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Abstract

Recent world events have led to an increased interest in developing rapid and inexpensive clinical 

diagnostic platforms for viral detection. Here, the development of a cell-free toehold switch-based 

biosensor, which does not require upstream amplification of target RNA, is described for the 

detection of RNA viruses. Toehold switches were designed to avoid interfering secondary structure 

in the viral RNA binding region, mutational hotspots, and cross-reacting sequences of other 

coronaviruses. Using these design criteria, toehold switches were targeted to a low mutation 

region of the SARS-CoV-2 genome nonstructural protein 2. The designs were tested in a cell-free 

system using trigger RNA based on the viral genome and a highly sensitive fluorescent reporter 

gene, mNeonGreen. The detection sensitivity of our best toehold design, CSU 08, was in the low 

picomolar range of target (trigger) RNA. To increase the sensitivity of our cell-free biosensor to 

a clinically relevant level, we developed a modular downstream amplification system that utilizes 

toehold switch activation of tobacco etch virus (TEV) protease expression. The TEV protease 

cleaves a quenched fluorescent reporter, both increasing the signal fold change between control 

and sample and increasing the sensitivity to a clinically relevant low femtomolar range for target 

RNA detection.
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A toehold switch upstream of a fluorescent reporter gene can be used for detection of RNA 

viruses in a cell free expression system. When the reporter is replaced by TEV protease, the 

reporter signal is amplified even more since TEV protease can cleave multiple quencher-reporter 

combinations, resulting in significant signal amplification. In this study, the authors demonstrate 

that TEV protease amplification can eliminate the need for upstream signal amplification by PCR 

or NASBA to provide sensitive detection of SARS-CoV-2 RNA.
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1 INTRODUCTION

Synthetic biology offers biotechnological solutions to modern medical problems through the 

use of gene circuits expressed in cell-free protein synthesis systems (CFPS) for transcription 

and translation of a diagnostic end product.[1–3] The addition of a toehold switch to a circuit 

serves as an on/off switch since the resulting RNA has secondary structure, is self-binding, 

and can regulate the translational expression of a gene encoded on the same mRNA strand.
[3] Upon interaction with a trigger molecule, the toehold switch will alter its structure to 

allow translation of a functional reporter protein.[2, 3]

By combining these components in a modular format, cell-free synthetic gene circuits can be 

easily fine-tuned to meet a specific biological or medical diagnostic need. Cell-free synthetic 

gene circuits have recently been developed for the detection of viral RNA particles in point-

of-care devices.[2] However, large concentrations of the trigger molecule are often required 

for a successful diagnostic detection. We present a modular downstream amplification 

system for detection of viral RNA trigger sequences at extremely low sample concentrations.

As evidenced by the SARS-CoV-2 outbreak, diseases caused by RNA viruses can quickly 

become global pandemics.[4, 5] As a result, an increased emphasis has been placed on 

applying synthetic biology techniques toward rapid detection of RNA viruses. The ideal 

diagnostic test should be inexpensive, lack the need for lengthy antibody production or PCR 

amplification, and be modular in nature so it can be easily and rapidly adapted to new and 
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emerging threats. Current diagnostic methods rely on technical expertise, costly equipment, 

and often either utilize monoclonal antibodies for capture or detection, or use RT-PCR to 

amplify the viral RNA, which can limit the accessibility of these diagnostics to the public.
[6–8] A combination of a modular synthetic gene circuit with a switch control mechanism, a 

downstream enzymatic signal amplification system, and CFPS offers the ability to perform 

rapid and sensitive detection diagnostics without the need for expensive equipment and can 

be adapted for distribution and storage on an inexpensive substrate such as paper.[2, 9]

Previous work established that toehold switches can form a stem-loop structure with a 

sequestered AUG start codon and serve as an on/off switch for expression of a downstream 

green fluorescent protein (GFP) reporter gene[10]. Binding of a target nucleic acid sequence 

(i.e. the “inducer” or “trigger”) to the toehold causes strand invasion of the stem loop 

structure, resulting in disruption of the stem loop structure which allows translation and 

synthesis of a detectable GFP. In studies by Pardee et al., a nucleic acid sequence-based 

amplification (NASBA) step was employed prior to the detection process to increase the 

amount of viral RNA trigger available for binding the toehold switch. They first amplified 

Zika viral RNA in the sample and incorporated a downstream β-galactosidase colorimetric 

signal for detection.[11] Similar strategies have been used to design toehold switches that 

bind SARS-CoV-2 viral RNA, resulting in translation of a detectable signal with a limit 

of detection (LOD) of 30 nM.[9] It is important to note that NASBA pre-amplification 

by Pardee et al. was required to increase the sensitivity of detection of the Zika virus 

synthetic trigger from 30 nM to 3 fM. In contrast, in this study, NASBA pre-amplification 

has been replaced by downstream amplification without the use of an additional NASBA 

pre-amplification step as described by previous researchers [10].

