in the loop.  In Figure 2.6B and Figure 2.7, we compared 

various multiple mismatches between H1 and H2.  Four different double mismatches 

were assayed, either adjacent to one another (AC:CA, AC:AA) or separated by 

potentially paired residues (ATC:CAA, TTTC:CAAT; paired residues underlined).  The 

double mismatches had generally higher signal-to-background ratios than the single 

mismatches, and three of the four were over 100.  Three mismatches (AAC:CAA) also 

yielded a high signal-to-background ratio.  Both the double and triple mismatches 

decreased the catalytic rate of the CHA circuit while generally improving the 

signal-to-background ratio. 
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Figure 2.6: Signal generation in Circuit A with nine different domain 2 mismatches. 

Calculated signal-to-background ratios for (A) single mismatches in CircA-H2 (naming 
according to mismatches; see also Table 2.4); and (B) double mismatches and triple 
mismatches.  Each CHA reaction was carried out with 50 nM of H2 (either wild-type or 
mismatched), 50 nM CircA-H1, and 50 nM CircA-reporter. 
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Figure 2.7: Signal generation in Circuit A with various H2 mismatches.. 

(A) Single mismatched H2 reacted with 2.5 nM catalyst or without catalyst; (B) Double 
and triple mismatched H2 reacted with 2.5 nM catalyst or without catalyst. 

Table 2.4: Different domain 2 mismatches for Circuit A 

Name Sequence 
CircA-H2D2M1a ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATTa ATGCCTCT 

AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D2M1c ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATTc   ATGCCTCT 
AACCTAGC   CCTTGTCA TAGAGCAC 

CircA-H2D2M1d ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATTt   ATGCCTCT 
AACCTAGC   CCTTGTCA TAGAGCAC 

CircA-H2D2M1b ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATaG ATGCCTCT 
AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D2M2 ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATac ATGCCTCT 
AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D2M2b ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCATaa ATGCCTCT 
AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D2M3 ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCAaac ATGCCTCT 
AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D2M2a ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCAaTc ATGCCTCT 
AACCTAGC CCTTGTCA TAGAGCAC 

CircA-H2D2M2b ATGGGATC GCTAGGTT AGAGGCAT GATCCCAT TCCCtTTc ATGCCTCT 
AACCTAGC CCTTGTCA TAGAGCAC 
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2.3.4 Native PAGE characterization of the CircA-H2D2M2 reaction 

To ensure that the circuits with mismatches were executing similarly to more 

well-known CHA circuits without mismatches, we also examined the strand exchange 

reactions by native gel electrophoresis of the reaction between CircA-H2 and 

CircA-H2D2M2 (Figure 2.8).  Products were observed at the same sizes, irrespective of 

the presence or absence of mismatches.  Consistent with the fluorescence assays, there 

is more background product from the perfectly paired CircA-H2 relative to the double 

mismatched CircA-H2D2M2 (roughly twice as much at end-point).  

 

Figure 2.8: Native polyacrylamide gel electrophoresis of CHA reactions. 

For each lane: a) CircA-H1; b) CircA-H2; c) CircA-H2D2M2; d) 
CircA-H1+CircA-H2+5nM Catalyst; e) CircA-H1+CircA-H2D2M2+5nM catalyst; f) 
CircA-H1+CircA-H2; g) CircA-H1+CircA-H2D2M2.  The gel was photographed by 
Storm Scanner 840.  The inset Table shows the relative fluorescence intensity (R-FI; 
derived from ImageQuant 5.2 software ) of the bands corresponding to the assembled 
hairpins for lanes d to g(Fluorescence values were obtained using ImageQuant 5.2 
software and the relative fluorescence intensity (R-FI) was determined by subtracting the 
background (BG) fluorescence and then normalizing to the ‘g’ band as 1). 
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2.3.5 MismatCHA performance with another set of circuit sequences  

In order to generally demonstrate that mismatches on domain 2 can improve 

signal: noise ratios we used NUPACK [90-93] to generate a second circuit (Circuit B) 

with the same domain organization as in Figure 2.1, but with completely different 

sequences for the hairpin substrates. The design page of NUPCK software allows users to 

design sequences for one or more strands intended to adopt an unpseudoknotted 

secondary structures. The design algorithm of NUPACK performs ensemble defect 

optimization to reduce the ensemble defect, which is the average number of incorrectly 

paired nucleotides at thermodynamic equilibrium calculated over the ensemble of 

unpseudoknotted secondary structures[94]. For a target secondary structure with N 

nucleotides; the algorithm seeks to achieve an ensemble defect below N/100. However, 

the secondary structures NUPACK takes into account are the base pairs between 

Watson-Crick complements (A·T, C·G for DNA) and Wobble pairs (G·T for DNA), not 

including the G-quadruplex or I-motif. Therefore a final examination of the circuit design 

is necessary to avoid such misfolding. We again assayed circuit variants that contained 

mismatches at four positions (Table 2.5).  Once more we found that only 

CircB-H2D2M2 (Figure 2.9 and Figure 2.10) improved the signal-to-background ratio to 

over 100.  In order to again show the generality of these results, we also introduced 

different mismatches into Circuit B.  While the wild-type Circuit B had a signal: 

background ratio of 4.5 (Figure 2.10C), a single mismatched H2 (CircB-H2D2M1, A:A, 

Figure 2.10A and C, Table 2.6) increased the signal-to-background ratio to 12.6 and a 

double mismatch (CircB-H2D2M2, CA:AC, Figure 2.10B and C, Table 2.6) increased 

the signal-to-background ratio to over 100. Once again, even a single mismatch on 

domain4 (CircB-H1D4M1, Figure 2.11, Table 2.7) has been tested to indicate the signal 

suppression is because of the inhibition of the toehold-binding. These result showed that 
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the decrease of the background leaking is not relying on the sequence specificity, but the 

location specificity of the breathing sites for a certain pattern circuit.  

 

Figure 2.9: Signal generation with four different mismatches of CircB. 

A) Wild-type circuit and CircB-H2D2M2 circuit; B) Wild-type circuit and 
CircB-H2D3M2 circuit; C) Wild-type circuit and CircB-H1D4M2 circuit; D) Wild-type 
circuit and CircB-H1D1M2 circuit.  The wild-type data are the same for each 
comparison; they are simply broken out for ease of viewing.  All wild-type and 
mismatch sequences are based on Circuit B.   
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Table 2.5: Wild-type circuit and mismatched sequences for CircB 

Name Sequence 

CircB-H1 CAATATCC GAAACGTC CTCCTAAG GGATATTG 
GGTTTGAG CTTAGGAG GACGTTTC 

CircB-H2 CTCCTAAG CTCAAACC CAATATCC CTTAGGAG 
GACGTTTC GGATATTG GGTTTGAG AGAGTTTC 
GAGTTCTG 

CircB-H2D2M2 CTCCTAAG CTCAAACC CAATATCC CTTAGGAG 
GACGTca GGATATTG GGTTTGAG AGAGTTTC 
GAGTTCTG 

CircB-H2D3M2 CTCCTAAG CTCAAACC CAATATCC aaTAGGAG 
GACGTTTC GGATATTG GGTTTGAG AGAGTTTC 
GAGTTCTG  

CircB-H1D4M2 CAATATCC GAAACGTC CTCCTAAG GGATATTG 
GGTTTGtc CTTAGGAG GACGTTTC  

CircB-H1D1M2 CAATATCC GAAACGTC CTCCTAAG tcATATTG 
GGTTTGAG CTTAGGAG GACGTTTC 
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Figure 2.10: Signal generation in Circuit B with domain 2 mismatches. 

A) Wild-type circuit and CircB-H2D2M1 circuit; B) Wild-type circuit and 
CircB-H2D2M2 circuit; C) Calculated signal-to-background ratios from A) and B).  
Each CHA reaction was carried out with 50 nM of H2 (either wild-type or mismatch), 50 
nM CircB-H1, and 50 nM CircB-Reporter 

Table 2.6: Different domain 2 mismatches for Circuit B. 

Name Sequence 

CircB-H2D2M1 CTCCTAAG CTCAAACC CAATATCC CTTAGGAG GACGTTTa 
GGATATTG GGTTTGAG AGAGTTTC GAGTTCTG  

CircB-H2D2M2 CTCCTAAG CTCAAACC CAATATCC CTTAGGAG GACGTTca 
GGATATTG GGTTTGAG AGAGTTTC GAGTTCTG 
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Figure 2.11: Signal generation in Circuit B with a single mismatch in domain 4. 

Comparison of wild-type Circuit B to the CircB-H1D4M1 circuit, with and without 
catalyst.  Each CHA reaction was carried out with 50 nM H1 (either wild-type or 
mismatch), 50 nM CircB-H2, and 50 nM CircB-reporter. 

Table 2.7: Single mismatch sequence for Circuit B: CircB-H1D4M1 

Name Sequence 

CircB-H1D4M1 CAATATCC GAAACGTC CTCCTAAG GGATATTG GGTTTGTa 
CTTAGGAG GACGTTTC 

 

2.4 CONCLUSION 

Overall, MismatCHA designs substantially decreased the uncatalyzed background 

in CHA amplification reactions.  For a typical CHA circuit, introducing mismatches at 

the 3’ end of domain 2 generally gave higher signal-to-background ratios, with multiple 

mismatches almost always yielding much larger signal-to-background ratios while only 
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modestly decreasing rates. Since MismatCHA circuits can increase the 

signal-to-background ratio from single digits to over 100 they should prove useful for the 

sequence-specific signal transduction with amplicons arising from isothermal 

amplification reactions [63, 95, 96].  In essence, CHA can now be used with isothermal 

amplification reactions in the same way a Taqman probe is used for PCR.  The rules 

developed herein should now greatly extend the utility of CHA probes for many different 

amplicon sequences and for different types of isothermal amplification reactions. 

In addition, these results continue to highlight the utility of non-canonical pairings 

in DNA nanotechnology. We have previously shown that defects in DNA nanostructures 

can potentially be detected using DNA circuits sensitive to mismatches[69] (although in 

this instance the presence of a mismatch in the structure led to a lower rate of reaction, 

rather than to the higher signal-to-background ratio observed here with MismatCHA). 

Mismatches have also been shown to be specifically incorporated into DNA 

nanostructures, with regular DNA crystals being formed in part from non-Watson-Crick 

pairings[97] and even into larger structures, such as oligonucleotides hybridized to the 

surfaces of gold nanoparticles[98].  As the rules for the use of mismatches are further 

elucidated, the wealth of rationally designed DNA circuits and structures will continue to 

expand. 
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Chapter3: Real-time detection of isothermal amplification reactions 
with thermostable catalytic hairpin assembly 

3.1 INTRODUCTION 

Nucleic acid circuits has been applied as modular signal transducer and 

non-enzymatic signal amplifier for varies targets [26]. The programmability of the circuit 

and its modular adaption to various detection methods make it a promising tool for point 

of care diagnostics. However, the slow kinetics and linear amplification limit its 

sensitivity and its real-world application. Compared to the existing point of care 

diagnostics methods, for example, the isothermal amplification reaction, nucleic circuit 

has more sequence specificity but less sensitivity [24]. Relative to traditional PCR, the 

amplification of nucleic acid analytes in point-of-care settings may be more traceable 

using isothermal nucleic acid amplification reactions such as nucleic acid sequence-based 

amplification (NASBA [95]), signal-mediated amplification of RNA technology (SMART 

[99]), rolling circle amplification (RCA [100]), strand displacement amplification (SDA 

[96]), and loop-mediated isothermal amplification of DNA (LAMP [63]). Despite this, 

the robust detection of amplicons remains analytically difficult, and frequently relies on 

the detection of final products though methods such as electrophoresis and subsequent gel 

staining (using ethidium bromide or SYBR green) [101-103], monitoring of calcein 

fluorescence [61], and analyzing solution turbidity from pyrophosphate release [104, 105]. 

These methods can allow for real-time monitoring of signals, but sacrifice specificity as a 

result of accumulation of non-specific or parasitic amplicons that may yield false positive 

signals. Sequence-specific detection methods, such as fluorescent resonance transfer 

(FRET) probes [106, 107], molecular zippers [108], molecular beacons [109, 110], and 

hybridization between DNA-coated gold nanoparticles [111, 112], have also been 

developed, but merely mirror the development of amplicons and provide no opportunity 

Chapter 3 is based on previous publication: Y. Jiang, B. Li, S. Bhadra, J. Milligan, and A.D. Ellington. Real-Time 
Detection of Isothermal Amplification Reactions with Thermostable Catalytic Hairpin Assembly, J. Am. Chem. 
Soc. 2013(135), 7430-7433. YJ and BL conceived the study. YJ and JM performed and analyzed the experiments. 
SB provided suggestions. YJ, BL and ADE wrote the manuscript.
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for programming the means to amplify, integrate, and display amplicon signals in 

real-time.  

In contrast, non-enzymatic nucleic acid circuits have previously been 

demonstrated to provide a useful means of transducing signals from nucleic acid analytes 

[16, 27, 28, 40, 113-115]. For example, catalytic hairpin assembly (CHA), has been 

engineered to yield hundreds fold catalytic amplification with negligible background and 

can transduce analyte-binding to a variety of detection modalities, such as fluorescent and 

electrochemical signals [26, 85, 116, 117]. In our previous work [24], CHA has been 

used as a specific end-point transducer for enzyme-based isothermal amplification 

reactions, such as LAMP, that sometimes produce parasitic amplicons and result in a high 

false positive rate[24, 118, 119]. However, since the existing circuits so far are designed 

to work at room temperature or 37 °C, the CHA signal transducing can only proceed after 

the high-temperature isothermal amplification finished and cooled to room temperature 

because the temperature for LAMP is too high for CHA to keep a low background 

leakage due to hairpin breathing [120].   

Therefore, a further adaptation of such circuits to real-time detection would likely 

advance their general utility as molecular transducers. In particular, the use of CHA 

transducers in real-time detection schemes may lead to concomitant improvements in the 

convenience, sensitivity, and programmability of isothermal reactions. Therefore, we 

engineered a thermostable CHA circuit for the first time that could operate at 

temperatures up to 60 °C without sacrificing performance. This achievement allowed for 

the use of CHA as a real-time, sequence-specific detector for two isothermal 

amplification reactions (RCA and SDA). The development of real-time CHA 
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transduction has also yielded insights into circuit design that could be immediately 

applied to the creation of circuits that operate in different reaction conditions. 

3.2 MATERIAL AND METHODS 

3.2.1 Chemicals, oligonucleotides and oligonucleotide complexes. 

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 3.2. All oligonucleotides were stored in 10 μM stocks 

in H2O or 1×TE (pH 7.5) at -20 °C. Enzymes used here were Phi29 polymerase, Bst large 

fragment polymerase, Klenow fragment (3’-5’exo) polymerase, Nb.BbvCI nicking 

enzyme, Nb.BsrDI nicking enzyme, T4 ligase, ExoI exonuclease, and ExoIII 

exonuclease. Reaction mixtures used here were listed in Table 3.1: 

Except for the home-made 1×TNaK buffer, all the enzymes and reaction mixtures 

were purchased from New England BioLabs Inc. (Ipswich, MA, USA). 

3.2.2 Real-time CHA fluorescence kinetic reading 

All the hairpins and reporters were annealed at 90 °C for 5 min and cooled down 

to 25 °C at a rate of 0.1 °C/s before use. CHA’s kinetic reading was performed in 

1×TNaK reaction conditions with a final concentration of 50 nM H1, 200 nM H2, and 50 

nM reporter. The fluorescence signals were recorded every 2 min at different 

temperatures using the 7300 Real-Time PCR System with MicroAmp® Optical 96-Well 

Reaction Plates.  
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3.2.3 Ligation of circular DNA 

The targets of both high temperature RCA and low temperature RCA were ligated 

with T4 ligation enzymes as per the following protocol. Five tubes were prepared with 

‘Solution A’, each tube containing 1 µM template, 1 µM splint, and 1 × ligation buffer 

for a total of 10 µL per tube. These samples were incubated for 2 min at 95 °C and cooled 

down to 25 °C at a rate of 0.1 °C/s.  During the incubation, a mastermix of ‘Solution B’ 

was made containing 40 U/µL T4 ligation enzyme and 1 × ligation buffer to total 50 µL.  

