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Engineered RNA biosensors enable ultrasensitive SARS-
CoV-2 detection in a simple color and luminescence assay
Anirudh Chakravarthy1,2,*, Anirudh Nandakumar3,4,*, Geen George1,*, Shyamsundar Ranganathan5,
Suchitta Umashankar3, Nishan Shettigar3, Dasaradhi Palakodeti1 , Akash Gulyani6, Arati Ramesh3

The continued resurgence of the COVID-19 pandemic with mul-
tiple variants underlines the need for diagnostics that are
adaptable to the virus. We have developed toehold RNA–based
sensors across the SARS-CoV-2 genome for direct and ultrasen-
sitive detection of the virus and its prominent variants. Here,
isothermal amplification of a fragment of SARS-CoV-2 RNA cou-
pled with activation of our biosensors leads to a conformational
switch in the sensor. This leads to translation of a reporter protein,
for example, LacZ or nano-lantern that is easily detected using
color/luminescence. By optimizing RNA amplification and bio-
sensor design, we have generated a highly sensitive diagnostic
assay that is capable of detecting as low as 100 copies of viral RNA
with development of bright color. This is easily visualized by the
human eye and quantifiable using spectrophotometry. Finally,
this PHAsed NASBA-Translation Optical Method (PHANTOM) using
our engineered RNA biosensors efficiently detects viral RNA in
patient samples. This work presents a powerful and universally
accessible strategy for detecting COVID-19 and variants. This
strategy is adaptable to further viral evolution and brings RNA
bioengineering center-stage.
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Introduction

The COVID-19 pandemic has affected millions of people and caused
severe disease, mortality, and disruption to human activity across
the world. Current estimates suggest that at least 127.8 million (as
of 31 March, 2021, WHO) people have been infected, and millions
remain susceptible to this infection. The situation is compounded
by the emergence of new variants of the virus, including potentially
highly infectious strains. The COVID-19 disease is caused by a novel
coronavirus SARS-CoV-2, belonging to the Betacoronavirus genus
under the Coronaviridae family of viruses (1). Because of the large
numbers of potential infections, the high infectivity of the virus and

the wide diversity in the clinical presentation of the SARS-CoV-2
infections, there is an ongoing need for reliable and efficient di-
agnostic methods. This is especially felt because a substantial portion
of human subjects infected with SARS-CoV-2 are asymptomatic
or show very mild symptoms but may still remain infectious. Fur-
thermore, amongst symptomatic COVID-19 patients, there is a wide
variability in the nature and presentation of symptoms (2, 3). Therefore,
the direct detection of SARS-CoV-2 infections remains important.
Furthermore, detection strategies need to keep up with the evolving
viral variants.

Currently, diagnostic testing of human subjects for SARS-CoV-2
infections broadly rely on either RNA amplification based methods
or methods for detecting the presence of viral antigens (4, 5, 6, 7, 8).
The current gold standard for testing remains the reverse transcriptase-
quantitative-PCR (RT-qPCR) (9, 10) where amplification of one or more
regions of viral RNA is typically detected with Taqman probes (11, 12, 13).
Although the RT-PCR–based assay is considered more reliable for
detection of virus, it involves significant processing steps and depends
on the availability of sophisticated and expensive equipment, technical
experts for instrument handling, and analysis of data. Another de-
tection method is the reverse transcriptase coupled–loop mediated
isothermal amplification (RT-LAMP). In typical RT-LAMP assays, am-
plification of DNA from viral RNA fragments is detected using dyes
sensitive topH, DNA, or pyrophosphates (14, 15, 16Preprint). Thismethod
is relatively faster but may generate false positives because of non-
specific amplification and primer interactions (17, 18). The CRISPR-Cas
system has also emerged as an alternative platform for viral RNA
detection. Here, CRISPR-Cas recognition of viral RNA is coupled with
RNA amplification (19, 20, 21, 22, 23 Preprint) or used in an amplification-
independent way via the use of more than one guide RNAs (24). These
are currently restricted to a lateral flow assay format for colorimetric
detection or use a fluorescence read-out, which may not lend itself to
deployment in a variety of settings.

As a strategy for simple and specific SARS-CoV-2 detection that is
compatible with a range of assay formats, we focused on direct
detection of viral RNA fragments using an RNA biosensor approach.
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RNA biosensors have been previously used for diverse sensing and
diagnostics applications (25, 26). We searched for an RNA biosensor
scaffold that was versatile, could be developed to be highly se-
lective to SARS-CoV-2 RNA, could be used in a simple color read-out
andwheremultiple steps of amplification built into the assay would
result in high sensitivity/specificity. The previously reported toe-
hold RNA scaffolds met these criteria and have been widely used
for detecting other viruses (27, 28).

Toehold RNAs are synthetic switches that when placed in tan-
dem, upstream of an mRNA, can control its translation (29, 30, 31, 32,
33, 34) (Fig 1A). In a typical configuration, a toehold switch consists
of a central stem containing a ribosome binding site (RBS), a
translation start site and a downstream reporter gene. A part of the
central stem along with a 59 overhang is designed to specifically
base pair and bind with a Trigger RNA in trans. In the absence of the
trigger, the central, conserved stem loop sequesters the region around
the RBS and start codon, not allowing translation initiation. However,
binding of the Trigger RNA to the biosensor disrupts the central stem,
leading to a clear conformational switch in the sensor, exposing theRBS
and start codon. This leads to translation of a reporter protein such as
lacZ that can be easily detected using a chromogenic substrate.

In this study, using toehold switches as a starting point, we have
engineered RNA biosensors that are highly selective for SARS-CoV-2
RNA. Isothermal amplification of SARS-CoV-2 RNA fragments, coupled
with activation of our biosensors leads to production of lacZ protein.
Subsequent cleavage of a chromogenic substrate results in a simple
color assay for viral detection. In vitro characterization of these
biosensors and testing of patient samples using our assay reveals a
sensitivity up to 100 copies of viral RNA, making our biosensor a
feasible module for detecting SARS-CoV-2 infection in patients.
Notably, our biosensor detects a region of viral RNA that is conserved
across all prominent variants (such as the α, β, γ and δ variants). We
find that this assay is compatible with different modalities of de-
tection wherein viral RNA is detected via luminescence, in a shorter
period of time. By developing new biosensors, we offer PHANTOM
(PHAsed NASBA-Translation Optical Method), an ultrasensitive,
highly accurate COVID-19 detection platform that does not require
any sophisticated equipment and is usable even in a low resource
setting.