In this study, we present three different strategies for improving SARS-CoV-2 detection: 1) 

a downstream amplification system (Figure 1) using a tobacco etch virus protease (TEVp) 

detection system, 2) a quenched fluorescent reporter that is activated by TEVp cleavage , 

and 3) a selective design of a toehold switch to avoid both interfering secondary structure in 

the viral RNA trigger region and regions in the viral genome that are more likely to undergo 

spontaneous mutations.

For toehold switch design, rather than scan the entire SARS-CoV-2 viral genome to generate 

and test toehold switches, we focused on identifying regions for optimal and specific binding 

of viral RNA. First, a region of the viral genome for toehold design was chosen that was 

conserved among SARS-CoV-2 viruses but absent among human coronavirus strains that 

cause mild respiratory disease, such as HCoV-OC43, HCoV-229E, and HCoV-NL6 (https://

www.cdc.gov/coronavirus/types.html). Second, the toehold binding region was narrowed 

down to avoid the pseudoknot between orfA and orfB genes, untranslated regions (UTRs), 

and regions with local secondary structure.[12, 13] Third, the toehold binding region was 

intentionally designed to avoid the structural protein genes that would be susceptible to 

mutation due to selective pressure from vaccination or infection.[12] The rationale for this 

combined, focused approach was to generate toehold switches that would be both sensitive 

and selective for SARS-CoV-2, would more likely remain functional even with the expected 

mutations associated with an RNA virus, and would bind to viral RNA sequences lacking 

secondary structure that might inhibit binding to the toehold switch.
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Rather than use upstream amplification of the viral RNA, we opted to focus on amplification 

of the downstream detection signal to avoid the pitfalls associated with amplification of 

SARS-CoV-2 viral RNA from complicated substrates such as saliva or nasopharyngeal 

swabs.[14,15] For proof of concept, mNeonGreen was used as the detection signal since this 

fluorescent protein is three times more intense than GFP[16] and should allow more sensitive 

detection following binding of the toehold switch to the viral RNA. We did a preliminary 

test comparing the intensity of mNeonGreen to enhanced green fluorescent protein (eGFP)
[17] generated in the CFPS and after 1 hour of synthesis at 37° C, the mNeonGreen sample 

was ca. 5 times more intense (Figure S1), an observation reported recently by Copeland et 

al. [18] Using this construct, toehold switches were identified that bound to SARS-CoV-2 

genomic trigger RNA, allowing subsequent stem loop relaxation and translation of the 

reporter gene. Once toehold switches that successfully produced a positive signal using the 

mNeonGreen reporter were identified, a new downstream amplification system based on 

TEVp was engineered and tested for increased sensitivity.

2 MATERIALS AND METHODS

2.1 Design of Toehold Switch Sensors

Toehold switches were designed from the SARS-CoV-2 Wuhan strain (NCBI Reference 

Sequence NC_045512.2) with these parameters (Figure S2): a 3 nucleotide (nt) GGG T7 

promoter enhancer sequence followed by a 12 nt toehold with an 18 nt stem sequence 

complementary to a 30 nt RNA trigger sequence. This was followed by an 11 nt loop 

containing the ribosome binding site (RBS) then 18 nt complementary to the first 18 nt 

stem sequence except for a start codon which occurs 6 nt after the loop. Toehold switches 

were designed using an iterative process either manually or with the STORM toehold switch 

generator software (https://storm-toehold.herokuapp.com/). An 8 amino acid linker sequence 

NGSAGSGH was included in all designs between the toehold switch and the reporter gene. 

A total of 19 toehold switches and corresponding trigger RNAs were designed for testing 

(Table S1 and S2, respectively).

