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Toehold Switch: a new synthetic biology approach for diagnosis 

 

Abstract 

Toehold switches have the potential to become the new point of care diagnostic tool for viral and bacterial infectious 
diseases but also to detect inflammation or cancer RNA biomarkers. These de-novo-designed-riboregulators are based 
on synthetic biology and RNA-based regulatory systems enabling the control of translation and transcription in 
response of the related RNA. Programmability, manipulability, high orthogonality, and large dynamic range benefit to 
toehold switch sensors beside its compatibility with living and cell free systems. Combined with amplification 
techniques, such as NASBA or modified RT-LAMP, toehold switch systems effectively compete with the gold standard 
detection method, PCR, by its low-cost, rapidity and simplicity to program and use. In this review, we will present the 
design principles and the main amplification methods that are usually combined with the toehold switch. Moreover, 
we will give an overview of this de-novo designed riboregulators’ applications in the field of diagnosis and RNA 
detection. 
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1. Introduction 

Synthetic biology is defined by the international 
Genetically Engineered Machine (iGEM), the first 
worldwide synthetic biology contest, as the use of 
current biology techniques and equipment “to co-opt 
and improve upon the genetic blueprints of existing 
organisms, to design and create novel biological devices 
and systems.” Indeed, synthetic biology is a 
multidisciplinary area of scientific research where living 
systems are reprogrammed and rewired to develop new 
functions. The Massachusetts Institute of Technology 
has created iGEM two decades ago with the aim of 
promoting synthetic biology. Since that day, this field has 
been continuously growing thanks to the recent progress 
in genome editing with CRISPR and bioinformatics. 
Inspired by electric circuits, synthetic gene networks are 
composed of biological elements that interact with each 
other. These decision-based circuits frequently include a 
sensor element upstream a transducer that regulate a 
reporter gene (1,2). These systems can be induced in a 
cell or combined with a cell free system.  

RNA is usually targeted in synthetic biology since it plays 
a major role in gene expression at both transcriptional 
and translational level. RNA offers a huge variety of 
secondary and tertiary structures related to its sequence 
that can be modified and reprogrammed to change its 
structure or to make it bind a specific target, mainly 
other RNA strands, small molecules, or proteins. Thus, 
synthetic RNA, that have been engineered, can be used 
as a sensor or an actuator.   

RNA-based regulatory systems, such as riboregulators, 
enable the control of translation and transcription in 
response to the related RNA, taking advantage of the 
predictable Watson-Crick base pairing that limits 
crosstalks. In addition to the use of software for 
predicting the riboregulators-cognate RNA interaction, 
engineered riboregulators are synthetized with a 
transducer RNA strand regulating translation or 
transcription driven by the hybridization with the trans-
acting RNA. The use of riboregulators in biology is limited 
due to their poor dynamic range and the few number of 
existing orthogonal riboregulators due to crosstalk levels 
of 20% (1). 

To address these limitations, Green et al. have 
synthetized de-novo-designed-riboregulators: the 
toehold switches. Inspired by the principle of 
riboregulators, the toehold switch is composed of two 
strands of RNA. (1) Firstly, the switch strand contains a 
single stranded sequence at the 5’ end that is followed 
by the hairpin module upstream the repressed gene. The 
hairpin module includes the ribosome binding site (RBS) 
in the loop of the hairpin and the start codon (AUG). The 