Results

Analysis of the SARS-CoV-2 genome and design of potential
biosensors

Toehold sensors are designed to specifically recognize and respond
to a regionof viral RNA (called Trigger RNA). Each biosensor consists of a
sensing region contiguous with a conserved stem-loop structure that
contains a RBS and a translation start site followed by a reporter gene
(Fig 1A). In the absence of viral RNA, the stem-loop sequesters the
region around the RBS and the translation start site, thus keeping the
biosensor “off.” Binding of viral RNA to the sensing region causes a
rearrangement of the biosensor, increasing accessibility of the oth-
erwise inaccessible RBS. This leads to increased translation of the
downstream reporter gene, leading to color production.

For a toehold-based biosensor to work, it requires extensive
complementarity to its target viral RNA (Fig 1A). In addition to this,
an ideal sensor would need to be sensitive in detection. To gain
sensitivity, previous studies on toehold sensors coupled RNA
amplification with sensing (27, 28, 29). To detect a wide range of
SARS-CoV-2 RNA viral loads, we anticipated a need for RNA am-
plification (Fig 1B). Nucleic acid sequence–based amplification
(NASBA) is an isothermal RNA amplificationmethod, which relies on
a pair of primers and the activity of three enzymes, Reverse
transcriptase, RNaseH, and T7 RNA polymerase to gain up to 109-
fold amplification (35, 36, 37, 38, 39, 40, 41, 42, 43).

To design suitable primers for NASBA (RNA amplification), we
performed in silico analyses of the SARS-CoV-2 RNA genome,
specifically the strain MT012098.1 from India (44) (Fig 1C). 20- to 24-
nucleotide reverse (P1) and forward (P2) primers were designed to
anneal throughout the viral genome. The criteria listed by Pardee
et al (2016) (27) were adapted, wherein primers that end with “A,” do
not have four or more continuous repeats of any nucleotide, have a
40–60% GC content and a Tm greater than 41°C were selected. P1
and P2 primers that anneal within 120–170 nucleotides of each
other were paired and primer pairs were scored using the software
Primer3 (45) and NUPACK (46). Each primer pair thus results in a 120
to 170-nucleotide region referred to as Amplicon (Fig 1C).

Within the amplicons, using sliding windows of 36 nucleotides,
we searched for contiguous single-stranded regions that would be
accessible to the biosensor and would serve as the Trigger RNA (Fig
1C). The complementary sequence to each Trigger RNA was then
incorporated into the toehold scaffold to generate SARS-CoV-2–
specific biosensors. These potential biosensors were analyzed
using NUPACK, and scored on the basis of the following parame-
ters- (1) probability of formation of the lower stem (which is meant
to enforce a stable “off state” of the sensor), (2) trigger single
strandedness within the context of the amplicon (to increase ac-
cessibility of the trigger to bind the sensor), (3) single strandedness
of the first 25 nucleotides of the sensor (meant to open the bio-
sensor upon trigger binding) and finally the similarity to the desired
consensus structure of the biosensor.

Based on these analyses we selected biosensors that (1) show
high probability of forming the required sensor structure where, in
the absence of viral RNA the “sensing region” and its complement
are base-paired and (2) the sensing region and trigger are largely
open to allow for base-pairing that allows opening of the switch. 19
potential biosensors with a diversity of scores for different pa-
rameters were taken further for in vitro studies (Tables S1 and S2
and Fig 2A and B). Overall, our computational pipeline yields a
repertoire of biosensors capable of detecting different regions
spread across the viral RNA genome.

Screening and identification of biosensors that detect
SARS-CoV-2–derived RNAs

To test which of the designed sensors respond to their respective
Trigger RNAs (synthetic RNAs identical to a portion of SARS-CoV-2
RNA), we used an in vitro transcription-translation (IVTT) coupled
assay. In the absence of Trigger RNA the sensing region of the bio-
sensor would base-pair with its complementary sequence, keeping
the RBS and translation start codon inaccessible, hence keeping the
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Figure 1. Concepts and design of SARS-CoV-2 RNA biosensors.
(A) Schematic of toehold switches. Toehold RNA switches consist of a central stem loop structure that harbors a ribosome binding site (RBS, blue) and a translation start
site (AUG, pink) with a downstream reporter gene (such as lacZ, grey). A variable region with the toehold (green) is designed to specifically base-pair with a Trigger RNA
(dark green). In the absence of Trigger RNA (left), the RBS and AUG are sequestered within the sensor structure and inaccessible to the ribosome. Presence of the Trigger
RNA (right) induces intermolecular interactions between the toehold and the Trigger RNA, resulting in an alternate conformation wherein the RBS and AUG are
accessible to the ribosome, enabling translation of the downstream LacZ enzyme. Production of LacZ is easily monitored with color, using a chromogenic substrate. The
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sensor in its OFF state. Presence of the Trigger RNA would sequester
the sensing region, thus exposing the RBS and start codon to enable
translation of the downstream lacZmRNA. This Trigger RNA-dependent
production of lacZ protein is detected using colorimetry.

We tested 19 predicted sensors for their ability to produce color
in the presence of Trigger RNA (Fig 2A). DNA corresponding to the
biosensor was generated with a T7 promoter site at the 59 end. This
DNA when used as a template in the IVTT assay transcribes the RNA
biosensor in situ. IVTT performed in the absence and presence of
Trigger RNA were compared on the basis of Absorbance at 576 nm,
which reports on the extent of cleavage of ChlorophenolRed-β-D-
galactopyranoside (CPRG), a sensitive, red-shifted substrate of lacZ
(47).

We find that all of the tested sensors showed absorbance at
576 nm in the presence of Trigger RNA. However, 12 of these sensors
also showed detectable absorbance (>0.5 A576) in the absence of
Trigger RNA, suggesting leaky expression of lacZ and potentially
unstable “off” state RNA conformations for this subset of sensors
(Fig 2A). Notably, seven sensors show low absorbance (<0.5 A576) in
the absence of Trigger RNA and an increase in absorbance in the
presence of trigger RNA (on/off A576 ratio > 14.0). Four of these
sensors (1, 10, 12 and 17) with a high fold-change in absorbance
(i.e., minimal lacZ expression in the “off” state and a substantial
increase in lacZ expression in the presence of trigger RNA) were
chosen for further analyses.

We next examined these four sensors for sensitivity of detection.
Sensors 1, 10, 12, and 17 were used as template in IVTT assays in the
presence of increasing amounts of Trigger RNA (Fig 2C–F). These
sensors show sensitivity towards 1012 to 1013 copies of Trigger RNA.
These experiments show that all four sensors respond to their
respective Trigger RNAs, with a clear sensitivity threshold (Fig 2C–F).

