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ABSTRACT: Switch-like reactions are common in the natural world; they are vital to basic cellular operations such as signaling 

and genetic regulation.  Synthetic systems have aimed to reproduce this effect for applications from DNA computing to molecular 

diagnostics.  These systems can produce switch-like behavior, but typically respond to nanomolar input of target molecule.  We 

report a novel DNA amplification chemistry that has two switch-like characteristics.  First, the chemistry is biphasic, with a low-

gain initial phase and plateau followed by a high gain burst of signal.  Second, the reaction kinetics can produce a large ultrasensi-

tive jump in signal during the second phase.  Reaction output at each stage can be rationally tuned based on DNA association ther-

modynamics.  The chemistry is one-step, isothermal, and can be adapted to respond to a broad range of input target molecules.  

This isothermal DNA amplification reaction could potentially impact a variety of disciplines such as synthetic biology, biosensors, 

DNA computing, and clinical diagnostics. 

Switch-like responses to input stimuli are ubiquitous in na-

ture.  This switching behavior is common in cell signaling, 

transcription, and genetic regulatory networks; it is commonly 

accepted that these switches react decisively to a true signal 

while filtering out noise1.  These biological switches typically 

have two defining characteristics: the first is a definitive “on” 

and “off” state, and the second is a large ultrasensitive jump in 

output when above a threshold input.  Ultrasensitivity can 

stem from a variety of mechanisms2 such as molecular titra-

tion3, sponging4, multistep signaling5, homo-multimerization6, 

zero-order ultrasensitivity7, or cooperativity8,9.  Researchers 

are using these mechanisms to create biomimetic switches, as 

they have noted the utility of ultrasensitive amplification ki-

netics in biosensors, genetic logic gates, DNA circuits, and 

materials that are required to be highly responsive10-12.   

Several studies have reported switch-like behavior in syn-

thetic biochemical systems.  Ion channels can be repurposed 

into biosensor switches by preventing channel dimerization in 

the presence of an target antigen, thus turning on in the pres-

ence of target13.  DNA oscillators can switch between an “on” 

and “off” state by combining DNA degradation with a DNA 

amplification reaction14.  The authors noted that the oscillatory 

effect could be achieved through non-linear DNA amplifica-

tion instead of non-linear DNA degradation, but the former is 

currently difficult to obtain and manipulate.  Structure-

switching sensors such as aptamers15 and molecular 

beacons16,17  change conformation in the presence of a specific 

target molecule.  When properly designed, structure-switching 

biosensors can also create Hill-type ultrasensitive kinetics: 

biosensors with two cooperative binding sites produce an ul-

trasensitive response if the affinity of the target for the second 

site is altered by target association to the first site11,12,18.  These 

exciting biomimetic systems can stably produce simple, digital 

(yes/no) outputs with nanomolar trigger inputs, but they have 

not yet been designed for low input target concentrations.  A 

single cell can contain as few as 10 microRNA molecules per 

cell19, and clinically relevant DNA and RNA concentrations 

range from hundreds of picomolars to attomolar in range20.  

Clinically relevant protein concentrations are often in the 

femtomolar range21.  While previous studies explored sensors 

that turn on and off with ultrasensitive Hill-type kinetics or 

created controlled switches, they do not have the subsequent 

high-gain amplification required for low target concentrations.   

We present a simple, tunable nucleic acid amplification 

method with an endogenous switching mechanism.  The 

method exploits a naturally occurring stall in the amplification 

reaction, which produces a low-level signal.  Upon surpassing 

a threshold, the reaction enters a high-gain second phase 

“burst”, producing a signal that ranges from ten to one hun-

dred times the base DNA amplification reaction.  We hypothe-

size that cooperative opening of a stable looped DNA template 

creates the high-gain burst.  Output kinetics can be tuned to 

create an ultrasensitive jump that resembles a definitive switch 

turn-on.  The reaction is isothermal and rapid, with a sub-

picomolar limit of detection for input trigger DNA.  These 

oligonucleotide triggers can be produced from proteins22-26, 

genomic bacterial DNA27, viral DNA28, microRNA29, or 

mRNA30, making this technique applicable to a broad range of 

biological sensors. 