After this first incubation finished, 10 µL Solution B was added to each Solution A 

sample for a total of 20 µL per tube.  These A-B solutions were incubated for 6 min at 

25 °C.  After incubation, the samples were combined into one mixture, purified with a 

G25 column, and eluted with 50 µL DI water.  To further purify the 50 µL sample, we 

added 2 µL ExoI (40 U/µL), 1 µL ExoIII (100 U/µL), 5 µL 10 × NEBuffer 1, and 37 µL 

DI water for a total 100 µL reaction system.  The 100 µL reaction system then was 

incubated this at 37 °C overnight before purifying the product with a PAGE gel and 

confirming the concentration of the circular DNA targets with a Nanodrop 

Spectrophotometer (Thermo Scientific, Wilmington, DE, USA).   

3.2.4 Real-time reading of RCA-CHA system  

High temperature real-time RCA detection was carried out in a 20 µL system 

consisting of the varying concentrations of circular DNA chosen for this experiment, 100 

nM primer, 200 µM dNTPs, 0.4 U/µL Bst, 66 nM H1, 266 nM H2, and 66 nM reporter in 

the 1×ThermoPol reaction conditions. The fluorescence signals were recorded every 3 

min at 60 °C using the 7300 Real-Time PCR System with MicroAmp® Optical 96-Well 

Reaction Plates. Low temperature real-time RCA was carried out in a 20 µL system 

consisting of the varying concentrations of circular DNA chosen for this experiment, 100 

nM primer, 200 µM dNTPs, 0.2 µg/µL BSA, 0.5 U/µL Phi29, 50 nM H1, 200 nM H2, 50 



 56

nM reporter, and 1 µM InvtdT (inverted modified oligo dT, see Table 3.2) in the 1 × 

Phi29 reaction conditions. The fluorescence signals were recorded every 1.5 min at 37 °C 

using the Tecan Safire plate reader with NUNC 384-well Reaction Plates. 

3.2.5 Electrophoresis analysis of RCA reaction by agarose gel. 

A 20 µL system with the varying concentrations of circular DNA chosen for this 

experiment, 100 nM primer, 0.4 U/µL Bst, and 1 µM InvtdT in the 1 × ThermoPol 

reaction conditions was incubated at 60 °C for 3 h followed by 15 min of incubation at 

80 °C. After this reaction the sample was kept at 4 °C until electrophoresis. Each 

electrophoresis experiment was carried out with a 1% SeaKem® LE agarose gel.  Each 

well had 10 µL of sample and an additional 2 µL 6×Orange loading dye for a total 12 µL 

system.  
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Table 3.1: Components used in Figure 3.2 to Figure 3.5 

Real-time 
system 

Isothermal  
components  

CHA components Reaction 
mixtures 

LT-CHA 
 

None [H1LT]=50 nM TNaK* 

[H2LT]=200 nM 

[FLT]=1/2[QLT]=50 nM 

HT-CHA 
 

None [H1LT]=50 nM TNaK* 

[H2LT]=200 nM 

[FLT]=1/2[QLT]=50 nM 

60°C 
HT-RCA 

 

Target Circular THTRCA EHT-CHA [H1EHT]=66 nM (Figure 4B) 
[H1HT]=66 nM (Figure 4D) 

ThermoPol* 

Primer [PHTRCA]=100 nM [H2HT]=264 nM 

Enzyme Bst large fragment [FHT]=1/5[QHT]=66 nM 

37 °C 
LT-RCA 
 

Target Circular TLTRCA LT-CHA [H1LT]=50 nM Phi29*  

Primer [PLTRCA]=100 nM [H2LT]=200 nM 

Enzyme Phi29 polymerase  [FLT]=1/2[QLT]=50 nM 

60°C 
HT-SDA 
 

Target THTSDA EHT-CHA [H1EHT]=66 nM NEBuffer2*

Primer [PHTSDA]=100 nM [H2HT]=264 nM 

Enzyme Bst large fragment, 
Nb. BsrDI 

[FHT]=1/5[QHT]=66 nM 

37°C 
LT-SDA 
 

Target TLTSDA LT-CHA [H1LT]=50 nM NEBuffer2*

Primer [PLTSDA]=100 nM [H2LT]=200 nM 

Enzyme Klenow (3’-5’exo-) 
polymerase,  
Nb.BbvCI 

[FLT]=1/2[QLT]=50 nM 

*TNaK 20 mM Tris-HCl, 140 mM NaCl, 5 mM KCl, pH 7.5 

*ThermoPol 20 mM Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1% Triton X-100, pH 
8.8 

*Phi29  50 mM Tris-HCl, 10 mM MgCl2, 10 mM (NH4)2SO4, 4 mM Dithiothreitol, pH 7.5 

*NEBuffer 2 10 mM Tris-HCl, 50 mM NaCl, 10 mM MgCl2, 1 mM Dithiothreitol, pH 7.9 
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Table 3.2: Oligonucleotides used in this chapter 

Name Sequence (5’-3’) Notes 

 
LT-CHA 

H1LT 
GTCAGTGA GCTAGGTT AGATGTCG CCATGTGTAGA CGACATCT 
AACCTAGC CCTTGTCA TAGAGCAC/3InvdT/ 

Only oligos in 
the real-time 
reading 
system will be 
modified with 
/3InvdT/ 

H2 LT 
AGATGTCG TCTACACA TGGCGACA TCTAAC CTAGCCCATGTG 
TAG A/3InvdT/ 

F LT /56-FAM/CGA GTGCTCTA TGACAAGG GCTAGGTT/3InvdT/ 

Q LT C CCTTGTCA TAGAGCAC TCG/3IABkFQ/ 

C1 LT 
CGACATCT AACCTAGC TCACTGAC/3InvdT/ 

  GTCACGTGA GCTAGCGTT AGCATCGTCG CCATGCTGCTAGCA 
CGACGATGCT AACGCTAGC CCTTGTCA 
TACGCAGCAC/3InvdT/ 

Only oligos in 
the real-time 
reading 
system will be 
modified with 
/3InvdT/ 

HT-CHA 

H1HT 

H2 HT 
AGCATCGTCG TGCTAGCAGCATGG CGACGATGCT AACGCTAGC 
CCATGCTGCTAGCA/3InvdT/ 

F HT 
/56-FAM/CGA GTGCTGCGTA TGACAAGG 
GCTAGCGTT/3InvdT/ 

Q HT C CCTTGTCA TACGCAGCAC TCG /3IABkFQ/ 

C1 HT CGACGATGCT AACGCTAGC TCACGTGAC 

H1EHT 
CGTCACGTGA GCTAGCGTT AGCATCGTCG CCATGCTGCTAGCA 
CGACGATGCT AACGCTAGC CCTTGTCA 
TACGCAGCAC/3InvdT/ 

Invt-dT TTTTTTTTTTTTTTTTTTTT/3InvdT/  

HT-RCA 

THTRCA 
/5Phos/CTTCCTGT ATTCA CTTGG AGG TAC GTC ACG TGA 
GCT AGC GTT AGC ATC GTC G  AAG TTG AGT 
CTGTACGTAAGGTTCT 

Circular 
THTRCA is 
generated by 
ligating 5’end 
and 3’end of 
THTRCA  

SplintHT CCAAG TGAAT ACAGGAAGAGAACCTTACGTACAG ACT CAA 

PHTRCA CCAAG TGAAT ACAGGAAGAGAACC  

LT-RCA 

TLTRCA 
/5Phos/TGG CTC AGC TGG CTG GTG CCGGTTCTCTTCCTGT 
ATTCA CTTGG  GTC AGT GAG CTA GGT TAG ATG TCG  GGT 
TGT TCT GGT CCA TGA AT 

Circular 
TLTRCA is 
generated by 
ligating 5’end 
and 3’end of 
TLTRCA  

SplintLT  GGCACCAGCCAGCTGAGCCAATTCATGGACCAGAACAACC 

PLTRCA CCAAG TGAAT ACAGGAAGAGAACC 

HT-SDA 
THTSDA TACGTCACGTGAGCTAGCGTTAGCATCGTCG AA GCAATG AAA 

GCCGATACAGGATCCAACAG 

 

PHTSDA CTG TTG GAT CCT GTA TCG GC    

LT-SDA 

TLTSDA 
GTCAGTGAGCTAGGTTAGATGTCG ATAT CCTCAGC AAA 
GCCGATACACCAATCCAACAG 

PLTSDA 
CTGTTGGATTGGTGTATCGGC   
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3.3 DESIGN PRINCIPLE OF THE CHA CIRCUIT AND HT-CHA CIRCUIT. 

3.3.1 CHA circuit workflow and design rule 

As seen in the workflow in Figure 3.1, we designed a LT-CHA circuit to work at 

37 °C, listed in Table 3.2.  

There are four general rules for the design of CHA circuits: 

Rule I: Make the ΔG as negative as possible, to assure there is low background 

leakage. 

• The lengths of a duplex or hairpin stem determine the overall stability (ΔG) of 

the CHA circuit. Under the defined “G+C” ratio, the longer the duplex or hairpin stem is, 

the more negative the ΔG may be. As ΔG negativity increases, the background leakage 

decreases. 

Rule II: Determine the optimum toehold length for the overall catalytic reaction 

rate.   

• To simplify the design process, we made all the toeholds the same length. 

However, determining this single, optimum length required us to balance several factors. 

• The catalytic reaction rate as a whole is comprised of the toehold based strand 

displacement rate (STEPS 1 and 3 of the CHA reaction in Figure 3.1) and the catalyst 

dissociation rate (STEP 5 of the CHA reaction in Figure 3.1). 

• The strand displacement rate favors the longest toehold possible.  The catalyst 

dissociation rate favors the shortest toehold possible.  The optimum length for the entire 

reaction rate, therefore, lies somewhere in between the two. 

Rule III: Minimize the potential for aberrant folding and unintended secondary 

structures.  

• When hairpins mis-fold or ssDNA form unexpected structures, the catalytic 

reaction is almost always impaired. 
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• Software programs like NUPACK, mFOLD, or Circuit Design help carefully 

consider the appropriate reaction conditions and temperature.  This helps to minimize 

aberrations. 

Rule IV: Provided that the requirements for Rule 1 and 2 have been satisfied, 

minimize the length of the strands. 

• Longer lengths of DNA increase the risk for errors or impurities during chemical 

synthesis.  Any impurities in the two hairpins will negatively affect the background 

leakage rate.   

• Thus the minimum length of DNA that stills satisfied Rules 1 and 2 is ideal. 
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Figure 3.1: CHA work flow and design of the LT-CHA. 

Complementary domain strands are indicated with an asterisk such that Domain 1 
complements Domain 1* 
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3.3.2 Design of HT-CHA 

We designed a LT-CHA according to the previously described rules in 3.3.1 and 

tested this standard 37 °C LT-CHA at different temperatures including, 37 °C, 45 °C, 

50 °C, 55 °C, and 60 °C (Figure 3.2). The performance of LT-CHA at different 

temperatures will be a standard for HT-CHA design. We designed a HT-CHA (Table 3.2), 

also in accordance with the previously described rules in 3.3.1. 

After the previous test of the LT-CHA standard, it was hypothesized that to make 

a 60 °C CHA as effective as one at 37 °C, the toehold length would have to be increased 

in order to maintain the catalytic rate (Rule I) while the hairpin stem would have to be 

extended in order to decrease background leakage (Rule II).  

According to a previous study, it was suggested that one additional toehold could 

increase the reaction rate by as much as 10-fold. As such, the toehold domains were 

increased from 8 bases to 9 bases (Rule III). In addition, adding 3 more base pairs on 

each hairpin stem could make the ΔG value similar to that of a LT-CHA hairpin at 50 °C 

(which was chosen as the standard temperature to maintain low background leakage). 

Therefore the hairpin stems were changed from 16 bp to 19 bp (Rule III). These were the 

minimum stem and toehold length increases possible while still meeting Rule I and II 

requirements (Rule IV).  Thus, the HT-CHA started with a 9-base toehold and a 19-bp 

stem, which turned out functions as well in TNaK reaction conditions as in the original 

LT-CHA. 

3.4 RESULTS AND DISCUSSION 

3.4.1 Real-time CHA fluorescence kinetic reading 

As a first step we investigated whether circuits could be designed to operate at 

high temperatures. A circuit designed to perform at 37 °C in 1×TNaK buffer was initially 
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chosen and monitored for performance at higher temperatures. In this circuit (Figure 3.1), 

Domain 1 (8-base) on C1 (here specified as C1LT, where LT indicates “low 

temperature”) served as a toehold to bind Domain 1* on H1LT, and initiated a branch 

migration reaction to open H1LT stem (16-base). Domain 3 (8-base) on H1LT then 

served as a second toehold to initiate another strand displacement reaction to open H2LT 

stem (11-base), forming the C1LT-H1LT-H2LT intermediate. C1LT can dissociate from 

H1LT and catalyze additional hairpin assembly reactions. To monitor the reaction 

process, H1LT-H2LT initiates strand displacement (via a 7-base toehold) of a Black(R) 

(QLT) fluorescence quencher from an oligonucleotide-FAM (FLT) signal.  
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Figure 3.2: LT-CHA and HT-CHA fluorescence reading. 

(A) Fluorescence response of LT-CHA at 37 °C and 60 °C, with and without catalyst. (B) 
Fluorescence response of HT-CHA at various temperatures, with and without catalyst. (C) 
Initial rates of LT-CHA and HT-CHA at various temperatures, with and without catalyst, 
as calculated from the data in A & B. (D) Initial rate vs. CHT concentrations for 
HT-CHA at 60 °C (R2 = 0.999). The sequences used in these experiments are found in 
Tables 3.1. 

At 37 °C this design showed 50-100 fold amplification within 5-10 hours, and 

little background leakage (Figure 3.2A).  While the uncatalyzed reaction rate 

(background leakage rate) remained low at temperature below 50 °C (Figures 3.2C), a 

near 10-fold increase was observed at 60 °C (Figure 3.2A, blue).  In parallel, the 

catalyzed reaction rate decreased sharply with increasing temperature, and was reduced 
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by almost 10-fold at 60 °C (Figure 3.2A, green).  Thus, the circuit designed to function 

at 37 °C suffered a near 100-fold decrease in performance at 60 °C.  

Adaption of the CHA circuit for high-temperature function required improving 

both the stability of the stem structures (to reduce background) and the binding of the 

catalyst to the toehold (to increase the catalyzed reaction rate).  These conditions could 

be respectively met by increasing the length of the stem and the length of the toehold.  

As a basis for design, the predicted free energies for folding and binding at 50 °C (the 

highest temperature that the original circuit could tolerate well) were used to guide 

changes in the length and sequence of a modified circuit (Table 3.3). Three base-pairs 

were added to the two hairpin stems (H1HT, H2HT, where HT indicates ‘high 

temperature’) and to the reporter duplex (FHT-QHT), while the toehold was extended from 

8 to 9 nucleotides in length (CHT).  In short, as the desired temperature for circuit 

function is increased, the lengths of hairpin stems should be extended so as to retain the 

free energy of base-pairing; the lengths of toeholds should be extended to maintain 

efficient catalysis; hairpin sequence and length should be optimized to avoid mis-folding 

and unintended secondary structures; and the lengths of oligonucleotides should not be 

extended so far as to accumulate excessive impurities during chemical synthesis.  
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Table 3.3: Comparison of the ΔG value of LT-CHA and HT-CHA components at 
different temperatures. 