repressed gene encodes for a colorimetric, fluorescent, 
or electrochemical measurable output. The other RNA 
strand of the toehold switch is the trigger RNA that binds 
to the toehold sequence thanks to Watson-Crick base 
pairing, enabling the opening of the hairpin, then the 
exposition of the RBS site and start codon, leading to the 
translation of the coding gene previously repressed. 
Thanks to their programmability, toehold switch sensors 
can be engineered to detect almost any RNA sequence. 
(6) Toehold switches are mainly used for the detection 
of viral and bacterial RNA that can be found in human 
biofluids during infections but can be used to target any 
type of RNA from any species. The thermodynamically 
and kinetically favorable linear-linear interaction allow a 
high dynamic range, in addition to the great 
orthogonality and the possible integration into low cost 
and easy-to-use platform such as in vitro cell-free system 
and paper-based platform, toehold switches show a 
large potential for the point-of-care diagnostics. (1,2, 11, 
14) Compared to PCR of ELISA, the gold standard 
methods for diagnosis, toehold switch based diagnostic 
platforms enable rapid and low-cost test that do not 
require expansive lab-based techniques nor professional 
expertise (2,6,7,8,14). Indeed, a single toehold switch 
reaction may cost $0.45 to $1.40 compared to $1.50 to 
$4.00 (reagents only) for PCR. (2) Moreover, toehold 
switch used as diagnostic method satisfies the ASSURED 
(Affordable, Sensitive, Specific, User-friendly, Rapid and 
Robust, Equipment-Free, Deliverable) criteria defined by 
the World Health Organization (WHO) for its use in poor 
countries. In addition, toehold switches take advantage 
of the emerging field of biosensing and molecular 
diagnosis, arising 19.6 billion USD in 2019 for the 
biosensor global market. These features actively stand 
for the great potential of this de-novo-design 
riboregulator as a powerful diagnostic tool. This review 
covers the design principles and the techniques that can 
be combined with the toehold switch to improve its 
dynamic range or its sensitivity and gives an overview of 
the applications in the field of diagnosis that have been 
demonstrated so far. 

 

2. Design principle 

Toehold switches have been described for the first time 
in 2014, inspired by the secondary structure of mRNA, 
and also thanks to knowledge in RNA kinetics and 
thermodynamics such as favorable linear-linear 
interactions. Indeed, Green et al have (1) developed de 
novo-designed prokaryotic riboregulators based on 
linear-linear nucleic acid interaction. The first designed 
toehold switches displayed a dynamic range from 400 (1) 
to 900 (2) and showed a high level of orthogonality. In 
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this context, “orthogonality” defines toehold switches 
whose structures are so different to those occurring 
naturally that they cannot interact with another target 
than the one defined. Toehold switches with high 
orthogonality are then able to react and bind only in 
presence to their specific trigger RNA. 

 

Fig.1: Design principle of prokaryotic Toehold switch (left) 
and mammalian Toehold Switch (right). Created in 

biorender.com 

Green et al. (1) have described the first generation of 
toehold switches beginning with 12 nucleotides (nt) 
toehold sequence at the C-term. The hairpin secondary 
structure includes a ribosome binding site (RBS) and a 
start codon sequence that are repressed in the absence 
of trigger RNA. The start codon is situated downstream 
the RBS located in the 11-nt loop. A double stranded 
RNA of 6 bp and 9 bp enables the sequestration of the 
unpaired start codon near the midpoint of the hairpin 
stem. (1) The hairpin structure precedes a 21-nt linker 
sequence coding for low-molecular-weight amino acids. 
The trigger RNA is assumed to be is a single-stranded 
RNA of approximately 30-nt that is complementary to 
the toehold domain and the beginning of the hairpin, but 
it can go from 23 (3) to 50-nt. (4) To demonstrate the 
utility of toehold switches, Green et al. have designed 
100 functional de-novo-designed-riboregulators into 
Escherichia. coli (E. coli) genome, firstly to sense 
endogenous RNAs or to regulate endogenous gene 
expression. Thanks to these first results, they have built 
the first library of toehold switches with a large 
orthogonality and a set of 26 toehold switch systems 
exhibiting less than 12% of crosstalk. Inspired by this 
work, Pardee et al. have developed two new design 
schemes. (4) Indeed, they observed that the loop 
mediated docking was favorable and reduced the 
leakage in the OFF state. The first design scheme, called 
the A series, is based on the toehold switch designed by 
Green et al, contains a reduced 11nt loop domain. The 
second scheme design, named the B series, includes a 

12-nt loop and a more thermodynamically stable stem, 
removing the linker sequence following the hairpin 
structure. (5) Toehold switches based on B series have 
been then optimized by modifying the length of the top-
stem (5 bp) and the loop region (12-nt), and by defining 
the linker region with 21 nt. (6) 

Compared to the toehold switches designed for 
prokaryotic RNAs, some modifications are required to 
enable the detection of miRNAs within mammalian cells 
(3) as shown figure 1. Notably, the Kozak sequence 
(GCCACC) is included upstream the start codon and both 
sequences are located in the loop of the hairpin 
structure with the RBS sequence, hence the start codon 
is not included in another unpaired region after the 
hairpin loop. 

