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cell-free toehold switch biosensor with a visual bioluminescent output 

J. Porter Hunt a,1, Emily Long Zhao a,1, Tyler J. Free a,1, Mehran Soltani a, Chandler A. Warr a, 
Alex B. Benedict b, Melissa K. Takahashi c, Joel S. Griffitts b, William G. Pitt a, 
Bradley C. Bundy a,* 
a Department of Chemical Engineering, Brigham Young University, Provo, UT, USA 
b Department of Microbiology and Molecular Biology, Brigham Young University, Provo, UT, USA 
c Department of Biology, California State University Northridge, Northridge, CA, USA   

A R T I C L E  I N F O   

Keywords: 
Cell-free protein synthesis 
CFPS 
TXTL 
Toehold switch 
Covid-19 
Nucleic acid diagnostic 

A B S T R A C T   

The COVID-19 pandemic has illustrated the global demand for rapid, low-cost, widely distributable and point-of- 
care nucleic acid diagnostic technologies. Such technologies could help disrupt transmission, sustain economies 
and preserve health and lives during widespread infection. In contrast, conventional nucleic acid diagnostic 
procedures require trained personnel, complex laboratories, expensive equipment, and protracted processing 
times. In this work, lyophilized cell-free protein synthesis (CFPS) and toehold switch riboregulators are employed 
to develop a promising paper-based nucleic acid diagnostic platform activated simply by the addition of saliva. 
First, to facilitate distribution and deployment, an economical paper support matrix is identified and a mass- 
producible test cassette designed with integral saliva sample receptacles. Next, CFPS is optimized in the pres-
ence of saliva using murine RNase inhibitor. Finally, original toehold switch riboregulators are engineered to 
express the bioluminescent reporter NanoLuc in response to SARS-CoV-2 RNA sequences present in saliva 
samples. The biosensor generates a visible signal in as few as seven minutes following administration of 15 μL 
saliva enriched with high concentrations of SARS-CoV-2 RNA sequences. The estimated cost of this test is less 
than 0.50 USD, which could make this platform readily accessible to both the developed and developing world. 
While additional research is needed to decrease the limit of detection, this work represents important progress 
toward developing a diagnostic technology that is rapid, low-cost, distributable and deployable at the point-of- 
care by a layperson.   

Introduction 

The global SARS-CoV-2, or COVID-19, pandemic has emphasized the 
need for rapid, low-cost, distributable diagnostic testing platforms. 
Rapid diagnosis, contact tracing and isolation help thwart viral trans-
mission and lower overall morbidity and mortality rates [1–3]; there-
fore, accurate and widespread laboratory diagnostic testing becomes 
crucial for an informed and effective public health response [4], espe-
cially for viral pathogens like COVID-19 which exhibit asymptomatic 
and presymptomatic transmission [5]. A low-cost, rapidly deployable, 
point-of-care (PoC) nucleic acid diagnostic test which could easily be 

mass produced and distributed would be a life-saving asset during any 
infectious outbreak [6]. Specifically, such a technology would improve 
widespread testing capabilities which inform critical decisions to reduce 
transmission, help sustain the economy, reduce the psychological and 
emotional burdens of uncertainty and unnecessary quarantine and, most 
importantly, preserve health and lives. 

Most conventional nucleic acid diagnostic procedures, however, are 
not amenable to large-scale, rapid deployment. For instance, widely 
used COVID-19 tests employ nucleic acid quantitative real-time reverse 
transcription polymerase chain reaction (RT-PCR) assays to detect viral 
RNA during the acute phase of infection [7]. RT-PCR testing requires 
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trained personnel, high-complexity laboratories, expensive laboratory 
equipment, and supply-limited reagents [4]. Consequently, long pro-
cessing times, limited testing capacity, high costs and supply shortages 
often precluded timely diagnoses [7]. As the Covid-19 pandemic pro-
gressed, researchers around the globe raced to introduce alternative 
diagnostic procedures to meet the testing demands [8]. These efforts led 
to PoC tests; however, supply is still limited, and the cost of these tests 
make them inaccessible for routine use by most of the world. 

To help address the need for affordable and rapidly deployable PoC 
testing, we propose a low-cost E. coli-based cell-free protein synthesis 
(CFPS) diagnostic platform for the detection of viral pathogens in saliva. 
The open transcription-translation reaction environment of CFPS sys-
tems provides an ideal platform for engineering and deploying synthetic 
biochemical systems such as biosensors [9–11]. The advantages afforded 
to CFPS systems enable versatile biosensing applications in a variety of 
sample matrices. Notably, biosensors utilizing CFPS technology have 
been developed for the detection of viral and bacterial pathogens and 
small-molecules in human clinical samples including sputum, urine, 
fecal and blood [12]. However, a CFPS-based biosensor had yet to be 
demonstrated in saliva prior to this work. 