Reagents.  UltraPure™ Tris-HCI pH 8.0, RNase free 

EDTA, RNase free MgCl2, RNase free KCl, Novex™ TBE 

Running Buffer (5X), 2X TBE-Urea Sample Buffer, Novex™ 

TBE-Urea Gels, 15%, SYBR® Gold Nucleic Acid Gel Stain, 

and SYBR® Green II RNA Gel Stain were purchased from 

Thermo Fisher Scientific (Waltham, MA).  Nuclease-free wa-

ter and oligo length standard 10/60 were purchased from Inte-

grated DNA Technologies, Inc. (Coralville, IA). Nt.BstNBI 

nicking endonuclease, Bst 2.0 WarmStart® DNA Polymerase, 

10x ThermoPol I Buffer, dNTPs, BSA, and 100 mM MgSO4 

were purchased from New England Biolabs (Beverly, MA).  
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Oligonucleotides were ordered from two different sources to 

avoid trigger contamination in templates.  Desalted amplifica-

tion templates were purchased from Integrated DNA Technol-

ogies (Coralville, IA) suspended in IDTE Buffer at a concen-

tration of 100 µM. Templates were modified with an amino 

group on the 3’ end to prevent template extension. All desalted 

trigger oligonucleotides were purchased from Eurofins Ge-

nomics (Louisville, KY) suspended at a concentration of 50 

µM in TE Buffer.  Triggers were diluted in nuclease-free wa-

ter in a separate room to prevent contamination. 

Template design and thermodynamics.  Thermodynamics 

of the template stem loops were determined using the Mfold 

web server31, an open source software that uses empirical free 

energies of DNA hybridization32 that have been corrected for 

salt concentration33 (http://unafold.rna.albany.edu/?q=mfold).  

The free energies of association between the template and 

trigger, template and elongated trigger, product dimers, and 

double stranded templates were determined using the DI-

NAmelt application, two-state melting 

(http://unafold.rna.albany.edu/?q=DINAMelt/Two-state-

melting).  To determine the free energy of toehold association, 

the software input was the sequence of the toehold and the 

toehold reverse compliment.  All settings used were kept at the 

default software parameters, except for temperature (55°C) 

and salt concentration ([Na+] = 60mM, [Mg++] = 6mM).   

Biphasic Amplification Reactions.  The amplification reac-

tion mixture contained 1x ThermoPol I Buffer [20 mM Tris-

HCl (pH 8.8), 10 mM (NH4)2SO4, 10 mM KCl, 2 mM MgSO4, 

0.1% Triton® X-100], 25 mM Tris-HCl (pH 8), 6 mM 

MgSO4, 50 mM KCl, 0.5 mM each dNTP, 0.1 mg/mL BSA, 

0.2 U/µL Nt.BstNBI, and 0.0267 U/µL Bst 2.0 WarmStart® 

DNA Polymerase.  Bst 2.0 WarmStart® DNA polymerase is 

inactive below 45°C; this decreases non-specific amplification 

before reaction initiation and theoretically increases experi-

mental reproducibility.  Templates were diluted in nuclease-

free water and added at a final concentration of 100 nM.  

SYBR Green II (10,000x stock in DMSO) was added to the 

reaction mixture to a final concentration of 5x. Reactions were 

prepared at 4°C, and triggers and templates were handled in 

separate hoods to prevent contamination. Triggers were dilut-

ed in nuclease-free water and added to positive samples to a 

final concentration of 10 pM unless otherwise indicated; nega-

tive controls contained no trigger. For each experiment, two 

controls were prepared: a no-template control (NTC) sample 

containing no template, and a no-enzyme control sample con-

taining no enzymes. Reactions were run in triplicate 20 µL 

volumes. Fluorescence readings were measured using a Bio-

Rad CFX Connect Thermocycler (Hercules, CA). Measure-

ments were taken every 20 seconds with a 12 second imaging 

step. Reactions were run for either 150 or 300 cycles of 32 

seconds at 55°C.  The mixture was heated to 80°C for 20 

minutes to deactivate enzymes, followed by 10°C for five 

minutes to cool the samples. Completed reactions were stored 

at -20°C for further analysis.    

Product quantification.  NanoDrop 3300 Fluorospectrome-

ter (Thermo Scientific, Wilmington, DE) was used for measur-

ing the reaction product concentrations. The standards (ssDNA 

oligos, Eurofins Genomics, Louisville, KY) and the reaction 

products were diluted in 1X TE buffer (1mM Tris-HCl, 0.5 

mM EDTA) if needed.  Nucleic acid stains were diluted in 1X 

TE Buffer.  1X SYBR® Gold Nucleic Acid Gel Stain (for low 

concentration samples) or 2.5X SYBR® Green II RNA Gel 

Stain (for high concentration samples), and 1.2 µL of the sam-

ple were brought to a final volume of 12 µL with 1X TE buff-

er.  The standards were prepared in the same way as the reac-

tion products with the addition of mock reaction product (reac-

tion components without enzymes or trigger) and triggers di-

luted in 1X TE Buffer.  Samples were excited with blue light 

(470 ± 10 nm) with autogain on. The fluorescence peaks of the 

dyes were determined to be 512 nm for SYBR® Green II 

RNA Gel Stain and 536 nm for SYBR® Gold Nucleic Acid 

Gel Stain for the specific salt conditions, and the average fluo-

rescence of 5 replicate measurements was used to determine 

the product concentrations of the reaction products. 1X TE 

buffer was used as the blank measurement.  