Ultimately, the unpaired repressed gene at the 3’ end is 
located downstream the hairpin and this reporter gene 
enables electrochemical, fluorescent or colorimetric 
output. In the case of diagnostic sensor, toehold switch 
mainly includes GFP, mRFP or mCherry (1,2,4,5) as 
fluorescent reporters or LacZ as colorimetric output. 
(2,3,6,7,8) 

 

 

 

 

 

 

 

 

 

 

Fig. 2: Example of ribocomputing logic composed of two 
switch RNA hairpins. (a) Two-input OR gate and (b) two-
input AND gate. From Green et al. (14) in biorender.com 

Toehold switches have also been designed to build 
complex genetic circuits such as two-input OR, AND and 
NOT gate RNA composed of two switch RNA hairpins 
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with their own input RNA recognition sequence, their 
own RBS and AUG sites, as shown figure 2. Those genetic 
circuits are made of several toehold switches in the 
same frame RNA, going up to 12 toehold switches 
following others on the RNA strand. Input RNAs bind to 
their cognate toehold sequence on the gate RNA and 
thus can trigger synthesis of the reporter gene in an 
independent way. This type of single-layer 
ribocomputing circuits such as two-input NOT, four-input 
AND, six-input OR and complex 12-input expression 
(mixing AND, NOT and OR gates) have been 
demonstrated in E. coli but it should be possible to 
efficiently implement them in other organisms or in cell 
free systems. (1,9) 

 

2.1 In silico design  

The first step to design a toehold switch is to define the 
sequences of the two RNA strands (the trigger RNA and 
the switch RNA) and the interaction domain size 
between the two cognate RNA. Then, the toehold switch 
is modeled thanks to software such as NUPACK nucleic 
acid sequence design package. NUPACK is a library of de 
novo designed translational activators such as toehold 
switches used for the simulation of the desired toehold 
and can be combined with the use of Python. (1, 4, 6, 7, 
8, 9, 10, 11) This software provides an algorithm (Figure 
3) that models and optimizes the trigger RNA, switch 
RNA and the trigger-switch RNA complex formed. 
NUPACK can consider that the trigger RNA must bind to 
the switch RNA and that the trigger-switch RNA complex 
must get a low secondary structure in order to promote 
translation. NUPACK is also a tool to analyze the 
orthogonality of the toehold switch and calculate the 
free energy change of both RNA strands and the trigger-
switch complex. It gives also the predicted toehold 
switch concentration needed and the minimum free 
energy secondary structures of the trigger RNA, the 
switch RNA, and the trigger-switch RNA complex in 
solution. The trigger sequence for the sensors is selected 
if it has a minimum of 20 nucleotides with less than 50% 
similarity when compared to other protein sequences. 
(1, 4, 6, 7, 8, 9, 10, 11) Once the potential toehold 
sequences switch sequences are obtained, they are 
analyzed with a Monte-Carlo algorithm to identify the 
ones with the lowest degree of crosstalk. (1)  

Once a toehold switch library is generated for the 
detection of a specific RNA, mFold is an alternative to 
NUPACK to compute the free energy change (ΔG) for 
each switch. (5) Toehold switch sensors are always 
screened to avoid any in-frame stop codon downstream 

of the start codon. The sensors with the most negative 
free energy of minimum free energy complex with the 
trigger RNA are selected for the experiments.  

 

Fig. 3: Example of workflow used to generate candidate 
toehold switches for a defined trigger RNA. From Trung 

Chau et al. (14) 

For the purpose of the international synthetic biology 
contest iGEM in 2017, the Chinese University of Hong 
Kong team has developed the first comprehensive web 
tool fully driven for the design of toehold switches. (12) 
Based on 180 experimentally tested switches, the 
website generates a suitable toehold switch according to 
the trigger RNA sequence given by the user. This 
comprehensive web tool considers 4 main criteria that 
can be then developed and completed. Firstly, to avoid 
any expression of the reporter gene in the absence of 
the trigger gene, the toehold switch should form a stable 
hairpin loop structure. Secondly, the free energy state is 
calculated for the trigger RNA, the switch RNA and the 
switch trigger RNA duplex. The energy state of the 
trigger-switch RNA complex must be the most favorable 
to guarantee the unfolding of the hairpin loop and the 
activation of the translation once the complex is formed. 
Thirdly, stop codons must not be included in the toehold 
switch sequence to allow the translation of the reporter 
gene. Lastly the trigger RNA must be unique to the RNA 
that is detected to avoid mistargeting. Therefore, the 
trigger RNA is compared to sequence database such as 
the human expressed sequence tags (ESTs) to ensure 
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that this trigger sequence does not involve off-target 
sequence. Finally, this web tool suggests computing an 
efficacy score based on machine learning to help the 
user identify the best toehold switch. Unfortunately, this 
comprehensive tool is not used by researchers, probably 
because it must be optimized and supplemented with 
more experimental data. 