Isothermal amplification of RNA to enable sensitive detection
by biosensors

The inherent sensitivities observed for our sensors do not lie in a
range that may be useful for unaided detection of SARS-CoV-2 RNA
from infected patients’ samples. For example, whereas viral loads
are subject to much variation across populations and nature of
infection (48), viral loads ranging from 108 to 103 copies/ml (at the
limit of detection for RT-qPCR based testing) have been observed in
naso-pharyngeal swabs of patients (49). Mean viral loads observed
in nasopharyngeal swab samples and saliva samples are around
105 copies/ml approximately (50, 51). To use these sensors as di-
agnostic tools to detect SARS-CoV-2 infection, we coupled the IVTT
assay with RNA amplification. This way the RNA to be sensed is
amplified to amounts that are detectable by the biosensors. Nucleic

acid sequence–based amplification (NASBA) is an isothermal RNA
amplification method that can be coupled with toehold sensors
(schematic in Fig 3A). Here, RNA (such as the viral genomic RNA) acts
as template for reverse primer (P1) binding, which initiates reverse
transcription at a particular position. cDNA first strand synthesis
and removal of the template RNA strand by RNaseH enables
binding of the forward primer (P2) which is designed to contain a T7
promoter region. This allows synthesis of the second strand of DNA.
The resulting double-stranded DNA product is transcribed wherein
each resulting RNA (RNA amplicon) once again serves as template
for P1 binding and subsequent amplification.

To assess the sensitivity of our assay when coupled with NASBA
amplification, we used a 127-nucleotide RNA fragment of the SARS-
CoV-2 genome that encompassed the trigger for sensor 12 as a
template. Increasing amounts of this RNA fragment were subjected
to NASBA amplification followed by IVTT (Fig 3B). We find that when
coupled with NASBA amplification, there is clearly detectable in-
crease in absorbance even with 105 copies of the RNA fragment. In
stark contrast, without NASBA amplification, a minimum of 1012

copies of the same RNA is required to elicit a color change. Coupling
with NASBA amplification thus appears to increase the sensitivity of
our assay with sensor 12 by nearly 107-fold, bringing these sensors
into the realm of useful detection strategies for SARS-CoV-2 RNA in
patient samples.

A key feature of NASBA that determines its efficiency is the
selection of suitable primer pairs. We therefore further mined our
list of NASBA primers in the region around the trigger for sensor 12.
Here, we looked for primers that would generate amplicons sized
90–250 while encompassing the trigger for sensor 12. These addi-
tional primer pairs were first screened for their ability to amplify a
template RNA at 108 copies (Fig S1A). Successful primer pairs were
shortlisted and further screened for their ability to amplify 104

copies of template RNA (Fig S1B). The best primer pair was used in a
NASBA reaction coupled with IVTT to evaluate the overall sensitivity
of the assay (Fig 3C). For this test, we moved to using the widely
accepted, commercially available SARS-CoV-2 Synthetic RNA (Twist
Biosciences) (19, 52, 53) as template. Our results show that the best
primer pair increases the efficiency of NASBA so that the effective
sensitivity of our assay with sensor 12 is 100 copies of SARS-CoV-2
Synthetic RNA. A notable advantage of our assay is the facile color-
based read-out that is amenable to easy detection and quantifi-
cation. We find that the color produced in response to even 100
copies of RNA is easily detected with a basic cell-phone camera (Fig
3D). Put together, these data highlight that combining a suitable
primer pair with our biosensor enables an ultrasensitive response
to even small numbers of viral RNA copies that is easily visualized.
Our initial experiments suggested that sensor 17 was inherently

concept is modular and allows the use of alternate reporter genes andmodes of detection. (B) Schematic showing our assay development pipeline. RNA extracted from
viral particles is amplified isothermally using (NASBA) nucleic acid sequence–based amplification and detected with specifically designed toehold-based biosensors in an
in vitro transcription-translation assay. The NASBA coupled in vitro transcription-translation assay leads to production of color that can be easily visualized by eye or with
cell phone cameras or luminescence that can be quantified by luminometry. Our assay development pipeline focused on identifying targetable regions of the SARS-
CoV-2 genome, design of specific biosensors, optimized primers for efficient NASBA, and overall sensitivity and response of the assay. (C) Flowchart showing the
bioinformatic pipeline for primer design, and selection of biosensors. First, we searched for primers that would amplify fragments of the SARS-CoV-2 genome, with criteria
as highlighted in the figure. Amplicons resulting from primer pairs were analyzed for potential Trigger regions. Amplicon and Trigger single strandedness were
estimated. These Trigger regions were used to construct the biosensors, which were then analyzed for toehold single strandedness, stem probability and fidelity to the
expected biosensor secondary structure. Illustration (bottom right) shows the elements of the biosensor and Trigger RNA in detail.
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Figure 2. Screening and selection of SARS-CoV-2–responsive biosensors.
(A) In vitro transcription-translation assay performed on 19 shortlisted sensors was monitored using CPRG, a chromogenic substrate for lacZ. Absorbance (576 nm) is
plotted for each sensor, in the presence (blue) or absence (grey, OFF state) of Trigger RNA. Dotted line separates seven sensors 1, 4, 8, 10, 12, 17, and 19 which show the
maximum change with respect to the off state. This panel shows a preliminary screen (n = 2) that was carried out for 19 sensors. Screening was performed on potential
sensors shortlisted based on the bioinformatics scores. (B) Results of the bioinformatic analysis are shown. Violin plot shows the probability distribution of different
sensors with respect to four parameters-trigger single-strandedness, toehold single-strandedness, probability of formation of the lower stem, and similarity to the
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more sensitive than sensor 12 (Fig 2E and F). However, when
coupled with a step of NASBA amplification, the screen to identify
pairs of NASBA primers gave us better hits for sensor 12, allowing
detection down to 100 copies of RNA. Hence, we chose sensor 12 for
further experiments.

We examined if sensor 12 is selective for the cognate region of
the SARS-CoV-2 genome. To this end, we generated 19 different
Target (Trigger) RNAs spread across the SARS-CoV-2 genome and
tested them for their ability to turn on Sensor 12. We find that our
sensor is highly selective for its cognate target RNA and does not
show any detectable response to the other regions of SARS-CoV-2
(Fig S2A and B). We further examined specificity of our assay to
SARS-CoV-2 versus other related human corona viruses. For this, we
first examined the RNA sequence including and around the cognate
target RNA for Sensor 12. We took equivalent regions from three
strains belonging to the HCoV-HKU1 human coronavirus family
(sequence alignment shown in Fig S3A) and generated these RNA
sequences in vitro for IVTT. We find that these HKU1 human
coronavirus RNAs are not able to turn on our sensor, whereas the
cognate SARS-CoV-2 RNA is able to do so (Fig S3B).