 Components 37 °C  45 °C  50 °C  55 °C  60 °C  65 °C  

LT-CHA  H1  -14.09  -11.05  -9.14  -7.24  -5.34  -3.44  

H2  -6.95  -5.04  -3.84  -2.64  -1.45  -0.25  

Reporter  -23.22  -19.77  -17.61  -15.46  -13.3  -11.15  

HT-CHA  H1  -21.41  -17.21  -14.59  -11.96  -9.49  -7.16  

H2  -13.9  -10.34  -8.17  -6.53  -4.9  -3.26  

Reporter  -27.5  -23.62  -21.19  -18.76  -16.33  -13.9  

ΔG is calculated with NuPACK using 150 mM NaCl.  Temperatures varied. 

The augmented CHA circuit (HT-CHA) was assayed at various temperatures.  

At 60 °C it proved to have a catalytic reaction rate as fast as the LT-CHA had at 37 °C. 

Moreover, it demonstrated 5-fold less background leakage than LT-CHA at 60 °C 

(Figures 3.2B and 3.2C).  There was also an excellent linear relationship (R2=0.999) 

between catalyst (C1HT) concentration and the initial rate of the circuit reaction at 60 °C 

(Figures 3.2D, and 3.3).  As low as 100 pM C1HT could be discriminated from 

background (by three standard deviations) within one hour. 
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Figure 3.3: Concentration dependence of CHT with HT-CHA at 60 °C in TNaK reaction.  

The kinetic traces of different combinations of circuit components are shown in different 
colors. 
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3.4.2 HT-CHA as a real-time detector of linear RCA 

With a functional HT-CHA in hand, the question became whether it could be used 

as a real-time signal transducer in high-temperature isothermal amplification reactions.  

A synthetic 77-mer ssDNA containing an antisense template of the CHA catalyst was 

used to detect rolling circle amplification (RCA) at 60 °C (Figure 3.4A). Following 

amplification, each single-stranded monomer should contain the equivalent of the catalyst 

sequence once, and it will therefore be present thousands of times in each concatemer. 

The “RCA+CHA” amplification and real-time analysis system was driven by the Bst 

polymerase at 60 °C in the presence of 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 

0.1% Triton X-100, pH 8.8 (referred to as the ThermoPol reaction). Bst polymerase was 

chosen because it has previously been widely used for high temperature RCA reactions 

[121, 122]. The salt concentration in the ThermoPol reaction was lower than that in the 

TNaK reaction previously used for the design and assay of the HT-CHA circuit. To 

account for this difference, interactions between the catalyst sequence and Domain 1* of 

H1 were extended by 1 base-pair, yielding H1EHT (where E denotes the extended toehold). 

When comparing this redesigned circuit to the original under the new low salt conditions, 

HT-CHA had a 5-fold decrease in catalytic rate, but EHT-CHA showed only a 2-fold 

decrease. While EHT-CHA performed better in low salt conditions, there was no 

noticeable difference in performance between EHT-CHA and HT-CHA in the TNaK 

reaction, indicating that both toeholds are likely saturated at high salt concentrations. 

The EHT-CHA was able to monitor RCA in real-time (Figure 3.4B) and could 

detect as low as 5 pM circular DNA (Circular THTRCA, 100 amol) within 4.5 hours at 

60 °C.  As was previously the case for LAMP, the use of CHA to transduce and report 

the presence of correct isothermal amplification products leads to much greater 

specificity of detection than would just monitoring the accumulation of DNA (Figures 
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3.5A-3.5D).  While false amplicons accumulate during RCA even in the absence of 

template, these amplicons are not reported by the EHT-CHA circuit. 

 

 

Figure 3.4: CHA as a detector for RCA 

(A) Scheme for CHA as a real-time detector of linear RCA. (B) Concentration 
dependence of Circular THTRCA of RCA-CHA at 60 °C in ThermoPol buffer, using 
EHT-CHA and Bst large fragment polymerase. (C) Concentration dependence of Circular 
TLTRCA of RCA-CHA at 37 °C in Phi29 buffer, using EHT-CHA and Phi29 polymerase.  
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Figure 3.5: High-temperature CHA transduction is sensitive and specific. 

(A) 1% agarose gel of the product generated from a 2 hour RCA reaction with and 
without Circular THTRCA. (B) The same RCA products from (A) were diluted 4-fold with 
EHT-CHA, followed by a CHA reaction in ThermoPol reaction conditions at 60 °C. The 
concentrations listed are those before dilution. (C) 1% agarose gel of the product 
generated from an overnight RCA reaction with and without Circular THTRCA. (D) The 
same RCA products from (C) were diluted 4-fold with HT-CHA, followed by a CHA 
reaction in ThermoPol reaction conditions at 60 °C. The concentrations listed are those 
before dilution.  

3.4.3 HT-CHA as a detector for SDA 

To demonstrate the generality of real-time CHA transduction and detection of 

isothermal amplification, the same high-temperature CHA circuit was attempted with a 

different reaction, strand displacement amplification (SDA; Figure 3.6A). In this instance, 

primer (PHTSDA) binding initiates an extension reaction by the Bst polymerase.  The 

extended duplex is nicked by the enzyme Nb.BsrDI to generate a single-stranded DNA 

containing the catalyst sequence. A cycle of extension, nicking, and product dissociation 
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leads to the accumulation of multiple single-stranded DNA catalyst sequences.  In this 

“SDA+CHA” system for real-time analysis, the reaction was carried out in 50 mM NaCl, 

10 mM MgCl2, 1 mM dithiothreitol, pH 7.9 (referred to as the NEBuffer 2 reaction, Table 

3.1) instead of the ThermoPol reaction conditions so as to improve the coordinate 

performance of the Bst and Nb.BsrDI enzymes. As low as 5 pM input DNA (100 amol 

THTSDA) could be detected within one hour (Figure 3.6B). The performance of HT-CHA 

and EHT-CHA was similar. As there are almost no real-time sequence-specific detectors 

for high-temperature linear SDA or RCA, these results potentially open the way for a 

wider application of nucleic acid circuitry in diagnostics. 
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Figure 3.6: CHA as a detector for SDA.  

(A) Scheme for CHA as a real-time detector of SDA. (B) Concentration dependence of 
Circular THTSDA of SDA-CHA at 60 °C in the NEBuffer 2 reaction using EHT-CHA, Bst 
large fragment polymerase, and Nb. BsrDI. (C) Concentration dependence of Circular 
TLTSDA of SDA-CHA at 37 °C in the NEBuffer 2 reaction using LT-CHA, Klenow 
(3’-5’exo-) polymerase, and Nb.BbvCI. The sequences and conditions used in these 
experiments are found in Tables 3.1 and 3.2 respectively.  

3.4.4 LT-CHA as a detector for RCA and SDA 

Given our ability to monitor high-temperature isothermal amplification reactions, 

the next step was to see if real-time monitoring of lower temperature isothermal 
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amplification reactions might be feasible.  This was an especially difficult challenge, 

since single-stranded products form structures that might occlude binding to the CHA 

circuits.  Once again, CHA was used to try to monitor both RCA and SDA, but at 37 °C. 

This required another change in the enzymes and hence the reaction conditions used. The 

RCA reaction uses Phi29 polymerase in Phi29 reaction, while the SDA reaction uses 

Klenow (3’-5’exo-) polymerase, Nb.BbvCI nicking enzyme, and NEBuffer 2. Both the 

Phi29 reaction and the NEBuffer 2 reaction have high salt concentrations (10 mM Mg2+) 

similar to that of the TNaK reaction, and thus the original LT-CHA circuit did not require 

modification. As shown in Figures 3.5C and 3.7C, real-time monitoring of both RCA and 

SDA reactions was successful. The detection limit for the RCA target (Circular TLTRCA) 

was 1 pM (20 amol), which is 40-fold lower than a real-time molecular beacon 

detector[123]. Additionally, the detection limit for the SDA target (TLTRCA) was 100 fM 

(2 amol), which is 25- to 10,000-fold lower than recently reported real-time detection 

with molecular beacon detection[124, 125] and better even than electrochemical 

detectors[126]. The improved sensitivities of LT-CHA relative to HT-CHA are not due to 

increased background with the latter, but may stem from the improved functionality of 

the “Klenow(3’-5’exo-)-Nb.BbvCI” enzyme combination over “Bst-Nb.BsrDI.”   

3.5 CONCLUSION 

In conclusion, we have successfully engineered thermostable CHA circuits for the 

first time, and demonstrated the potential of both high- and low-temperature CHA 

circuits as real-time monitors of isothermal amplification reactions. Overall, these results 

strongly support the conclusion that CHA can be readily and rationally adapted to 

real-time monitoring of a variety of isothermal amplification reactions. Enzymatic 

amplification has been in a long-term suffered with the pain of product-contamination 
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[127]. A one-tube reaction will not only save the effort on operation but also help control 

the contamination to the maximum. In light of these and others’ results, CHA can now be 

seen to have a number of advantages as a transducer for amplification reactions, 

including not only its adaptability to temperature and buffer conditions, but also its uses 

in different detection modalities[24, 117] and capability for incorporation into 

programmable molecular logic circuits for analytical readouts[26, 85, 116].  
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Chapter 4: Robust strand exchange reactions for the sequence-specific, 
real-time detection of LAMP amplicons  

4.1 INTRODUCTION 

Molecular diagnostics that can specifically detect sequences in real-time could be 

particularly valuable for point-of-need detection and point-of-care monitoring of 

infectious diseases [128-130]. A series of powerful isothermal nucleic acid amplification 

(IsoT) techniques have been developed that have shown promising POC applications in 

research, diagnostics, forensics, medicine, and agriculture [24, 131]. Among the varieties 

of isothermal amplification methods, loop-mediated isothermal amplification of DNA 

(LAMP[63]) offers advantages in terms of sensitivity, reaction speed, and amplicon yield. 

Furthermore it can be applied to non-denatured genomic DNA samples under isothermal 

reaction conditions, which has been widely used in genetic diagnostics and POC device 

fabrication [132].  

Despite its benefits, LAMP is similar to other isothermal amplification methods in 

that it is usually plagued by the accumulation of spurious amplicons that occur during 

continuous amplification reactions and suffering from a corresponding loss in specificity.  

This lack of specificity is inherent in LAMP and is compounded during real-time 

detection techniques as many of them rely on non-specific signal transduction schemes, 

such as the intercalation of dyes into any double-stranded DNA amplicons that may 

arise[103, 133], increases in solution turbidity due to the release of pyrophosphates 

during polymerization[61, 134, 135]. Although non-specific products can be 

distinguished by additional characterization steps, such as agarose gel 

electrophoresis[136], such steps sharply increase the complexity of workflow.  

Moreover, accurate SNP analysis is often crucial for diagnoses, such as the detection of 

drug resistant pathogens and cancer mutations [115, 137-139]. SNP-specific LAMP 

Chapter 4 is based on previous publication: Y. Jiang, S. Bhadra, J. Milligan, B. Li, and A.D. Ellington. Robust 
Strand Exchange Reactions for the Sequence-Specific, Real-Time Detection of Nucleic Acid Amplicons, Anal. 
Chem. 2015(87), 3314-3320. YJ, SB, and BL conceived the study. YJ and SB performed and analyzed the 
experiments.  BL provided suggestions. YJ, SB and ADE wrote the manuscript.
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primers and existing sequence-probing methodologies such as pyrosequencing[140] and 

high-resolution melting curve analyses[141] are cumbersome and often inefficient at SNP 

detection. 

Thus there is a pressing need to develop a real-time, sequence-specific, and robust 

method for monitoring LAMP that can readily separate true signal from non-specific 

noise and even for SNP detection.  One potential solution for this could come from the 

use of nucleic acid circuits. Nucleic acid circuits have been shown to discriminate even 

slight defects in DNA structure[69] and single nucleotide polymorphisms (SNPs) in 

genes[72]. In previous chapters, we have already proven that highly programmable, 

enzyme-free, strand-exchange nucleic acid circuits and computational devices are 

collectively able to function as an effective tool to transduce amplicons produced during 

isothermal amplification into readily apprehended signals [16, 26, 72, 142]. In this 

chapter, we have developed thermostable, toehold-mediated, strand exchange devices 

called OSD (short for one-step strand displacement) probes and have combined OSD 

with the LAMP system to develop an ultra-sensitive and sequence-specific detection 

method. The newly developed LAMP-OSD system not only allows real-time sequence 

detection but also accurately distinguish single nucleotide polymorphisms (SNPs) in 

LAMP amplicons with high signal: noise ratios. 

4.2 MATERIAL AND METHODS 

4.2.1 Chemicals and oligonucleotides. 

All chemicals were of analytical grade and were purchased from Sigma-Aldrich 

(St. Louis, MO, USA) unless otherwise indicated. All enzymes and related buffers were 

purchased from New England Biolabs (NEB, Ipswich, MA, USA). All oligonucleotides 



 77

were ordered from Integrated DNA Technology (IDT, Coralville, IA, USA). 

Oligonucleotide sequences are summarized in Table 4.1.  

Table 4.1: Oligonucleotides used in this chapter. 

Name 
Sequence (5’-3’) 

 

rpoB primers 

FIP 
CTTGATCGCGGCGACCACCGAGCGGATGACCACCCA 

BIP 
CAGCCAGCTGAGCCAATTCATGGACCAGACAGTCGGCGCTTGTG 

F3 
GCATGTCGCGGATGGAG 

B3 
CGCTCACGTGACAGACCG 

rpoB OSD 
reporter 

Reporter F 
/56-FAM/CGACGTGGAGGCGATCACACCGCAGACGTTGA/3InvdT/ 

Reporter Q 
CGGTGTGATCGCCTCCACGTCG/3IABkFQ/ 

BRAF 
primers 

 FIP ACTGATGGGACCCACTCCATAAGACCTCACAGTAAAAATA 

BIP 
AACAGTTGTCTGGATCCATTTTGTGACATCTGACTGAAAGCTGTA 

F3 
CCACAGAGACCTCAAGAGT 

B3 
ACAGAACAATTCCAAATGCATAT 

BRAF OSD 
reporter 

(WT)Reporter F 
GATTTCACTGTAGCTAGACCAAAATCACCTATCGA/36-FAM/ 

(WT)Reporter Q 
/5IABkFQ/TCGATAGGTGATTTTGGTCTAGCT/3InvdT/ 

SNP Reporter F 
GATTTCTCTGTAGCTAGACCAAAATCACCTATCGA/36-FAM/ 

SNP Reporter Q 
/5IABkFQ/TCGATAGGTGATTTTGGTCTAGCT/3InvdT/ 
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Table 4.1 continued 

cytB primer 
 

FIP 
AATTATACCTTTATCACATCCTGA 

BIP 
GCACCAAAAATCATTTTAAATTGAA 

F3 
AAAATGGTAGAAAGTACCATTCAGTTTTTAATGCTATCGTAGTAAATACA
TATGTT 

B3 
TGTTCCAAGTAAACCAGCTGGTTTATTTTGTTAAACTTCTTTGTTCTGCT
AAT 

cytB OSD 
reporter 

Reporter F 
 AAATTGTACCTGAATGGTAC/3IAbRQSp/ 

Reporter Q 
/5TEX615/GTACCATTCAGGTACAATTTGAGATGGAGT/3InvdT/ 

HSV1 primer 

FIP 
TGCGTGCCGTTGTTCC 

BIP 
TGTGTGGTCGGGCGTG 

F3 
AGTTGGGGTTGGGTGGTGGAGTGGTTCTTGTCGGTGTATCG 

B3 
CGGTCGTCCCTCGCATGAAGGTAAGGCTGATGGCGGTG 

HSV1 OSD 
reporter 

Reporter F  
/5TYE665/TTCGGTGGTGCCGGTCTGGGTCATGTTGG/3InvdT/ 

Reporter Q 
CCAGACCGGCACCACCGAA/3IAbRQSp/ 

BRAF target ATAGGTGATTTTGGTCTAGCTACAGTGAAATC 

β-actin 

target 
GGAGGTGATAGCATTGCTTTCGTGTAAATTATG 

4.2.2 Preparation of the plasmids 

The M. tuberculosis rpoB gene segment was amplified by PCR using (i) Phusion 

DNA polymerase (NEB, Ipswich, MA, USA) from commercially available genomic 

DNA of the virulent strain H37Rv (ATCC, Manassas, VA, USA) and (ii) gene-specific 
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primers. The Plasmodium falciparum cytB and the human v-raf murine sarcoma viral 

oncogene homolog B1 (BRAF) gene segments were built from synthetic oligonucleotides 

by overlap PCR using Phusion DNA polymerase. SNP-containing alleles were built by 

overlap PCR amplification of the wild-type gene segments using site-specific mutagenic 

primers. The PCR products were purified from agarose gels using the Wizard SV gel and 

PCR purification system (Promega, Madison, WI, USA). The PCR products were then 

inserted into the pCR2.1TOPO plasmid (Life Technologies, Grand Island, NY, USA) by 

either Gibson cloning using a commercially available Gibson master mix (NEB) or by TA 

cloning (Life Technologies). The pUC57 plasmid bearing the HSV1 US4 gene was 

provided by Dr. Steven Benner, Foundation for Applied Molecular Evolution, 

Gainesville, FL. All plasmids used in this study were verified by sequencing at the 

Institute of Cellular and Molecular Biology Core DNA Sequencing Facility (Austin, TX, 

USA).   