For the detection of bacteria, phylogenetic assignment 
tools, such as Metaphlan and Metaphlan229, are used to 
identify if the trigger mRNA is unique to a given bacterial 
species. (5) More generally, the putative toehold regions 
designed for a certain trigger RNA can be analyzed with 
BLAST to evaluate their specificity  and to avoid 
homology. (4, 6) 

 

2.2 Synthesis 

The synthesis of the toehold switch starts with a PCR 
amplification of DNA oligos coding for the toehold switch 
sensor RNA strand thanks to IDT (1-3,8) or Macrogen (6). 
This amplification step precedes the ligation of the 
reporter gene in a single 2-hours PCR amplification step. 
The synthetic DNA templates previously amplified are 
inserted into a T7-based expression plasmid by Gibson 
Assembly (1-10) with 30 bp overlap regions or a 
universal acceptor pSB1C00 plasmid (11). The plasmid is 
then sequenced the inserted sequence is correct. DNA 
coding for the toehold RNA sequence integrated in a 
whole plasmid or an assembly ligation is then 
transformed into Escherichia coli DH5ɑ (5) or E. coli NEB 
10β chemically competent cells (11), or E. coli BL21 Star 
DE3 (1). 

To use synthetic gene networks such as toehold switches 
outside laboratory, Pardee et al. have combined the 
toehold switch with a freeze-dried cell free system into 
paper and other porous material. Indeed, this kind of 
porous materials have similar transcription and 
translation properties but, unlike cells, are abiotic, 
sterile, and stable at room temperature, allowing long-
term conservation. (2) For instance, they have used the 
PT7 expression system, that is composed of ribosomes 
and 35 purified bacterial proteins to construct a cell free 
system for the toehold switch. Inspired by the paper tool 
used to measure the pH in water, they constructed a 
paper based synthetic gene network where the paper or 
other porous substrate constitute a high-capillary-action 
matrix to hold small-volume and biochemical reactions. 
They freeze dried the cell free system as well as the DNA 
copy of the toehold switch and then demonstrated that 
once rehydrated with water 2 hours, the activity of the 

system was comparable to the fresh reactions. They 
obtained the same system with S30 E. coli cell extract 
and both can be stored for more than 1 year up to 20 
Celsius. (2,3) 

Cell free system are more and more used because of their 
low cost, ease to manufacture and to store. In addition, 
cell free system can be combined with paper and other 
porous substrates platform that can be used outside 
laboratory. 

 

3. Amplification techniques combined with toehold 
switch sensors 

In order to detect RNA markers at the beginning of the 
disease development, it is needed to detect very low 
amount of RNA with high sensitivity. The main challenge of 
the toehold switch method is then to improve the 
sensitivity. One solution is to amplify the trigger RNA 
before the screening, as shown in figure 4. 

 

Fig.4 : Diagnostic test workflow including an RNA amplification 
step. Adapted from Pardee et al. (3) in biorender.com 

 

3.1 NASBA nucleic acid sequence-based amplification 

Toehold switch sensors have first been combined with 
an extremely sensitive technique of isothermal 
amplification technique named NASBA (nucleic acid 
sequence-based amplification) (3, 4, 8). 

The process can last from 30 min to 3 hours, depending 
on the initial amount of RNA in the sample. Two steps 
are normally required: the heating step at 65°C followed 
by the isothermal amplification, but Pardee et al (3) have 
demonstrated that the heating step is not specifically 
required. The second step includes a reverse 
transcription step of the target RNA mediated by a 
sequence-specific reverse primer to create an RNA/DNA 
duplex. The template is then degraded, the forward 
primer containing the T7 promoter binds and begins the 
elongation of the complementary strand to obtain a 
double stranded DNA. After these steps, an important 
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quantity of copies of the target RNA sequence are 
created and can then be detected by the toehold switch. 
Takahashi et al. (4) have used a mathematical model of 
NASBA reactions that demonstrate that femtomolar to 
picomolar concentrations of RNA could be amplified to 
within the toehold detectable linear range. 