Significant work has been done to advance the application of CFPS- 
based biosensors towards facile deployment outside of laboratory set-
tings. Recent work has extended CFPS biosensor technology to paper- 
based platforms [13–17]. CFPS systems can be freeze-dried onto paper 
substrates for stable, long-term storage at ambient conditions and have 
shown viability for weeks to months [13–15,17]. The compatibility of 
CFPS biosensors with paper supports facilitates inexpensive, distrib-
utable PoC use [18]. Pioneering work by the Collins laboratory com-
bined programmable riboregulatory toehold switches with CFPS 
biosensors demonstrating rapid detection of pathogen markers 
including Zika and Ebola viral sequences [13,14]. The resulting di-
agnostics proved to be rapid, robust, and sensitive. Further de-
velopments from the Collins, Green and Pardee laboratories led to 
increased sensitivity and an expanded repertoire of potential targets by 
adding a step where target nucleic acid sequences are exponentially 
amplified [15,16]. Inspired by this work, we have applied a similar 
toehold switch combined with CFPS approach to the viral target 
SARS-CoV-2. Other laboratories, including the Pardee and Green groups, 
are also applying this approach toward SARS-CoV-2 detection and have 
made impressive progress [19]. Towards this objective, here we report 
the advances of (1) extending paper-based CFPS technology to saliva 
matrices, (2) demonstrating additional paper support types, and (3) the 
development of additional SARS-CoV-2-specific toehold switches, (4) 
developing bioluminescent visual output as a potential way to increase 
the signal strength and lower the detection limit, and (5) reporting 
shelf-life of the resulting SARS-CoV-2 sensor. 

Here, development of a CFPS technology is described for PoC 
detection of viral pathogens in saliva. A paper-based Covid-19 biosensor 
activated by saliva and assayed by visual readout is demonstrated. Novel 
toehold switch riboregulator RNA strands are reported which respond to 
RNA sequences from the SARS-CoV-2 genome and generate a rapid 
bioluminescent signal 7− 15 min after initiating the reaction with a 
saliva sample enriched with significant concentrations of SARS-CoV-2 
RNA sequences. To facilitate widespread distribution and deployment 
of the biosensor, lyophilized CFPS reagents are embedded in a low-cost 
and widely available paper substrate and housed in a mass-producible 
LDPE (low density polyethylene) test cassette. The resulting device is 
shelf stable, can be deployed by a layperson operator at PoC, and is 
economical with an estimated total cost of less than 0.50 USD. This 
technology represents important progress towards development of 
diagnostic technologies for combating viral outbreaks such as the 
COVID-19 pandemic, although further work to lower the limit-of- 
detection is needed. 

Materials and methods 

Materials 

Chemical reagents were purchased from Cayman Chemical (Ann 
Arbor, Michigan) unless otherwise noted. Test cassette was 3D printed 
using VeroClear PolyJet photopolymer (Stratasys, Minneapolis, Minne-
sota). Fresh saliva was collected with institutional IRB approval from at 
least three volunteers and combined before laboratory use. 

Cell extract preparation 

E. coli extracts were prepared using BL21-Star™ (DE3) (Invitrogen, 
Carlsbad, CA) and BL21-Star™ (DE3) ΔLac (Invitrogen) strains. Cell 
extracts were prepared as previously reported [20]. Briefly, cell cultures 
were grown at 37 ◦C and 280 rpm with selective antibiotic. Overnight 5 
mL cultures were transferred to 100 mL of 2xYT media in 500 mL flasks 
and grown until an OD600 between 2–4 then added to 900 mL fresh 2xYT 
media in 2.5 L Tunair baffled shake flasks (IBI scientific, Dubuque, IA). 
At an OD600 of 0.7, cultures were induced with isopropyl β-D-1-thioga-
lactopyranoside (IPTG) to a final concentration of 1 mM. Cells were 
harvested at mid-log phase by centrifugation at 6000 RCF for 30 min. 
Cell pellets were washed in 10 mL per g wet cells of chilled buffer A (14 
mM magnesium acetate, 10 mM tris, 60 mM potassium glutamate, and 1 
mM dithiothreitol) and centrifuged again with the same conditions. 
Cells were resuspended in 1 mL buffer A per g wet cells and lysed by 
passing 3 times through an Avestin Emulsiflex B-15 cell disrupter 
(Avestin, Ottawa, Canada) at 21,000 psi. Lysed cells were centrifuged at 
12,000 RCF for 30 min and the supernatant was aliquoted in 100 μL 
volumes, flash-frozen, and stored at − 80 ◦C until single-use. 