2.2 mNeonGreen Expression Plasmid Design and Toehold Switch Sensor Synthesis

A DNA fragment containing a T7 phage promoter, an E. coli codon-optimized mNeonGreen 

gene, and a T7 terminator was synthesized by TWIST Biosciences (San Francisco, CA) 

in pTwist Chlor MC. An XbaI and a BamHI site were included after the promoter and 

before the terminator, respectively, for directional cloning. A HindIII site 3’ to the terminator 

was added for cloning and/or plasmid linearizing. The construct was cloned into pUC19 

to generate a high copy pUC19-mNeonGreen expression plasmid shown below (Figure 2). 

Toehold switches were incorporated into the mNeonGreen expression plasmid for testing 

with RNA triggers. Toehold switches were synthesized as part of a 117 nt forward primer 

using an ultramer DNA oligonucleotide (IDT, Coralville, Iowa) containing an XbaI site and 

a 19 nt region at the 3’ end complementary to the mNeonGreen gene. A reverse primer 

complementary to the 3’ end of the T7 terminator and incorporating a HindIII site was used 

with the ultramer oligonucleotide for PCR. Either Herculase II (Agilent, Santa Clara, CA) 

or Phusion (NEB, Ipswich, MA) high fidelity polymerases were used for the PCR reactions, 

according to the manufacturer’s protocols.
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2.3 RNA Trigger Cloning

RNA triggers were based on the trigger design of Green et al.[10], and consisted of a 30 nt 

trigger sequence flanked by a stem loop structure at the 5’ and 3’ ends of the trigger (Figure 

S2).

Triggers were constructed as follows: 1) a GGG T7 enhancer, 2) a 5’ stem-loop consisting 

of a 10 nt stem with a 6 nt loop (26 nt total), 3) a 3 nt spacer followed by the 30 nt trigger 

RNA sequence complementary to its respective toehold switch, 4) a 3 nt spacer, and 5) the 

T7 terminator which adopts a 14 nt stem and an 8 nt loop structure. The size of the RNA 

trigger with flanking stem-loops, GGG enhancer, and XbaI cloning site was 115 nt (Figure 

S3).

Trigger sequences were constructed in pUC19 using a process similar to that used for 

cloning the toehold switches (Figure 2). The trigger sequences were synthesized into an 

ultramer oligonucleotide (IDT, Coralville, Iowa) with an XbaI site and 17 nucleotides at the 

3’ end complementary to the 5’ end of the T7 terminator. A reverse primer was constructed 

that was complementary to the region downstream of the T7 terminator and included the 

HindIII site. XbaI and HindIII restriction sites were incorporated into the primers for cloning 

the PCR product into the pUC19-T7 expression plasmid.

2.4 TEV Protease Cloning

To generate the TEVp amplification system a construct encoding the T7 promoter, the 

CSU 08 toehold switch, an E.coli codon-optimized version of the Tobacco Etch Virus 

protease gene and T7 terminator was synthesized in pUC57-Amp by SynBio Technologies 

(Monmouth Junction, NJ).

Alternative toehold switches were fused to TEVp by using an ultramer oligonucleotide with 

the TEVp gene incorporated. High fidelity PCR (Herculase II fusion DNA polymerase, 

Agilent) was then used to join and amplify the toehold switch and the TEVp. The PCR 

product was cloned back into the pUC57 T7 expression plasmid using XbaI and BamHI 

restriction sites flanking the 5’ UTR and 3’ end of the TEVp gene.

2.5 Screening of Toehold Switches

The mNeonGreen expression system was used initially for comparing the functionality of 

the toehold switches with their respective trigger sequences. To identify the toehold switch 

that gave the highest readout signal, the 115 nt RNA trigger-expression plasmid was added 

to CFPS and co-expressed with an equal concentration of the toehold switch expression 

plasmid.

CFPS reactions driven by a T7 RNA polymerase expression system were assembled 

according to the manufacturer’s instructions using the NEBExpress Cell-free E. coli Protein 

Synthesis System #E5360 (NEB, Ipswich, MA). This kit contains the T7 RNA polymerase 

expression system, including the necessary energy source, amino acids, translation factors, 

ribosomes, and a murine RNase inhibitor.
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For toehold switch screening, CFPS reagents were mixed with plasmids containing the 

toehold switch and trigger (each at 5 nM final concentration). Reactions were conducted in 

384-well plates in triplicate in 25 μl total volume per well. All mNeonGreen fluorescence 

detection reactions were run at 37°C to maximize the E. coli T7 expression system .