Luminescence detection accelerates assay response to
SARS-CoV-2 RNA

The biosensor design used here is modular and amenable to di-
verse read-outs, wherein the reporter gene can be switched from
one to another (Fig 4A). The lacZ based readout used thus far allows
for easy visualization of color in a sensitive manner. An important
aspect of a diagnostic assay is the time taken to build a measurable
response. To address this, we used the SARS-CoV-2 Synthetic RNA
(Twist Biosciences) as input for NASBA and monitored the kinetics
of the IVTT reaction (post-NASBA). We see a clear graded response
to the copy number of RNA, with a faster build-up of color for higher
initial RNA concentrations. 106 copies of RNA show discernible color
(A576 > 1) even at ~60 min, whereas 100 copies of RNA are detect-
able at 100 min (Figs 4B and S4A–C). We tested the response of
a luminescence based biosensor by replacing lacZ with the
Nano-lantern protein, a fusion of Renilla Luciferase8 and the
mTurquoise2 fluorescent protein (Figs 4C and S4D–F). We find
the sensitivity of our assay remains conserved with detection of 100
copies of initial RNA template. Notably, the response is accelerated
and even in 35 min we are able to detect substantial buildup of
luminescence with 100 copies of RNA (Fig 4C and D). These results
confirm that our SARS-CoV-2 biosensor is compatible with diverse
read-outs, which can be used based on equipment availability and
local needs.

Detecting SARS-CoV-2 RNA in patient samples

Having established assay sensitivity down to 100 RNA copies for
sensor 12, we checked if this biosensor could detect SARS-CoV-2
RNA in patient samples (Figs 5A and S5A and B). To this end, we
sampled RNAs extracted from nasopharyngeal swabs of 47 human
subjects, whose samples had been tested with the standard RT-
qPCR method (at the inStem-NCBS COVID-19 testing Center, Ban-
galore). Samples spanning a range of Ct values from the RT-qPCR
test were tested with our assay. Samples with Ct values from 35 to 16
through a standard RT-qPCR assay (patients designated positive for
COVID-19 infection) showed discernible buildup of color (absor-
bance at 576 nm) in our assay (Figs 5A and S5A and B). Importantly,
the color produced in these samples is bright and easily detected
by eye and is quantifiable through a cell-phone camera (Fig 5B).
Absorbance changes observed in our assay correlate well with Ct
values from RT-qPCR, and hence correlate with the amount of viral
load in the patient samples. Three samples with Ct values 36–38
were indistinguishable from samples designated negative (Ct > 40)
as well as the OFF state of the biosensor, indicating the possible
limit of the assay in the absorbance mode. Importantly, the 27
samples with Ct > 40 (from subjects designated negative for COVID-
19 infection) showed no significant absorbance in our assay and no
discernible color either by eye or through a cell-phone camera
photo. To assess the performance of our assay, we compared it with
the RT-qPCR test as a benchmark, as is typically carried out for other
COVID-19 diagnostics (19, 54 Preprint, 55). Analysis of these clinical
samples detected through our assay showed 85% sensitivity and
100% specificity for our assay as compared with the RT-qPCR assay
for COVID-19 detection (Fig 5C).

In the luminescence mode, we see a similar detection of positive
patient samples ranging from Ct 16 up to ~Ct 35 and a clear dis-
crimination from the negative samples (Figs 5D and E and S6A and
B). In this range of Ct values, the signal is detectable at 30 min post-
amplification (Fig 5D and E). For the range of Ct values 30–35, the
signal is further enhanced between 30 and 50min post-amplification
(Figs 5E and S6C and D). Thus, our biosensor appears to be sensitive
to the amount of SARS-CoV-2 RNA typically encountered in the
population, and the readout is specific (no color/luminescence from
negative samples).

A major cause of concern is the ability of SARS-CoV-2 to accu-
mulate mutations in its genome. Bioinformatic examination of the
trigger region recognized by sensor 12 and the regions recognized
by the NASBA primers reveals strong conservation among all re-
ported SARS-CoV-2 sequences, especially the prominent variants
reported for SARS-CoV-2 (the α, β, γ variants). This implies that our

overall expected secondary structure of the biosensor. The violin plot was generated using the violin plot API in the pythonmatplotlib package with default parameters
except the width of violin (0.9), and number of points used to define the Gaussian kernel density (800). The blue line shown in the violin plot represents the median. Data
from 759 sensors that met our filter criteria were included while generating the violin plot. 19 sensors were chosen for initial screening, based on their diversity of scores
(grey circles). Four sensors (red diamonds) were further tested. (C, D, E, F) In vitro transcription–translation assays performed on four selected sensors (1, 10, 12, and 17)
were monitored using CPRG, a red-shifted, chromogenic substrate for lacZ. Colorimetric response was monitored as a function of respective Trigger RNA concentration.
Fold change in absorbance (576 nm) is plotted (bars) for each sensor, with varying amounts of Trigger RNA (0 to 1013 copies of RNA). Fold change (open circles) is calculated
relative to OFF state of sensor (sensor alone, no RNA added) and obtained from n = 2 independent experiments. Error bars represent SD. Statistical significance (P-value
< 0.0021 “**,” <0.0002 “***,” <0.0001 “****”) was calculated using a one-way ANOVA with Bonferroni correction. These data reveal a clear threshold RNA concentration at
which the sensors are able to respond to the Trigger RNA.
Source data are available for this figure.
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Figure 3. Isothermal RNA amplification (NASBA) allows for sensitive detection of SARS-CoV-2 RNA.
(A) Schematic for NASBA showing the various steps involved. RNA template is reverse transcribed by Primer P1 to form the first strand of cDNA. RNaseH activity degrades
the RNA in the DNA:RNA hybrid. The resulting single stranded cDNA is recognized by primer P2 containing a T7 promoter sequence. After second-strand DNA synthesis, the
resultant double stranded DNA acts as a template for T7-RNA polymerase based transcription resulting in several RNAmolecules. Each newly synthesized RNAmolecule in
turn acts as a template for the next round of amplification, leading to iterative amplification. (B) In vitro transcription–translation assay performed with sensor 12, with
and without NASBA amplification is shown. A synthetic RNA fragment of SARS-CoV-2 containing the trigger for sensor 12 was tested for its ability to activate the sensor on
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detection strategy would work for these key variants. Of these
variants, the δ variant (B.1.617.2) is not only highly contagious but
has become the dominant variant in several populations (56, 57, 58).
Given its importance, we tested to see if our assay can detect the δ
variant in patient samples. For this, we obtained RNA from the
nasopharyngeal swabs of patients from the NCBS-inStem COVID-19
testing Center. RNA was isolated in the BSL-3 facility at the testing
center and sequenced and confirmed to be the δ variant B.1.617.2
(sequences deposited in GISAID). RNA extracted from these patient
samples were tested against Sensor 12 using NASBA followed by
IVTT. We find that our assay can efficiently detect the δ variant
SARS-CoV-2 RNA from patient samples with a buildup of color,
whereas no color was observed from control samples (Figs 5F and
S7A and B). The ability to detect the δ variant of SARS-CoV-2 is an
important feature of our sensor because this variant is now of
global concern and extensively found in the population (56, 57, 58).
Based on these collective data, we propose PHANTOM (PHAsed
NASBA-Translation Optical Method) as a feasible module for un-
ambiguous COVID-19 detection that is universally accessible in a
variety of settings.