Data analysis.  Real-time reaction traces were analyzed 

with custom software using Matlab (Natick, MA).  Details on 

calculation of inflection points, plateaus, and reaction rates can 

be found in the SI (Figure SI 4, custom matlab analysis soft-

ware).  The ratios between maximum reaction rates, plateaus, 

and inflection points were calculated from two experiments 

with three experimental replicates each.  When appropriate, 

data from two experiments were averaged using a weighted 

average34.  Spearman’s rank-order correlations and p-values 

were determined using the function “corr” with the type se-

lected as “Spearman” in Matlab (Natick, MA).  Further details 

of statistical analysis can be found in the SI under “statistics”. 

FIGURE 1 Representative biphasic amplification reaction 

output.  DNA amplification output is correlated to fluorescence, 

which increases and plateaus at approximately the same level as 

previously reported optimized EXPAR reactions35,36.  Biphasic 

DNA amplification output is shown in solid lines, with previously 

reported EXPAR amplification output shown in dotted lines.  

After a lag period, the DNA output jumps into a high gain “on” 

region with tunable kinetics.  Template DNA names are labeled 

next to corresponding output traces; template sequences can be 

found in the Table SI 1. 

Reaction pathways in the biphasic DNA amplification reac-

tion. The biphasic DNA amplification reaction contains the 

same base components as the exponential amplification reac-

tion for oligonucleotides (EXPAR)37.  Both EXPAR and the 

biphasic DNA amplification reaction amplify a trigger se-

quence of ten to twenty base pairs in length at a single reaction 

temperature of 55°C through the action of a thermophilic pol-

ymerase and a nicking endonuclease.  Both reactions will non-
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FIGURE 2 Biphasic DNA amplification reaction.  (A) The cartoon depicts potential reaction pathways in the biphasic DNA amplifica-

tion reaction.  The amplification requires a looped DNA template with two palindromic sequences (Yp), two toeholds (t’), and a restriction 

site (⊠), as well as polymerase and nickase enzymes.  The reaction amplifies a DNA trigger with a reverse compliment to the template 

toehold (t) and the palindromic region (Yp); arrows show extendable 3’ ends of the DNA.  The trigger can bind to either toehold region t’ 

and strand displace the palindromic region Yp, thus opening the loop (1).  A polymerase can then extend the trigger and create the recogni-

tion site for a nicking endonuclease (2), as well as an identical trigger.  The nickase then cuts the top strand (3a), freeing the newly created 

trigger to bind other templates (1).  The loop can also remove the long trigger and close with the aid of short triggers, which can bind the 

long trigger and facilitate loop closure (3b, 4).  This may be vital to remove “poisoned” long triggers that cannot amplify and block further 

trigger amplification on the template (4).  The palindromic region can also cause trigger dimerization, after which the toehold regions can 

be filled by the polymerase; this removes trigger molecules from further amplification cycles (5).  (B) A representative reaction trace of 

template LS2; the reaction stages are labeled with proposed reaction mechanisms that govern each stage.

specifically create product in the absence of initial DNA 

trigger.  The main difference between the original EXPAR 

reaction and the biphasic oligonucleotide amplification reac-

tion is the palindromic sequence within the DNA template that 

causes the template to fold into a looped configuration.  The 

thermodynamics of the trigger binding and DNA association 

are in a regime that creates a biphasic DNA amplification re-

action; EXPAR-type DNA amplification using looped tem-

plates are found in literature38-40, but the biphasic ultrasensitive 

kinetics have not yet been reported. 

Representative outputs of the oligonucleotide amplification 

reaction are shown in Figure 1.  Despite the similarities in 

reaction components, the biphasic amplification reaction re-

ported here is functionally distinct from all other EXPAR re-

actions.  The first phase of the reaction resembles traditional 

EXPAR output, with an initial rise and a first plateau.  Ther-

modynamics of the looped DNA template and trigger associa-

tion are well correlated with the first-phase reaction kinetics 

(Spearman’s R = 0.8022, Figure SI 1) when compared to the 

original EXPAR reaction (R = 0.4072)35.  This is likely due to 

the closed template loop; thermodynamics of DNA association 

dominate the reaction kinetics, contrasting the sequence de-

pendence seen in traditional EXPAR.  After the first plateau, 

the biphasic reaction enters a high-gain second phase.  This 

finding reveals that EXPAR can recover from the first plateau, 

a fact that was previously unknown.  The one template that 

favors a linear configuration at the reaction temperature (LS3 

lowpG2, Tm = 49.2⁰C) gives biphasic output, implying that 

while a palindromic region is necessary for biphasic output, a 

stable loop structure is not.   