Two Zika toehold switches as reported by Pardee[11] et al. served as positive controls in 

preliminary screens.

2.6 Imaging:

See Supplementary Materials and Methods (S 2.6)

2.7 Calculation of Fold Change:

See Supplementary Materials and Methods(S 2.7)

2.8 Sensitivity Calibration and R Values

(S 2.8)

2.9 RNA synthesis of the 115 and 5,100 nucleotide SARS-CoV-2 Triggers for LOD 
experiments

Plasmid-free SARS-CoV2 RNA triggers were used in limit of detection (LOD) experiments. 

They were produced from either a HindIII-linearized pUC19 115 nt trigger expression 

plasmid or from a subgenomic SARS-CoV2 PCR amplification product flanked by a T7 

promoter and terminator.

For synthesis of the 115 nt trigger RNA, HindIII-linearized RNA trigger expression plasmid 

(1 μg) was added to a 20 μl reaction volume using the HiScribe T7 High Yield RNA 

Synthesis Kit (NEB, Ipswich, MA #E2040S). The 115 nt trigger RNA was transcribed from 

the T7 promoter of the trigger-plasmid using the manufacturer’s protocol, with the addition 

of 1 μl of murine RNase inhibitor (NEB, Ipswich, MA #M0314S). After incubation at 

37° C for 2 hr, plasmid DNA was removed from the reaction using the TURBO DNase 

kit (Thermo Fisher Scientific, Waltham, MA # AM1907) according to the manufacturer’s 

protocol.

To produce the 5,100 nt RNA trigger, a pUC57 plasmid containing a 6.8 kb cDNA fragment 

corresponding to nucleotide position 1 to 6844 of the SARS-CoV-2 genome (gift from Brian 

Geiss, Colorado State University) was used as the template. This region was chosen since it 

encompassed both regions 1 (nt 1918–1933) and 2 (nt 1865–2018) used for trigger switches 

and contained a larger region of the SARS-CoV-2 genome.

Ultramer oligonucleotides containing a T7 promoter in the forward primer and a T7 

terminator in the reverse primer and the pUC57–6.8 kb template were used to amplify a 

5,100 nt PCR product. The amplified PCR product (1 μg per 20 μl reaction volume) was 

mixed with reaction buffer (1X), dNTPs (final concentration 12 mM), PEG 8000 (final 

concentration 2%), 1 μl of Murine RNAse Inhibitor and 2 μl of T7 RNA polymerase and 

incubated at 37°C for 30 minutes. The template DNA was removed from the RNA reaction 

using the TURBO DNase kit (InVitrogen, Carlsbad, CA) according to the manufacturer’s 
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protocol. The quality and size of the RNA was confirmed on a 2% w/v TAE agarose gel 

containing 1% v/v Clorox bleach stained with 0.5 mg/ml ethidium bromide according to 

Aranda et al.[19]

2.10 Limit of detection assays:

See Supplementary Materials and Methods (S 2.10)

3 RESULTS

3.1 Selection of SARS-CoV-2 Genome Regions for Designing Toehold Sensor Switches

A combination of strategies was used for optimal design of the toehold switches. This 

included identifying regions that were: 1) conserved among SARS-CoV-2 isolates, 2) unique 

to SARS-CoV-2 but not to common low pathogenic human coronaviruses, 3) lacking 

significant secondary structure that could potentially interfere with viral RNA binding to 

the toehold switch, and 4) not prone to mutations that could interrupt viral RNA binding.

Four conserved regions in the SARS-CoV-2 genome (nucleotide regions 1,865–2,018, 

21,731–21,788, 23,536–23,598, and 27,977–28,909) were previously reported as unique 

to SARS-CoV-2 when compared with other coronaviruses.[12] Rangan et al. found that 

secondary structures were absent in the nt region 1,918 –1,933.[13] The mutation rate of this 

region encoding nonstructural protein 2 (nsp2) was found to be below 5% in North America, 

Asia, and European strains of SARS-CoV-2.[20]

Based on these considerations, this work initially focused on designing toeholds to bind 

the SARS-CoV-2 genome between nt positions 1,918–1,933 (TCTTGAAACTGCTCAA) 

designated region 1 and was expanded to include nt positions 1,865–2,018 designated 

region 2 (SARS-CoV-2 Wuhan strain; NCBI Reference Sequence NC_045512.2) (Figure 

3). The rationale was that this region was conserved among SARS-CoV-2 isolates but 

absent in common coronaviruses. There was little secondary structure. Since it encoded 

a nonstructural protein (nsp2), it should show less variation and be under less selective 

pressure for mutation hotspots following vaccine usage and infections.