All the plasmid template samples (in this Chapter and Chapter 5) with different 

concentrations were prepared by 10-fold serial dilutions. The variation in the serial 

dilutions was determined by calculating the variance in the Ct values of qPCR standard 

curves as shown in Figure 4.1. The number of plasmid in the five samples we prepared as 

“10000 copies template” lie in a range from 9700 to 10221 copies; The number of 

plasmid in the five parallel samples we prepared as “1000 copies template” lie in a range 

from 978 to 1089copies; The number of plasmid in the five parallel samples we prepared 

as “100 copies template” lie in a range from 92 to 104 copies; The number of plasmid in 

the five parallel samples we prepared as “10 copies template” lie in a range from 4 to 12 

copies. Therefore, for the plasmid copy numbers we indicated below (including Chapter 

5), there will be a 10% variation for the high concentration plasmid sample (>100copies), 

and a 10% to 60% variation for the low concentration plasmid sample (<100 copies). 
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Figure 4.1 qPCR verification for the plasmid copy numbers in LAMP-OSD.  

The qPCR was carried out with a standard protocol for Human-specific HF183 
Bacteroides 16S rRNA (HF 183). The template we used here is a HF183 containing 
plasmid home-made following the same protocol as described above. For each serial 
dilution, five parallel assays were tested here.   

4.2.3 OSD reporter design 

We first need to identify the reporter probing region. The region to be probed can 

be one of the four loop sequences in a LAMP product (excluding the primer binding sites, 

which are located in between the F2 and F1, B2 and B1, F2c and F1c, or B2c and B1c 

regions). In our experiments, we probed the loop regions between F2 and F1 for the rpoB, 

BRAF, and cytB amplicons, whereas the region between B1 and B2 was probed for 

HSV1.  

Reporter F was designed to be complementary to the target, and the Reporter Q 

formed a hemiduplex with Reporter F such that the single-stranded region that remained 

could act as a toehold with the target. The lengths of the Reporters F and Q were chosen 

to ensure that the duplex region displayed a ΔG <= -18 kcal/mole (calculated using the 

software NUPACK with parameters corresponding to 60°C and a salt concentration 

mimicking that of the Isothermal Buffer. The toehold length was designed to be 10 or 11 
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nucleotides. 

4.2.4 Initial testing of toehold-mediated strand displacement using synthetic target 
oligonucleotides 

A 5 × 20 μL mixture was prepared that contained 1× Isothermal Buffer (20 mM 

Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1 % Triton X-100, pH 8.8), 

1 M betaine, 0.4 mM dNTPs, and 60 nM Reporter-F annealed with 300 nM Reporter-Q.  

A LightCycler® 96 recorded the base line fluorescence of the Reporter F: Reporter Q 

duplex for 20 min at 60°C, then1 μL of 1.2 μM, 800 nM, or 400 nM synthetic target was 

added to 3 sample wells. In parallel, 1 µl of 1.2 μM a non-specificβ-actin target or H2O, 

were added to 2 control wells. The fluorescence was then recorded for 20 min at 60°C.  

4.2.5 Standard LAMP reactions and electrophoretic characterizations 

Reaction mixtures containing template, 0.8 μM each BIP and FIP primers, 0.2 μM 

each B3 and F3 primers, 1 M betaine, and 0.4 mM dNTPs in a total volume of 24 μL 

1×Isothermal 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. The solutions were 

chilled on ice for 2 min, and then 1 μL (8 U) of Bst polymerase 2.0 was added to initiate 

LAMP reactions. The reactions (with a final volume of 25 μL) were incubated at 65 °C or 

60 °C for 3 hrs. Afterwards, the samples were kept at 4 °C until analyzed by 

electrophoresis on a 1% SeaKem® LE agarose gel. A DNA ladder (either from NEB, 

Ipswich, MA, USA or Life Technologies, Grand Island, NY, USA) was used as a size 

standard. Each well was loaded with 10 µL of sample and an additional 2 µL 6 × Orange 

Loading Dye (40% glycerol, 0.25% Orange G). The electrophoresis was developed at 90 

to 110 Volts for 30 min.  
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4.2.6 Real-time LAMP detection with either OSD or Evagreen 

An OSD stock solution was prepared by annealing 10 μM Reporter F with 50µM 

Reporter Q in Isothermal Buffer. The solution was incubated at 95 °C for 5 min followed 

by slow cooling to room temperature at a rate of 0.1 °C /s. LAMP-OSD reactions were 

prepared in almost the same manner as standard LAMP reactions, with the exception that 

the OSD reporter (at a final concentration of 60 nM Reporter F) or 1×Evagreen dye 

(Biotium, Hayward, CA, USA) was added to the reactions following primer annealing 

but prior to the addition of Bst 2.0 DNA polymerase. Some 20 μL of the LAMP-OSD 

solutions were transferred into a 96-well plate which was maintained at 60 °C or 65 °C 

for 2 to 3 hrs. Fluorescence signals were recorded every 3 min with the LightCycler® 96 

(Roche, Florence, SC, USA).   

4.2.7 Real-time multiplex LAMP detection with OSD 

Multiplex LAMP reactions were assembled by mixing 20 µL of HSV1 LAMP 

reactions and 15 µL of cytB LAMP reactions, and were seeded with different amounts of 

DNA templates (relative volumes were chosen following optimization experiments). The 

effective concentrations of reagents in the final multiplex LAMP reaction were: 0.46 µM 

each of HSV1 FIP and BIP, 0.11 µM each of HSV1 F3 and B3, 0.34 µM each of cytB FIP 

and BIP, 0.086 µM each of cytB F3 and B3, 0.4 mM dNTPs, 1 M betaine, 1×Isothermal 

Buffer, 2 mM MgCl2, 28 nM HSV1 TYE665-labelled probe (pre-annealed with a 5-fold 

excess of the quencher strand), 21 nM cytB TYE615-labelled probe (pre-annealed with a 

5-fold excess of the quencher strand) and 8 U of Bst polymerase 2.0. LAMP reactions 

were amplified at 65 °C in the LightCycler® 96 and fluorescence was measured every 3 

min in the Texas Red (for TYE615) and Cy5 (for TYE665) channels.  
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All LAMP-OSD fluorescence data obtained from the LightCycler® 96 were 

analyzed using the ‘Absolute quantification’ calculation available via the LightCycler® 

96 software, and plotted against amplification time. 

4.2.8 The pretreatment on the synthetic sputum. 

Synthetic sputum was provided by PATH (Program for Appropriate Technology 

in Health, PATH, Seattle, WA) and consisted of 47 mg/mL porcine mucin, 6 mg/mL 

salmon sperm DNA, 3.6 mg/mL phosphatidylcholine and 33 mg/mL bovine serum 

albumin in 114 mM NaCl, 2 mM sodium azide. These components were mixed to obtain 

uniform slurry and defined numbers of mycobacterium (MTB) added. Samples were 

mixed overnight at 4°C prior to aliquoting, and aliquoted samples were kept at -80°C. 

The PATH provide four types of samples: 1)TB_Sputum_HIG (HIG), which contains 1 

×105 cells/mL; 2)TB_Sputum_MED (MED), which contains 1 × 104 cells/mL; 3) 

TB_Sputum_LOW (LOW), which contains 1 × 103 cells/mL; 4) TB_Sputum_NEG 

(NEG), which is synthetic sputum only. 

500µL aliquots from each sample were thawed and the mucin liquefied with 2% 

freshly made N-acetyl-L-cysteine and 1% sodium hydroxide for 15 min at room 

temperature.  Following digestion the contents were diluted 50-fold with phosphate 

buffered saline, centrifuged at 3000 × rcf for 20 min, and had the supernatant discarded. 

The resulting pellet was resuspended in 300 µL TE buffer (10 mM Tris, 1 mM EDTA, 

pH 8.0). Lysis of bacteria was achieved by freezing at -80°C and thawing at 95°C over 5 

cycles. The lysate was centrifuged at 1600 × rcf for 10 min, and the supernatant (10µL) 

was directly used in real-time LAMP-OSD reactions. 
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4.3 RESULTS AND DISSCUSSION 

4.3.1 OSD design 

OSD probes are essentially hemiduplex DNAs comprised of hybridized 

oligonucleotides in which a target-binding strand contains a fluorophore at either its 5‘ or 

3‘-termini (Reporter F), and the opposing strand contains a corresponding quencher 

(Reporter Q).  In general, Reporter F should be 10 or 11 bases longer than Reporter Q 

[62] in order to ensure a relatively fast toehold-mediated strand exchange reaction at 

60 °C. Target-binding to the toehold will initiate a strand-exchange reaction that should 

lead to the displacement of Reporter F from Reporter Q, and thus turning on the 

fluorophore. As an example, Figure 4.2 shows the fluorescence changes when 60 nM of 

BRAF OSD reporter was incubated with either various concentrations of its cognate 

target or with negative controls. The OSD reporter responded in a template-specific 

manner, and did not signal the presence of background, non-specific amplicons. 
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Figure 4.2: OSD trial experiment.  

Different colored curves represent different non-cognate single-stranded DNA templates 
that were added to a solution containing 60nM of the BRAF OSD reporter. 

4.3.2 Real-time gene detection with LAMP and OSDs 

We have demonstrated the efficacy of OSDs by detecting SNPs of the melanoma 

biomarker gene BRAF. There are four primers in a typical LAMP reaction (Figure 4.3):  

two inner primers (FIP and BIP) and two outer primers (F3 and B3). These primers are 

specific to six consecutive blocks of target sequences designated in their order of 

appearance from the 5’-end as B3, B2, B1, F1c, F2c and F3c. FIP (F1c-F2) is comprised 

of the F2 sequence that initiates the first stage of amplification and the F1c sequence that 

self-primes subsequent stages of amplification. Similarly, BIP is comprised of B2 and 

B1c (B1c-B2) sequences. FIP and BIP hybridize via their respective F2 and B2 sequences 

to the complementary template F2c and B2c sequences to initiate complementary DNA 

synthesis by Bst DNA polymerase. Due to their lower concentration and binding 
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efficiency, the outer primers F3 and B3 hybridize to their complementary target 

sequences at a slower rate and initiate DNA synthesis that displaces the preceding inner 

primer-initiated strands. These newly released strands serve as templates for 

complementary inner and outer primer-initiated strand displacement DNA synthesis 

resulting in two single-stranded, dumbbell-shaped amplicons whose 3’-ends are extended 

by Bst polymerase to form stem-loop hairpins. Inner primers then hybridize to the 

single-stranded loops and initiate another round of strand displacement synthesis that 

opens the original hairpin stem to form a concatemerized amplicon containing a 

self-priming 3’-end hairpin. The ensuing exponential amplification from continuous 

strand displacement DNA synthesis (initiated both by hybridization of inner primers to 

newly generated single-stranded loops and by self-priming) generates increasingly 

complex, double-stranded concatameric amplicons containing self-priming hairpins and 

single-stranded loops.  The final LAMP product is comprised of large molecular weight 

concatemers that contain free loops between the F1 and F2, B1 and B2, F1c and F2c, and 

B1c and B2c regions (Figure 4.3). These free loop regions originate from target 

sequences that are absent in the primers. Hence, OSD probes designed to detect these 

target-specific loops can discriminate true-positive amplicons from primer amplification 

artifacts generated in the absence of specific targets. 

The utility of sequence-specific probes is manifest, since LAMP is notorious for 

generating spurious amplicons. As with PCR, these are likely due to the formation and 

extension of primer dimers. In addition, since spurious LAMP products are often 

composed of a continuum of both short and very large amplicons (as shown in the 

negative control of Figure 4.4B and Figure 4.5B), it seems likely that the production of 

these parasitic amplicons is exacerbated by the basic replication mechanisms inherent in 

the primer sequences, as these lead to the formation of concatamers that can provide 
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additional binding sites for primer-binding and extension, either specifically or 

non-specifically. Opportunities for generating background signals are further complicated 

by the fact that Bst DNA polymerase has an intrinsic nucleotidyl transferase activity that 

enables it to generate 3’ overhangs by non-templated incorporation of random 

nucleotides [143]. This polymerase has also been reported to multimerize both circular 

and linear DNAs[144]. Nonetheless, since the template-loop specific OSD reporter lacks 

complementarity to any primer-derived sequences, it should only be activated by true 

LAMP amplicons generated by target-specific replication and not by any 

primer-generated artifacts. 

LAMP-OSD with different amounts of rpoB (β subunit of bacterial RNA 

polymerase) plasmid template showed fluorescence response that was quite similar to 

LAMP detection was with less specific intercalating dye (Figure 4.4). However, 

LAMP-OSD was able to clearly distinguish between template and a no-template controls, 

wheras the reactions with the intercalating dye could not (Figure 4.4).  Because we have 

largely eliminated background detection, the detection limit for LAMP-OSD for the 

wild-type BRAF gene was as low as 20 copies (Figure 4.5). However, Figure 4.5 also 

shows that while signal responses over time are roughly dependent on the input 

concentrations of template, this dependence is not strictly proportional to the 

concentration. Despite this, our method is exceedingly useful as a sensitive Yes/No 

diagnostic. 



 88

 

Figure 4.3: Schematic depicting the generation of LAMP amplicons and their detection 
by OSD reporters.  

Colored regions and labels correspond to the different primers; “c” denotes 
complementary sequences.  At bottom right the interactions between the loop sequence 
between F1 and F2 of the wild-type BRAF LAMP amplicon and the OSD probe are 
shown.  The toehold regions are italicized; the length of the toehold is indicated below 
in parentheses.  The dark circles on the OSD reporter are the fluorophore (fluoro) and 
quencher, and upon strand displacement the fluorophore can be excited and is indicated 
as a yellow circle.  
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Figure 4.4: Intercalating dye fluorescence reading and agarose gel characterization of 
LAMP reactions with different amounts of rpoB plasmid.  

(A) Real-time fluorescence reading by Evagreen with varying amounts of the rpoB 
plasmid as a function of time. (B) The same samples from (A) are shown separated on a 1% 
agarose gel alongside 0.5µg of a 1kb Plus Ladder from Life Technologies. The gel was 
stained with ethidium bromide. 
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Figure 4.6: LAMP-OSD SNP discrimination at different temperatures.  