Cell-free protein synthesis 

CFPS reactions were performed using the PANOx-SP system as pre-
viously described [21]. LacZα expression reactions were composed of 25 
% (v/v) BL21-Star™ (DE3) ΔLac extract, 25 % (v/v) PANOx-SP, 19 mM 
Mg(Glu)2, 12 or 72 nM LacZα plasmid DNA as template, 2% (v/v) pu-
rified in-house T7 RNA polymerase, 0.6 mg/mL LacZα substrate chlor-
ophenol red-β-D-galactopyranoside (CRPG) (Gold Bio, St Louis, MO), 
trace amounts of pre-synthesized LacZω fragment, and remaining vol-
ume distilled deionized water. Expression of the reporter enzyme 
NanoLuc luciferase (NanoLuc) [22] was conducted similarly except 30 
nM linear NanoLuc DNA template and NanoLuc substrate from Nano--
Glo® Luciferase Assay System (Promega Corporation, Madison, WI) 
replaced LacZα plasmid and CRPG, respectively. Liquid CFPS reactions 
performed in the presence of saliva contained 30 % (v/v) saliva. In early 
CFPS tests in the presence of saliva, superfolder green fluorescent pro-
tein (GFP) was used as the reporter protein with a superfolder sfGFP 
plasmid as template. Expression yields of sfGFP were determined by 
fluorescence at 485/510 excitation/emission wavelengths. Murine 
RNase Inhibitor (mRI) was sourced from New England Biolabs (NEB) or 
produced in-house [23]. 

Preparation of paper-based cell-free systems 

Paper discs were cut with a standard 8-mm diameter hole punch 
prior to the addition of CFPS reaction mix. Six different paper types were 
tested: 100 % cotton cellulose Chromatography Paper (Thick Chroma-
tography Paper Grade 238, VWR 28342− 036, VWR International, 
Radnor, PA, USA), Printer Paper (Double A Everyday Copy Paper 20 lb, 
Double A, Bangkok, Thailand), Nylon (Corning Filter System 430,767, 
Corning Inc., Corning, NY, USA), Cellulose Acetate (Corning Filter Sys-
tem 430,767), Cellulose Nitrate (Whatman 7184− 002, Whatman, 
Maidstone, UK), and Ashless Cellulose Filter Paper (Whatman 
1444− 110, Whatman). CFPS reactions were mixed on ice and pipetted 
onto paper discs and either immediately air-dried or lyophilized. Air- 
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dried papers were prepared by pipetting CFPS onto paper discs in 3− 5 
μL increments and promptly air-dried at 37 ◦C for approximately 5 min 
between each application for a total reaction volume of 6− 15 μL. Paper 
discs embedded with CFPS were placed in the test cassette receptacles 
prior to rehydration. After rehydration with water or saliva, receptacles 
were sealed to prevent evaporation as CFPS reactions proceeded. 
Rehydration of the paper discs, and accompanying reaction, were per-
formed less than 1 h after air-drying. Lyophilized paper-based CFPS 
reactions were prepared similarly except 10− 15 μL CFPS reagents were 
applied en masse to paper discs then flash frozen in liquid N2 and dried 
overnight in a lyophilizer (FreeZone 2.5, Labconco Corporation, Kansas 
City, MO, USA). Rehydration of discs were performed 1 d after lyophi-
lization. For experiments in which paper discs were blocked with bovine 
serum albumin (BSA), paper discs were placed on clean parafilm and 
immersed in 50 μL of a stock solution of 5%, 1% or 0.2 % BSA. After 30 s, 
all recoverable liquid BSA solution was removed and saturated discs 
dried on the parafilm. CFPS reaction mix was then applied to discs and 
air-dried. 

Toehold switch biosensor design and construction 

Toehold switches were designed using NUPACK software by scan-
ning SARS-CoV-2 protein sense sequences [16] (Supplementary Infor-
mation S2). Sequences which resulted in ensemble defects of less than 23 
% were considered for synthesis (Supplementary Information S3). 
Overlapping eBlocks (Integrated DNA Technologies, Coralville, IA, USA) 
were used to clone switches upstream of the NanoLuc gene with Q5 PCR 
(NEB, Ipswich, MA, USA). EcoRI and XmaI restriction enzymes were 
then used to clone switch-NanoLuc constructs into vector backbone. 
Successful cloning was sequence verified using vector primers. Plasmids 
were purified for use in CFPS reactions using Qiagen Plasmid Maxi Kit 
(Qiagen, Valencia, CA, USA) according to manufacturer’s instructions. 

Toehold switch biosensor CFPS assay 

RNA targets were synthesized from dsDNA templates (Integrated 
DNA Technologies, Coralville, IA, USA) after amplification with Q5 DNA 
Polymerase (NEB). T7 HiScribe (NEB) in vitro transcription reactions 
were digested according to manufacturer’s protocol with DNAseI prior 
to purification with Monarch RNA cleanup (NEB) and resuspension in 
RNase-free water. RNA was stored at − 80 ◦C and concentration was 
determined using SynergyMX Take3 (BioTek, Winooski, VT). CFPS re-
actions used the PANOx-SP system as described above with 25 % (v/v) 
standard extract, 25 % (v/v) PANOx-SP, 18 mM Mg(Glu)2, 2 nM toehold 
switch plasmid templates, and 6 μM RNA target for a total reaction 
volume of 15 μL. Liquid-based switch CFPS reactions were incubated for 
1 h at 37 ◦C. Following incubation, reactions were diluted and added to 
Nano-Glo® Luciferase Assay substrate and bioluminescence was 
measured for 10 min using SynergyMX microplate reader. Paper-based 
CFPS toehold switch reactions were performed after lyophilization of 
10 μL CFPS reagents with 5.4 % (v/v) Nano-Glo® Luciferase Assay 
substrate onto paper discs as described above. Paper discs were placed in 
the plastic test cassette, secured with white tape (VWR 89098− 058, 
VWR International, Radnor, PA, USA), rehydrated with 15 μL saliva, 
sealed with transparent tape (JVCC BOOK-20CC, J.V. Converting 
Company, Inc., Fairless Fields, PA, USA), and monitored at ~37 ◦C for 
30 min after the addition of 6 μM target RNA sequences from the SARS- 
CoV-2 genome (Supplementary Information S2). 