3.2 Toehold Sensor Switches Used for Testing

After determining the optimal target SARS-CoV-2 genome region, switches were designed 

as described by Green et al.[10] The location of the trigger RNA for each toehold switch 

design is shown on the 1,865–2,018 nt region of the SARS-CoV-2 genome (Figure 4).

3.3 In silico evaluation of toehold switches

The free energy of folding (ΔG) and conformation of the folded toehold switch sequences 

were measured using the RNAFold and NUPACK software packages, respectively (http://

rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi; http://nupack.org/). The predicted 

on/off ratios for the toehold switch designs were evaluated with STORM (Sequence-

based Toehold Optimization & Redesign Model) software[21] and ranked according to the 

predicted on/off ratios. The on/off ratios reflect the efficiency of hybridization between the 

trigger and toehold switch with the ‘on’ and ‘off’ state correlating to the toehold switch plus 
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trigger and toehold switch minus trigger (https://storm-toehold.herokuapp.com). The toehold 

switch sequences, and their on/off ratios are shown in Table S1.

3.4 Screening of Toeholds and Triggers

The top 19 ranking toehold switch designs, as determined by STORM software, were tested 

along with their complementary triggers. Since ranking by STORM software alone may 

not identify the best functioning toehold switch, the toehold-trigger combinations were 

empirically tested using the mNeonGreen expression system in a commercially available 

CFPS system for production of mNeonGreen fluorescent protein. Toehold switch-plasmids 

were mixed with the CFPS with or without the respective RNA trigger-plasmid, and the 

resulting fluorescence was measured over time. A fold-change calculation comparing the 

ratios of the slope of the fluorescent signal change in the triggered and untriggered reactions 

was used to determine the significance of the on/off states of the toehold switches and to 

identify which toehold switches gave the highest reporter signal compared to background 

noise.

Toehold switch sensors (CSU 01, 04, and 08) showed a high on/off fold-change (Figure 4), 

that is, high relative fluorescence at the on-state but low relative fluorescence at the off-state 

and were selected for further experiments. The toehold switches with an on/off ratio greater 

than 0.3 as predicted by STORM showed the best signaling.

Toehold switch CSU 08 gave the largest, fold-changes in fluorescence, and subsequent 

efforts focused on this switch to save time and resources. The CSU 08 trigger RNA also 

corresponds to the region at SARS Cov-2 nucleotides 1,918–1,933 (region 1) which was the 

region that best fit all our toehold switch design criteria.

3.5 Limit of Detection with Short and Long Trigger RNA Using the mNeonGreen Reporter 
System.

After testing a series of trigger RNA concentrations from 5000 nM to 1 nM, we found that 

signaling from toehold switch CSU 08 was initiated by as little as 10 nM of trigger RNA 

(Figure S8). With the mNeonGreen reporter system the fold-change between background 

and reporter fluorescence was 1–2 fold at trigger concentrations of 100 nM to 1 fM (Figure 

5). At this point it was obvious that the mNeonGreen sensor would be unreliable for 

the detection of RNA in clinical samples, considering that the average viral load of SARS-

CoV-2 is 7.99×104 copies/mL (0.13 fM) in an upper respiratory tract sample and 7.52×105 

copies/mL (1.25 fM) in a lower respiratory tract sample.[22]

This observation was confirmed while testing the ability of a larger RNA sequence to 

for strand displacement of toehold switch CSU 08 and production of a signal with the 

mNeonGreen reporter. We initially attempted to produce RNA for the first 6.8 kb of SARS-

CoV-2 genome which contains trigger regions 1 and 2. We were only able to produce 

RNA of approximately 1.5 kb using a commercial T7 RNA synthesis kit. We discovered 

that there was a possible cryptic T7 terminator that stopped transcription. We moved our 

upper primer to start amplification downstream of the potential cryptic terminator. We also 

modified both the reaction conditions and reagents to obtain a long RNA transcript because 

commercial RNA synthesis kits are optimized for producing shorter transcripts. Thus a ca. 
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5,100 nt fragment (nucleotides 1,729 to 6,834 of the SARS-CoV-2 genome) flanked by a 