The mechanism behind the switch-like oligonucleotide am-

plification reaction is likely driven by multiple phenomena, as 

shown in Figure 2A.  The DNA template is composed of two 

copies of the complementary sequence joined by a nine nucle-

otide nicking enzyme recognition site, specifically containing: 

a 3’ amine group to prevent extension of the template, a 3’ 

toehold, a palindromic sequence, the nickase recognition site, 

the repeated 5’ toehold, and the repeated palindromic se-

quence (panel 1).  The palindromic region causes the template 

to fold into a looped configuration.  Triggers for these tem-

plates consist of the toehold complement and the template 

palindrome.  When a trigger binds to the 3’ end of the tem-

plate, the DNA polymerase extends the strand and the nicking 

enzyme recognition site is created (panel 2).  The nickase then 

nicks the growing strand (panel 3a). The polymerase extends 

at this nick and displaces the downstream trigger (panel 3a  

2). The displaced trigger is then free to prime other templates, 

leading to exponential amplification (panel 3a  1).  The am-

plification therefore produces both triggers and long triggers 

that contain the nickase recognition site on their 3’ end (panel 

3b).  The presence of the palindromic sequence produces sev-

eral new reaction pathways.  The palindromic section of the 

triggers can associate, be extended by the polymerase, and 

create inert triggers unable to further replicate; this pathway 

has been previously discussed38 (panel 5).  The trigger can 

catalyze removal of the long, stable trigger by binding to ei-

ther the palindromic region of the long trigger or by binding to 

the template (panel 3b, 4).  Loop closure will also aid in re-

moval of trigger and long trigger from the template.  Finally, 

the presence of the loop with two toehold regions creates co-

operative binding between the triggers and the looped tem-

plate.  For most templates, the looped configuration is more 

stable than the open, trigger-bound configuration (Table SI 2).  

The association of the template and the first trigger molecule 

will open the loop, which both aids and stabilizes a second 

trigger association (panel 1b).  We hypothesize that these new 

reaction pathways create the unique features of our amplifica-

tion reaction detailed in Figure 2B. 

Properties of the first reaction phase.  The first reaction 

phase resembles the base EXPAR reaction, with a rapid, low-

gain reaction phase followed by a plateau.  While this stall was 

previously attributed to loss of nickase integrity, the recovery 

of the reaction after the first plateau invalidates this theory.  

Recently others have hypothesized that some templates could 
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be “poisoned” due to polymerase errors that render the DNA 

strand bound to the template unextendible (Figure 2a, panel 

5)41.  We hypothesize that this could cause the plateau seen in 

the original EXPAR reaction and the first plateau in the bipha-

sic amplification reaction (Figure 2B).  We estimated the plat-

eau trigger concentration to be on the order of 1 µM (Figure SI 

2), which ten times greater than the template concentration.  

Due to the rapid template inactivation after ten cycles of ex-

tension and nicking it is unlikely that polymerase error causes 

this plateau, given error rates of polymerases such as Bst DNA 

polymerase that lack the 3′ → 5′ exonuclease domain are ap-

proximately 10-4 42.  We hypothesize that the plateau is due to 

noncanonical behavior of the nickase enzyme that leaves a 

long unextendible trigger (Figure 2a panel 4), as the nickase is 

operating in suboptimal conditions when compared to the pol-

ymerase36.  It is also possible that a fully elongated trigger 

poisons the template; the mechanism behind the template poi-

soning is beyond the scope of this study. 

