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The global pandemic of coronavirus disease 2019 (COVID-19) highlights the shortcomings of the current testing paradigm
for viral disease diagnostics. Here, we report a stepwise protocol for an RNA-extraction-free nano-amplified colorimetric
test for rapid and naked-eye molecular diagnosis of COVID-19. The test employs a unique dual-prong approach that
integrates nucleic acid (NA) amplification and plasmonic sensing for point-of-care detection of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), with a sample-to-assay response time of <1 h. The RNA-extraction-free nano-
amplified colorimetric test utilizes plasmonic gold nanoparticles capped with antisense oligonucleotides (ASOs) as a
colorimetric reporter to detect the amplified nucleic acid from the COVID-19 causative virus, SARS-CoV-2. The ASOs are
specific for the SARS-CoV-2 N-gene, and binding of the ASOs to their target sequence results in the aggregation of the
plasmonic gold nanoparticles. This highly specific agglomeration step leads to a change in the plasmonic response of the
nanoparticles. Furthermore, when tested using clinical samples, the accuracy, sensitivity and specificity of the test were
found to be >98.4%, >96.6% and 100%, respectively, with a detection limit of 10 copies/μL. The test can easily be
adapted to diagnose other viral infections with a simple modification of the ASOs and primer sequences. It also provides a
low-cost, rapid approach requiring minimal instrumentation that can be used as a screening tool for the diagnosis
of COVID-19 at point-of-care settings in resource-poor situations. The colorimetric readout of the test can even be
monitored using a handheld optical reader to obtain a quantitative response. Therefore, we anticipate that this
protocol will be widely useful for the development of biosensors for the molecular diagnostics of COVID-19 and other
infectious diseases.

Introduction

Being a blueprint of our genetic data, nucleic acids (NA) underly the continuity of life1. Though the
genetic material of almost every living organism is composed of DNA or RNA, variations exist in
their genome sequences. This creates inherent differences among races and ethnic populations, as
well as between healthy individuals and individuals vulnerable to diseases2. Therefore, the rapid
identification of specific NA has enormous potential in disease diagnosis and management3. One of
the most common applications of NA detection is molecular-based diagnostic tests or NA testing for
the diagnosis of various infectious diseases caused by different microbes and pathogens4–7.

NA testing (NAT) or NA amplification testing (NAAT) is a process that involves amplification
and identification of NA for diagnosis and/or guidance of therapy8. Commercially available NA
detection methodologies typically involve amplification of NA extracted from the biofluids collected
from patients under observation9. Globally, infectious diseases have an enormous impact on the
community from a social as well as economic standpoint10,11. For example, more than 100 million
people are infected worldwide with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the virus that is responsible for the coronavirus disease 2019 (COVID-19) pandemic, leading to >2
million deaths as of February 2021 and substantial socioeconomic disruption. The effective and large-
scale diagnostic methods needed for the selective and sensitive detection of the rapid dissemination of
the virus in the community are a crucial aspect of the management of the COVID-19 pandemic12,13.
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Current standard practice for detecting an active COVID-19 infection uses reverse-transcriptase real-
time polymerase chain reaction (RT-PCR)14, which requires labor-intensive, laboratory-based pro-
tocols for viral RNA isolation, lysis and removal of inhibiting materials. While PCR remains the
proven gold standard for clinical diagnostics, these restrictions become major hurdles for situations
with resource scarcity. Therefore, there is an immediate need to develop instrument-free approaches
that are low-cost and rapid and can be used as a screening tool for the diagnosis of COVID-19
infection at point-of-care (POC)14. Rapid, low-cost and user-friendly molecular diagnostic methods
are important for combating outbreaks of infectious diseases15,16. Especially during the current
pandemic of COVID-19, it is critical to expand the testing capacity beyond laboratory settings. There
is an immediate need to develop global testing capability up to 100-fold over existing conventional
approaches. In recognition of this unmet need, the World Health Organization has established the
ASSURED criteria (Affordable, Sensitive, Specific, User-friendly, Rapid and robust, Equipment-free
and Deliverable), to which these tests should adhere if they are to be effective in resource-limited
environments17.

Based on these requirements, new diagnostic approaches for COVID-19 and other infectious
diseases are in high demand. Loop-mediated isothermal amplification (LAMP) technology has been
widely used for various NAAT approaches18–20. LAMP is similar to the traditional PCR tests, except
that NA amplification happens at a set temperature20–23. Therefore, this innovative procedure does
not require specific equipment, such as a thermal cycler, which makes it simpler, more user-friendly
and more cost-effective than PCR-based approaches, particularly in the POC diagnostic scenario.
Other advantages of LAMP include the accommodation of a wide pH and temperature range, ability
to work with nonprocessed samples and flexibility of readout methods without compromising the
sensitivity compared with the PCR tests. Although LAMP-based testing approaches such as colori-
metric reverse-transcriptase LAMP (RT-LAMP)23,24 provide sensitive and accurate results, the
method still suffers from a high incidence of false-positive results due to the presence of spurious
amplification byproducts25. There are also challenges in using LAMP for multiplex assays in a single
sample and for the quantitation of target genetic material.

Nanoparticles and nanocomposites play a crucial role in sensing5,6,26–35, imaging36–39 and ther-
apy40–46, and recently, antisense oligonucleotide (ASO)-capped nanoparticles have been utilized for
rapid, sensitive, easy-to-use and portable detection of NA6,7. ASOs represent a highly promising class
of single-stranded DNA or RNA that are complementary to a given target sequence47. Their rational
design and affordability and the progress in human genome sequencing have all contributed to the
use of ASOs either as therapeutic agents or as key elements to study the genetic function48. For
example, these short fragments can target both DNA and RNA, (including pre‐mRNA, mRNA and
ncRNA) to inhibit gene expression and can thus induce a blockade in the transfer of genetic
information from DNA to protein47. ASOs could be designed to be unique for each molecular and
genetic change and be applied to restore a normal physiological condition47. However, while ASOs
are widely used both in the laboratory and clinic as therapeutic agents, their applicability as molecular
probes for detecting specific NA sequences remains relatively unexplored49.