T7 promoter and terminator was amplified from a subgenomic SARS-CoV-2 cDNA. This 

subgenomic fragment contained the RNA trigger region for our toehold switches and was 

used to generate 5,100 nt trigger RNA. Fold changes for 5,100 nucleotides were comparable 

to the small RNA trigger (Figure 5). While the signaling fold increase for the 5,100 nt 

RNA trigger was slightly higher than the 115 nt RNA trigger in the fM range, none of 

the concentrations tested resulted in a fold increase in fluorescence of greater than 2-fold 

increase. These results emphasized the need to implement a different amplification strategy 

to improve diagnostic performance.

3.6 TEVp Assay Limit of Detection

In response to the high background noise and lack of change in mNeonGreen signal using 

different trigger concentrations, a new signal amplification system consisting of the TEVp 

gene was developed. In this system, TEVp was engineered downstream of toehold switch 

CSU 08 in order to proteolytically activate a quenched 5-carboxyfluorescein (5-FAM dye) 

reporter substrate. An E. coli codon optimized version of TEVp, with a 5’UTR CSU 

08 toehold switch and flanked by a T7 promoter and T7 terminator was synthesized by 

Synbio Technologies in a pUC57 plasmid. As in the mNeonGreen reporter limit of detection 

experiments, the 115 or 5,100 nt triggers were tested over a 100 nM to 1 fM concentration 

range. Upon binding of the trigger to CSU 08 and translation of TEVp, the quenched 5-FAM 

fluorescent complex (i.e., QXL 520 quencher-TEVp cleavage site-5-FAM dye substrate 

complex) is cleaved, releasing the fluorescent 5-FAM dye. The highest fold change in 

fluorescence for the 115 nt RNA trigger occurred in the 100 nM reactions at 3.84 with 

standard deviation of 1.90, while the lowest fold change for the 115 nt RNA trigger occurred 

in the 100 fM reactions at 2.08 with standard deviation of 1.16 (Figure 6). Signal from the 

reaction could be differentiated from control reactions (experimental reactions lacking the 

trigger RNA) between 30–60 minute (Figure S4 and S5). In contrast to the mNeonGreen 

reporter system, 5-FAM was clearly induced by as little as 1 fM trigger. The fold change of 

2- to 4-fold seen using the TEVp amplification system and 115 nt trigger was much better 

than what was seen with just the 115 nt trigger and the mNeonGreen reporter alone which 

showed a fold change range between 1 to 2-fold.

The highest fold change for the 5,100 nt RNA trigger occurred in the reactions with 10 

nM final concentration of RNA trigger, at an average 22.79-fold change with a standard 

deviation of 3.92. The lowest fold change for the 5,100 nt RNA trigger occurred in the 

reactions with 100 nM final concentration of RNA trigger, at an average of 3.56 and a 

standard deviation of 0.63. The uncharacteristically low reading at the highest concentration 

of the RNA trigger may be due to overcrowding in the reaction and steric inhibition as 

these can have an inhibitory effect on translation in cell free systems.[23, 24] Alternatively, 

autoproteolysis of TEVp at higher concentrations, could contribute to the decrease in activity 

and fluorescence [25]. The 5,100 nt RNA trigger showed sensitivity down to 1 fM, indicating 

that we have not yet reached the lower limit of detection for the TEVp enzyme amplification 

toehold sensor. The 1 fM concentration of the 5,100 nt RNA-triggered reactions showed 

an average fold change of 15.29 and standard deviation of 1.42 when compared to the 

untriggered controls. These results show that the TEVp amplification system outperforms 
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the mNeonGreen reporter by ~15 fold at 1 fM of trigger RNA, a level that approximates the 

viral load in human clinical samples.

4 DISCUSSION

TEV protease is a highly sequence-specific cysteine protease from the tobacco etch virus[26] 

that is frequently used for the controlled cleavage of fusion proteins in vitro and in vivo. 

The SARS-CoV-2 detection system described here relies on strand invasion of specific 

target pathogen nucleic acid in toehold switches followed by in vitro translation of TEVp. 