Properties of the second reaction phase.  After the first 

plateau, the amplification enters a high-gain second phase 

followed by a second plateau.  The amplification does not exit 

the first plateau unless there is a palindromic region in the 

template; we hypothesize that template rescue is aided by trig-

ger association to the long “poisoned” triggers (Figure 2A, 

panel 4).  This trigger-dependent rescue would prevent the 

long trigger from reassociating with the template, particularly 

after polymerase extension of the 3’ trigger end.  The trigger 

could also dynamically bind the template and prevent reasso-

ciation of the long trigger.  These events would aid in the loop 

closure and template rescue.  After exiting the first plateau 

many of the templates exhibit Hill-like second phase kinetics, 

marked by a large jump in reaction product that greatly ex-

ceeds first phase reaction kinetics.  We hypothesize that this 

ultrasensitivity is caused by homotropic allosteric cooperativi-

ty; the trigger can bind either toehold as seen in Figure 1 panel 

1.  The template loop structure is stable when compared to the 

trigger:template association (Table SI 2), and the accumulation 

of reaction products would shift templates to an open, amplifi-

cation competent state and produce nonlinear reaction kinetics 

(
𝑑([𝑡𝑟𝑖𝑔𝑔𝑒𝑟])

𝑑𝑡
⁄  ∝  [𝑡𝑟𝑖𝑔𝑔𝑒𝑟]2). 

The subsequent second plateau is caused by exhaustion of 

reaction components and a buildup of inhibitory reaction by-

products.  This effect of inhibitory products was previously 

described when using EXPAR reactions and a palindromic 

looped template38.  The final output of the second phase is 

approximately the size of the DNA triggers as seen in PAGE 

analysis of reaction products; for more details see the Supple-

mentary Information (Figure SI 3).  This rescue of the poi-

soned templates allows the reaction to produce 10-100 times 

more endpoint reaction product as measured by calibrated 

SYBR II fluorescence.  Endpoint product concentration ranged 

from 7.8 – 116.9 µM, with several reaction products exceeding 

100 µM during the second plateau (Table SI 3).   

Reaction response to initial trigger concentration.  We 

measured reaction output in real-time with varying initial trig-

ger concentrations using the ssDNA binding dye SYBR II for 

fluorescent readout.  Figure 3A shows the average of three 

real-time fluorescent traces with varying initial trigger concen-

trations normalized to the fluorescence at the second inflection 

point.  The first and second inflection points correspond to the 

times at which maximum first derivative of the fluorescence 

occur for the first and second reaction phase (Figure SI 4).   

 

FIGURE 3 Correlation between onset of amplification 

and trigger oligonucleotide concentration.  (A) The real-

time reaction output for a representative template LS3 lrs-4 

shows the dependence of the reaction on initial trigger concen-

tration, with fluorescence correlated to the produced DNA 

trigger.  Triggers concentrations were increased tenfold be-

tween 100 fM and 10 µM.  Blue traces did not have measura-

ble first reaction phases; high concentrations of trigger (≥1 

µM) bypass the first reaction phase entirely, implying that the 

plateau of this template is on the order of [trigger] = 1 µM.  

(B)  The inflection points are experimental triplicates, and the 

dotted lines are linear fits.  The solid lines show inflection 

point of the negative control (0 M initial trigger concentra-

tion), with surrounding dashed lines showing the standard 

deviation of the negative control inflection point (not visible 

for the second inflection point, ± 1.8 s).  The first inflection 

points vary linearly with the log of initial trigger concentra-

tion, and the second inflection points vary linearly with the log 

of initial trigger concentration when initial trigger concentra-

tion is ≤ 10 nM.  Error bars represent standard deviation of 

experimental triplicates. 

Inflection points are traditionally used as a surrogate for 

EXPAR reaction kinetics.  The first reaction phase was not 

present for high trigger concentrations ≥ 1 µM, which was the 

approximate concentration of reaction products quantified 

during the plateau phase of a biphasic amplification reaction 

(Figure SI 2).  High concentrations of trigger appeared to pre-

vent the reaction from entering the plateau phase, which sug-

gested that entering the second reaction phase is dependent on 

trigger concentration or rate of trigger production. The inflec-

tion points of the first phase are linearly correlated to the log 

of the initial trigger concentration, which is also true of 

EXPAR reactions36 (Figure 3B).  The second phase inflection 
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FIGURE 4: Effect of toehold and palindrome free energy on template performance.  (A) Amplification curves of LS2 toehold vari-

ants, with the strongest toeholds in black and weaker toeholds in lighter shades of grey.  (B)  Amplification curves of LS3 toehold variants, 

with stronger toeholds in black and weaker toeholds in lighter shades of grey.  (C) The templates shown in the bar graph are in order from 

strongest to weakest toehold free energies with respect to the base template (LS2 or LS3).  Darker bars have stronger toeholds than the 

base templates, lighter bars have weaker toeholds than the base template, and the dotted lines show an inflection point equal to the base 

template.  The relative first inflection point is the time of the first inflection point divided by the first inflection point of the base templates 

LS2 or LS3.  D) Amplification curves of LS2 palindrome variants, with the strongest palindrome in black and weaker palindromes in 

lighter shades of grey.  (E)  Amplification curves of LS3 palindrome variants.  (F) The templates shown in the bar graph are in order from 

strongest to weakest palindrome free energies, with darker grey signifying the templates with stronger palindromes than the base template.  