Development of the protocol
To overcome the aforementioned limitations of the currently available COVID-19 tests, we developed
a unique nanotechnology-based molecular sensing approach that can be adapted to accurately detect
a target NA6,7. Our ‘nano-amplified colorimetric test’ (NACT) uses ASO-capped plasmonic nano-
particles for selective, and ‘naked-eye’ detection of SARS-CoV-2 (ref. 6). We have optimized the
described protocol in our previously published reports.6,7 In these two reports, we designed ASO
sequences targeting N-gene segment of SARS-CoV-2 RNA. We also suitably functionalized the
selected ASOs to conjugate them with citrate-stabilized gold nanoparticles. The visual change in the
plasmonic response of the nanoparticles upon their selective aggregation in the presence of the target
SARS-CoV-2 RNA was also described in our previously published report6. The aggregation of the
ASO-capped plasmonic gold nanoparticles (AuNPs) using COVID-19 clinical samples was also
confirmed in our previous report7. This protocol is an extension of our previous work5–7 with
modifications made to achieve higher sensitivity and specificity for SARS-CoV-2 detection.
To address the low viral copy number present in the clinical samples and to enable the protocol to be
generalizable for other relevant viruses, we have introduced a NA amplification step based on our
previous report5 of the plasmonic detection methodology reported in refs. 6,7. During the study, we
also realized that extraction of RNA is not a requirement for our protocol; rather, the technology can
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be applied directly to the clinical samples without a prior RNA extraction step and with only the
addition of suitable lysis buffer. Hence, this protocol shows data relating specifically to development
of the protocol in terms of validation, benchmarking and troubleshooting.

Briefly, in refs. 6,7 we targeted the N-gene sequence of SARS-CoV-2 isolate 2019-nCoV/USA-
WA1-A12/2020 and designed a set of ASOs. We have selected potential ASOs on the basis of their
target binding energy and disruption energy. Pairs of ASOs are chosen that bind to closely spaced
regions in the target sequences6,7. Each of the ASOs in a pair was functionalized with a thiol moiety
either at the 5′ or 3′ end and then used to cap AuNPs. This functionalization approach was followed
so that the thiol groups could come close to each other when the two ASOs are bound to the target
sequence6,7. Thus, as the thiol groups are conjugated to gold nanoparticles, they cause the gold
nanoparticles to come close to each other only in the presence of the target sequence (the N-gene
sequence of SARS-CoV-2) leading to agglomeration among nanoparticles that can be observed by the
change in the surface plasmon band (Supplementary Fig. 1).

Although this was a successful demonstration of the use of ASO combined with plasmonic
nanoparticles for selection and detection of the SARS-CoV-2 genetic sequence requiring minimal
equipment, the assay still had a notable limitation6. The assay had a relatively high detection limit,
which resulted in erroneous detection of samples as false negatives6. To address this limitation, we
introduced an isothermal NA amplification step5 to improve the limit of detection of the assay so that
it could detect samples with much lower viral copy numbers. Accordingly, we designed specific
primer sets (inner, outer and loop) for the targeted region of the SARS-CoV-2 N-gene
(see Experimental design)5. We have further investigated the versatility of our approach using
nasal and oropharyngeal swabs collected from confirmed positive and negative COVID-19 samples7.

In refs. 6,7 we demonstrated that our developed protocol for COVID-19 diagnosis is a robust
approach that can diagnose COVID-19 and differentiate positive samples from negatives as well as
cross-reactive samples such as other coronaviruses. Although the developed technology showed an
excellent result when tested with extracted RNA from clinical samples7 and artificial saliva spiked
with purified RNAs (M.A., P.M., K.D. and D.P., unpublished results), clinical samples typically
contain other components, many of which might interfere with the sensing protocol when tested
without RNA extraction6,7. Therefore, optimizing the test protocol for using clinical samples directly,
without RNA extraction, was necessary to avoid any interference and to create an RNA-extraction-
free protocol for SARS-CoV-2 detection. RNA-extraction-free methodology has received a great deal
of attention lately, as it enables individuals with limited scientific expertise to conduct the test and
would make it easier to expand the test applicability to limited resource areas and mass gatherings
such as airports and schools50. The diagnostic results using our protocol can be visualized within
40 min by the naked eye with no sample preprocessing required, making the RNA extraction step
optional for the test (M.A., P.M., K.D. and D.P., unpublished results). The amplified sample volume
can be as low as 10 μl (ref. 5). The limit of detection of the test was found to be 10 viral copies per μl
(M.A., P.M., K.D. and D.P., unpublished results). Furthermore, no change in color was observed in
negative samples with a specificity of 100% (M.A., P.M., K.D. and D.P., unpublished results, Sup-
plementary Table 1). The Procedure includes NACT kit design, reagent preparation, design of ASOs,
design of nucleic acid amplification (NAA) primers, and design and preparation of nanomaterials for
the clinical detection of SARS-CoV-2 genetic material as shown in Fig. 1. The experimental design
and data interpretation are also discussed in detail.

Advantages and limitations
Our NAA-based NACT has several advantages over the alternative currently available molecular
techniques (discussed further below). There are five main characteristics that set our test apart from
other approaches available for COVID-19 detection: (i) it does not need prior RNA extraction; (ii) it
does not demand the use of advanced equipment (e.g., centrifuge, thermocycler, etc.); (iii) it does not
use conventional pH-sensitive dyes, instead using specific ASOs for targeting a selected region of N
gene conjugated to plasmonic AuNPs to indicate a color change, permitting a simple colorimetric
readout and enabling label-free sequence-specific detection (i.e., no fluorescence labeling is required
such as in PCR); (iv) it uses low-cost (Supplementary Table 2) and easily accessible reagents that can
be rapidly manufactured in bulk for commercialization (i.e., for the future commercialization of
NACT kit); and (v) it has a short turnaround time (Supplementary Table 3).

The quick turnaround of the results is an attractive feature of the developed NACT kit. The NAA
reaction can be carried out within 30 min, and part of this solution is transferred to the Au-ASO
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colorimetric reaction as part of a two-step procedure that can detect the SARS-CoV-2 RNA target.
Another advantage of the colorimetric NACT kit over other developed platforms such as RT-PCR
and clustered regularly interspaced short palindromic repeats (CRISPR)-based tests is the low cost of
the kit components51,52. For example, AuNPs can be produced at a large scale, and the ASOs are short
single-stranded DNA sequences that are relatively economical to synthesize. The rest of the kit
reagents and enzymatic components can also be purchased in bulk. Our NACT test can be designed
and synthesized in a very short time for as little as $0.15 per test (Supplementary Table 2). Moreover,
this NACT method enables label-free sequence-specific detection, with a simple colorimetric readout,
and the avoidance of NA extraction. The isolation and purification of NA from clinical samples is
generally based on the use of expensive commercial kits containing several steps and specialized
laboratory equipment such as centrifuges. Our NACT approach utilizes only lysis buffer to rupture
the viral membrane present in clinical samples and uses the lysis reaction directly for the amplifi-
cation reaction. This enables the rapid detection of SARS-CoV-2 infection at a POC level.