The readout signal is amplified since TEVp cleaves a unique site in multiple quenched 

substrate molecules to provide an enhanced fluorescent signal. The advantages of this 

amplification system are that reactions can be run at a single temperature (4°C to 42°C) so 

a thermocycler is not required, nucleic acid amplification is not needed so extensive primer 

design and testing are not required, and added exogenous enzymes are not essential for 

the reaction, reducing the cost and increasing the stability of the assay. In addition, with 

this downstream amplification strategy, alternate enzymes can be employed for sensitive 

colorimetric detection and multiplexing of the diagnostic assay.

The use of toehold switches with upstream RNA amplification has been successful, reaching 

a limit of detection in the low, clinically relevant femtomolar level.[11, 27–29] However, 

point-of-care or field diagnostic assays demand an easy to use, inexpensive format that 

can withstand harsh environmental conditions and can be multiplexed for differential 

diagnoses. Although RT-qPCR, NASBA (nucleic acid sequence-based amplification) and 

RT-LAMP (reverse transcription loop-mediated amplification) can provide sensitive and 

specific detection of viruses, they each have different characteristics that may be challenging 

for use as low-cost, point-of-care detection assays. RT-qPCR requires the use of expensive 

equipment and technical expertise for precision handling of the reagents and matrix 

inhibitors can interfere with nucleic acid amplification. NASBA requires three enzymes - 

reverse transcriptase, RNAse H, and DNA polymerase - for transcribing single stranded 

RNA into cDNA, removal of template RNA, and production of double-stranded DNA that 

stimulates a signal, respectively. RT-LAMP is tolerant to matrix inhibitors; however, it 

requires 4–6 primers that must be carefully designed and extensively tested prior to use. 

In addition, RT-LAMP is not amenable to multiplexing. Matrix effects of clinical samples 

could also impact cell-free transcription and translation. Others have recently assessed those 

impacts and begun to address them in similar systems.[30,31]

In contrast, the described assay is a viable alternative, as the 5,100 nt RNA fragment 

was more efficient in triggering detection in the TEVp amplification system and the limit 

of detection was less than 15,000 copies with an approximate 10-fold change in relative 

fluorescence over the mNeonGreen reporter. Even with the mNeonGreen reporter, the limit 

of detection was lowered from a low pM range to a fM range when the 5,100 nt RNA 

fragment was used as the trigger. This superior performance with the larger RNA fragment 

was unexpected and was not due to a nonspecific effect of the 5,100 nt trigger fragment 

affecting toehold switch activation since inclusion of a control RNA fragment lacking the 

CSU 08 trigger sequence but containing flanking SARS-CoV-2 regions did not cause an 

increase in relative fluorescence (Figure S6; note: sensitivity calculations and R values are 
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shown in Figure S7). The 5,100 nt RNA trigger is extremely large compared with the size 

of the toehold sensor itself. This trigger region occurs near the 5’ end of the 5,100 nt trigger 

resulting in ca. 5 kb of RNA downstream of the trigger sequence. It is possible that this extra 

RNA length contributes either to a crowding effect potentially enhancing trigger binding to 

the toehold and/or contributes to the free energy of strand invasion of the trigger RNA strand 

into the stem structure of the toehold switch. In a study of displacement loop formation 

(D-loop) in human telomere DNA, the change in the measured force-extension upon strand 

invasion of telomere DNA in a magnetic tweezers assay correlates with the length of the 

strand used for invasion.[32] Future work is needed to determine which factors such as 

location of the trigger sequence within the large RNA (5’ end which is our case, internal or 

3’ end), whether secondary structure associated with the invading RNA strand is a factor (the 

SARS-Covid RNA has extensive secondary structure) and if there is a relationship between 

trigger RNA size and efficiency of toehold switch activation.

Our approach to toehold switch design, part of which was to locate potential trigger 

regions with little secondary structure with considerations for avoiding potential mutational 

hotspots and design toehold switches in those regions, differed from other efforts. SARS-

CoV-2 toehold switches in other works used either an iterative design process using the 

whole genome, [29] protein sense sequences[9] or designed around amplicons for PCR 

primer pairs engineered for optimized amplification of SARS-CoV-2 [27] for upstream 

signal amplification. Our most successful toehold switch, design CSU 08, was based on 

a conserved unstructured trigger region (region 43) in the SARS-CoV-2 genome identified 

by Rangan et al.[13] We examined the triggers used in other studies and found a strong 

correlation between toehold switches with detectable signaling and their RNA triggers 

mapping to conserved unstructured regions identified by Rangan et al. Significantly, the best 

SARS-CoV-2 toehold switch sensors reported in the other studies, toehold switch S1 in Park 

and Lee[29] toehold switches B and F in Hunt et al.[9] and toehold switches 12 and 17 in 

Chakravarthy et al.[27] have RNA triggers that map to a conserved unstructured region of 

SARS-CoV-2. Conversely, many of the toehold switches whose triggers mapped to regions 

of conserved structure performed poorly (Table S1). This suggests that selecting RNA 

triggers from unstructured regions should be part of the design criteria when engineering 

toehold switch biosensors for RNA virus detection.