The relative maximum second phase reaction rate is the maximum slope (dF/dt) in the second rise divided by the maximum dF/dt in the 

second rise of the base template (LS3), which is a relative measure of the second phase reaction kinetics.

points also linearly correlated with the log of the initial trig-

ger concentration for low initial concentrations of trigger (≤ 10 

nM).  As with traditional EXPAR, the limit of detection for 

the DNA trigger was determined by the nonspecific amplifica-

tion rates; the reaction in Figure 3 has a sub-picomolar limit of 

detection, and nearly all templates reported here could distin-

guish between 0 and 10 pM initial trigger concentrations (Fig-

ure SI 5).  

Varying toehold thermodynamics within templates. We var-

ied toehold thermodynamics of two base template designs LS2 

and LS3, and examined the relative contributions of toehold 

strength to reaction output.  Toehold thermodynamics varied 

both by modifying the length or GC content of the template 

and trigger toehold region.  For both template LS2 (Figure 4A) 

and template LS3 (Figure 4B), increasing the length of the 

toehold generally causes the loop to open more rapidly, thus 

lowering the first phase inflection point.  LS2 lowtG had a 

lower GC content and slightly faster first phase kinetics than 

LS2, which deviated from the expected trend (Figure 4C).  

This deviation may be caused by competing reaction mecha-

nisms, such as a weaker long trigger and rapid recovery of 

poisoned template (Figure 2A, box 4).  Template LS2 st also 

fell outside the expected trend; although it did not have the 

weakest toehold, it failed to produce measurable amounts of 

trigger (Figure 4A).  This was likely due to the small trigger 

size; at 8 nucleotides, polymerization or nicking may have 

been inefficient.   

Varying palindrome thermodynamics within templates.  We 

varied the thermodynamics of the palindromic template and 

trigger region by modifying the length or the GC content of 

the palindrome.  Increasing the strength of the palindrome for 

template LS2 decreased the ability of the trigger to open the 

stable template stem-loop structure (Figure 4D). This resulted 

in a slower reaction with subtle biphasic responses, making 

these templates ineffective as molecular switches. Reaction 

kinetics slowed dramatically when the free energy of the pal-

indrome is lowered by replacing original palindrome base 

pairs with GC pairs (LS2 hpG1) or lengthening the palindrome 

(LS2 lp).  Although decreasing the palindrome length favored 

trigger binding and subsequent loop opening, shortening the 

palindrome slowed the reaction kinetics.  This is likely be-

cause template LS2sp was also unusually short and paired 

with an 8 nucleotide trigger, which may again have caused 

polymerization or nicking kinetics to be inefficient. All LS2 

variant templates demonstrated altered kinetics, and their al-

most negligible first phases were difficult to accurately quanti-

fy.   

Figure 4D & E demonstrates the effects of changing palin-

drome strength for the base template LS3. Decreasing the free 
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energy of the palindrome caused the plateau phase to increase 

in length and the maximum reaction rate to increase in magni-

tude. Conversely, increasing the free energy of the palindrome 

nearly eliminates the first phase. It is possible that this behav-

ior is caused by the strong palindromic region of the trigger 

binding to the long “poisoned” trigger-template and subse-

quent loop closure; this would facilitate template rescue as 

shown in Figure 2A (panel 4).  

 

FIGURE 5: Varying the loop strength of looped templates.  
(A) Amplification curves of LS2 and LS3 loop variants, with the 

strongest loops for LS2 in black and the strongest loops for LS3 in 

dark blue. Weaker loops are indicated by lighter shades of grey or 

blue. (B) The templates shown in the bar graph are in order from 

strongest to weakest loop free energies with respect to the base 

template (LS2 and LS3).  All lrs templates have weaker loop 

structures when compared to the base templates.  