Despite several advantages of this approach over other methodologies, there are limitations that
require closer attention. The design of ASOs and NAA primers involves a close understanding of
molecular biology and careful investigation of the parameters associated with each candidate to
determine the optimal ASO and primer combination. Furthermore, because the NACT kit includes
an isothermal NAA phase, there is a high chance that contamination will be observed in subsequent
reactions, leading to false-positive results if the NAA procedure has not been carried out in a suitably
clean environment23,53,54. Another possible drawback of the NACT assay is that it depends on the
user’s viewpoint and color perception to decide on the diagnosis of the sample (i.e., positive or
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Fig. 1 | Experimental workflow of the NACT test. First, the NAA primers and ASOs are designed and purchased
from commercial vendors (Experimental design). The AuNPs are synthesized and capped with the designed ASOs
(Steps 1–7). Samples (nasal swab/ saliva) are collected and either lysed and used directly, or, optionally, extraction
of RNA can be performed (Steps 8–9). The NA is then isothermally amplified (Steps 10–15) and detected using the
Au-ASOTEST solution containing ASO-capped Au nanoparticles (Steps 16–17). Detection can be performed simply by
observing the color change by the naked eye or by recording the absorbance signal using a portable reader
(Picoexplorer) or a plate reader.
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negative); however, this can be addressed by introducing a plasmonic optical readout. Also, this
NACT method accurately detects the target genetic material in two steps and is not recommended for
accurate gene expression profiling.

Applications of the method
In the midst of this latest once-in-a-century global pandemic, the potential applicability of our RNA-
extraction-free approach can provide widespread availability of a COVID-19 diagnostic test, espe-
cially to non-laboratory environments such as airports, grocery stores, hospitals, emergency treatment
facilities and remote research centers50. This newly developed protocol can be used as a key approach
in rapid and large-scale diagnosis of COVID-19, as well as to build a POC platform to diagnose other
infectious diseases caused by various microbial and viral pathogens by changing the configuration of
NAA primers and corresponding ASOs. We have successfully used this technique to rapidly identify
SARS-CoV-2 RNA from a wide variety of sample types, including oropharyngeal, nasal swab sam-
ples6,7 and artificial saliva spiked with purified SARS-CoV-2 RNA (M.A., P.M., K.D. and D.P.,
unpublished results). Furthermore, this protocol has widespread applications, and is just not limited
to SARS-CoV-2. The applicability of this protocol can be further expanded to cover other infectious
diseases caused by other viruses or bacteria55,56 by simply redesigning the ASO sequences to selec-
tively target RNA of the varying biological targets.

Comparison with other methods
While PCR remains the proven gold standard for clinical diagnostics, there is an urgent need for
other approaches that are low-cost and rapid and provide diagnosis at the POC level51. Therefore,
new solutions and methodologies for NA detection are in high demand. One such method is LAMP57.
At present, the commercially available RT-LAMP-based colorimetric technologies for the diagnosis of
COVID-19 typically involve isolating RNA, amplifying the desired segment and detecting the isolated
genetic material20,21,25. While the commercial colorimetric RT-LAMP COVID-19 tests are excellent
in terms of sensitivity, carry‐over contamination is a common drawback in such reactions, which
usually leads to false-positive results and decreased selectivity23. Moreover, if the RT-LAMP tech-
nique is not performed following good molecular biology practices, carryover contamination can be
observed in subsequent reactions, leading to false-positive results. Several research groups have
developed different versions of LAMP-based molecular diagnostic tests such as iLACO58, one-pot
RT-LAMP59,60, mismatch-tolerant RT-LAMP61, Penn-RAMP62, RT-LAMP + CRISPR-Cas1263, and
STOPCovid (SHERLOCK)64. While these tests are remarkable in terms of selectivity and sensitivity,
they have their inherit limitations. For example, the Penn-RAMP method combines another iso-
thermal amplification method with the traditional LAMP62. In this case, first, a recombinase poly-
merase amplification (RPA) process is conducted in the cap of a test tube at 38 °C for ~15–20 min.
During this RPA process, an enzyme called recombinase assists the forward outer primer (F3) and
backward outer primer (B3) LAMP primers in locating the targeted sequence of the sample. In the
next step, the RPA mixture is mixed with conventional LAMP reagents to detect the presence of NA.
Although the technique is excellent in terms of sensitivity, it still has certain drawbacks such as RPA
undergoing asynchronous amplification with the potential to saturate, which can prevent accurate
quantitation. Moreover, relying on two isothermal amplification approaches makes the system
complicated and increases the necessary reagents and the test cost. In another study, RT-LAMP was
integrated with CRISPR-Cas12 for the detection of COVID-19. This novel CRISPR-enabled diag-
nostic tool, called SARS-CoV-2 DNA endonuclease-targeted CRISPR trans reporter (DETECTR)63,
uses the enzyme Cas12 after RT-LAMP to detect particular gene sequences in the amplified RNA
virus and indiscriminately cleave nearby structures once complexed. While this technique is unique
and excellent in terms of selectivity and sensitivity, it requires highly trained staff members and can
only be utilized in laboratory-based hospitals where large stationary pieces of equipment, isotopes and
reagents can be accessed easily.

In comparison, our NACT has several advantages over the alternative currently used techniques,
as detailed above. Supplementary Table 4 shows a comparison of currently available COVID-19
detection techniques as compared with our developed protocol. Though several other isothermal
NAA-based (especially RT-LAMP-based) colorimetric tests have been used for SARS-CoV-2 detec-
tion previously23,24, these relied on the use of pH-responsive dyes to indicate the successful ampli-
fication of the target sequence. While such dye-based NAA detection approaches offer sensitive and
precise results, owing to the prevalence of spurious amplification products, the process also has a high
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occurrence of false-positive results64. Thus, the uniqueness of our protocol resides in the usage of
ASO-capped AuNPs as a nanomaterial reporter that acts as a colorimetric indicator (Figs. 1 and 2) to
address the limitation of false color changes induced by spurious NA amplification products when
using pH-responsive dyes.

The reliability of many diagnostic tests fails when they are tested either to detect a viral load at its
early representation or to detect a viral gene mutated during its current spread65,66. Our sensor design
attempts to compensate for these drawbacks by directly targeting the N gene of SARS-CoV-2 using
specifically designed ASOs at multiple positions of the gene6,7 (Fig. 3), ensuring accurate recognition
of the target sequence even if the other genomic segments of the virus are subject to mutation. Most
of the known mutations for SARS-CoV-2 to date are single-point mutations. Mutations in any other
region not targeted by the ASOs will not hamper the assay performance. Furthermore, even if there is
a mutation in the RNA sequence targeted by the ASOs, a decrease in target binding energy for one of
the ASOs may be observed, but due to our dual-targeted approach, the aggregation among the closely
spaced gold nanoparticles should not be altered substantially. Detection of low viral loads at an early
stage of infection will be directly related to the detection limit of the diagnostic assay, which is
10 copies/µl for this protocol.