Results and discussion 

Here the development is reported of a rapidly deployable paper- 
based SARS-CoV-2 RNA biosensor using CFPS including (1) deter-
mining an economical paper support that is inexpensive and not supply- 
chain limited, (2) creating a simple low density polyethylene (LDPE) 
cassette to house the biosensor and simplify manufacturing, (3) 

optimizing CFPS in the presence of saliva, (4) developing new toehold 
switch riboregulator RNA strands for SARS-CoV-2 RNA sequence 
sensitivity, and (5) combining the above technologies to create a shelf- 
stable device which detects SARS-CoV-2 RNA by a bioluminescence 
signal clear to the naked eye. 

Selection of paper substrates for efficient CFPS reactions 

During the COVID-19 pandemic many diagnostics suffered material 
and reagent shortages which severely limited their timely production 
and deployment [24,25]. These shortages illustrate the need for eco-
nomic diagnostic platforms which require fewer resources and are more 
conducive to rapid and widespread deployment. Paper-based di-
agnostics offer several key advantages over conventional, 
aqueous-based diagnostics such as RT-PCR assays. Paper-based di-
agnostics generally require minimal on-site testing equipment and are 
therefore convenient for PoC use. Furthermore, paper-based platforms 
can be shipped en masse or individually in envelopes without specialized 
shipping requirements. Paper substrates are also generally economical 
and widely available. Finally, paper-based diagnostics can easily be 
incinerated after use to reduce exposure to the possibly infectious 
human samples employed in the test [26]. 

Paper substrates have proven to be a stabilizing support matrix on 
which CFPS reagents can be dried for convenient and shelf-stable stor-
age. CFPS systems, including biosensors, have been reported on a variety 
of paper substrates [13–17]. However,certain paper types (such as cel-
lulose acetate which is commonly used for diagnostics) became supply 
chain limited during the pandemic. This prompted a number of different 
paper types to be screened for compatibility with CFPS reactions to 
identify additional paper substrates which maintain high CFPS activity. 
Screening was concentrated on cellulose-based paper types that are 
highly accessible (not supply chain limited) and are generally less 
expensive than previously tested paper matrices. 

Various paper types were screened for compatibility with CFPS re-
actions by the expression of the reporter protein LacZα (Fig. 1). Reaction 
performance was evaluated by the colorimetric signal response of CRPG 
to the expressed β-galactosidase fragment. To reduce possible non- 
specific interactions between CFPS components and different 
cellulose-fibers, paper was pretreated with 0.2 %, 1%, or 5% (v/v) of 
BSA [13]. CFPS reactions on cellulose nitrate and nylon, the only 

Fig. 1. Development of CFPS reactions on paper. CFPS of the colorimetric re-
porter protein LacZα on different paper types pretreated with BSA at % volume. 
Following BSA pretreatment, 3 μL of CFPS reagents containing CRPG substrate 
was applied twice to each paper 8-mm diameter disc. Reactions were rehy-
drated with 6 μL water and photographed for colorimetric response after 24 h. 
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non-cellulose-based matrices tested, did not achieve a detectable 
response which suggests minimal protein synthesis and poor compati-
bility with CFPS molecular machinery. In contrast, cellulose acetate, 100 
% cotton cellulose chromatography paper, ashless cotton cellulose filter 
paper and standard 20 lb printer paper supported visible responses and 
are therefore considered as potential candidates for a low-cost, rapidly 
deployable paper-based CFPS diagnostic device. 

The strongest visible responses were achieved in cellulose acetate 
and ashless filter paper. However, cellulose acetate suffered supply 
chain limitations during the COVID-19 pandemic and is generally more 
expensive than the other paper types, reducing its potential as a low-cost 
and widely available test material. Reactions on filter paper, though 
high performing, proved to be less efficient and thus less conducive to a 
rapid diagnostic. Reactions on 20 lb printer paper showed only moderate 
performance with 5 % (v/v) BSA pretreatment; however, printer paper is 
inexpensive and widely available and therefore could potentially be 
used in a diagnostic device assembled in low resource settings or during 
manufacturing delays of other candidate materials. 