Varying loop thermodynamics within templates.  Figure 5 

demonstrates another important source of kinetic variability: 

the strength of the loop.  The free energy of the looped tem-

plate structure was altered by adding long random sequences 

into the loop before the recognition site, which held the palin-

drome, toehold, and trigger sequences constant while varying 

stability of the template stem-loop structure.  The only addi-

tional thermodynamic parameter this changed was an increase 

in stability of the long trigger:template complex.  For template 

LS2, decreasing the strength of the loop caused the loop to 

open faster, thereby decreasing the first inflection point as 

expected. This alteration did not have a large effect on the 

height of the first plateau. Surprisingly, decreasing the strength 

of the LS3 template loop slowed the first reaction phase (Fig-

ure 5B).  We hypothesize that this phenomenon was caused by 

the increased stability of the long triggers, which included the 

original trigger sequence, the restriction site, and the long ran-

dom sequences.  These long triggers were more stable and 

more difficult to remove, which may have caused the lower 

relative product concentration at the reaction plateau seen in 

Figure 5B.  Trigger binding to the long inactive trigger and 

loop closure that rescue the template (Figure 2A, panel 4) ap-

pear to control the height and duration of the first plateau.  

LS3 templates had greater loop stability, greater trig-

ger:template stability, and stronger toeholds when compared to 

the LS2 family of templates.  It is possible that templates LS2 

and LS3 operate in different reaction regimes with distinct 

dominant reaction pathways.  Due to the many contributing 

reaction mechanisms, the effect of loop thermodynamics was 

not consistent between template families. 

Analyzing the ultrasensitive response of the second reaction 

phase.  We further analyzed DNA amplification kinetics for 

their Hill-like behavior to determine if ultrasensitive kinetics 

in the second phase correlated with DNA association thermo-

dynamics.  We approximate Hill-type behavior using the ratio 

of the maximum reaction rate in the second phase to the max-

imum reaction rate in the first phase.  A larger ratio would 

correspond with more pronounced Hill-type behavior, as the 

reaction would receive a large kinetic boost at higher trigger 

concentrations building in the second phase (see Figure SI 4 

for details of this calculation).  Using thermodynamic parame-

ters of DNA association, we analyzed the hypothesis that two 

trigger binding sites on the amplification template caused Hill-

type kinetics by homotropic cooperativity. 

 

FIGURE 6: Cooperativity and ultrasensitivity of second phase 

kinetics. If the cooperativity of trigger binding to the two open 

toeholds contributed to Hill-type kinetics, then the parameter 𝑇 =
 ∆𝐺5′𝑡𝑜𝑒ℎ𝑜𝑙𝑑 ∗ ∆𝐺3′𝑡𝑜𝑒ℎ𝑜𝑙𝑑/∆𝐺𝑡𝑟𝑖𝑔𝑔𝑒𝑟:𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒 would correlate 

with Hill-type behavior.  A correlation is seen in all templates that 

are stable at the reaction temperature and have a melting tempera-

ture < 70⁰C (Spearman R = 0.8783, p < 0.01), but not seen for the 

most stable loops with melting temperatures > 70⁰C. 

Hill coefficients of a homotropic cooperative receptor in-

crease with the ratio between dissociation constants of the first 

and second binding events; a large difference in stability be-

tween the first and second ligand associations will result in a 

larger Hill coefficient and greater Hill behaviour12.  This is 

qualitatively intuitive: the more relative stability that the first 

association provides, the greater the benefit from having a 

higher concentration of ligand.  In our system, this corre-
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sponds to the amplification incompetent state (a closed tem-

plate) moving to an amplification competent state (an open 

template) through dual trigger binding.  We characterized the 

relative dissociation of the first and second trigger binding 

events by the parameter: 𝑇 =  ∆𝐺5′𝑡𝑜𝑒ℎ𝑜𝑙𝑑 ∗ ∆𝐺3′𝑡𝑜𝑒ℎ𝑜𝑙𝑑/
∆𝐺𝑡𝑟𝑖𝑔𝑔𝑒𝑟:𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒, with a less negative value signifying a 

greater difference between the stability of the first and second 

trigger associations to the template.  While this parameter does 

not fully incorporate loop strength for templates with a long 

random sequence added (boxed in Figure 6), it approximates 

the relative dissociation when one and two trigger molecules 

are bound to the template.  There is a strong correlation be-

tween T and Hill behavior for templates that have a stable loop 

structure at 55°C but a melting temperature <70°C from both 

the LS2 and LS3 families (Figure 6, Spearman R = 0.8783, p < 

0.01).  This correlation supported the hypothesis that toehold 

cooperativity contributed to ultrasensitive kinetics in the sec-

ond phase for these templates.  The association of one trigger 

with these templates was thermodynamically unfavorable 

when compared to the stable loop structure (Table SI 2), but 

upon association the trigger will open the loop structure and 

switch the receptor to a binding competent state (Figure 2A, 

panel 1).  Templates in the LS3 family with Tm > 70°C again 

deviate from the expected trend; all have minimal acceleration 

in the late phase, minimal Hill behavior, and do not correlate 

with the parameter T (Spearman R = 0.1).  Interestingly, these 

templates show greater acceleration in the second phase with 

more favorable template rescue, which is not seen in templates 

with Tm < 70°C.  (Spearman R = -1, p < 0.02, Figure SI 7). 