The fluorescence curves show different plateau values with either 2 × 107 copies of WT 
or 2 × 107 copies of V600E SNP BRAF plasmids at (A) 60°C, (B) 63°C, and (C) 65°C. 
(D) Plateau values for the WT and SNP fluorescence curves of (A), (B), and (C) averaged 
over 3 experiments. The ΔRFU was determined by taking the average raw fluorescence 
value from 80 min to 120 min and subtracting the average fluorescence value from 0 min 
to 40 min. The error bars represent standard deviations calculated from three parallel 
assays. 

In order to better match the LAMP with OSD, we carried out the joint reaction at 

several temperatures (60, 63, and 65 °C; Figure 4.6). The discrimination factor Q 

(ΔRFUWT /ΔRFUSNP) was greatest (Q = 8.1) at 60 °C. It is possible that higher 

temperatures allow the ends of the OSD reporter to breathe; effectively lengthening the 

toehold and leading to more strand displacement by otherwise mismatched amplicons. 

All further reactions were carried out at 60 °C or 55 °C 
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Figure 4.7: LAMP-OSD can distinguish single nucleotide polymorphisms.  

(A) Sequence interactions between LAMP amplicons that represent either the wild-type 
(WT) BRAF gene or the allele V600E (which contains a single nucleotide difference), 
and the OSD probe.  The discriminating nucleotide position is shown in red in both 
amplicons and the OSD probe (where it is found in the toehold region).  LAMP-OSD is 
shown as a function of time with varying amounts of either the wild-type (WT) BRAF 
gene or the allele V600E (labeled ‘SNP’), which contains a single nucleotide difference.  
Detection is with either a probe for the wild-type gene (B) or the V600E SNP (C). The 
red dashed lines in (B) and (C) show the RFU threshold for discriminating between 
signals from fully matched and mismatched alleles. 

LAMP-OSD was carried out with varying amounts (from 2 × 104 to 2 × 107 

copies) of both the wild-type BRAF gene and its V600E mutant SNP (an A to T 

transversion).  When the wild-type OSD probe was used, there was a 

concentration-dependent increase in signal for the wild-type templates, with little or no 
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background from the mutant templates (Figure 4.7B).  Conversely, when an OSD probe 

specific for the V600E allele was used, the mutant gene could be detected and the 

wild-type gave little background (Figure 4.7C). The significantly lowered fluorescence 

plateaus in the absence of a cognate template were consistent across samples. We 

therefore drew RFU threshold lines (Figure 4.7B, 4.7C) to discriminate between signals 

from fully-matched and mismatched alleles. The discrimination between perfectly 

matched and mismatched LAMP amplicons is due in part to the fact that toehold binding 

is likely inefficient at the high temperatures at which LAMP is carried out, and also 

because there may be an internal competition between OSD probes and complementary 

loop sequences (for example, the loop between F1 and F2 is complementary to the loop 

between F1c and F2c). 

In qPCR, SNP discrimination is based on the timing of wild-type and SNP signals 

‘break through’ the basal level of fluorescence necessary for a positive signal (i.e., 

differences in Ct values).  However, with isothermal amplification the common primers 

for the wild-type and SNP amplicons lead to the same degree of amplification, preventing 

discrimination based on Ct. Alternatively, the different loop sequences activate OSD to 

different degrees, resulting in different levels of fluorescence being produced by a 

perfectly-matched versus a mismatched amplicon. Thus, the appropriate discrimination 

for isothermal amplification may not be Ct, but rather than overall fluorescence produced. 

We mixed the mutant and wild-type templates such that the mutant template was present 

at 0%, 1%, 5%, 10%, 50%, or 100% of the population and carried out LAMP-OSD at 

55 °C (Figure 4.8A). An increasing SNP-specific fluorescence signal was observed.  A 

ΔRFU value was obtained by subtracting a given fluorescence signal for the mutant allele 

from the fluorescence signal when 100% of the population was wild-type. In 6 replicates, 
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4.3.4 Multiplex, real-time detection with LAMP and OSDs 

Sequence-specific OSD probes are ideally suited for the deconvolution of 

multiplex LAMP reactions, since each probe can identify a different sequence and report 

a different color. As a demonstration, we co-amplified cloned fragments of the 

Plasmodium falciparum cytB gene and the herpes simplex virus 1 (HSV1) US4 genomic 

locus using LAMP.  The cytB-specific OSD probes were labeled with the fluorophore 

TYE615 while the HSV1-specific OSD probes were labeled with the fluorophore 

TYE665.  As depicted in Figure 4.9, these different OSD probes were able to separately 

detect their cognate LAMP amplicons, including at the limits of detection (less than 20 

copies of the cytB and HSV1 synthetic targets).  It is noteworthy that the ‘no template’ 

sample of cytB also apparently gave a fluorescence increase.  However, this increase is 

consistent with the background seen with other samples, and is only seen here because 

the positive signal from cytB, an extremely A:T rich amplicon, is lower than other 

templates (compare y axes on Figure 4.9 for HSV1 and cytB).  
  



 96

 

 

Figure 4.9: Real-time, sequence-specific detection by OSD probes of two templates in a 
multiplex LAMP reaction. 

HSV1 and cytB templates were amplified with two sets of LAMP primers in parallel.  
OSD probes specific for HSV1 (TYE665-labeled; blue Y-axis) and cytB 
(TYE615-labeled; red Y-axis) were used for detecting the two different amplicons.  
Blue and red traces show the real-time accumulation of amplicons from HSV1 and cytB, 
respectively.  The different line thicknesses correspond to different template mixtures.  
Five separate multiplex reactions are shown; for example, the thinnest line is 16 copies of 
HSV1 and 12 copies of cytB, while the thickest line is 1.6 × 104 copies of HSV1 and 1.2 
× 104 copies of cytB. The black dashed line shows the RFU threshold for discriminating 
cytB positive signals from fluorescence background.  

4.3.5 LAMP-OSD-mediated detection of Mycobacterium tuberculosis (MTB) spiked 
into synthetic sputum 

For any diagnostic method, the complexity of the sample in which an amplicon is 

found, such as saliva, sputum or other clinical materials, will increase the risk of 

generating side-products or false negative results. Conversely, the robustness of a 

detection system to contaminants and interferents will determine whether it can be 

applied in clinical practice[147]. As a test of the robustness of LAMP-OSD system we 

attempted to detect Mycobacterium tuberculosis spiked into synthetic sputum that 
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contained human genomic DNA, salmon sperm DNA, mucin, and other components 

(provided by the Program for Appropriate Technology in Health, PATH, Seattle, WA) 

[148].   

We first developed a LAMP-OSD system that could detect the rpoB (β subunit of 

bacterial RNA polymerase) gene of MTB, a protein that frequently is associated with 

mutations that lead to drug resistance.  As with other amplicons, it proved possible to 

quickly identify a primer set and amplification protocol that yielded a detection limit of 

~200 copies (Figure 4.10A). It is likely that this detection limit is higher than that seen 

with other genes because G:C rich sequence is known to be hard to optimize for 

amplification assays [149].  

When similar assays were attempted with MTB spiked into synthetic sputum, we 

found that the Bst 2.0 polymerase was greatly inhibited by mucin. Therefore, we liquefied 

the mucin with 2% N-acetyl-L-cysteine and 1% sodium hydroxide[150] and lysed the 

bacteria via 5 rounds of freezing and thawing. LAMP-OSD consistently detected the 

MTB rpoB gene at either 1,000 or 100 genomic copies (Figure 4.10B and 4.10C).  

However, only 5 out of 8 samples showed a positive LAMP-OSD signal when only 10 

genomic copies were present. Remarkably, these results are consistent with the detection 

limit observed with the rpoB plasmid in water and with other LAMP analyses carried out 

in pure solutions (Figure 4.10A).  
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Figure 4.10: LAMP-OSD with the rpoB gene. 

(A) LAMP-OSD is shown as a function of time with varying amounts of the rpoB 
plasmid as a template. (B) Fluorescence responses for LAMP-OSD with different 
amounts of M. tuberculosis (MTB) spiked into synthetic sputum. (C) Summary of 
positive and negative responses from amplification reactions with synthetic sputum 
samples. For example, the ‘LOW’ positive result is 5/8, meaning 5 are positive, 3 are 
negative (correspondingly, the ‘LOW’ negative result is 3/8).  

4.4 CONCLUSION 

LAMP is an ultra-sensitive nucleic acid amplification method that can detect even 

a few copies of a DNA or RNA template within hours. However, the very power of the 

method frequently results in non-specific amplification of background templates.  In 

order to distinguish between true and false amplicons, we have developed a simple and 

robust oligonucleotide one-step strand-displacement probe (OSD).  This method can 
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specifically detect as few as 20 copies of the BRAF, cytB, and HSV1 templates, and 200 

copies of the rpoB template.  Transduction by an OSD probe could also be used to 

detect a mutant allele (V600E) in the presence of the wild-type gene in 20-fold excess.  

The pathogen MTB could be detected in a complex background, synthetic sputum, at as 

low as 10 bacteria/µL.  

These results are only possible since OSD probes are sequence-specific for the 

amplicon, acting in essence as the equivalent Taqman probes in qPCR. Because of this 

OSD can be used to detect individual amplicons in multiplex reactions by the simple 

expedient of using sequence-specific probes that contain different dyes.  In contrast, 

competing methods that rely on fluorescence activation via intercalating dyes [151] are 

not sequence-specific, which will label any amplicon including non-specific 

amplification products.  Similarly, methods that rely upon quenching [152]or activation 

(via strand displacement; the DARQ system)[153] of fluorescently-labeled primers 

cannot validate the sequence of the correct amplicon relative to non-specific amplicons.   

OSD probes can work in real-time, which offer several advantages relative to 

end-point analysis.  Avoiding post-processing of LAMP reactions (such as by agarose 

gel electrophoretic separation [136], pyrosequencing [154], or multiplex detection with 

cationic polymers[155]) saves time and effort, thereby reducing the chances of 

cross-contaminating reactions due to aerosolization of templates. Compared to other 

sequence-specific methods, such as the AB-Q probe [156], the OSD probe is simpler in 

design and requires no auxiliary competitor in the system that could potentially reduce 

the sensitivity of LAMP assays. Compared to CHA circuit, OSD is easier to design and 

has no background leakage. Although OSD could not function as a signal amplifier, the 

signal amplification from LAMP is sufficient in most cases of genetic diagnostic. 
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Due to the highly robust amplification that occurs with LAMP, varying amounts 

of template give nearly indistinguishable Ct shifts.  It is therefore difficult to use LAMP 

for conventional quantitative analyses.  That said, the low limits of detection make the 

LAMP-OSD system ideal for Yes/No diagnostic applications, or quantitation via digital 

methods[157]. As of now, LAMP-OSD has only been used in a lab setting; however, 

additional optimizations may eventually make it possible to adapt this molecular signal 

amplifier and transducer to point-of-care devices. For example, improved primer designs 

may lead to speed increases in the overall LAMP reaction [158]while changes in the 

toehold length may improve the kinetics of OSD [3]. 

Beyond the intrinsic analytical advantages of using OSD probes, strand exchange 

methods are in general highly programmable and thus facilitating the ready adoption of 

new reaction configurations [65, 159, 160]. As a result, new probes can simply be 

designed by knowing only the sequences of new targets. Strand exchange probes can 

potentially feed into nucleic acid logic circuits [11, 161] allowing multi-input decision 

making in diagnostics. For example, multiple OSD probes that detected different regions 

of the same target could be used as inputs for an AND gate that would decrease false 

positive detection. The outputs of such logical circuits could be the input for further 

signal processing or transduction into different downstream analytical devices [24, 162]. 
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Chapter 5: LAMP-OSD system for developing sensitive and specific 
point of care diagnostic device for MERS 

5.1 INTRODUCTION  

The Middle-East respiratory syndrome coronavirus (MERS-CoV) belongs to the 

human betacoronavirus family of coronaviruses. The first case of MERS-CoV infection 

was identified in 2012 in a Saudi Arabian patient who died from a severe respiratory 

illness [163-165]. Since then, the infection has spread globally and had caused 614 

laboratory-confirmed cases and 181 deaths by the middle of 2014 [164, 166, 167]. 

MERS-CoV is thus one of the most serious emergent viral pathogens since its relative, 

SARS-CoV [168]. Beyond this, the Ebola Virus disease (EVD) is caused by the Ebola 

virus and is known to have a high risk of death [169]. The outbreak of EVD in 2014 

bared 50 percent for individuals infected with the virus, according to the World Health 

Organization. While both infections pose health risks, greater control of disease 

dissemination could have been possible if a fast, cost-effective point-of-care detection 

method was available. In doing so, timely treatment administration and immediate patient 

recognition could have been achieved and used to reduce both the spread and mortality of 

these diseases. In laboratory settings, methods such as immunofluorescence assays 

(targeting MERS-CoV N and S proteins) [170] and real-time reverse transcription 

polymerase chain reaction (RT-PCR, targeting viral genes in or around ORF1A, ORF1B 

and upE) have been successfully used for clinical diagnosis of the MERS-CoV pathogen 

[171-173]. However, these methods are not readily adaptable to point-of-care 

applications. Although there was LAMP [63, 174] assay that has been used as simple 

molecular assay for MERS-CoV and Ebola, still neither the traditional signal output nor 

the sequence specific fluorescence reading described in Chapter 4 is a ready-to-use 

point-of-care assay.  

Chapter 5 is based on previous publication: Y. Du, R. A. Hughes, S. Bhadra, Y. Jiang, A.D. Ellington. A Sweet Spot 
for Molecular Diagnostics: Coupling Isothermal Amplification and Strand Exchange Circuits to Glucometers, Sci. 
Rep. 2015(10), 11039. YD, YJ, and LB conceived the study and performed & analyzed the experiments. RAH 
provide the thermostable glucose. YD, HRA, SB and ADE wrote the manuscript.
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In the last chapter, the sensitivity and specificity of LAMP-OSD system was 

shown to be a promising tool for future genetic diagnostics. Moving one step forward 

towards to a point-of-care device with LAMP-OSD system, we have modified the 

functional group, a thermostable invertase, on the OSD reporter to replace the 

fluorescence signal with glucometer-readable digital signal [39, 175, 176]. The use of 

glucometers to monitor non-glucose targets was pioneered by Lu’s group, who adapted 

this device for aptamer- or DNAzyme-based detection of cocaine, ATP and metal ions [54, 

177, 178]. We now show that LAMP reactions can be made user-friendly and field-based 

by integrating LAMP, strand exchange signal transduction, and a 

commercial-off-the-shelf device, a glucometer, for pathogen detection. 

5.2 MATERIAL AND METHOD  

5.2.1 Chemicals and materials 

The Bayer Contour Next Blood Glucose Test Strips and Bayer Contour Next 

Blood Glucose Monitoring System were bought from Amazon.com and used for the tests 

in this work. Streptavidin-coated magnetic beads (MB, 1.5 µm in average diameter) were 

purchased from Bangs Laboratories Inc. (Fishers, IN, USA) and the Amicon Ultra-2 mL 

30K was purchased from Millipore Inc. (Billerica, MA, USA). Illustra MicroSpin G-25 

micro columns were purchased from GE Healthcare Bio-Sciences Corp. (Piscataway, NJ, 

USA). Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate 

(sulfo-SMCC) was bought from Pierce Biotechnology (Rockford, IL, USA). Grade VII 

invertase from baker's yeast (S. cerevisiae), tris(2-carboxyethyl)phosphine hydrochloride 

(TCEP), and other chemicals and solvents were purchased from Sigma-Aldrich, Inc. (St. 

Louis, MO, USA). All enzymes including Bst 2.0 DNA polymerase and AMV reverse 

transcriptase were obtained from New England Biolabs (NEB, Ipswich, MA, USA). 
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Human genomic DNA was obtained from Promega (Madison, WI, USA). 