Of the paper types tested, 100 % cotton cellulose chromatography 
paper was deemed the most suitable for a low-cost, rapidly deployable 
paper-based CFPS diagnostic platform. Although chromatography paper 
did not achieve the strongest visible signal within the initial screening, it 
demonstrated the fastest signal response. Increasing the volume of 
embedded CFPS reagents improved reaction performance while still 
maintaining rapid reaction rates. Furthermore, BSA pretreatment of 
chromatography paper proved to be inconsequential to reaction per-
formance when CFPS reagents embedded on 8-mm diameter discs 
exceed 10 μL (Supplementary Information Fig. S1.1). Chromatography 
paper was therefore considered the optimal matrix as it supports rapid 
reaction rates, high protein synthesis, and is composed of economical 
and easily manufactured materials. 

Housing paper-based CFPS diagnostic biosensor in a deployable test 
cassette 

It was determined that 100 % cotton cellulose chromatography paper 
was an optimal support matrix for a low-cost yet efficient paper-based 
CFPS diagnostic platform. To facilitate practical deployment by lay- 
person operator, a portable, low-cost LDPE test cassette (Fig. 2A) to 
house paper-based CFPS biosensors was developed. This cassette pro-
motes ease of use and protects paper substrates and paper-based re-
actions while still maintaining the desirable attributes of paper-based 
platforms: low-cost materials, cost-effective manufacturing and conve-
nience in transportability. 

The test cassette is small and lightweight to facilitate widespread 
distribution such as shipment in small envelopes (See Supplementary 
Information Fig. S1.2). Additionally, the minimalistic plastic design has 
the potential to be manufactured in bulk at low cost by injection molding 
at millions per day. The LDPE cassette is also recyclable. The cassette 
holds receptacles for five discrete paper-based CFPS reactions. This ac-
commodates positive and negative controls, replicate tests, or the 
detection of multiple pathogen nucleic acid sequences within the same 
test. Receptacles act as small chemical bioreactors upon rehydration 
with saliva samples and are uniquely tapered to optimally sequester 15 
μL of saliva to the reaction site. The preparation and deployment of a 
diagnostic test within the cassette is simple and straightforward, as 
illustrated in Fig. 2B. A single 8-mm paper disc is placed within each 
receptacle, embedded with CFPS reagents, and secured with white tape. 
Once secured, the test is ready to be deployed or stored for later use; the 
end user simply fills receptacles with saliva, ~15 μL per well, and seals 
the cassette with transparent tape to prevent evaporation during the 
ensuing reactions. A prototype of the test cassette was 3D printed and 
evaluated following these steps. The cassette successfully housed paper- 
based CFPS reactions expressing LacZα after rehydration with 15 μL 
saliva. Reactions achieved clearly visible LacZα mediated color changes 
with discernible difference between LacZα negative (yellow) or LacZα 

positive (purple) reactions (Fig. 2C). Results were distinct for each re-
action with no observed reagent seepage or spreading outside individual 
receptacles. 

Engineering CFPS in the presence of saliva 

Saliva is an attractive clinical medium with expanding diagnostic 
applications. Clinical saliva samples are simple to obtain through non- 
invasive means, yet still maintain an extensive profile of potential 

Fig. 2. Test cassette for housing paper-based CFPS biosensor. (A) CAD 
rendering of test cassette. Cassette is designed with 5 clearly labeled receptacles 
for positive (+) and negative (-) controls and multiple sensor tests (T1, T2, T3). 
(B) Schematic representing the preparation and deployment of the paper-based 
CFPS diagnostic test. Steps 1-4, shown in black, can be completed prior to 
distribution. Steps 5-7, shown in red, can be implemented at point-of-care by 
operator. (C) Paper-based CFPS of the colorimetric reporter protein LacZα 
housed in cassette. Paper discs were embedded with 15 μL CFPS reagents and 
air-dried. Discs were placed in the receptacles and secured with white tape. 
Reactions were rehydrated with 15 μL saliva. Receptacles were sealed with 
transparent tape to prevent evaporation while reaction proceeded for 1 h. Re-
ceptacles from left to right: 1- negative LacZα template (yellow) and 2-5 - 
positive LacZα template (purple). 
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biomarkers [27]. For example, saliva-based diagnostics have been able 
to characterize salivary biomarkers for viral, cancer, and autoimmune 
diseases [28]. Therefore, engineering CFPS systems to maintain protein 
synthesis capabilities in saliva samples could greatly expand the po-
tential applications of CFPS biosensor technology. CFPS has previously 
been performed in a variety of other biological samples including 
sputum, urine, and blood [12]. The addition of these biological samples 
to a native CFPS environment inhibits protein synthesis; however, pro-
tein yields have been at least partially preserved by the addition of 
RNase inhibitors. This suggests that endogenous RNases present in 
biological samples have a significant inhibitory effect on CFPS systems 
[29–31]. Like other biological samples, saliva is rich in various RNases 
and shows extensive RNase activity. Indeed, exogenous RNA in saliva 
has an estimated half-life of 0.4 min [32–35]. Because it has been shown 
that mRI sustains CFPS in the presence of other biological samples 
[29–31], it was hypothesized that the addition of RNase inhibitor to 
CFPS systems would be effective, and even essential, for the successful 
implementation of CFPS in saliva samples. 