Nasal swab or saliva
sample

Sample preparation

Incubation at 65 °C for
30 min for NAA

Colorimetric detection

Positive

Negative

Fig. 2 | Basic stages of the NACT. The collected sample is added to the lysis buffer and undergoes an isothermal
NAA by incubation at 65 °C for 30 min. The amplification products are added to the Au-ASOTEST solution
(containing the ASO-capped Au nanoparticles) for the clinical diagnosis of COVID-19 simply by observing the color
change. Positive COVID-19 samples show color change from pink to purple, whereas negative samples remain pink.

C6-SH

ASO1 ASO2
HS-C6

Au-ASO1 with 5' -end -SH
functionalization

Au-ASO2 with 3' -end -SH
functionalization

ASO-capped AuNPs

+

Amplified SARS-CoV-2
N-gene (denatured)

Red shift in absorbance
λshift~40 nm

Agglomeration of AuNPs
Visual change in color from pink to purple

Selective detection of COVID-19

Fig. 3 | Binding of the AuNPs capped with ASOs to its target. Schematic representation of the hybridization process
of the ASO-conjugated AuNPs to the complementary target gene sequence to enable colorimetric, naked-eye
detection of SARS-CoV-2.
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Experimental design
Sample preparation
Sample preparation for our NACT protocol is context dependent and needs to be adjusted to satisfy
the specific environmental requirements. The choice of sampling technique will depend upon the test
settings. Samples can be used directly, without prior RNA extraction, which is useful, for example, in
low-resource settings or in rural and remote areas where basic laboratory equipment such as cen-
trifuges may not be accessible, as well as in POC application of the protocol. Extraction and pur-
ification of RNA can, however, optionally be carried out under suitable laboratory settings, using
commercially available kits. Column-magnetic bead and microbubble-based technologies are exam-
ples of RNA extraction methodologies67,68; however, specialized equipment, power and trained staff
are required for RNA isolation and purification.

In our previous work, we extracted and purified RNA from Vero cells infected with either
SARS-CoV-2 or Middle East respiratory syndrome (MERS)-CoV6,7. Also, RNA was extracted from
confirmed positive and negative COVID-19 clinical samples (nasal and oropharyngeal swabs)7.
Briefly, we used a column-based kit to isolate high-quality total RNA from samples in 20 min using a
standard laboratory centrifuge. The kit utilizes guanidine-isothiocyanate lysis buffer to protect the
RNA during the isolation steps. This also includes RNase-free lysis and wash solutions that protect
RNA from RNases while liberating the RNA from DNA, proteins and other cellular debris. It also
ensures the removal of the majority of genomic DNA. The process can typically be completed in less
than 20 min without the need for hazardous phenol/chloroform extraction, CsCl centrifugation, or
LiCl or alcohol precipitation. We have tested RNA extracted from positive COVID-19 samples,
negative samples or Vero cells infected with MERS-CoV in addition to RNA spiked into artificial
saliva. Ninety samples of spiked saliva samples were prepared and used for the protocol evaluation
(see Supplementary Table 4 for further details).

RNA-extraction-free sample processing, however, requires no specialized equipment or trained
staff. We therefore subsequently also investigated the performance of the NACT protocol with direct
sampling, i.e., using an RNA-extraction-free approach. Guanidinium isothiocyanate lysis buffer at a
sample: lysis buffer: water ratio of 2:1:2 was used for direct sample testing. We used this sample
preparation condition because of its superior results compared with other tested sample preparation
methods (Supplementary Table 5).

Design of NAA primers
We targeted the nucleocapsid phosphoprotein (N) gene sequence (1,260 bp) of SARS-CoV-2 isolates
(2019-nCoV/USA-WA1-A12/2020); the accession number is MT020880 in the NCBI repository. The
nucleotide sequence of the N gene ranges from 28,274 to 29,533, and the nucleotides selected for
designing NAA primers were 28,321–29,520 (Supplementary Data 1). These 1,200 nucleotide bases
were added to the PrimerExplorer v.5 (https://primerexplorer.jp/e/) software to design NAA primers
suitable for the current NACT method22. In our previous publication, we identified four unique ASOs
targeting particular segments of the N gene6,7. We observed that two of the developed ASOs were
specific for nucleotides 28,695–28,736 (ASO1 and ASO2). The binding energy of this pair (i.e., ASO1
and ASO2) was found to be highest among other predicted pairs. Thus, NAA primers were designed
to target the region covered by ASO1 and ASO2. Primers are typically designed with melting tem-
peratures between 54 °C and 67 °C. Five NAA primer sets were generated that varied in their start
and end positions within the targeted region. Among the generated five primer sets, we selected the
set having dG = −2.36, which targets the 28,525–28,741 nucleotide range of the N-gene sequence. dG
is the reaction’s disassociation constant, which measures the strength or spontaneity of dimerization.

RT-LAMP is a one-pot isothermal NAA method that first converts RNA to DNA, followed by
amplification of cDNA in the same reaction pot. This NAA method therefore utilizes three pairs of
primers and enzymes for NA amplification in a single tube. Briefly, the conversion of RNA to cDNA
first takes place by the action of the reverse transcriptase enzyme. Four primers, that is, the forward
inner primer (FIP), backward inner primer (BIP), forward outer primer (F3) and outer backward
primer (B3), are then used to target four different regions of the gene, and Bst DNA polymerase is
used to amplify NA under isothermal conditions, while the other two primers, known as ‘loop
primers’ are used to accelerate the NAA reaction69,70. Thus, six primers are used under isothermal
conditions to amplify a single target gene in this NAA technique, in contrast to RT-PCR, where
primarily two primers are used at varying temperature conditions. Although this NAA produces
many amplicons with various structural conformations instead of one major amplified genetic
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segment like RT-PCR, it has other advantages such as the use of cost-effective equipment and high
levels of sensitivity and amplification efficiency compared with RT-PCR71. Herein, F3, B3, FIP and
BIP sequences were identified to amplify the region targeted by ASO1 and ASO2. Forward loop (LF)
and backward loop (LB) primers were also designed from these primers (Fig. 4). A primer set
consisting of six primers has thus been designed for NAA, which are specific for the SARS-CoV-2 N-
gene segment as presented in Table 1. It is important to note that primers can be designed to make
the protocol applicable to any viral or bacterial sequence simply by altering the initial target
nucleotide sequence. Currently, as a proof-of-concept, we have established the method to target the
N-gene sequence of COVID-19 causative virus, SARS-CoV-2. The successful amplification of the
SARS-CoV-2 RNA using this approach has been confirmed and optimized using gel electrophoresis
(Fig. 5), which shows that the produced amplicons are of various structural conformations. The
laddered banding pattern indicates positive amplification and spurious amplification products gen-
erated during the RT-LAMP reaction. This is a typical electrophoresis pattern seen with RT-LAMP
and reported widely23,72. The NAA was carried out with primer concentrations as follows: FIP
(16 µM), BIP (16 µM), F3 (2µM), B3 (2 µM), Loop F (4 µM) and Loop B (4 µM).