Nevertheless, this technique might be relatively 
expensive ($5–$20/test) and time consuming, but the 
detection limit is about femtomolar concentration and it 
is compatible with freeze-drying paper-based platform. 
(3,4) 

 

3.2 NASBA-CRISPR Clevage (NASBACC) 

Another challenge of the RNA detection is to allow 
extreme specificity regarding base mutation and 
discrimination. (3) Pardee et al. have combined CRISPR-
Cas-9 to the NASBA step, called NASBA-CRISPR cleavage 
(NASBACC), allowing the single-base discrimination of 
RNA strains. During the NASBA amplification, the double 
stranded DNA synthetized is cleaved by Cas 9 in 
presence of an NGG protospacer adjacent motif (PAM) 
that is specific to the strain with a single-base 
discrimination. This cleavage leads to a truncated RNA 
product that is not recognized by the toehold switch 
complementary to the non-mutated strain. This process 
of single-base discrimination NASBACC is also compatible 
freeze-drying paper-based platform.  

 

3.3 Reverse transcription loop-mediated 
amplification (RT-LAMP) 

The reverse transcription loop-mediated amplification is 
a DNA detection technique coupled with reverse 
transcription. This technique has been modified to 
amplify RNA sequence by Park S. et al. instead of the 
NASBA technique, not enough sensitive for the early 
detection of SARS-CoV-2 in saliva. (7) To be applied to 
the toehold reaction, the LAMP primer is modified with a 
T7 primer upstream the amplicon sequence to get the 
T7 RNA polymerase and its promoter for the 
transcription of DNA into RNA. The RT-LAMP reaction 
begins with a structure-producing step that is a 
dumbbell-like structure followed by a cycling 
amplification step. The cycling amplification step consist 
of an elongation of the starting and intermediate 
structure thanks to primer DNA region and Bst DNA 
polymerase (strand-displacing polymerase) leading to an 
amplification of the target nucleic acid. This modified RT-
LAMP technique enables an isothermal amplification of 

the target RNA in one step in a shorter time and with a 
higher sensitivity compared to the NASBA method. 
Indeed, the RT-LAMP method has been used to amplify 
12 copies (12 copies/μL) of target RNA in 20 min, instead 
of 30min-3 hours for the NASBA method. (7) 

 

4. Applications 

Toehold switches can be used in many fields and due to 
their versatility, these de-novo-designed-riboregulators 
can be integrated into prokaryotic genome and regulate 
or respond to endogenous genes. In the case of 
diagnosis, we will focus on the second use, toehold 
switch as a sensor that responds to endogenous RNA. As 
a proof of concept, Green et al. have synthetized toehold 
switches for the detection of the mCherry mRNA and for 
endogenous RyhB small RNA into E. coli bacteria with 
GFP gene as reporter gene. The binding of mCherry 
mRNA and  RhyB small RNA to their complementary 
toehold switch induced the translation of GFP as 
reporter protein. (1)   

 

Fig. 5: Cell-free paper-based platform for RNA detection 
thanks to colorimetric output. Created in biorender.com 

Toehold switch sensors have been primarily used for 
viral RNA detection in the current context of virus 
outbreak and the necessity to get a rapid, low cost and 
easy to use point of care diagnosis tool. Toehold switch 
sensors have been designed to detect Ebola (2) and Zika 
viruses (3) using b-galactosidase (LacZ) as repressed 
gene to generate a colorimetric output. Once the trigger 
RNA binds to the toehold, LacZ is expressed and cleaves 
chlorophenol red-β-D-galactopyranoside (yellow) to 
produce a purple chlorophenol (red). This process is 
visible by the naked eye and has been quantified by 
using a standard plate reader by measuring the 
absorbance at 570nm. The toehold switches were 
rapidly schemed since 24 Ebola sensors were designed in 
less than 12 hours and 48 Zika sensors in less than 7 
hours. Furthermore, the toehold switches were 
successfully combined with freeze dried PT7 cell free 
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system on a paper-based platform, described in figure 5, 
allowing an easy storage and preventing the need of 
specific to obtain results in 110min. Researchers have 
constructed an electronic plate reader for a low-cost and 
portable tool to measure the quantity of viral RNA 
outside laboratories. (2,3) Thanks to its high 
orthogonality, toehold switches allowed the 
discrimination between the two Sudan and Zaire Ebola 
strains which differ in length by only three nucleotides 
with the specificity of 30 nM trigger RNA. (2)  