To test the hypothesis that mRI enables CFPS in saliva, the effect of 
saliva on CFPS was assessed first in standard liquid-based CFPS reactions 
expressing superfolder green fluorescent protein (sfGFP). As shown in 
Fig. 3A, protein expression of a native CFPS reaction is completely 
inhibited with the addition of >10 % saliva v/v. However, as antici-
pated, protein expression was restored by adding murine RNase inhib-
itor (mRI) to the reaction mixture. As demonstrated, CFPS performance 
of reactions with 30 % saliva is almost completely preserved by the 
addition of 1% (v/v) mRI. The utility of mRI addition was further 
evaluated for use in paper-based CFPS reactions by expressing the 
colorimetric reporter protein LacZα on a paper substrate (Fig. 3B). It was 
determined that 1% (v/v) mRI sustains CFPS sufficiently when reactions 
lyophilized on paper are rehydrated with pure saliva. Thus, the addition 
of mRI in the CFPS system enables a “just-add-saliva” paper-based CFPS 
platform. 

Paper-based CFPS of bioluminescent reporter protein NanoLuc 

To date, all paper-based CFPS biosensors have utilized either fluo-
rescent or colorimetric reporter technology. However, fluorescent re-
porter proteins such as GFP or mCherry have limited application in low- 
resource settings as they require light excitation and electronic optical 
readers to decipher biosensor output signals. To overcome this 

challenge, low-cost fluorometric devices have been developed in tandem 
with paper-based CFPS biosensors [13,14,17] but inevitably, additional 
testing equipment complicates simple user analysis and increases overall 
costs and resources. Colorimetric assays offer signal outputs more 
compatible to analysis with the naked eye; however, at the lower limits 
of detection, they too may require optical readers to decipher subtle 
color changes. 

Alternatively, bioluminescent reporters offer simple assay analysis 
since signal output can be visible to the naked eye when viewed in the 
dark and does not require light excitation. Bioluminescence assays can 
also deliver 10- to 1000- fold higher sensitivity than fluorescent assays, 
providing much lower limit of detection (LoD) [36]. In particular, 
bioluminescence assays which utilize the enzyme luciferase report high 
sensitivities, low signal backgrounds, and wide linear ranges [12]. The 
bioluminescent reporter NanoLuc luciferase (NanoLuc) was therefore 
chosen for the diagnostic platform. NanoLuc is a commercially available 
luciferase engineered to be even more responsive and versatile than 
conventional luciferase. NanoLuc is a small stable protein which folds 
rapidly and is highly responsive to the substrate furimazine [22]. These 
characteristics make it an ideal reporter candidate for a highly sensitive 
and rapid diagnostic device. 

Bioluminescent reporters have not previously been expressed in 
CFPS on paper mediums. It was therefore necessary to test the expres-
sion and bioluminescent activity of NanoLuc on paper. Additionally, 
NanoLuc substrate is generally added to the reaction after completion so 
it was also requisite to determine if addition of substrate prior to 
NanoLuc synthesis would impede bioluminescent response. Single-pot 
CFPS reactions, including NanoLuc substrate at different volume per-
centages, were performed on paper as shown in Fig. 4. All test reactions 
exhibited visible bioluminescent signals with up to 2% (v/v) substrate 
without evidence of interference to protein synthesis. 

In all cases, bioluminescent response was rapid but ultimately short- 
lived. The rapid signal response observed in the test reactions attests to 
the robust nature of CFPS reactions and the short activation of the 
NanoLuc protein. The short-lived signal response is due to substrate 
depletion as evidenced by the high dependency of the signal response on 
the concentration of substrate added. As the concentration of substrate 
increased, so too did the intensity and duration of the bioluminescent 
signal. Furthermore, adding substrate to a reaction 20 min after initia-
tion resulted in a more intense and abrupt signalcompared to the same 
substrate concentration added prior to the reaction, due to the higher 

Fig. 3. CFPS reactions in saliva samples. (A) 
Liquid-based CFPS of superfolder green fluo-
rescent protein (sfGFP) in saliva at the volume 
percent indicated with or without 1% (v/v) 
murine RNase Inhibitor (mRI). 1% (v/v) mRI 
corresponds to 0.4 U/μL mRI where 1 U is 
defined as the amount of enzyme required for 
50 % reduction of 5 ng RNase A. Results were 
normalized to sfGFP expression without the 
presence of saliva which achieved 1.07 μg/μL. 
Error bars represent one standard deviation for 
n = 3. (B) Paper-based CFPS of the colorimetric 
reporter protein LacZα in the presence of vary-
ing mRI concentrations. “(-)” indicates negative 
DNA template control. 15 μL CFPS reactions 
were air-dried on chromatography paper discs. 
Reactions were placed in plastic cassettes and 
rehydrated with 15 μL pure saliva and photo-
graphed for colorimetric response over the 
course of 1 h. Without the presence of mRI, 
CFPS reaction did not achieve appreciable 
protein yields as compared to the negative 
LacZα template control. With the addition of 

mRI, protein yields improved as evidenced by the LacZα mediated color change. Photograph brightness was holistically enhanced to resemble more closely in-person 
observations.   
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number of enzymes acting on the substrate. 