Design and functionalization of ASOs
Software for statistical folding of NA and studies of regulatory RNAs, Soligo6,7,73, was used to design
the ASOs targeted towards the N-gene sequence of SARS-CoV-2. The folding temperature was
maintained at 37 °C, and ionic condition was kept at 1 M sodium chloride for a preferred ASO length
of 20 nucleotide bases. The following parameters were used:
1 GC% should be within 40–60%.
2 Target sequences with GGGG will be eliminated.
3 Average unpaired probability of the ASOs for target site nucleotides is set to ≥0.5.
4 All sites targeted to the peak in the accessibility profile are ranked by their average unpaired

probability (the higher the better). The threshold probability is >0.5.

F3 F2

F1

B1

B2 B3

LF

LB

28,501

28,561

28,621

28,681

28,741

Fig. 4 | Design of SARS-CoV-2 N gene-specific NAA primer sets. The SARS-CoV-2 N gene-specific NAA primer set
(Table 1) has been designed to selectively amplify the 28,525–28,741 nucleotide segment. Their corresponding
positions are demonstrated.

Table 1 | NAA primer sequences to target the N gene of SARS-CoV-2

Label Type Sequence (5′–3′)

F3 Forward outer TGGCTACTACCGAAGAGCT

B3 Reverse outer TGCAGCATTGTTAGCAGGAT

FIP Forward inner (F1ca- F2) TCTGGCCCAGTTCCTAGGTAGT-GACGAATTCGTGGTGGTGA

BIP Reverse inner (B1ca-B2) AGACGGCATCATATGGGTTGCA-GCGGGTGCCAATGTGATC

LF Forward loop TGGACTGAGATCTTTCATTTTACCG

LB Backward loop ACTGAGGGAGCCTTGAATACACCA

aF1c is the complementary sequence to F1 and B1c is the complementary sequence to B1.
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5 Of those satisfying the above criteria 1–4, only the top 20 will be considered with the highest
average unpaired probability.

6 Lastly, the binding energy of the ASOs was compared with the target sequence, and the binding
energy cutoff for the selection of ASOs was kept at ≤−8 kcal/mol.

Among the 20 predicted ASO sequences, two of the ASOs were selected on the basis of their
comparative binding disruption energies and binding energies with the target sequence ranging
from nucleotides 28,695–28,736 of the N gene of SARS-CoV-2 (Table 2). The other important
criterion for which these particular ASO sequences have been selected is their targeting ability to
the genetic segment, which will be amplified by the designed primer sets. One of the other
parameters behind the selection of these two ASO sequences was the proximity of their target
positions6,7, as can be observed from Table 2. This facilitates agglomeration of gold nanoparticles
selectively in the presence of the N-gene sequence of SARS-CoV-2 (Fig. 3). Towards this aim, the
ASOs were differentially functionalized at either the 3′ or 5′ end. ASO1 and ASO2 were
functionalized at the 5′ and 3′ end, respectively, with thiol moiety. Functionalizing one ASO at the
5′ end and another at the 3′ end upon their conjugation with AuNPs means that the nanoparticles
will come close to each other when bound to their target RNA sequence. This will lead to the
anticipated agglomeration among the nanoparticles and, hence, the change in plasmonic response
(Supplementary Figs. 1 and 2).

The efficiency of the kit depends on the design of the NAA primers (inner, outer and loop
primers) and the ASOs. The screening and designing of the primers and ASOs are critical, because
finding the right combination of ASOs that can specifically target only the amplified genetic
segment is challenging. The best targeting ASO might lie in a region that is covered by nonspecific
primers. Thus, a trade-off between the binding efficacy of the ASOs and the primers’ specificity
should be made to select the optimal combination. We have demonstrated that targeting
the amplified genetic segment with suitable ASOs underlies the kit’s accuracy, sensitivity
and specificity6.

Preparing ASO-capped gold nanoparticles
These ASOs were used to cap gold nanoparticles6,7 using the capping agent exchange process. Gold
nanoparticles were initially stabilized with sodium citrate and then exchanged (i.e., replacing the

1.5 kb
1.2
1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

NAA primers
NAA gene templates

10 kb
8
6
5
4
3
2
1.5
1.0
0.5

Amplified
gene

1 2 3 4 5 6 7 8 9 10
Lane 1 = 1 kb DNA ladder

Lane 2 = 106 cp/ml

Lane 3 = 105 cp/ml

Lane 4 = 104 cp/ml

Lane 5 = 103 cp/ml

Lane 6 = 102 cp/ml

Lane 7 = 10 cp/ml

Lane 8 = 1 cp/ml

Lane 9 = negative control; water

Lane 10 = 100 bp DNA ladder

Fig. 5 | Agarose gel electrophoresis of the reaction mixtures after the NAA step. The six primers were added to the
reaction mixture where the NA amplification takes place at 65 °C for 30 min. Lanes 2–8 show the amplification
products using different concentrations of SARS-CoV-2 RNA, which appear as multiple bands of different molecular
weights. DNA ladder and the negative control (water as a template) are shown in lane 1, 9 and 10, respectively. The
gel results show the successful amplification of the genetic material.
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capping agent) with thiol-modified ASOs. Due to the higher binding energy of the Au-S bond, there is
a preferential metal sulfur coordination bond between the thiol-modified ASOs to the AuNPs74. This
replaces the citrate moieties with thiolated ASOs.