Discussion

In this report, using computational methods, we have designed
toehold RNA–based biosensors that are tuned to sense different
fragments of the SARS-CoV-2 RNA, spread across the genome.
Extensive in vitro screening and characterization led us to identify
biosensors that turn on translation of the reporter lacZ, in response
to SARS-CoV-2 RNA fragments. Taking one of these biosensors
forward, we coupled isothermal NASBA based RNA amplification to
the IVTT assay to achieve sensitivities in the range of 100 copies of
viral RNA. Alternate luminescence based detection enabled a faster
time response post-amplification, highlighting the modularity of
our system. When applied to patient samples, our assay provides a
clear response that discriminates viral-positive from negative
samples. Collectively, we present here a diagnostic platform with a
read-out that is quantifiable and correlates excellently with the
gold standard RT-qPCR assays. Furthermore, this assay can be
deployed in a low resource setting as the read-out is easily visu-
alized by eye as well as through a simple cell phone camera, and
the assay itself does not require any expensive equipment.

A key advance of this work is to exploit the toehold concept for
SARS-CoV-2 detection. The toehold switch concept itself is an el-
egant strategy for RNA detection that has been used successfully
for viral infections and other pathologies (27, 28). A hallmark of this

concept is an RNA-based switch that is designed for specific and
direct detection of any RNA sequence. A key challenge in this
toehold design is to ensure that the sensor is truly “off” in the
absence of target RNA and turns on only in response to the target.
We found that both the computational analyses and in vitro
screening were crucial to overcome this challenge. We initially
chose sensors with diverse scores across bioinformatic parameters.
Combining this with targeted in vitro screening, we were able to
identify the sensors that show a suitable ON to OFF state response.

The toehold switch concept is highly modular, allowing different
reporters and hence diverse read-outs for detection (27, 28, 29, 30,
31, 32). We exploited this to develop two independent modes of
detection, that is, color (using lacZ) versus luminescence (using
nano-lantern). The production of bright color even at 100 copies of
viral RNA allows for very easy visualization by eye, enabling a yes-no
answer for the presence of viral RNA. To remove the subjective bias
inherent in eye-based detection, we also show that the color
produced in response to viral RNA can be recorded and validated
through a basic cell phone camera. This feature of the PHANTOM
assay would be extremely valuable in a low-resource setting be-
cause neither conducting the assay nor interpretation of its results
require specialized equipment or training. This is aided by the fact
that this assay is compatible with most formats and can be con-
ducted in tubes, paper strips, or high-throughputmulti-well plates. In
a laboratory setting, both the luminescence as well as colorimetric
read-outs can be measured quantitatively using a luminometer or
spectrophotometer. Comparing the two modes of detection, we
observe a significant decrease in response time wherein lumines-
cence buildup is seen even in 30 min post-amplification. Here, it is
possible that different extent/kinetics of translation of different
reporters as well as their differences in their enzymatic activities play
a role in determining the assay time.

Another significant step of optimization in our assay is during
RNA amplification using NASBA. Previous reports have also high-
lighted the importance of primer design and optimization to achieve
efficient NASBA (28, 52, 59). We observed that primers with fairly
similar basic criteria showed significantly different NASBA efficien-
cies. Therefore, after an initial round of screening for sensors, and
zeroing in on an efficient sensor, we again screened for the most
efficient NASBA primers for the selected sensor. This was crucial in
achieving the overall sensitivity of the assay. We could detect 100
copies of viral RNA and overall sensitivity of 8 aM viral RNA. Our
results reveal the importance of empirical screening with a diverse
set of primers for efficient NASBA.

With a robust and sensitive assay in hand, we asked if the time
taken for this assay could be optimized further. One of the key steps

its own or post-NASBA amplification. Open circles represent the fold change values. Statistical significance (P-value < 0.0021 is shown as “**” and P-value < 0.0001 shown
as “****”) was calculated using amultiple unpaired t-test with a Sidak–Bonferroni correction. Fold change in absorbance (576 nm) is plotted (bars) against varying amounts
of initial RNA (0 to 1013 copies of RNA), with (pink) and without (blue) NASBA. “0 RNA copies” denote no template control (primer + NASBA reaction mix, no RNA added). Fold
change is calculated relative to OFF state (sensor alone). (C) NASBA coupled with in vitro transcription–translation assay performed using a commercially available
synthetic SARS-CoV-2 viral RNA control (Twist Biosciences) as template. Fold change in absorbance (576 nm) is plotted (bars) against increasing amounts of viral RNA (10 to
106 copies of RNA). Data shown are from three independent experiments (n = 3), and error bars represent SD. Statistical significance (P-value < 0.0332 “*”) was calculated
using one-way ANOVA with Bonferroni correction. Trigger RNA at 1013 copies (blue) is used as a positive control. Results show a sensitivity of the assay down to 100
copies of viral RNA. (D) Samples from panel (C) were imaged using a cell phone camera. Representative image shows bright and discernible color even when starting with
100 copies of viral RNA as input. Color from individual wells was quantified and plotted as fold change relative to the off state.
Source data are available for this figure.
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Figure 4. Luminescence read-out speeds up detection of SARS-CoV-2 RNA.
(A) Illustration shows the construction of biosensors with alternate modalities of viral RNA detection. Biosensors may comprise a color-producing enzyme such as lacZ
or a luminescence producing system coupled to the RNA-bindingmodule. For luminescence-based detection, the nano-lantern system (fusion of Renilla luciferase8 with
mTurquoise2 fluorescent protein) was used. (B, C) NASBA coupled with in vitro transcription–translation (IVTT) assay performed using a commercially available synthetic
SARS-CoV-2 viral RNA control (Twist Biosciences) as template. Sensor 12 fused to lacZ was used for IVTT. One representative time kinetics data from three independent
experiments (n = 3) is shown. Individual plots of all three trials are shown in supplementary data, as Fig S4A–C. Panel (B) shows absorbance (576 nm) over time for varying
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here is the NASBA amplification hence we tested to see if the time
taken for NASBA could be decreased. We found that even at the
limit of detection (i.e., 100 copies of viral RNA), we were able to
complete the NASBA amplification step in ~60 min (Fig S8A–E). This,
along with the faster luminescence detection effectively reduces
the assay time to ~90 min or better.