MERS-CoV-containing Vero cell culture supernatants were a gift from Dr. Reed Johnson 

at the National Institutes of Health. Invertase derived from the hyperthermophilic 

bacteria, Thermotoga maritima, was home made. All the oligonucleotides were 

purchased from Integrated DNA Technologies, Inc. (IDT, Coralville, IA, USA) and listed 

in Table 5.1. The concentrations of the DNA suspensions were measured by UV 

spectrophotometry using the NanoDrop 1000 spectrophotometer (Therrmo Scientific, 

Wilmington, DE, USA). 
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Table 5.1: Sequences of oligonucleotides used in this chapter (5’ to 3’).  

ORF1A.55 
Primer 

F3* TTATGCAAACATAGTCTACGAG

B3 CGCAAAGTTAGAAAGTGATGG

FIP AAGCATTAGTGGGGGCAAGCCCCACTACTCCCATTTCG

BIP ATGCGCACTACACATACTGATATTTGTACAATCTCTTCACTACAATGA 

LP GGTGTCTACATTAGTATGTCACTTGTATTAG

ORF1A.55 
OSD probe 

FP CGAAGCCAATTTGCAACTGCAATCAGCGCTGAG AAAAAAAAA /3’Biotin/   

FPc ATTGCAGTTGCAAATTGGCTTCG AAAAAAAAAAAA /3’Thiol /      

UpE.9 
Primer 

F3 AGTAAGATTAGCCTAGTTTCTGT

B3 TCCATATGTCCAAAGAGAGAC

FIP GAGGAACTGAATCGCGCGTTGACTTCTCCTTAAACGGCA

BIP TTCACATAATCGCCCCGAGCTAATGGATTAGCCTCTACACG

LP GCAGGCACGAAAACAGTGGAAACAT

Or Gate 
OSD probe 

ORP /5Biosg/AAAAAAAAAATCGCTTATCGTTTAAGCAGCTCTGCGCTAC TATGG GTCC 
CGAAGCCAATTTGCAACTGCAATCAGCGCTGAGC

1A-FPc /5ThioMC6-D/ AAAAAAAAAAAA ATTGCAGTTGCAAATTGGCTTCG 

upE-FPc /5ThioMC6-D/AAAAAAAAAAAA TAGCGCAGAGCTGCTTAAACGATAAGCGA 

Mimic target 

1A-T CTCAGCGCTGATTGCAGTTGCAAATTGGCTTCG

upE-T GGACCCATAGTAGCGCAGAGCTGCTTAAACGATAAGCGA

Random 
sequence 
(Random C)

CGACATCTAACCTAGCTCACTGAC’ 

ZEBOV. 3.3  
primer F3 AGACAGCATTCAAGGGATG 

 B3 CCTTTTTTCAAGGTCGGACA

 FIP CTCCTTGATTGACGGTACTCACCGACACGACCACCATGTTC

 BIP CTCACAAGTGCGCGTTCCTAATGTCTTTAGGTGCTGGAG

ZEBOV  
OSD probe ZEBOV-FP GAGCACGATCATCATCCAGAGAGAATTATCGAGGTGCA AAAAAAAAAA/3’Biotin/

 ZEBOV-FPc TGCACCTCGATAATTCTCTCTGGATGAT AAAAAAAAAAAA  /3’Thiol/ 

5.2.2 Synthesis, Expression, and Purification of Thermotoga maritima Invertase 

The amino acid sequence of the Thermotoga maritima MSB8 β-fructosidase 

(Invertase) was obtained from the National Center for Biotechnology Information (NCBI) 

database (GenBank # AAD36485.1). This sequence was reverse translated by using 

GeneDesign [179] and codons were optimized for expression in E. coli. Additional 30 bp 
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flanks were added to the ends of the gene to facilitate cloning via Gibson assembly[180] 

into the pET21a expression vector. The TmINV gene was assembled from synthetic 

oligonucleotides according to the Protein Fabrication Automation methodology[181]. 

The assembled gene was cloned via Gibson assembly into the pET21a vector backbone 

with a C-terminal HisTag to obtain the sequence verified clone pET21-TmINV. The 

pET21-TmINV vector was transformed into BL21-AI competent cells (Invitrogen, 

Carlsbad, CA) for overexpression. The expression of TmINV was induced by adding 

0.2% L-arabinose in 250 mL mid-log phase cultures of transformed BL21-AI grown in 

Superior Broth (Athena). The induced cultures were allowed to grow overnight at 24 °C. 

Following overnight expression the cells were lysed with 1 mg/mL chicken egg white 

lysozyme and sonication. The His-tagged TmINV protein was purified via immobilized 

metal affinity chromatography. The protein was dialyzed into 50 mM Sodium Phosphate 

Buffer, pH 7.4 containing 175 mM NaCl. Sample purity (indicated by the presence of a 

single ~51kDa band) was verified by SDS-PAGE to be >98%. Concentration of the 

purified TmINV protein was determined via measurement of Abs280nm (TmINV molar 

absorptivity = 86,080). 

5.2.3 Cloning of MERS-CoV and Ebolavirus (ZEBOV) VP30 gBlocks and PCR 
amplification of transcription templates 

All DNA polymerase chain reaction (PCR) amplification reactions were 

performed using high-fidelity Phusion DNA polymerase (NEB, Ipswich, MA, USA), 

according to the manufacturer’s instructions. The gBlock double stranded DNA 

surrogates of MERS-CoV and ZEBOV genetic loci were designed to include a T7 RNA 

polymerase promoter at their 5’-ends to enable subsequent transcription. These gBlocks 

were cloned into the pCR2.1-TOPO vector (Life Technologies, Carlsbad, CA, USA) by 

Gibson assembly using the 2 × Master mix (NEB, Ipswich, MA, USA) according to the 
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manufacturer’s instructions. Cloned plasmids were selected and maintained in an E. coli 

Top10 strain. Plasmid minipreps were prepared from these strains using the Qiagen 

miniprep kit (Qiagen, Valencia, CA, USA). All gBlock inserts were verified by 

sequencing at the Institute of Cellular and Molecular Biology Core DNA Sequencing 

Facility. 

For performing in vitro run-off transcription, transcription templates cloned in a 

pCR2.1-TOPO vector were amplified from sequenced plasmids by PCR using Phusion 

DNA polymerase. Final PCR products (MERS-CoV sORF1A and ZEBOV V30 DNA) 

were verified by agarose gel electrophoresis and then purified using the Wizard SV gel 

and PCR Clean-up system, according to the manufacturer’s instructions (Promega, 

Madison, WI, USA). 

Synthetic M. tuberculosis rpoB plasmid was generated with the same protocol 

described in chapter 4. 

5.2.4 Nucleic acid extraction (Extracting MERS-CoV RNA from tissue culture 
derived virons) 

MERS-CoV viral RNA was prepared from infected Vero cell culture supernatants 

(provided by NIH) inactivated with 3:1 ratio of Trizol using the DirectZol RNA miniprep 

kit (Zymo Research, Irvine, CA, USA) according to the manufacturer’s protocol. The 

resulting viral RNA was used immediately and excess was stored at -80 °C. RNA was 

also extracted from similarly treated culture supernatants from uninfected Vero cells to 

serve as negative controls for the amplification assays. 

5.2.5 Synthesis of Inv-FPc conjugate 

The Inv-FPc conjugate was synthesized according to a previously published 

protocol with slight modifications [54]. Invertase was conjugated to the linker by 
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dissolving 2.5 mg of yeast invertase (or TmINV) and 1 mg of the sulfo-SMCC linker in 1 

mL PBS buffer (10 mM Sodium Phosphate, 137 mM NaCl, 2.7 mM KCl, pH 7.4). This 

solution was shaken at 750 rpm for 2.5 hour at room temperature (RT, 25 °C, since the 

NHS-ester group of the sulfo-SMCC is able to react with both amine and sulfhydryl 

groups, while the maleimide cannot react with amine, the conjugation of sulfo-SMCC 

and amine group needs to be carried out first). Subsequently, unreacted reagents were 

removed by filtration through an Amicon-30K filter and the invertase-SMCC conjugate 

was subjected to six washes with PBS prior to resuspension in 850 μL PBS. Meanwhile, 

120 µl of the thiol-labeled oligonucleotide SH-FPc (resuspended at a concentration of 

125 µM in water) was activated for 1 hour at RT by continuously mixing with 15 µL of 

100 mM TCEP. Excess TCEP and salts were subsequently removed by filtration through 

Sephadex G-25. Activated SH-FPc and the invertase-SMCC conjugate were then mixed 

and stirred overnight at 30 °C. Unreacted SH-FPc was removed by filtration through an 

Amicon-30K filter and the Inv-FPc conjugate was subjected to at least six washes. The 

final Inv-FPc conjugate was resuspended in PBS buffer at a concentration of 5 mg/mL 

(determined with a Nanodrop ND-1000 Spectrophotometer) and stored at 4 °C until 

further use. The conjugation efficiency of sulfo-SMCC cross-linking invertase and thiol 

oligonucleotide was calculated to be around 40% in our condition, which is very similar 

to the yield of 50% according to the previous study[54]. 

5.2.6 Preparation of the Inv-FPc/FP/MB conjugate 

Some 200 µL of 1 mg/mL streptavidin coated MBs were transferred into a 1.5 mL 

centrifuge tube and washed with isothermal amplification buffer (20 mM Tris-HCl, 10 

mM (NH4)2SO4, 50 mM KCl, 2 mM MgSO4, 0.1% Tween 20, pH 8.8). The MBs were 

isolated by using an external magnetic rack and resuspended in 100 µL isothermal 
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amplification buffer. 6 µL of 75 µM biotinylated oligonucleotides (biotin-FP, partial 

complement of FPc) were incubated with the MBs on a vertical rotator for 25 min. The 

unbound biotin-FP was removed by washing the FP/MBs in isothermal amplification 

buffer at least 5 times. Finally the FP/MBs were suspended in 50 µL isothermal 

amplification buffer and incubated for 1.5 hour with 10 µL of the 5 mg/mL Inv-FPc 

conjugates on a vertical rotator at RT. After at least five washes with 100 µL isothermal 

amplification buffer to remove excess Inv/FPc, the final Inv-FPc/FP/MB probes (about 2 

mg/mL) were dispersed in 100 µL isothermal amplification buffer and stored at 4 °C until 

further use. 

5.2.7 Detection of mimetic target with OSD-to-glucose transduction 

A series of tubes containing 9 µL aliquots of the 2 mg/mL Inv-FPc/FP/MBs were 

placed close to the magnetic rack for 1 min. The clear solution was discarded and 

replaced by 10 µL of the mimetic target (1A-T, in isothermal amplification buffer) at 

different concentrations. The OSD reactions were allowed to proceed for 1 hour on a 

vertical rotator at RT. The Inv-FPc/FP/MBs were then separated using a magnetic rack 

and aliquots of the supernatant containing released Inv-FPc were transferred into equal 

volumes of 500 mM sucrose. This mixture was incubated for 40 min at 55 °C to allow 

invertase-mediated catalytic conversion of sucrose to glucose. Subsequently, 1 µL of the 

reaction solution was transferred to a glucometer strip and the amount of glucose was 

measured by using a commercially available hand-held glucometer. 

5.2.8 LAMP primer design 

All viral genomic sequences were obtained from NCBI GenBank. All available 

ZEBOV genomic sequences were aligned using MUSCLE and the most conserved 

regions in the VP30 gene were used for designing LAMP primers. PrimerExplorer 4 
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(Eiken, Japan) was used to generate 3 sets of LAMP primers composed of the outer 

primers F3 and B3 and the inner primers FIP and BIP. Primer specificity for all the 

sequenced ZEBOV isolates and a corresponding lack of significant cross-reactivity to 

other nucleic acids of human, related filoviral or pathogenic origin was further assessed 

using NCBI BLAST. All three primer sets were tested by amplification of plasmids 

bearing ebolavirus genomic fragments in standard LAMP reactions. Amplicon 

accumulation was analyzed at end-point by agarose gel electrophoresis and in real-time 

by measuring the incorporation of the intercalating fluorophore EvaGreen. Ultimately 

one of the three primer sets, ZEBOV.3.3 that demonstrated target-dependent 

amplification kinetics and generated minimal spurious amplicons was chosen for further 

assay development. 

5.2.9 Standard LAMP reaction 

Mixtures containing different copies of template (sORF1A, or rpoB, ZEBOV), 1 

μM each B1c-B2 and F1c-F2, 0.25 μM each B3 and F3, 0.5μM LP, 1 M betaine, 2 mM 

MgCl2, and 0.4 mM dNTPs in a total volume of 24 μL 1 × Isothermal 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 (this 

pre-denaturing process is not absolutely necessary but results in improved sensitivity). 

Then, 1 µL (8 U) of Bst DNA polymerase 2.0 was added to initiate the LAMP reaction. 

The reactions (with a final volume of 25 µL) were incubated for 1.5 hour in a thermal 

cycler maintained at 55 °C. A 5 µl aliquot of the reaction mixed with 3 µl of 6 × DNA 

loading dye was then analyzed by electrophoresis through a 1% agarose gel containing 

ethidium bromide. Gel analysis of LAMP products was performed in a room completely 

separate from the normal laboratory space on a different floor of the building. This 
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precaution was taken to minimize the spread of LAMP amplicon contamination. Note: 

The LAMP reaction volume could be increased to 100 µL without losing sensitivity as 

needed. 

5.2.10 Standard reverse transcription (RT)-LAMP reaction 

Mixtures containing different concentrations of MERS-CoV RNA, 1 μM each 

B1c-B2 and F1c-F2, 0.25 μM each B3 and F3, 0.5 μM LP, 1 M betaine, 2 mM MgCl2, 

and 0.4 mM dNTPs in a total volume of 24 μL 1 × Thermopal buffer NEB; 20 mM 

Tris-HCl, 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 0.1% Triton® X-100, pH 8.8 

at 25 °C), 0.5 × AMV RT buffer (NEB; 50 mM Tris-HCl, 75 mM potassium acetate, 8 

mM magnesium acetate, 10 mM DTT, pH 8.3 at 25 °C) were heated to 95 °C for 1 min, 

followed by chilling on ice for 2 min (this pre-denaturing process was not necessary but 

typically results in improved sensitivity). Then, 1 μL (8 U) of Bst polymerase 2.0 and 0.2 

μL (2U) AMV reverse transcriptase were added to initiate the RT-LAMP reaction. The 

reactions were incubated for 1.5 hour in a thermal cycler maintained at 55 °C. A 5 µl 

aliquot of the reaction mixed with 3 µl of a 6 × DNA loading dye was then analyzed by 

electrophoresis through a 1% agarose gel containing ethidium bromide. Gel analysis of 

LAMP products was performed in a room completely separate from the normal 

laboratory space on a different floor of the building. This precaution was taken to 

minimize the spread of LAMP amplicon contamination.  

5.2.11 LAMP-OSD-glucometer transduction 

Standard end-point detection: Protocol 1 and Protocol 2: A series of tubes 

containing 9 μL aliquots of 2 mg/mL Inv-FPc/FP/MBs were placed close to the magnetic 

rack for 1 min. The clear solution was discarded and replaced by 10 μL standard LAMP 

or RT-LAMP reaction products (in isothermal amplification buffer) with different starting 



 111

concentration of templates. The OSD reactions were allowed to proceed for 1 h on a 

vertical rotator at 25 °C (Protocol 1) or 55 °C (Protocol 2). The Inv-FPc/FP/MBs were 

separated using a magnetic rack and 3 μL of the resulting supernatant was transferred into 

separate tubes containing 3 μL of 500 mM sucrose. This mixture was incubated for 23 

min (Protocol 1) and 11 min (Protocol 2) at 55 °C to allow invertase-mediated catalytic 

conversion of sucrose to glucose. Subsequently, 1 μL of the reaction solution was 

transferred to a glucometer strip and the glucose concentration was measured using a 

commercially available hand-held blood glucometer. All the 25 °C steps were performed 

on the laboratory bench while the 55 °C steps in Protocol 2 were performed in an 

incubator maintained at 55 °C.  