Readout of the NACT methodology
The NACT assay for SARS-CoV-2 detection utilizes AuNPs capped with ASO as a colorimetric
reporter. The genetic material obtained from the samples is first amplified isothermally at 65 °C for
30 min. The ASO-capped AuNPs (an equivalent mixture of ASO1 capped AuNPs and ASO2 capped
AuNPs) are then added to the amplified mixture. Due to the selectivity of the ASOs, the separately
tagged AuNPs bind to the amplified genetic segments, leading to the agglomeration of AuNPs. This
causes a change in the plasmonic signal such that the visible color of the solution changes from pink
to purple only in the presence of the target genetic sequence. The visual readout of the test can be
monitored by the naked eye (Figs. 6a, 7a and 8a). Further, the assay can be easily performed in a
multiwell plate format, and the absorbance can be recorded using a conventional plate reader
(Figs. 6b, 7b and 8b). The assay results can be also monitored using a handheld readout (e.g., portable
plate reader). Figure 8 depicts a ‘clear color change’ that takes place in positive viral samples when
samples are used directly, without RNA extraction. To avoid any ambiguity in interpreting the color
of the sample, the protocol can also use a quantitative absorption measurement to avoid any
subjectivity in the analysis.

Qualitative and semiquantitative detection
The first line of COVID-19 management is to separate and quarantine the infected people from their
surroundings as soon as possible. Therefore, it is sufficient to distinguish between the presence and

Table 2 | Selected ASO sequences targeted for the N gene of SARS-CoV-2

Target sequence
position

Target sequence (5′–3′) Antisense oligo (5′–3′) GC
content

Binding site disruption
energy (kcal/mol)

Binding energy
(kcal/mol)

28,695–28,714 ACACCAAAAGAUCACAUUGG CCAATGTGATCTTTTGGTGT
(ASO1)

40% 7.6 –15.8

28,717–28,736 CCCGCAAUCCUGCUAACAAU ATTGTTAGCAGGATTGCGGG
(ASO2)

50% 7.6 –10.4
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Fig. 6 | Performance evaluation of the protocol using RNA extracted from clinical nasopharyngeal and
oropharyngeal swabs samples. a, The test mixture changes color from pink to purple as a response to SARS-CoV-2
RNA. Negative samples showed no obvious color change. b, Absorbance of the reaction mixture for 61 samples
(29 positive and 32 negative) was recorded using a plate reader. COVID-19 samples were initially tested using
FDA-approved RT-PCR kit (LABGUN), and the findings were plotted against our NACT results, which corroborated
the RT-PCR findings. Threshold line has been set that maximizes the assay performance.
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absence of SARS-CoV-2 RNA and thus identify the infected samples. Thus, the qualitative detection
of COVID-19 is far more important than the quantitative detection of the viral load in the infected
samples. However, the aggregation of ASO-capped AuNPs leading to their change in surface plasmon
bands and change in UV-visible absorbance can be quantitative. However, the color change of the
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Fig. 7 | Performance evaluation of the protocol using 90 samples of RNA spiked in artificial saliva. a, The test mixture changes color from pink to
purple as a response to SARS-CoV-2 RNA. Negative samples showed no obvious color change. No cross-reactivity was observed in the test results
from the samples containing MERS-CoV RNA. b, Absorbance of the reaction mixture for 60 positive and 30 negative samples was recorded using a
plate reader. The sample number represents the numbering of the tested samples. A threshold line has been set that maximizes the assay
performance.
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Fig. 8 | Detection of SARS-CoV-2 directly from 22 clinical samples without any RNA extraction/ purification.
a, Photographic images of tubes with 22 samples (11 positives and 11 negatives) treated with guanidium
isothiocyanate (GITC) lysis buffer and tested according to our RNA-extraction-free NACT protocol. SARS-CoV-2 N-
gene targeted ASO-conjugated Au nanoparticles showed a clear color change for the positive viral samples but not
for the negative samples. b, Absorbance of the reaction mixture for 22 samples (11 positives and 11 negatives) were
recorded using a plate reader. COVID-19 samples were initially tested using FDA-approved RT-PCR kit (LABGUN),
and the findings were plotted against our NACT results, which corroborated the RT-PCR findings. Threshold line has
been set that maximizes the assay performance.
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solution can only be used to provide a Yes/No answer. Like most naked-eye colorimetric approaches,
NACT also depends on the user’s observation and color perception to draw inference on the diag-
nosis of the sample (i.e., positive or negative). Therefore, the introduction of a plasmonic optical
readout will further eliminate the subjectivity of the test and avoid potential errors due to the
variation in color interpretation from person to person. Additionally, the test could be made
quantitative by establishing a standard curve that correlates the viral RNA quantity with an
optical readout.

Although herein we have represented our data only in terms of increase in absorbance at 660 nm
wavelength (Figs. 6–8), there is a substantial red shift in the absorbance spectra of the gold nano-
particles in the presence of SARS-CoV-2 RNA. A shift of ~40 nm was observed in the aggregation
band of ASO-conjugated AuNPs only in the presence of the SARS-CoV-2 RNA6,7, as shown in
Supplementary Fig. 1. Hence, there will be no problem in discriminating between the positive and
negative samples by the naked eye. The aggregation of ASO-capped AuNPs was investigated not only
through UV-visible absorbance spectroscopy but also through Zetaview experiments, transmission
electron microscopy and hyperspectral imaging (HSI) to support the agglomeration phenomena6,7.
Where UV-visible absorbance demonstrated the shift in the surface plasmon band of the AuNPs
upon selective detection of the genetic material, Zetaview showed an increase in the size of the
nanoparticles upon their attachment with the target site6. Upon the addition of the target RNA,
various clustering entities were observed under transmission electron microscopy6. The presence of
the target RNA was found to form clusters of ~80–120 nm entities (Supplementary Fig. 2), indicating
the interparticle aggregation mediated by intermolecular hydrogen bonding among the nucleotides6,7.
The formation of the large entities was further explored using HSI to localize the ASO-tagged
nanoparticles. HSI studies further support the formation of large particle clusters due to the binding
of the ASOs to their target region6,7. All this points towards a multiparticle aggregation phenomenon
caused by intermolecular hydrogen bonding among the nucleotides, which also influences the
agglomeration among multiple gold nanoparticles to form a clustered assembly.

Avoiding contamination
To avoid any unexpected outcome of the test results, the ASOs and ASO-capped AuNPs were
suspended in RNase and DNase-free water in each of the preparation steps. Proper sterile conditions
were maintained especially during the NAA step. To do so, the biosafety cabinet and the surrounding
environment were cleaned properly with 70% (vol/vol) ethanol and RNaseZap solution each time
before and after use. Pipettes and other bottles were also cleaned each time to optimize the test
condition by removing any unexpected contamination.

Validations and controls
The negative control must be water only, whereas synthetic RNA containing the target segment can
be used as a positive control. The validity of the NACT approach can be evaluated by testing the
specificity of AuNPs capped with ASOs using a sample with the SARS-CoV-2 gene sequence but
lacking the target N-gene sequence targeted by the ASOs. In the absence of the target genetic strand,
the color of the solution did not change. This indicates a loss in sensing efficiency of the ASO-capped
AuNPs in the absence of the desired SARS-CoV-2 N-gene strand, inhibiting the change in color of
the solution (Fig. 9).