Finally, our results with the human patients show that our assay
can clearly distinguish viral-positive from negative samples. Indeed
there is strong correlation between the assay response and Ct
values obtained from the RT-qPCR test. The overall sensitivity in the
attomolar range ensures detection of infection in most COVID-
19–positive patients in a population. The GISAID database reports
~2,418,000 high quality sequenced genomes (as of 08 August, 2021)
from different clades of the SARS-CoV-2 virus. The viral RNA frag-
ment that turns on our sensor is located in the ORF1ab (Nsp13)
region of the genome. This region is completely conserved in
greater than 98.32% of deposited genomes of SARS-CoV-2. This
indicates that our sensors would be capable of detecting nearly all
of the currently sequenced strains of SARS-CoV-2. Most signifi-
cantly, this region is invariant among 99.28% δ variant (B.1.617.2),
98.45% α (B.1.1.7) variant, and 99.62% and 99.41% in the γ (P.1) and
the β (B.1.351) variants of SARS-CoV-2 respectively. Our data clearly
show that the PHANTOM assay reliably detects the presence of the δ
variant in patient samples. A feature of toehold-based biosensors is
the multiple check-points for specificity in detection. One level of
specificity comes from primers that amplify only a given region of
the viral RNA and second comes from sequence-specific interac-
tions between the viral RNA fragment and the biosensor. This is
exemplified by our results wherein we observe very low false-
positive rates. Detectable color is produced in positive patients
(20 positive) but no color in negative patients (27 negative patients).
Finally, our assay works well with the standard mode of naso-
pharyngeal sample collection. Combining this method of detection
with other modes of sample collection such as saliva would be a
significant advance going forward.

In conclusion, our engineered biosensors along with the
PHANTOM platform provide a powerful strategy for COVID-19 de-
tection. This can not only mitigate uncertainties in global supply
chains and counter a shortage of reagents but also serve different
local conditions and contexts that may benefit from diverse testing
strategies.

Materials and Methods

Bioinformatic analysis and sensor design

To establish a pipeline for designing SARS-CoV-2–specific toehold
sensors, we started by searching for primers that would anneal to

the SARS-CoV-2 genomic RNA. An Indian strain of SARS-CoV-2 (ac-
cession code MT012098.1) was downloaded from National Center for
Biotechnology Information (NCBI) and used for analysis.

Step 1: searching for primers
Using a custom program we divided the genomic sequence (and its
reverse complement) into all possible fragments of 20–24 nucle-
otides. Fragments which end with an Adenosine, do not have a
continuous stretch of four or more of the same nucleotide, show
a GC content between 40 and 60%, and have a melting tem-
perature above 41°C were shortlisted and considered as primers.
Fragments arising from the sense strand were considered as
forward primers (P2 primer) and were prefixed with a T7 pro-
moter sequence (AATTCTAATACGACTCACTATAGGGAGAAGG). Frag-
ments from the reverse complement were considered as reverse
primers (P1 primer). All primers were scored using Primer3 (v.
2.5.0) (45) and NUPACK (v. 3.2.2) (46). Reaction conditions were
defined as 41°C and buffer containing 50 mM sodium and 12 mM
magnesium and primers were then scored based on the following
parameters:

(1) First 6-nt GC count (including hybridized region for forward
primers)

(2) Last 6-nt AT count
(3) Total % GC (including hybridized region for forward primers)
(4) Single strandedness
(5) Concentration of primer remaining in monomeric form
(6) Single strandedness of the last six nucleotides
(7) Contiguity length

Step 2: identifying targetable regions (Trigger RNAs) within the
SARS-CoV-2 genome
Forward and reverse primers that are separated by 120–170
nucleotides (inclusive of primer length) are paired. The region
amplified by each primer pair is considered as an amplicon. Single-
strandedness of all resulting amplicons was estimated using the
complexdefect function in the NUPACK package (46). For this
amplicon analysis, we included the standard nine nucleotides
(GGGAGAAGG) appended to each sequence at the 59 end. Sepa-
rately, for sensor 12 NASBA primer screening experiments (Fig S1),
forward and reverse primers separated by 90–250 nucleotides
(inclusive of primer length) were paired.

Each amplicon from the previous step was split into continuous
windows of 36 nucleotides each. Each 36-nt sequence is considered
a Trigger RNA. Using the pairs function in NUPACK, we calculated the
pair probabilities for the whole amplicon. Using a custom code, we
then extracted probabilities related to the Trigger regions. This
Trigger single-strandedness (in the context of the whole amplicon)
was considered for our analysis.

amounts of viral RNA (0–106 copies of RNA). Panel (C) shows relative luminescence intensity over time for varying amounts of viral RNA (0–106 copies of RNA). Trigger RNA
at 1013 copies (red) is used as a positive control. For luminescence readout, sensor 12 was fused to the Nano-lantern reporter. One representative data from three
independent experiments (n = 3) is shown. Individual plots of all three trials are shown in supplementary data, as Fig S4D–F. (D) Fold change (bars) in luminescence
intensity for varying amounts of viral RNA (0–106 copies of RNA) after 35 min of the IVTT reaction post-NASBA. Fold change is calculated with respect to the “0” RNA
NASBA reaction. Data shown are from three independent experiments. Error bars represent SD. Statistical significance (P-value < 0.0332 shown as “*”) was calculated using
a one-way ANOVA with Bonferroni correction.
Source data are available for this figure.
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Figure 5. Sensitive and specific detection of SARS-CoV-2 RNA in human patient samples.
(A) NASBA coupled with in vitro transcription–translation (IVTT) assay performed on RNA extracted from nasopharyngeal swab samples. Samples had already been
tested for the presence of SARS-CoV-2 RNA using standard real-time RT-PCR test and designated negative or positive (with accompanying Ct values shown here). Sensor
12 fused to lacZ was used for IVTT. Shown are absorbance (576 nm) values over time. Samples are color coded based on their designation and Ct values; Ct values 16–25.4
(purple), Ct values 26–35.7 (green), Ct values 36–38 (red), and negative patients with Ct values > 45 (black). Caption indicates Ct values corresponding to individual curves.
(B) Photo from a basic cell phone camera showing color readouts of IVTT assay from patient samples. Assay (as described in (A)) performed in plate format. Bar graph
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Step 3: construction and analysis of biosensors
To construct the biosensors, the reverse complement of each
Trigger sequence was appended to the 59 end of the conserved
stem-loop in the toehold design. The sequence of the conserved
stem-loop was taken from Series B toehold sensors as described in
Pardee et al (2016) (21) Thus, each complete biosensor (full se-
quences are given in Table S1) consists of 59- reverse complement
of trigger + conserved stem-loop + first 11-nt of trigger + (N1) +
linker + reporter gene (lacZ/nano-lantern), where (N) is any nu-
cleotide. To aid in efficient transcription, we ensured that for each
sensor, the T7 promoter sequence was followed by 3Gs. Only
sensors that do not possess a stop codon were considered further.