Since its development in 2014, the toehold switch has 
been combined with different techniques, mainly RNA 
amplification technique to increase the sensitivity of this 
de-novo-designed-riboregulator. For this purpose, 
NASBA-CRISPR cleavage method has been combined to 
Zika toehold switch sensors on freeze dried paper-based 
platform. They successfully discriminated the African and 
American Zika strain, that differ with a single base, 
providing a precise genotypic information in less than 5 
hours with a sensitivity of 3fM for trigger RNA. (3) 
Striving for a higher sensitivity, the amplification method 
NASBA has been combined to the paper-based toehold 
switch sensors for GII.4 Sydney noroviruses in fecal 
samples, which are pathogens that cause gastroenteritis 
and foodborne illness. (8) The activation of the GII.4 
Sydney noroviruses toehold switch sensor after a NASBA 
step was detectable after 1 hour using the plate reader, 
2 hours using naked eye, with detection sensibility in 
stool sample down to 270 aM. To accelerate the 
detection of noroviruses, Ma D et al. (8) shorten it by 
dividing the 3.1 kb length reporter gene in ɑpeptide 
(lacZɑ) composed of the first 50 to 59 residues from the 
N terminus and the ωpeptide (lacZω), the remaining 
~970 lacZ residues. They finally used lacZɑ as reporter 
gene in their norovirus toehold switch sensor. Its 
activation can be seen by eye on by measuring the 
relative absorbance at 575 nm wavelength and allowing 
a larger output and smaller time of synthesis of the 
colorimetric signal than with LacZ. NASBA-toehold switch 
sensors on paper-based platform have also been used to 
detect mRNAs from 10 bacteria found in human gut 
microbiota that are pathogenic for human. (4) They 
failed to strongly confirm the detection of some bacteria 
due to crosstalks between three closely related 
Bifidobacteria toehold switches, indeed their affiliated 
trigger RNAs differed by few nucleotides. Nevertheless, 
this issue could have been addressed with bioinformatic 
and algorithms to find better trigger RNA for these 
bacteria allowing less crosstalks. Following the similar 
NASBA-toehold switch sensors on paper-based platform, 
mRNA of host biomarkers such as alprotectin, CXCL5, IL-
8 and Oncostatin M to predict the efficacy of anti-tumor 

necrosis factor (TNF)- alpha therapies in inflammatory 
bowel disease patients and toxin mRNA from the 
infectious bacterium C. difficile have been successfully 
detected in less than 2 hours. The limit of detection of 
this paper-based platform was about 30aM to 3fM on 
total stool RNA, depending on the toehold switch 
sensors. (4) 

Very recently, researchers have demonstrated the 
power of toehold switch to detect emerging viruses. 
Park S. et al have synthetized two toehold switches 
sensors for the Sars-Cov-2 and MERS-CoV RNAs with the 
LacZ gene as reported of activation. (7) To detect the 
few amount of viral RNA copies that can been found in 
saliva from infected people, they firstly used of NASBA-
coupled toehold reaction, but the detection limit was 
not enough precise. Accordingly to these poor results, 
they finally used a Modified RT-LAMP-Coupled Toehold 
Reaction to detect SARS-CoV-2 and MERS-CoV in using in 
vitro transcribed target RNA spiked saliva. Since the pH 
of saliva is low, it may change the structure of the 
toehold sensor, the stabilization of the saliva pH is then 
required before the detection. This technique allows the 
detection of as few as 120 copies (12 copies/μL) of viral 
RNA in 70min. This modified RT-LAMP-coupled toehold 
reaction is more sensitive and allows faster detection of 
RNA viruses than the previous coupled methods, indeed, 
it requires 10-min heat inactivation of the sample, 20-
min RT-LAMP and 40-min of toehold reaction to detect 
120 copies of MERS-CoV or SARS-CoV-2 RNAs. 