Adaptability of the NACT protocol to test for other pathogens
To adapt the protocol to other targets, the following steps would be necessary:
1 Design new ASOs. Suitable ASO sequences need to be designed that specifically target RNA of the

disease-causing virus/pathogen. Particular attention must be paid to designing the ASO sequences
since their proximity will influence the agglomeration of the nanoparticles leading to a color
change (Fig. 3).

2 Design new primers. Next, the inner, outer and loop primer sequences need to be altered to amplify
the target gene sequence to which the ASOs will hybridize. Overall, by changing only the sequences
of ASOs and primers, the capability of the protocol could be expanded to other pathogens.

3 Standardization of lysis buffer. Suitable standardization of lysis buffers must be performed while
utilizing this technology for the detection of other targets. The membranes of different microorganisms
comprise varied biological materials and, hence, might behave differently in different types of lysis
buffer. Therefore, to obtain an optimized result, one needs to standardize the lysis conditions for each
target as was done during the development of this protocol for SARS-CoV-2.
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Expertise needed to implement the protocol
Basic knowledge in molecular biology is required to design ASOs and NAA primers. Basic knowledge
of material science and chemistry is also recommended to perform Steps 1–7, the synthesis of AuNPs
and their conjugation with ASOs. Once all the reagents and required materials are prepared, per-
forming the test is quite straightforward. As our protocol offers the possibility of COVID-19 testing
even without the extraction of RNA, it enables individuals with limited scientific expertise to conduct
the test.

Materials

Biological materials
● Deidentified clinical samples having positive or negative SARS-CoV-2 infection (nasal swab,
nasopharyngeal swab and oropharyngeal swab) ! CAUTION Biosafety regulations should be followed
while handling any potentially infectious clinical samples. In the case of any uncertainty, contact your
local safety officer. We obtained permission from the Institutional Biosafety Committee (IBC) for
handling these infectious samples as mentioned herein through the IBC submission number IBC-
00005683 ! CAUTION Users handling infectious biological materials should undergo requisite training
and take necessary care to minimize the potential risk. Necessary personal protective equipment (PPE)
should always be worn while working in the laboratory with these samples. Necessary care must be
taken to destroy the hazardous materials before they come into contact with the environment. The
materials should either be treated with proper disinfectants, acids or bases. The work surfaces should
also be decontaminated with 70% (vol/vol) ethanol and disinfectants, wherever necessary. In the event
of an exposure, the contaminated surfaces should be cleaned with soap and water, and exposed mucus
membranes should be flushed with water. Environmental Health and Safety must be contacted,
and the first report of injury should be completed. Personnel should also seek medical care at the
appropriate center.

Reagents and consumables
● Water, molecular biology grade, nuclease protease-free and low endotoxin, sterile, 1 L (Quality
Biological, cat. no. 351-029-131)

● ASO strands (GenScript, custom-made sequences where either of the 5′- or 3′-ends are functionalized
with thiol moieties; see Table 2) c CRITICAL The current study used thiolated ASOs for the
conjugation with citrate-stabilized gold nanoparticles. However, it should be noted that the oligos are
easily oxidizable during shipping and storage to form disulfide linkages. Hence, the disulfide bonds

Negative control Synthetic RNA
lacking the

targeted N-gene
segment

SARS-CoV-2
genomic RNA

a

b

Fig. 9 | Control experiment for evaluating the targeting efficiency of the ASO and specificity of the NACT
approach. a, Color of the NACT test remains pink as a response to the negative control (water) and synthetic SARS-
CoV-2 RNA lacking the targeted N-gene segment; change in color to purple observed in response to SARS-CoV-2
RNA containing the target sequence. b, Zoomed image of a.
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need to be broken before functionalization with gold nanoparticles either by treatment with DTT or
Tris(2-carboxyethyl)phosphine, as detailed by the oligo manufacturer.

● Primers for NA amplification step (GenScript, custom made sequences for inner, outer and loop
primers; see Table 1)

● Quantifluor ssDNA System (Promega, cat. no. E3190) ! CAUTION This reagent needs to be stored at
−20 °C for its stability. The dye should be protected from long light exposure.

● Purelink RNA mini kit (Invitrogen, cat. no. 12183018A); The lysis buffer provided with this kit is used
as the lysis buffer containing guanidinium isothiocyanate for direct sampling (Step 9B).
! CAUTION The kit can be stored at room temperature (25 °C). Be careful about possible
contamination during handling.

● Quick-RNA viral kit (Zymogen, cat. no. R1034) ! CAUTION The kit can be stored at room
temperature. Be careful about possible contamination during handling.

● Warmstart Lamp Kit (DNA and RNA), 500 Rxns (New England Biolabs, cat. no. E1700L)

c CRITICAL The current protocol used the WarmStart LAMP Kit, procured from New England
Biolabs, to benefit from the WarmStart technology and inhibit the activity of the NAA reagents at
room temperature ! CAUTION The kit should be stored at −20 °C in separate aliquots to avoid the
repeated freeze–thaw cycle of the stock.

● Tetrachloroauric(III) acid trihydrate (Sigma, cat. no. 1015820001) ! CAUTION The reagent should be
protected from long exposure to moisture. A stock solution having a high concentration of HAuCl4
can be prepared in water and used as and when necessary.

● Sodium citrate tribasic dihydrate (Sigma, cat. no. S4641) ! CAUTION During the preparation of gold
nanoparticles, sodium citrate solution should always be prepared fresh. The use of old stock will
hamper the preparation of AuNPs.

Equipment
● Microcentrifuge tubes, 0.2 ml (Sigma, cat. no. Z374873), 0.5 ml, 1.5 ml and 2 ml capacity
(USA Scientific, cat. no. 1605-0000, 1615-5510 and 1620-2700, respectively)

● Micropipette tips, 10 µl, 200 µl and 1 ml tips (USA Scientific, cat. nos. 1180-3710, 1120-8710 and
1182-1730, respectively)

● Microamp Fast Optical 96-well Reaction Plate, 0.1 ml (Invitrogen, cat. no. 4346907)
● Centrifuge conical tube, 50 ml (Fisher Scientific, cat. no. 1495949A)
● Centrifuge conical tube, 15 ml (Fisher Scientific, cat. no. 1495970C)
● Low background glass scintillation vials, 20 ml, poly cap (Research Product International,
cat. no. 121000CA)