Development of toehold switch biosensors to detect SARS-CoV-2 RNA 

Toehold switch biosensors are programmable riboregulators which 
use de novo designed RNA sequences to provide versatile and highly 
programmable gene regulation [37,38]. Toehold switches have suc-
cessfully been designed to detect viral, bacterial and host biomarker 
nucleic acid sequences and have been demonstrated in CFPS systems 
(Fig. 5A) [13–16,39]. NUPACK software [40] was used to scan 
SARS-CoV-2 protein sense sequences for switch designs likely to respond 
to SARS-CoV-2 RNA. Two of these represent sense sequences from the 
membrane glycoprotein mRNA (Toehold E, J), and the remaining 7 
represent sense sequences from the capsid protein mRNA. Toehold 
switch designs which employed both 11 bp and 13 bp stems were 
considered, and one construct contained a 27 bp toehold region. In total, 
9 toehold switches were constructed, each placed upstream of the 
NanoLuc reporter protein, in a plasmid backbone under T7 RNAP con-
trol. Switch constructs were then expressed in CFPS reactions with or 
without ~6 μM RNA sequences from the SARS-CoV-2 genome. Synthe-
sized RNA molecules with identical sequences to ~100 bp of the 
SARS-CoV-2 genome, which included the complementary toehold 
recognition sequence, were used for experimental validation to simulate 
more closely detection of clinical SARS-CoV-2 RNA. All toehold switches 

responded to the SARS-CoV-2 sequence, and two responded with 
signal-to-background >150-fold (Fig. 5B), both of which targeted sense 
RNA sequences from the SARS-CoV-2 capsid protein. Factors which 
could affect the ability of each switch mRNA to respond to the intended 
construct sequence include long-range intermolecular interactions and 
the secondary structure of the target RNA molecule itself. Indeed, it was 
recently reported that one potential predictor of a given mRNA sequence 
window is a lack of inherent secondary structure in that portion of the 
target sequence [41]. Sequences and details of NUPACK structure pre-
diction and analysis for each constructed switch and experimental target 
are included in Supplementary Information Supplementary S2. These 
results indicate that NUPACK is a useful tool for RNA secondary struc-
ture prediction and switch design, and that experimental validation 
identifies the optimal performers. 

Toehold B was selected for further biosensor development as it 
demonstrated a high signal-to-background ratio and a more efficient 
plasmid preparation over the similarly performing Toehold F. The per-
formance of Toehold B was tested for bioluminescent response at lower 
target RNA concentrations (Fig. 5C). An observable signal was obtained 
at 60 nM SARS-CoV-2 synthetic target RNA. Toehold B was then eval-
uated for its ability to detect SARS-CoV-2 RNA sequence in human 
saliva. Reactions without mRI exhibited no signal in the presence of 40 
nM SARS-CoV-2 target RNA, while reactions with mRI exhibited strong 
signals at 40 nM target RNA (Fig. 5D). While the LoD exhibited by these 
switches may be insufficient for direct detection in patient samples, 
recent developments in RNA amplification technology [42] preserve the 
clinical potential of these novel riboregulators. 

Assembly of paper-based CFPS biosensor device 

As a demonstration of a rapidly deployable, PoC CFPS-based diag-
nostic platform, a paper-based CFPS toehold switch biosensor was 
assembled and deployed. The biosensor assay was performed with 
lyophilized CFPS reagents and Toehold B template on paper discs 
housed in the test cassette. 15 μL saliva samples were applied to the 
paper discs to activate the CFPS reaction. As proof-of-concept, saliva 
samples were enriched with ~6 μM synthetic SARS-CoV-2 RNA se-
quences to simulate clinical samples. The paper-based CFPS toehold 
switch biosensor achieved a visible, switch dependent response to SARS- 
CoV-2 RNA sequences in saliva (Fig. 6A). Bioluminescence was only 
visible when reactions proceeded in the presence of SARS-CoV-2 RNA 
sequences and maximum signal response occurred between 7− 12 min at 
which time bioluminescence was clearly visible with the naked eye in a 
dark room as shown in Fig. 6 B (for time-lapse video see Supplementary 
Video 1). The reaction volume as well as the short NanoLuc reporter 
gene may have helped to promote the rapid response achieved here. In 
principle, larger reactions allow greater accumulation of reporter pro-
teins and thus stronger signal output. Housing the biosensor reactions in 
the plastic test cassette allows for larger reactions than those previously 
demonstrated on paper substrates. It has also been suggested that the 
size of a reporter gene may directly affect assay response times. Shorter 
genes with rapid activations promote faster reactions and increased 
detection speed [15]. Therefore, the small size of NanoLuc (510 bp) may 
aid in rapid expression and thus rapid biosensor output response. 
Finally, an initial shelf-life assessment suggests the biosensor reagents 
maintain functional activity up to 7 weeks at room temperature (Sup-
plementary S4). 