Until 2019, toehold switches were exclusively used for 
the detection of bacterial or viral RNA, thereupon, Wang 
S et al. were the first to demonstrate the toehold 
switch’s potential in mammalian cells. (5) They designed 
two toehold switches for miR-155 and miR-21 repressing 
GFP gene that they transfected into three mammalian 
cell types: HEK 293, HeLa, and MDA-MB-231 cells thanks 
to a plasmid. The miR-155 toehold switches successfully 
detected exogenously expressed miR-155 in the 
presence of miR-155 mimics or inhibitors and 
endogenously expressed miR-155 in the presence of 
TGF-β stimulated in HeLa and MDAMB-231 cells thanks 
to GFP fluorescence measurement after 48 hours of 
transfection. They experimented a multiplex detection 
using two miR-155 and miR-21 toehold switches in co-
transfected HEK 293 cells to visualize miR-155 and miR-
21. Due to a modest level of orthogonality, the miR-21 
was activated by miR-21 and miR-155. In addition, these 
toehold switches developed for miRNAs exhibited a 
dynamic range about 2, but these limitations should be 
addressed by changing the hairpin features to optimize 
the sensitivity and the ON/OFF ratio. (5) In the same 
vein, cell-free platform-based toehold switch have been 
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constructed for the detection of synthetic IP-10 mRNA as 
part of indicators of acute kidney allograft rejection with 
LacZ as reporter gene to obtain a colorimetric output 

once the toehold switch activated by its trigger RNA. (6) 
The paper-based platform detected the IP-10 mRNA with 
high selectivity after 45 minutes of incubation. 

 

Sensor 
output 

Application Combined 
technique 

Reference 

GFP 

mCherry 

sense endogenous RNAs in vivo (E.Coli) 

regulate endogenous gene expression by integrating them into E. 
coli’s genome. 

/ 1 

LacZ 

GFP 

Freeze dried cell free paper-based platform to detect strain-
specific Ebola virus from clinical sample 

/ 2 

LacZ Freeze dried cell free paper-based platform to detect Zika 
sensors from plasma of viremic macaques  

NASBA 

NASBACC 

3 

GFP Cell free paper-based platform to detect gut bacteria and 
infection from human stool sample 

NASBA 4 

GFP 

mRFP 

Detection of endogenous and exogenous miRNA in mammalian 
cells 

/ 5 

LacZ Cell free paper-based platform to detect IP-10 mRNA from 
human stool sample 

/ 6 

LacZ Cell free system to detect MERS-CoV and SARS-CoV-2 RNA in 
saliva 

Modified RT lamp 7 

LacZɑ Cell free paper-based platform to detect Norovirus from human 
stool 

NASBA 8 

Table 1. Recent applications of toehold switches in molecular detection. 

 

5.  Conclusion 

Toehold switch sensors have many advantages over 
conventional detection methods like PCR, benefiting 
from easy programming, rapidity, and low cost. The 
toehold switch can be combined with living cell or cell 
free system, offering a wide range of uses and 
applications, for in and out-lab, and do not require any 
huge expertise. The main limitation of the system used 
to be its poor sensitivity, that can be improved with 
target RNA amplification methods such as NASBA or 
modified RT-LAMP. Even if these techniques must be 
quite expensive and time-consuming, toehold switch 
paper-based platforms are still cheaper than PCR: $16 
per transcript compared to approximately $140 (4) and 
are at least not longer than PCR, depending on the 
toehold switch sensitivity and the trigger RNA quantity. 
Indeed, the sensitivity of the toehold switch varies from 

one to another, from 2.8 fM to 30nM (2), but as for its 
orthogonality, it may be optimized by reprogramming 
the toehold switch structure such as modifying the 
length of the top-stem and the loop region. In addition, 
the compatibility of the toehold switch system with 
fluorescence or colorimetric output signal allows a wide 
range of applications. The measurement of the output 
can be facilitated thanks to portable companion reader. 
(14) Toehold switches have demonstrated their utility for 
the detection of emerging viruses thanks to the rapidity 
of design and synthesis (around 4-5 days), in addition to 
the capability to discriminate virus strains with only 3 bp 
difference. Toehold switch systems have also been 
successfully designed to target bacterial RNA and 
infection RNA markers from human stool, and miRNAs 
into mammalian cell lines paving the way to new 
applications in other disease diagnosis such as cancers. 
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Since 2014, the wide dynamic range, programmability 
and orthogonality of toehold switches have led to the 
emergence of a versatile and powerful diagnosis tool 
that is still evolving and optimized by research teams 
over time. New translational riboregulators such as 
single-nucleotide-specific programable SNIPR (13), 
providing detection of an acid nucleic with a precision of 
a single nucleotide, are now inspired by toehold switch 
systems and increase again the possible applications. 
Toehold switch sensors have the potential to be the 
future point of care diagnosis thanks to all these 
advantages. 
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