Using NUPACK, the sensors were analyzed for single stranded-
ness of the toehold region (initial 25 nts + G’s added) and the
probability of formation of the lower (variable) stem (b–b* in Fig 1C).
In addition, the region from the 59 end to (inclusive of) the linker
was separately analyzed for its similarity to the expected secondary
structure (as described in Pardee et al [2016] (27)).

Step 4: choice of sensors for in vitro screening
Four parameters were considered while choosing sensors for
in vitro screening. Trigger single-strandedness (>0.6), toehold
single-strandedness (>0.6), probability of formation of the variable
stem (>0.98), and the similarity to expected secondary structure
(>0.75) were used as minimum criteria. From the list of sensors that
passed these criteria, 25 sensors were chosen. Their trigger se-
quences were checked for potential similarity to the human ge-
nome (Accession code: 000001405.38) and transcriptome (Refseq,
16 May, 2020) using the megablast module of NCBI-BLAST, with
default parameters (e-value threshold: 0.05, gap costs: creation −5
extension −2, match/mismatch score: +2/−3). Only the triggers that
did not have any hits were chosen for in vitro analysis (sensor
parameters in Table S2). 19 sensors meeting these criteria were
picked for screening.

In vitro preparation of toehold biosensors

The complete DNA template for an RNA biosensor consists of the T7
promoter, sensor sequence with RBS and start codon, linker and
the lacZ (or Nano-lantern) reporter gene. To construct this, we first
cloned the linker (this is common to all sensors) in frame with the
lacZ or nano-lantern gene in a standard Escherichia coli plasmid.
Then, we purchased DNA oligos (listed in Table S3) containing the T7
promoter, sensor, RBS, the start codon, and the linker. A PCR was
carried out to stitch this DNA oligo (T7 promoter to linker) with the
linker-lacZ DNA, using relevant primers (Table S3). This results in a

linear DNA template that was purified (Promega, Cat. no. A9282) and
subsequently used as input to the IVTT assays.

In vitro transcription of Trigger RNAs and template RNAs

The RNA templates for NASBA reactions and Trigger RNAs for cell
free IVTT reactions were synthesized by in vitro transcription re-
actions. This was done in a 40-μl in vitro transcription reaction
system. Each reaction contained 2.5 μg of the relevant DNA tem-
plate, 4 μl of 10X T7 polymerase reaction buffer (Toyobo, Cat. no.
TRL-201), 5.5 μl of 50 mM MgCl2, 4 μl of 25 mM rNTPs (NEB, Cat. no.
N0450S), 2 μl (100 units) of T7 RNA polymerase enzyme (Toyobo, Cat.
no. TRL-201), 2 μl (0.2 units) Yeast Inorganic Pyrophosphatase (NEB,
Cat. no. M2403S), 0.5 μl (20 units) RNaseOUT (Invitrogen, Cat. no.
10777019), and the remainder of the reaction volume was made up
to 40 μl with nuclease free water and incubated at 37°C for 2 h. After
this, the samples were treated with 2 μl (4 units) of DNAse I enzyme
(NEB, Cat. no. M0303S) at 37°C for 1 h and purified using the
ZymoResearch RNA Clean and Concentrator RNA purification kit
(Cat. no. R1015). The final RNA sample was eluted in nuclease free
water for further use.

IVTT assay

Cell-free IVTT reactions (NEB PURExpress, Cat. no. E6800L) were
prepared using the manufacturer’s protocol. In a total reaction
volume of 10 μl, 4 μl of solution A was added along with 3 μl of
solution B, 0.25 μl (10 Units) of RNase Inhibitor (Thermo Fisher
Scientific, Cat. no. 10777019), and 125 ng linear DNA template. Re-
actions were initiated with Trigger RNA or NASBA product wherever
applicable and incubated at 37°C for 2 h. For IVTT reactions with
Trigger RNA (Fig 2A), 1 μl of each 9 μM Trigger RNA stock was added
to 10 μl cell-free reaction with respective sensors. For Trigger RNA
dilutions (Fig 2C–F), a stock of Trigger RNA was prepared and
serially diluted to obtain concentrations from 9 μM to 9 fM. These
Trigger RNA concentrations were added to approximately obtain
copies of 1013–104 in each reaction tube. For IVTT reactions ini-
tiated with NASBA products, 2.5 μl of the NASBA reaction was used
as input.

For reactions with ChlorophenolRed-β-D-galactopyranoside-
CPRG (Sigma-Aldrich, Cat. no. 59767), 0.75 μl of 12 mg/ml sub-
strate was added from the start of the IVTT reaction and incubated
at 37°C for 2 h. Samples were quenched with 2 μl of 2 M Na2CO3

absorbance recorded at 576 nm. Absorbance (576 nm) was recorded
for the samples (at a dilution of 1:10), using a cuvette of path length
1 mm, on a Spectrophotometer (Eppendorf Biospectrometer). Fold

shows quantitation of individual wells showing color readouts from selected patient samples. A cell phone camera image can be used to distinguish COVID-19 positive
from negative samples. (C) 20 COVID-19 positive and 27 negative samples as determined by RT-qPCR, were tested using our PHANTOM assay (contingency table). Sensitivity
is calculated as the ratio of number of positives identified by our assay to the total number of RT-qPCR–positive samples tested. Specificity is calculated as the ratio of
number of negatives identified by our assay to the total number of RT-qPCR–negative samples tested. Error bars represent 95% confidence interval calculated using the
Exact Clopper Pearson method. (D) Luminescence read-out for patient samples. Sensor 12 fused Nano-lantern is used for IVTT assay. Shown are luminescence intensities
for patient samples over time. Color coding of samples same as above. (E) Luminescence intensity at 30 min of the IVTT assay (post-NASBA amplification) versus Ct-value
for patient samples. Ct values were determined through the standard real-time RT-PCR test. Assay read-out clearly discriminates samples positive for viral RNA from
negative samples. (F) Photo from a cell phone camera showing color readouts of IVTT assay from δ variant (B.1.617.2) patient samples. Time course measurements are
shown in Fig S7.
Source data are available for this figure.
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change in absorbance was calculated relative to the sensor “OFF”
state.