DNA association thermodynamics roughly correlate with 

the main reaction features: first phase reaction kinetics, first 

plateau, and second phase reaction kinetics.  The strength of 

the toehold and trigger association with the template both cor-

relate with kinetics in the first phase, suggesting that the prob-

ability of opening the stable looped template structure will 

largely determine the first phase output.  The ability of the 

template and triggers to remove long triggers appears to be a 

secondary factor in determining the first phase kinetics.  We 

hypothesize that the accumulation of “poisoned” templates 

with bound unextendible long triggers may slow the reaction, 

which occur approximately once per every ten trigger exten-

sions.  These “poison” long triggers also appear to affect the 

plateau level: strongly bound long triggers will freeze the reac-

tion faster than weakly bound long triggers, lowering the trig-

ger concentration seen at the plateau.   

Second phase kinetics are more complex.   Templates with a 

strong loop structure did not show Hill-type acceleration in the 

second phase.  It is possible that these template populations 

never favor the open, binding competent structure over the 

closed loop structure at the existing trigger concentrations.  

With a thermodynamically favorable loop and palindrome 

binding region, it is possible that the long trigger removal and 

loop closure shown in panel 3b and 4 is a dominant reaction 

pathway.  This is supported by the correlation between ther-

modynamics of long trigger removal and reaction acceleration 

in the second phase.  Templates with a loop melting tempera-

ture below 70⁰C show faster kinetics in the second phase when 

toeholds are thermodynamically weaker when compared to 

association of the full trigger, suggesting homotropic coopera-

tivity.  When the template melts below the reaction tempera-

ture, these correlations no longer apply but the reaction re-

mains biphasic.  These observations provide important design 

considerations to tune the reaction output during each phase. 

Future applications of this biphasic DNA amplification re-

action require further investigation and optimization.  Due to 

multiple contributing reaction pathways, the relationship be-

tween DNA association thermodynamics and reaction output 

is currently defined by approximate correlations.  Reaction 

design would be aided by mathematical modeling of reaction 

kinetics and a full mechanistic understanding of the reaction 

phases.  As with many isothermal amplifications such as 

EXPAR, this reaction also produces non-specific amplification 

occurring at long reaction times in the absence of an oligonu-

cleotide trigger.  Non-specific amplification will increase the 

limit of detection and can decrease the experimental robust-

ness.  Adding ssDNA binding proteins and carbon sheets43 or 

other small molecules44 can decrease non-specific amplifica-

tion in EXPAR reactions, and would likely also be applicable 

in this reaction. Degradation of the reaction product was pre-

viously used to create a bistable switch from an EXPAR-type 

reaction14, and could be extended to suppress non-specific 

amplification or create threshold-based detection for targets 

above a chosen concentration.  Inhibition or degradation of 

reaction products could also create a true bistable switch that 

could repeatedly turn “off” and “on” with tunable ultrasensi-

tive kinetics.   

We have demonstrated a novel new biosensor with a two-

stage output based on the concentration of a released trigger 

molecule.  The biphasic DNA amplification reaction is a sim-

ple, one-step isothermal amplification reaction; reactions of 

this type have gained popularity as they do not require temper-

ature cycling and therefore require less energy, hardware, and 

time45,46.  We have described a general reaction design frame-

work to rationally tune first phase kinetics and second phase 

ultrasensitive DNA output. This chemistry can be tuned by 

changing the thermodynamics of the looped template and re-

porter DNA molecules.  In the future, we will expand the ca-

pabilities of the reaction: trigger DNA oligonucleotides can be 

created by proteins22-26, genomic bacterial DNA27, viral 

DNA28, microRNA29, or mRNA30, making the biphasic DNA 

amplification reaction broadly applicable to a variety of target 

molecules.  When combined with digital (single molecule) 

amplification, this technique has the potential to be quantita-

tive.  The biphasic nature of this reaction makes it well suited 

for recognition of low-concentration molecules in biological 

samples, DNA logic gates, and other molecular recognition 

systems. 

The Supporting Information is available free of charge on the 

ACS Publications website. 

 

List of templates and triggers, DNA binding thermodynamics, list 

of final product concentrations, measured product concentrations 

during the reaction, correlation between template thermodynamics 

and first inflection point,  PAGE gel images and analysis,  graph-

ical description of kinetic parameters used, details of data analysis 

and statistics, and separation time between positive and negative 

control reactions (PDF). 
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