Conclusion 

This work represents progress toward a diagnostic platform which is 
rapid, low-cost, distributable, and deployable at PoC by laypersons. A 
rapidly deployable, paper-based CFPS biosensor was engineered which 
responds when high concentrations of SARS-CoV-2 RNA sequences are 
added to human saliva. First, cost-effective paper substrates were 
identified and a portable plastic cassette was fabricated with strategic 

Fig. 4. Bioluminescent response of NanoLuc protein expressed in CFPS re-
actions on paper substrate. 12 μL CFPS reagents were air-dried on blotting 
paper with the indicated amount of NanoLuc substrate. “(-)” indicates negative 
DNA template control. Reactions were rehydrated with 12 μL water and 
response was monitored over the course of 30 min. Bioluminescent response 
was photographed at regular intervals in a dark room with a camera shutter 
speed of 2 s and high ISO, which resulted in signal detection sensitivity only 
slightly higher than that of the naked eye of two observers. Reaction in which 
no substrate was added prior to rehydration had substrate added 20 min after 
reaction was initiated. 
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saliva receptacles for five CFPS biosensor reactions. Next, CFPS re-
actions were engineered with mRI to preserve protein synthesis capa-
bility even in the presence of 100 % human saliva. This feature enabled a 
shelf-stable “just-add-saliva” paper-based CFPS platform which is the 
biochemical foundation of the biosensor. Finally, toehold switch ribor-
egulators were engineered to respond to the SARS-CoV-2 RNA sequence 
by expressing the bioluminescent reporter protein NanoLuc. These 
riboregulators respond with dynamic range approaching 200 and limit 
of detection near 10 nM RNA. Because of the flexibility of the toehold 
switch design process, this nucleic acid diagnostic platform could be 
applied to other RNA targets of interest for detecting a myriad of 
pathogens. The resulting portable biosensor device can be manufactured 
for an estimated cost of less than 0.50 USD (Supplementary S5). Because 
of its operational simplicity and economy, this platform could poten-
tially lead to a viable diagnostic test which could be used by laypersons 
in both the developed and the developing worlds as a global tool for 
combating pandemics [6]. 
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Fig. 5. SARS-CoV-2 Toehold switch performance. (A) Illustration of a CFPS-based biosensor utilizing toehold switch riboregulators and NanoLuc reporter. Top: 
Depiction of the toehold switch sequence components and secondary structure without the presence of the target viral RNA. When unbound, the hairpin loop remains 
“closed” and sequesters the ribosome binding site (RBS) repressing translation. Within the CFPS reaction, toehold switch RNA is actively transcribed from DNA 
template. Bottom: Binding of the target viral RNA sequence to the toehold domain “opens” the switch releasing the RBS for gene translation resulting in the synthesis 
of the bioluminescent reporter NanoLuc in the CFPS system. (B) Performance of toehold switches designed, constructed and tested in this work as measured by the 
ratio of relative bioluminescence of CFPS toehold switch reaction in the presence of 6 μM SARS-CoV-2 target RNA sequence to CFPS toehold switch reaction without 
target RNA. Error bars represent one standard deviation for n = 2 liquid-based CFPS reactions. (C) CFPS performance of Toehold Switch B in the presence of the 
indicated concentration of SARS-CoV-2 target RNA. “No DNA” indicates bioluminescence of negative control to which no switch plasmid was added. Error bars 
represent one standard deviation for n = 2 liquid-based CFPS reactions. (D) Detection of 40 nM SARS-CoV-2 target RNA in human saliva at 30 % (v/v) in CFPS 
enabled by the addition of murine RNase Inhibitor (mRI). “No DNA” indicates bioluminescence of negative control to which no switch plasmid was added. Error bars 
represent one standard deviation for n = 2 liquid-based CFPS reactions. 

Fig. 6. Performance of assembled SARS-CoV-2 
biosensor using CFPS reagents, Toehold B 
switch template, and NanoLuc substrate lyoph-
ilized on chromatography paper. (A) Response 
of assembled biosensor after 10 min reaction. 
Duplicate reactions were rehydrated with saliva 
including mRI in excess and 6 μM of SARS-CoV- 
2 target RNA as indicated. Bioluminescent 
response was only achieved in reactions which 
contained target RNA. (B) Time course of 
biosensor response. Reactions were photo-
graphed for bioluminescent response over the 
course of 20 min at regular intervals in a dark 
room with a camera shutter speed of 2 s and 
high ISO, which resulted in signal detection 
sensitivity only slightly higher than that of the 
naked eye as described by two observers. For a 
time-lapse video of the biosensor response see 
Supplementary Video 1.   
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