Alternately, we performed IVTT reactions in 384-well plates (Corning,
Cat. no. 3544). Here, total IVTT reaction volume was proportionately
reduced to 5 μl. Reactions were set up as described above and the
plates were placed in a Varioskan Lux instrument (Thermo Fisher
Scientific) set at 37°C. Absorbance was monitored at 576 nm, at 5 min
intervals, for 150 min. The linear measurement range of the Varioskan
Lux multiplate reader is 0–3 absorbance for a 384 well plate. The
number of replicates for each experiment is indicated in the individual
figure legends. Information on statistical tests carried out and sta-
tistical measures plotted are also indicated in the individual figure
legends. All absorbance based plate reader experiments were first
baseline corrected using a blank sample and each sample was nor-
malized such that the lowest absorbance measurement was set to 0.
All data were plotted using GraphPad Prism 8 and figures were made
using Adobe Illustrator.

Mobile phone image acquisition and analysis

Post IVTT reaction, the Corning 384 well clear bottom microplate
was placed upside down on a white LED light source. An RGB image
was acquired using a smart phone camera (Xiaomi PocoF1, Redmi
Note 9 Pro Max). Image was further processed and analyzed using
Fiji/image J 1.52p (60). First, the RGB image was cropped into the
required dimension. Second, the cropped RGB image was split
into three independent 8-bit greyscale images (Red, Green, Blue
components of the original image). Third, a uniform circular region
of interest was drawn within the area of each well (green channel
grayscale image), to determine the signal by averaging the pixel
values. Blank well value was subtracted from all other well values.
Finally, the fold change was quantified by using the average signal
from sensor off state well.

Luminescence assays

For luminescence assays with Coelenterazine H (C3230-50UG;
Sigma-Aldrich), 0.25 μl of 400 μM substrate was added from the
start of the IVTT reaction. IVTT reactions were set up in 384-well
plates as described above and monitored using the Varioskan Lux
instrument (Thermo Fisher Scientific) set at 37°C. Intensity was
measured in the “normal” luminescence mode without wavelength
selection.

Isothermal RNA amplification (NASBA)

For NASBA reactions, a relevant RNA template from SARS-CoV-2
genome was made using in vitro transcription as described above.
In a reaction volume of 17.7 μl, RNA template (ranging from 10 to 1013

copies) was incubated with 4 μl of 5X AMV RT Buffer (Roche, Cat. no.
10109118001), 1.6 μl of 50mMMgCl2, 2 μl of 25mM rNTPs (NEB, Cat. no.
N0450S), 2 μl of 10 mM dNTPs (NEB, Cat. no. N0447S), 0.18 μl of 1 M
DTT (VWR, Cat. no. 3483-12-3), 3 μl of 100% DMSO (Sigma-Aldrich,
Cat. no. D8418-50 Ml), 0.2 μl of 10 mg/ml BSA (Roche, Cat. no.
10735078001), and 0.5 μl each of 10 μM forward and reverse primers.
The assembled reaction mix was initially incubated at 65°C for
5 min, followed by 50°C for 5 min, post which an enzyme mix

containing 1 μl (50 Units) T7 RNA Polymerase (Toyobo, Cat. no. TRL-
201), 1 μl (20 Units) AMV-RT (Roche, Cat. no. 10109118001) 0.1 μl (0.2
Units) RNaseH (Roche, Cat. no. 10786357001), and 0.2 μl (12.5 Units) of
RNaseOUT (Invitrogen, Cat. no. 10777019) was added and the re-
action was incubated at 42°C for 2 h. Post-NASBA, the samples were
either stored at −80°C or taken further for IVTT assays.

For the initial NASBA experiments (Fig 3B), an RNA template of 127
nucleotides (corresponding to coordinates 17,673–17,799 of MT012098.1
accession code) was used at different starting copy numbers (10 to
1012). A sequence of GGGAGAAGG was appended to the 59 to increase
transcription efficiency. For the NASBA primer screening experiments
(in Fig S1), an RNA template of 3.1 kb (corresponding to coordinates
17,131–20,234 of MT012098.1 accession code) was used initially at 108

and subsequently at 104 copies. For testing the sensitivity of the best
NASBA primer pair, a commercially available synthetic SARS-CoV-2
RNA (Twist Bioscience, Cat. no. 102024) was used. Design and
rationale behind the choice of primers is described in theBioinformatics
section above. For patient samples that were tested (in Figs 5 and
S5S–SS5–S7), 1 μl of RNA isolated from 150 μl of viral transport medium
that contained isolates from nasopharyngeal swabs was used as
template for NASBA. For the time course analysis of NASBA (Fig S8),
reactions were set up as described above and terminated at 20, 40, 60,
and 120 min, respectively.

A total of 28 primer sets were selected for sensor 12. Of these, 14
primer sets contained a forward primer (P2) with a minimal T7
promoter (TAATACGACTCACTATAGG), and are referred to as S01–S14
primer sets. The remaining 14 primer sets contained a longer T7
promoter with a purine stretch (AATTCTAATACGACTCACTATAGGGA-
GAAGG) as used in Deiman et al (2002) (61), and are referred to as
L01 to L14 primer sets. The primer screen was carried out in two
phases. The first phase involved the screening of all primer sets with
108 copies of RNA as starting material. This was done to shortlist all
primer sets that were capable of amplifying the target RNA to enable
their detection using our IVTT assay. From these experiments, we
shortlisted the primer sets that showed the fastest development of
color in our IVTT assays. A total of 11 primer pairs were shortlisted for
the second phase of our screen. These primers were tested with only
104 copies of template RNA to identify primer sets that could better
the sensitivity of our previously used primers. The primer set (primer
pair: S01) that showed the fastest development of color and the
highest signal to noise ratio was finally selected. NASBA Primer pairs
for sensor 12 are listed in Table S4.

Data Availability

The datasets generated during and/or analyzed during the current
study are available from the corresponding authors upon reasonable
request. Custom software is deposited at Github (https://github.com/
ShyamsundarR/silicasense) and available upon reasonable request.
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