Standard one-tube LAMP-OSD transduction: Protocol 3: A series of tubes 

containing 9 μL aliquots of 2 mg/mL Inv-FPc/FP/MBs were placed close to the magnetic 

rack for 1 min. The clear solution was discarded and replaced by 50 μL standard LAMP 

or RT-LAMP reaction reagents. The one-tube LAMP plus OSD reactions were performed 

for 1.5 hour on a vertical rotator kept inside an incubator maintained at 55 °C. The 

Inv-FPc/FP/MBs were then separated using a magnetic rack at 55 °C and 3 μL of the 

resulting supernatant was transferred into tubes containing 3 μL of 500 mM sucrose. This 

mixture was incubated for 15 min at 55 °C to allow invertase-mediated catalytic 

conversion of sucrose to glucose. Subsequently, 1 μL of the reaction solution was 

transferred to a glucometer strip and the glucose concentration was measured using a 

commercially available glucometer. 

5.2.12 Reproducibility and stability tests for Inv/FPc/FP/MBs 

The stability and reproducibility tests were mostly performed with Protocol 1. The 

reproducibility test was carried out by comparing three parallel assays for detecting both 
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“sORF1A positive samples (2 × 104 copies)” and “buffer negative controls” using 

Inv-FPc/FP/MBs prepared on three consecutive days, respectively. The stability test was 

carried out by measuring “sORF1A positive samples (2 × 104 copies)” every 2 to 20 days 

for a total of 60 days. 

5.2.13 OR gate platform 

The procedures for the preparation of Inv-1A-FPc and Inv-upE-FPc conjugates 

were the same as that of Inv-FPc. The Inv-1A-FPc/ Inv-upE-FPc/OR-P/MBs conjugates 

were prepared as follows: First, 3 μL of 150 μM biotin-ORP, 5 μL of 5 mg/mL 

Inv-1A-FPc and 5 μL of 5 mg/mL Inv-upE-FPc were mixed in 18 μL of 2 × isothermal 

amplification buffer. This mixture was heated at 95°C for 5 min and slowly cooled to 

room temperature at a rate of 0.1°C /s to obtain the Inv-1A-FPc/Inv-upE-FPc/OR-P 

complex. Second, 200 μL of 1 mg/mL streptavidin-coated MBs were transferred into a 

1.5 mL centrifuge tube and washed in 1× isothermal amplification buffer with the aid of 

an external magnetic rack. The resulting MBs were resuspended in 50 μL 1× isothermal 

amplification buffer and then incubated for 25 min with 36 μL of 

Inv-1A-FPc/Inv-upE-FPc/OR-P solution on a vertical rotator. Following five washes with 

100 μL isothermal amplification buffer to remove excess Inv-1A-FPc/Inv-upE-FPc/OR-P, 

the Inv-1A-FPc/Inv-upE-FPc/OR-P/MBs conjugates were resuspended and stored at 4 °C 

for further use.  

OR gated LAMP-to-Glucometer detection was performed using Protocol 1 as 

detailed above. RT-LAMP amplicons were generated from the same amount of 

MERS-CoV RNA (2.5 × 105 PFU/mL) by using either no primer, upE primer (upE.9) 

only, 1A primer (ORF1A.55) only, or both upE.9 and ORF1A.55 primers, respectively. 
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5.2.14 Detection of Zaire Ebolavirus (ZEBOV) using LAMP-to-glucose transduction 

ZEBOV detection was realized by using ZEBOV VP30 synthetic target and by 

replacing MERS-CoV-specific reagents with ZEBOV.3.3 LAMP primer set (containing 

FIP, BIP, F3 and B3) and the ZEBOV-FP/Inv-ZEBOV-FPc probe complex. For ZEBOV 

detection in complex samples, different amounts of the ZEBOV VP30 synthetic template 

(in H2O) was freshly added into human saliva before use. For each 25 µL LAMP reaction, 

the mixture contained 5 μL of saliva, and the final volume ratio of saliva in each reaction 

was therefore 20%, respectively. 

5.2.15 Detection with human saliva samples 

Saliva was directly collected from one of our lab members, following a 10 hour 

fast. A 1 mL sterile syringe (BD, Franklin Lakes, NJ) with no needle was inserted under 

the tongue and slowly pulled to collect ~100 μL saliva. Following collection, a 10 μL 

saliva sample was mixed with 1 μL of different amounts of ZEBOV VP30 synthetic 

template. The 11 μL sample was then heated at 95 °C for 5 min immediately. After 

cooling to room temperature, approximately half of this sample was used in the LAMP 

reaction. 

5.3 RESULT 

5.3.1 Adapting isothermal amplification to a glucometer 

Our process of adapting isothermal amplification to the glucometer can be divided 

into three steps (Figure 5.1): i) isothermal amplification; ii) strand displacement to release 

invertase and separation of the released invertase; iii) production of glucose by the 

released invertase and readout via a glucometer.   

A synthetic segment of MERS-CoV genome (corresponding to sORF1A[173], 

was initially used as a model analyte. A standard LAMP reaction was carried out to 
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produce flower-like amplicons that had four kinds of single-stranded loops, positioned 

between F2-F1 (F-target), F2c-F1c (F-probe), B2-B1 (B-probe), and B2c-B1c (B-target), 

respectively (Figure 5.1, Step I). In the second step (Figure 5.1, Step II), LAMP 

amplicons were mixed with magnetic beads containing a hemiduplex oligonucleotide 

strand displacement probe (OSD) that was constructed by hybridizing an oligonucleotide 

complementary to the F-target (FP) with an antisense strand conjugated to invertase 

(Inv-FPc). The F-target itself (domain 2-1 in Figure 5.1) is localized within an amplicon 

loop. It can initiate strand displacement of the OSD by binding to toehold domain 1* on 

FP, ultimately leading to the displacement of Inv-FPc (domain 2). After magnetic 

separation of the beads, the displaced Inv-FPc hydrolyzes sucrose into the 

monosaccharides glucose and fructose (Figure 5.1, Step III) and the resulting glucose is 

then detectable by using any commercial blood glucose meter (Figure 5.1, Step III). 

The steps were initially validated separately. A 5-primer LAMP reaction for 

sORF1A had previously been developed in our laboratory[175] and was found to detect 

as few as 5 to 50 PFU/ml of MERS-CoV in infected cell culture supernatants (Step I). 

Yeast invertase was conjugated to FPc [54] and could still successfully hydrolyze sucrose 

at its optimum temperature, 55 °C (Figure 5.2A). While we directly hybridized the 

invertase conjugates to beads, initial purification of the DNA-invertase conjugates prior 

to hybridization may further improve signal generation [182]. The efficiency of strand 

displacement (Step II) was assessed using DNA mimic of the LAMP loop (1A-T). Strand 

displacement of an invertase conjugate was measured as a function of 1A-T 

concentration, and as little as 1 nM of oligonucleotide could be detected by a glucometer 

after 40 min (Step III, Figure 5.3). We anticipated that LAMP should produce at least 5 

nM each amplicon loops to initiate strand displacement. 
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Figure 5.1: Scheme for adapting isothermal amplification to a glucometer. 

The detection scheme includes three steps: i) isothermal LAMP amplification of the 
target viral RNA/DNA produces flower-like amplicons containing four kinds of 
single-stranded loops, positioned between the target loci F2-F1 (F-target), F2c-F1c 
(F-probe), B2-B1 (B-probe), and B2c-B1c (B-target), respectively; ii) one of the LAMP 
loops (e.g., F-target) initiates a one-step strand displacement (OSD) reaction to release 
the Inv-FPc reporter sequence from FP conjugated to magnetic beads; iii) after magnetic 
separation, the released invertase on Inv-FPc reporter produces glucose and is read via a 
glucometer..  
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Figure 5.2: Temperature dependence of yeast invertase. 

(A) Temperature dependence of yeast invertase-FPc conjugate (Inv-FPc) activity. At each 
temperature, a 1.8 μL mixture containing 1.8 μg Inv-FPc/FP/MBs and 250 mM sucrose 
was incubated for 3 min, followed by measurement of glucose yielded using a glucometer. 
(B) Time dependence of yeast invertase inactivation. After pre-heating at 55 °C for 
variable periods of time (0 min, 5 min, 10 min, 15 min, and 30 min) in the absence of 
sucrose, 50 μg/mL yeast invertase (270 kDa) was mixed with 500 mM sucrose at a 1:1 
volume ratio and further incubated at 55 °C, followed by a glucometer measurement 
every 5 min. (C) Time dependence of thermostable yeast invertase (TmINV) inactivation. 
Experiments were similar to those shown for (B), except that 10 μg/mL thermostable 
invertase (55 kDa) was used. For all experiments in (B) and (C), 25 mg/dl glucose was 
also manually spiked into the sucrose solution to guarantee there was a readable signal on 
the glucometer. The error bars represent standard deviations calculated from two parallel 
assays 
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Figure 5.3: Detection of DNA mimic of the LAMP loop (1A-T) using the 
OSD-to-glucose transduction. 

1A-T directly initiates a one-step strand displacement (OSD) reaction to release the 
Inv-FPc reporter sequence from the capture FP sequence conjugated to magnetic beads. 
After magnetic separation, the released Inv-FPc reporter sequence is then detected by the 
production of glucose by the conjugated invertase and readout via a glucometer. (A) 
Kinetic curves of glucose generation in presence of different concentrations of 1A-T and 
1 μM non-specific sequence (random sequence). (B) Concentration dependence of 1A-T 
using the 40 min glucometer signal collected from (A). For these assays a commercially 
available yeast invertase was used with 1 hour 25 °C OSD. The error bars represent 
standard deviations calculated from two parallel assays 

5.3.2 Demonstrating LAMP-to-glucose transduction. 

Following the demonstration of individual components, the three steps were 

integrated for MERS-CoV detection. Initial integration was via sequential transfer 

between different reservoirs. This was in part because the temperatures required for each 
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step were different: both LAMP and glucose production worked at 55 °C, while OSD and 

magnetic separation were at room temperature. The LAMP amplicons (10 μL) were 

mixed with Inv-FPc/FP modified magnetic beads (18 μg) and incubated for 1 hour prior 

to magnetic separation and transfer of the supernatant into a 500 mM sucrose solution. 

After 40 minutes, glucose produced by the action of the released invertase was read using 

the glucometer.  

This sequential processing led to the definitive detection of a synthetic template 

representing sORF1A (at least 35 mg/dl or higher glucometer signals) relative to negative 

controls (isothermal amplification buffer with no sORF1A template or non-cognate 

templates, such as rpoB) (Figure 5.4 and Figure 5.5). While as few as 20 copies of the 

template could be detected, there was no dose-discrimination, as might have been 

expected for a robust amplification reaction such as LAMP. 
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Figure 5.4: Sensitive and specific detection of synthetic MERS-CoV DNA (sORF1A) 
using LAMP-to-glucose transduction. 

The bar-graph presents glucometer responses to both non-target (rpoB DNA = RPOB) 
and different amounts of target (MERS-CoV-sORF1A = MERS) templates. N-1, N-2, 
P-1 to P-4 were amplification reactions with the ORF1A.55 MERS-CoV primer set. 
Cognate targets (P) respond while non-cognate targets or negative controls (N) do not. 
Assays included a 1.5 hour 55 °C LAMP reaction, 1 hour 25 °C OSD, and 40 min 55 °C 
glucose generation using a commercial invertase. The error bars represent standard 
deviations calculated from two to four parallel assays.  
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Figure 5.5 Agarose gel electrophoretic characterization of LAMP amplicons produced 
from target and non-target templates. 

N-1, N-2, P-1, P-2, P-3 represent LAMP reactions amplified from 200 copies, 2 × 104 
copies, and 2 × 106 copies of MERS-CoV sORF1A DNA (=MERS), buffer control, and 7 
× 105 copies of non-specific target control (RPOB), in presence of the MERS-CoV 
specific primer set, OSF1A.55. N-3 represents LAMP reaction amplified from 7 × 105 
copies of non-specific target control (RPOB) in presence of a RPOB specific primer set. 
For each sample, LAMP reaction is carried out at 55 °C for 1.5 hour. Then a 5 µl aliquot 
of the each reaction mixed with 3 µl of 6 × DNA loading dye is analyzed by 
electrophoresis through a 1% agarose gel containing ethidium bromide. 

5.3.3 Adapting LAMP-to-glucose transduction to RNA detection with thermostable 
invertase. 

In order to detect MERS-CoV itself, rather than a synthetic template, the basic 

integrated protocol had to be modified by introducing a reverse transcription step as a 
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precursor to the LAMP reaction. The optimized RT-LAMP allowed the direct 

amplification of RNA isolated from Trizol-inactivated MERS-CoV (Jordan n3/2012 

strain)-infected Vero cell culture supernatants (Figure 5.6). These nucleic acid samples 

contained both MERS-CoV virions along with defective interfering (DI) particles 

(MERS-CoV RNA). Nonetheless, MERS-CoV sequences were detected specifically 

relative to negative controls, and any parasitic amplicons that were randomly generated 

during RT-LAMP did not yield false positive responses (Figure 5.6A, N-2 and Figure 

5,6B, N-2). Surprisingly, the signal intensity increased to ~60 mg/dl (compare with 

Figure 5.4A), even though less time was allowed for glucose generation (23 min vs 40 

min, Step III).  

The improved performance could be explained in part by the fact that we 

switched from a mesophilic yeast invertase to a higher performance thermostable 

invertase derived from the hyperthermophilic bacteria, Thermotoga maritime (TmINV). 

By using TmINV we were able to detect as few as 0.06 plaque forming units (PFU) or 2 

μL 30 PFU/mL (in each 25 μL LAMP reaction) of MERS-CoV virions in infected cell 

culture supernatants with a 1.5 hour LAMP reaction. This was in turn estimated to be 

about 100 copies of RNA based on real-time reverse transcription PCR (Figure 5.7) [175]. 

Moreover, assays performed with a much shorter LAMP reaction (10 rather than 90 min) 

suggested that the signal-to-noise was more than adequate to detect the virus (Figure 5.6B, 

N-3 and P-4).  
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Figure 5.6. Detection of MERS-CoV RNA from tissue culture-derived virions through 
reverse transcription and LAMP amplification (RT-LAMP). 

(A) Agarose gel electrophoretic characterization of RT-LAMP amplicons from samples 
containing RNA extracted from 60 PFU of MERS-CoV virons (or 2 μL 3 × 104 PFU/mL) 
(P-3) or samples lacking MERS-CoV RNA (N-1 and N-2). For each sample, the LAMP 
reaction was carried out at 55 °C for 1.5 hours and developed on a 1% agarose gel stained 
with ethidium bromide. (B) Glucometer responses for amplification reactions with RNAs 
extracted from 0.06 (P-1), 0.6 (P-2), 60 (P-3 and P-4) PFU MERS-CoV virions (2 μL) 
and with RNA-negative samples (N-1, N-2, and N-3). Samples underwent 1.5 hour or 10 
min 55 °C RT-LAMP reactions, 1 hour 25 °C OSD, and 23 min 55 °C glucose generation 
with thermostable invertase. The signals shown in N-1, N-2 and P-3 in Figure 5.6B were 
obtained from the same RT-LAMP reactions as the N-1, N-2, and P-3 samples shown in 
(A). It should be noted that the LAMP reaction for sample N-2 produces non-specific 
amplicons but these do not produce a false positive glucometer signal. The error bars 
represent standard deviations calculated from three parallel assays. 
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Moreover, in order to ensure that the programmed molecular interactions would 

potentially function in an off-the-shelf device, we determined the reproducibility of 

assays following preparation and storage of the reagents. Initial reproducibility assays 

were carried out by comparing assays in triplicate using Inv-FPc/FP/MBs that were 

prepared on three consecutive days (Figure 5.8A). As expected, very small deviations 

were seen between all nine sets of measurements (1.26 mg/dl and 4.37 mg/dl for negative 

and positive responses, respectively, both of which were below 6% of their average 

signals). We further tested the stability of Inv-FPc/F-probe/MBs by measuring 

responsivity to 2 × 104 copies of sORF1A every 2 to 20 days (Figure 5.8B). Reproducible 

performance could be observed over at least 60 days when the reagents were stored at 4 

oC. 
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Figure 5.8 Stability and reproducibility of modified magnetic beads. 