The specificity of the SARS-CoV-2 toehold switches described in this study remain to 

be tested further. However, it is worth noting that Cao and coworkers have demonstrated 

that toehold switch-based sensors using upstream amplification systems (LAMP/NABSA) 

can differentiate between subgroups A and B of respiratory syncytial virus associated with 

different levels of disease severity and are unable to detect closely related viruses (SARS-

CoV-2, HCoV- HKU1, Rotavirus, and Norovirus-GII.4)(33). Similarly, Park and Lee found 

that this technology could be used for specific detection of SARS-CoV-2 and MERS-CoV 

virus but not closely related coronaviruses (29). Neither of these studies indicated that they 

had tested multiple isolates with variations in the regions binding to the toehold switches, 

indicating that more research needs to be performed to confirm the specificity of the test 

for variants. Regardless, we chose genetic regions that had been reported to have the least 

number of mutations and were unique to known (non-SARS-CoV-2 viruses) coronaviruses.
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ABBREVIATIONS

TEVp tobacco etch virus protease

CFPS cell-free protein synthesis

PCR polymerase chain reaction

RT-PCR reverse transcriptase-polymerase chain reaction

GFP green fluorescent protein

NASBA nucleic acid sequence-based amplification

LOD limit of detection

eGFP enhanced green fluorescent protein

UTR untranslated region

Nt nucleotide

nsp2 nonstructural protein 2
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FIGURE 1. 
Construction of the TEV protease amplification system located downstream of a toehold 

switch. The toehold switch-TEV protease transcript folds to form a stem-loop structure 

that blocks translation of the transcript. Following strand invasion by SARS-CoV-2 trigger 

RNA, the stem-loop is interrupted, resulting in translation of TEVp. A quenched fluorescent 

reporter is activated by TEVp cleavage and the signal fold change in fluorescence between 

the control and sample is measured.
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Figure 2. 
Construction of the pUC19-T7 expression plasmids containing toehold switches upstream 

of the mNeonGreen reporter gene. A similar process was used for cloning trigger RNA 

sequences in the pUC19-T7 expression plasmid.
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Figure 3. 
Physical map of the 1,865–2018 nt region of the SARS-CoV-2 genome with the location of 

each trigger RNA (blue bars) for each toehold switch design. Regions 1 and 2 are indicated 

by the pink bars.
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Figure 4. 
Comparison of mNeonGreen fluorescence from co-expression of each toehold switch/

mNeonGreen reporter with the corresponding trigger RNA in cell free extracts. Toehold 

switches Zika 27b and 32b were used as positive controls. Six toehold switches (not shown) 

gave low level fluorescence and are not included in this graph. Error bars represent +/− 

1 standard deviation from the mean. The sample average and standard deviation were 

calculated by averaging the three technical replicate slopes for each sample, including that 

for the untriggered control sample (lacking the trigger-containing plasmid).
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FIGURE 5. 
Limit of detection dilution series using the 5,100 nt (left graph) SARS-CoV-2-derived RNA 

trigger and the 115 nt CSU 08 RNA trigger (right graph) with the mNeonGreen reporter. 

In each figure, error bars represent +/− 1 Standard Deviation from the mean. The sample 

average and standard deviation were calculated by averaging the three technical replicate 

slopes for each sample, including that for the untriggered control sample (lacking the mRNA 

trigger).
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FIGURE 6. 
Limit of detection dilution series using the 5,100 nt (left graph) SARS-CoV-2-derived RNA 

trigger and the 115 nt CSU 08 RNA trigger (right graph) with the TEV Protease reporter 

amplification system. In each figure, error bars represent +/− 1 standard deviation from the 

mean. The sample average and standard deviation were calculated by averaging the three 

technical replicate slopes for each sample, including that for the untriggered control sample 

(lacking the mRNA trigger).
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