(A) LAMP-to-glucose assays with 2 × 104 copies of MERS-CoV sORF1A target DNA 
(Day 1, Day 2, and Day 3, red) and buffer controls (Day 1, Day 2, and Day 3, green), 
carried out with conjugated magnetic beads (Inv/FPc/FP/MBs) that were prepared on 
three different days. On each day, three parallel assays were carried out with both the 
target MERS-CoV sORF1A DNA and buffer controls. A total of nine assays were 
performed for both the sORF1A target and buffer controls. Assay conditions were 
otherwise the same as in Figure 5.6. (B) Time dependence of glucometer responses to 
LAMP amplicons generated from 2×104 copies of sORF1A using a single preparation of 
Inv/FPc/FP/MBs. The error bars represent standard deviations calculated from three 
parallel assays. 

5.3.4 Integrating LAMP-to-glucose detection in one tube with thermostable 
invertase. 

To begin to integrate amplification with detection in one reaction and on one 

platform, we developed two additional methods (Protocol 2 and Protocol 3) in which 

OSD was carried out at 55 o C rather than at room temperature (25 o C). The toehold in 

the FP strand was designed with 10 nucleotides in order to ensure robust interactions with 
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the F-target in the LAMP loops, even at higher temperatures. Initially, we just repeated 

the method described above (Protocol 1) in which amplification, separation, and glucose 

generation steps were carried out separately and aliquots were transferred, except that all 

steps were now at 55 o C (Protocol 2). Glucose was again read as an end-point of the 

assay, and a positive signal (with similar signal amplitude over negative control as 

Protocol 1) could be read after only 11 minutes, with RNA extracted from 5 × 104 

PFU/mL MERS-CoV virus. There was slightly higher background at the higher 

temperature, and the overall signal-to-noise ratio decreased by a factor of two (Figure 

5.9). 

These results encouraged the development of an even simpler method in which 

the amplification and strand displacement steps occurred in the same tube (Protocol 3). 

Following the transfer of released thermostable invertase from magnetic beads (and 

still-bound invertase), the addition of sucrose can again lead to glucose development. The 

signal, background, and signal-to-noise ratio for this method were similar to those seen 

for Protocol 2 (Figure 5.9).  

The use of thermostable invertase was critical for the development of the one tube 

assay. Although the mesophilic yeast invertase is more commonly used [54, 177, 178, 

183], it is only stable in the presence of its substrate, sucrose. This would be problematic 

for any assay, but in addition the mesophilic yeast invertase was incompatible with the 

incubation temperatures for isothermal amplification. The yeast enzyme showed no 

activity after 10 min of incubation alone at 55 oC.  
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Figure 5.9 Realization of high temperature OSD and one-tube LAMP-OSD transduction 

The graph shows the signal amplitude (ΔGlucose meter signal, positive signal – negative 
signal, left y-axis, rectangles) and signal-to-background ratio (positive signal / negative 
signal, right y-axis, dots) of the three sensing protocols. Positive signal is glucometer 
response to RNA extracted from 60 PFU MERS-CoV. Negative signal is glucometer 
response to buffer negative control. Protocol 1: 1.5 hour 55 °C RT-LAMP, 1 hour 25 °C 
OSD, and 23 min 55 °C glucose generation is carried out in a sequential pathway. 
Protocol 2: 1.5 hour 55 °C RT-LAMP, 1 hour 55 °C OSD, and 11 min 55 °C glucose 
generation is carried out in a sequential pathway. Protocol 3: RT-LAMP and OSD is 
carried out simultaneously (in one tube) at 55 °C for 1.5 hour, followed by 15 min 55 °C 
glucose generation. The thermostable invertase was used in all these experiments. The 
error bars represent standard deviations calculated from two parallel assays. 
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5.3.5 LAMP-to-glucose transduction can be readily adapted to different molecular 
targets. 

Using the same methods that were worked out for MERS-CoV, it proved possible 

to immediately develop amplification reagents and probe sets for the Zaire 

Ebolavirus (ZEBOV or Zaire Ebola) virus. A synthetic segment of ZEBOV genome 

(corresponding to a portion of the VP30 gene, ZEBOV VP30) was chosen as an analysis 

template, and primers were designed that yielded specific and robust amplification. The 

FP/Inv-FP duplex (for MERS-CoV) on magnetic beads was swapped with a probe set for 

ZEBOV VP30 (ZEBOV-FP/Inv-ZEBOV-FPc) that released Inv-ZEBOV-FPc only in 

response to a F-target loop in an ZEBOV VP30 amplicon. As shown in Figure 5.10, as 

few as 150 copies of this template displayed a glucometer signal that was at least 90 

mg/dL than the negative buffer control (N-1) or non-specific templates (MERS-CoV 

sORF1A, N-2). As with MERS-CoV, a molecular amplifier and transducer that could 

potentially be used as a field test for the ZEBOV virus can be readily envisioned based on 

these results 
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Figure 5.10 Detection of synthetic ZEBOV DNA (ZEBOV-VP30) using LAMP-to- 
glucose transduction 

Glucometer responses to 150 copies (P-1), 1.5 × 103 copies (P-2) and 1.5 × 104 copies 
(P-3) of synthetic ZEBOV VP30 (= ZEBOV) or to a DNA buffer control (0 copies, N-1). 
N-2 is the negative control for OSD signal transduction reaction and shows no response 
even in the presence of an amplification reaction seeded with 2 × 104 copies of the 
non-cognate MERS-CoV sORF1A (= MERS) template and appropriate MERS-specific 
primers. Reaction conditions were as in Figure 5.6. The error bars represent standard 
deviations calculated from two parallel assays. The thermostable invertase was used in 
these experiments. 

5.3.6 Molecular computation improves the robustness of sensing. 

One of the key problems with any molecular assay is false signals, either false 

negatives or false positives. This is especially true for isothermal amplification reactions, 

in part because of non-specific amplification background that can yield false positive 

signals, and in part because complex amplification reactions can fail and thereby yield 
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false negative signals. Strand exchange DNA circuitry and nano-technology has been 

proven very helpful in realizing more robust and intelligent reaction and signaling [160, 

184, 185]. We have demonstrated that OSD transduction and a previously developed 

AND gate can be used to guard against false positives[39]. Now we show how an OR 

gate can guard against false negatives induced by inadvertent failure of a LAMP reaction.  

A strand exchange OR gate was developed that responds to either one of two 

LAMP products, one amplified from the ORF1A region or the other from the upE region 

on MERS-CoV RNA. Briefly, F-target loops amplified from either the ORF1A region 

(1A-F-target) or the upE region (upE-F-target) were designed to bind to domains 1* or 3* 

on OR-P, respectively, and thereby trigger one of two different toehold-mediated strand 

displacement reactions (displacing, respectively, Inv-1A-FPc or Inv-upE-FPc away from 

OR-P) (Figure 5.12A).  

This molecular scheme was first implemented with upE-T and 1A-T, two linear 

oligonucleotides that mimicked the MERS target. Both oligonucleotides yielded a 

positive response individually, and together they showed almost double the positive 

signal (Figure 5.11). When MERS-CoV RNA was used as input either or both inputs 

again yielded a positive signal (Figure 5.12B). 
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Figure 5.11 OR gate glucometer responses to DNA mimics of the LAMP loops (1A-T 
and upE-T) amplified from two regions on the MERS-CoV genome. 

(A) True value table of OR gate with 1A-T and upE-T as two inputs. (B) OR gate 
glucometer responses to buffer control (0-0), 500 nM 1A-T (0-1), 500 nM upE-T (1-0), 
500nM 1A-T and upE (1-1) mixture, and a 1 μM non-specific input (Random C) control. 
The thermostable invertase was used in these experiments, with a 1.5 hour 55 °C 
RT-LAMP, 1 hour 25 °C OSD, and 23 min 55 °C glucose generation cycle. The error bars 
represent standard deviations calculated from two parallel assays. 
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Figure 5.12 Using an OR gate to improve the robustness of sensing. 

(A) OR gate design. Either the ORF1A region or the upE region of amplicons produced 
from a MERS-CoV template could initiate OSD. The respective amplicons will displace 
either an Inv-ORF1A-Fc or an Inv-upE-FPc specific reporter strand bound to the 
complementary OR-P capture strand attached to magnetic beads. Either or both released 
invertases will lead to a glucometer response. (B) Performance of the OR gate with RNA 
extracted from 60 PFU MERS-CoV virons amplified with either no primers, with the 
upE.9 and ORF1A.55 individually, or with a combination of the upE.9 and ORF1A.55 
primers. Reaction conditions were as in Figure 5.6. The error bars represent standard 
deviations calculated from two parallel assays. The thermostable invertase was used in 
these experiments. 
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5.4 DISSUSION  

One of the key issues with the development of point-of-care or point-of-need 

diagnostics, especially in resource-poor settings, is the lack of sophisticated equipment to 

carry out measurements and the lack of sophisticated users to interpret the subsequent 

results. We therefore decided to adapt molecular amplification assays to glucometers, a 

device that is almost ubiquitous, and whose interpretation has become standardized 

across many users. We show how an isothermal amplification reaction can lead to the 

production of amplicons that specifically strand exchange invertase, which in turn leads 

to the production of an easily read glucose signal from an otherwise inert sucrose sample. 

The sensitivity of the assays was mainly provided by the powerful signal amplification 

properties of LAMP, while selectivity was provided by both the hybridization 

specificities of the LAMP primers and of the interaction of LAMP product loops with 

strand displacement reactions probes. 

These technologies were applied to an important public health problem: the 

detection of viruses that have the capability to cause epidemics. We have successfully 

shown the assay could provide trustworthy “YES-or-NO” answers for the presence of 

even small amounts of MERS-CoV in a complex mixture. The sensitivities obtained were 

on the order of atto-molar (or low zepto-mole) ultra-sensitivity with either DNA or RNA 

templates. We then demonstrated that by simply changing the primer and probe 

sequences, the same assay could be easily reconfigured for the Zaire variant of the Ebola 

virus with similar sensitivities.  

While qPCR is a gold standard for molecular diagnostics, it remains difficult to 

implement in resource-poor settings and at point-of-need or point-of-care, and can still 

yield false-positive results (Figure 5.7). The isothermal amplification reactions and 

transducers we have developed are similarly sensitive, but also extremely robust to field 
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conditions, including variations in temperature, time of incubation, volume, and reagent 

storage. We have investigated several different configurations of the assay, all of which 

have proven successful. The LAMP reaction can be carried out at 55°C ± 10 °C. The 

OSD transducer and glucose generation can be carried out at any temperature between 

25 °C to 65 °C. Even though 1.5 hour LAMP and 1 hour OSD reactions were used 

throughout we estimate that the integrated the detection of viral pathogens might be 

completed within as short as 25 min (10 min LAMP (Figure 5.6), 10 min OSD21, and 5 

min glucose production). The total reaction volume may be compressed, although likely 

not to less than 20 μL. The most important reaction component, the 

invertase-DNA-magnetic bead assembly, can be stored at 4 °C for at least 60 days 

without losing significant activity.  

One issue with the transduction to glucose and readout by a glucometer is the 

potential presence of different levels of background glucose in biological samples. For 

more complex samples where endogenous glucose may affect virus detection, it may be 

possible to first remove background glucose or to do background subtraction by 

recording the ambient glucose level in the sample. This will be of less importance with 

the detection of MERS-CoV or ZEBOV in oral or other non-blood or non-urine samples. 

For example, viral loads in a MERS-CoV patient are as high as 1-2 × 106 copies per mL 

in the lower respiratory tract, 1 × 103 copies per mL in stool, and 5-6 × 103 copies per mL 

in an oronasal swab [186]. It was reported that there should be even more detectable 

MERS-CoV virus in sputum or saliva than in oronasal swabs [187]. Given the excellent 

limit of detection (0.06PFU or 100 copies) we have observed, these clinically relevant 

limits should be observed against a moderate glucose background. For example, the 

average level of glucose in fasting saliva in non-diabetics is around 6 mg/dl, which would 

show a “LO” symbol in the glucometer and is small relative to our ~60 mg/mL signal 



 135

amplitude [188]. Similarly, RT-PCR results [189, 190] suggest that ZEBOV can also be 

detected in low glucose samples such as saliva, stool, and tears during the acute period of 

illness. Thus, while glucose interference should be taken into account during assay 

development, it should not obscure reliable, robust detection of viral pathogens via our 

transduction method. While for patients with type 1 diabetes, although the level of 

glucose would increase to as high as 15 mg/dl [191] in saliva, the detection result still can 

be calibrated by background subtraction. However, given that type-1 diabetic patients 

usually have blood glucose levels ranging from 40 to 500mg/dl, which will possibly 

result in a background exceeding the maximum detectable signal of the glucometer 

(600mg/dl), adaptation of this method for detecting pathogens in their blood samples will 

be greatly limited.  

We have proven the ZEBOV VP30 template can be detected when it is spiked 

into human saliva samples (Figure 5.13). Human saliva was directly used after 5 min 

pre-heating (at 95 °C). The LAMP-OSD-glucometer method showed true positives in 

20% saliva samples (Figure 5.13), without losing any sensitivity compared to pure buffer 

(Figure 5.10).  

Besides the background glucose in clinical samples, another issue with the 

glucose read-out is effect of device variance on assay accuracy. According to ISO 15197 

blood glucose meters must provide results that are within 20% of a laboratory standard 

95% of the time, therefore different glucometers of the same or different brands could 

significantly vary from the thresholding level we set above. Beyond this, a variety of 

factors can affect the accuracy of the read-out even if we used the same glucometer and 

electrodes, such as dirt on meter, humidity, and aging of test strips. Therefore, although 

we can detect pathogens with this method in a well-controlled laboratory setting, it is still 

a long way from a robust, easy-to-operate and user-friendly point-of-care technology.  
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Figure 5.13 Detection of synthetic ZEBOV DNA (ZEBOV-VP30) using 
LAMP-to-glucose transduction in human saliva. 

Glucometer responses to 1×102 copies (P-1), 1×103 copies (P-2) and 1×104 copies (P-3) 
of synthetic ZEBOV VP30 (= ZEBOV) or to a DNA buffer control (0 copies, N-1) in the 
presence of 20% human saliva. Reaction conditions were as in Figure 5.6. The error bars 
represent standard deviations calculated from two parallel assays. The thermostable 
invertase was used in these experiments. 

5.5 CONCLUSION  

Herein, we show that isothermal amplification methods and nucleic acid strand 

exchange reactions can be used to transduce MERS-CoV virions into signals that can be 

easily read by a commercial glucometer. As few as 20 nucleic acid templates or 0.06 PFU 

of inactivated virus could be detected. ZEBOV virus could be detected by simply 

reconfiguring the primers and probes used for transduction. The nucleic acid strand 

exchange reactions were particularly amenable to further development for point-of-care 

applications, in that they were modular, programmable, and relatively insensitive to 

temperature and storage. These features were further highlighted by demonstrating that 
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false negative reactions could be avoided by programming an OR gate into the 

transducer.  
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