● Benchtop Centrifuge (Eppendorf, cat. no. 5804)
● Thermomixer, 24-tube capacity (Eppendorf, model no. 5355 30794)
● Magnetic hotplate stirrer (IKA, model no. C-Mag HS4)
● Magnetic spin bar micro-stir bar, 15 × 79 mm (VWR, cat. no. 58948-353)
● Fisherbrand Elite adjustable-volume pipettes, 0.5–5 µl, 2–20 µl, 20–200 µl and 100–1,000 µl
(Fisher Scientific, cat. nos. FBE00005, FBE00020, FBE00200 and FBE01000 respectively)

● Bath sonicator (Branson 2800, model no. CPX 2800)
● Weighing balance (VWR, model no. VWR-124B2)
● GelDoc imager (BioRad, model no. GelDoc EZ)
● Particle tracking analyzer (Zetaview, model no. PMX-220-12C-R3)
● pH-meter (HACH, model no. HQ440D multi)
● Biotek Synergy Neo2 microplate reader (Biotek, model no. 1909175)
● Yamato PiCOEXPLORER photo absorbance meter (Yamota, model no. PAS-110-YU)
● Freezer, 4 °C (Frigidaire, model no. R134A; ASF35BU6)
● Freezer, −20 °C (Thermo Fisher Scientific, model no. 20LFEEFSA)
● Freezer, −80 °C (Haier, model no. DW-86L728JA)

Software
● Gel quantification software (Bio-Rad ImageLab)
● PrimerExplorerV5 (https://primerexplorer.jp/e/)
● Sensitivity, specificity and accuracy has been calculated using MedCalc Free statistical calculators
(https://www.medcalc.org/calc/diagnostic_test.php) based on the following equations:75–80
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Accuracy is the total number of samples correctly diagnosed over the total number of tested samples.
The accuracy can be calculated using the following equation:

¼ True positiveþ True negative
True positiveþ True negativeþ False positiveþ False negative

Sensitivity represents the probability of having a positive test result given the disease is present, true
positive rate (TP)

¼ True positive
True positiveþ False negative

Specificity represents the probability of having a negative test result given the subject is healthy, true
negative rate (TN)

¼ True negative
True negativeþ False positive

Reagent setup
● Tetrachloroauric(III) acid trihydrate, 1 mM: dissolve 1 g of tetrachloroauric(III) acid trihydrate in
250 ml of distilled water to make a 10 mM stock solution. Dilute the 10 mM stock with RNAse-free
water to prepare a 1 mM solution

● Sodium citrate solution, 1% (wt/vol): dissolve 0.5 g of sodium citrate in 50 ml of distilled water to
prepare 1% sodium citrate solution c CRITICAL The sodium citrate solution should be prepared fresh
each time.

Procedure

Synthesis of gold nanoparticles ● Timing 1 h
1 Heat 20 ml of 1 mM HAuCl4·3H2O solution to boil under stirring conditions, and then add 2 ml of

1% citrate solution.
! CAUTION The gold nanoparticle solution should not be stirred for more than 10 min.

2 Remove the mixture from heat after 10 min.

c CRITICAL STEP The color of the solution should change to wine red within this time.
3 Centrifuge 10 ml of the gold nanoparticle solution at 25,000g for 30 min at room temperature 10 ml

and discard the supernatant.
4 Redisperse the pellet in 1 ml of RNase-free water with mild vortexing.

j PAUSE POINT If needed, the citrate-stabilized gold nanoparticles can be stored at room
temperature for future use, but the solution should be used within 7–10 d of its preparation.

Capping of AuNPs with ASOs ● Timing 1 h
5 Functionalize two 1 ml aliquots of gold nanoparticles suspended in RNase-free water (from Step 4)

by adding 5 µl of ASO1 or 2.5 µl of ASO2 to each, respectively, in separate centrifuge tubes under
stirring at 1,500g for 30 min at room temperature.

6 Prepare a unique cocktail of ASO-conjugated Au nanoparticles (Au-ASOmix solution) by mixing an
equivalent ratio of the two Au-ASO nanoparticle solutions. For example, to prepare 1 ml of
Au-ASOmix solution, add 500 µl of Au-ASO1 solution to 500 µl of Au-ASO2 solution.

7 To prepare the Au-ASOmix test solution (Au-ASOTEST), dilute the Au-ASOmix solution by adding
80 µl of this Au-ASOmix solution to 920 µl of RNase-free water.

j PAUSE POINT Au-ASOTEST can be stored at 4 °C for future use and can be used for more
than 3 months.

Collection of samples ● Timing 2 min
8 Collect clinical samples (i.e., nasal and oropharyngeal swabs and/or saliva) from the patients under

observation with suspected COVID-19.

c CRITICAL STEP Handle samples with necessary PPE.

j PAUSE POINT The samples can be stored for at least 6 months at −80 °C.

NATURE PROTOCOLS PROTOCOL

NATURE PROTOCOLS |www.nature.com/nprot 15

www.nature.com/nprot


Sample preparation ● Timing 30 min
9 The collected clinical sample can be prepared by either extracting the RNA from the sample (using

option A) or treating samples directly without RNA extraction by lysing the sample directly (option
B). The selection of the sample preparation method is user-dependent based on the test settings (see
Experimental design for further information).
(A) RNA extraction from the samples

(i) Isolate the total RNA from the samples using the Invitrogen PureLink RNA mini kit by
following the manufacturer’s instrucutions81.

j PAUSE POINT The sample can be stored in different aliquots at −80 °C in RNase-free
centrifuge tubes.

(B) Direct sample treatment with lysis buffer
(i) Add 4 µl of the clinical samples (as they are, without any prior processing) to 2 µl

guanidinium isothiocyanate lysis buffer (from Purelink RNA mini kit) with 4 µl of
RNase-free water and mix by tapping the tube gently.

j PAUSE POINT The direct sample should be prepared fresh each time.

NAA step of the targeted segments ● Timing 35 min

c CRITICAL The NAA step is an extremely sensitive amplification method23,25. Care should be taken
when testing multiple samples simultaneously to avoid contamination. Reaction containers should be
opened and handled in a secondary location away from the RNA-extraction location and equipment.
Regular decontamination of the working place is also important to reduce the risk of contamination. We
also suggest performing positive and negative controls alongside the experiment each time (see
Experimental design).
10 Prepare the preamplification space by wiping the surface with 70% (vol/vol) ethanol and RNase Zap

solution.
11 Prepare the following mixture of NAA primers mix (10×):

Component Final concentration (µM) Amount (µl)

FIP (100 µM) 16 32

BIP (100 µM) 16 32

F3 (100 µM) 2 4

B3 (100 µM) 2 4

Loop F (100 µM) 4 8

Loop B (100 µM) 4 8

RNase-free water 112

12 Prepare the following NAA reaction mixture in a 1.5 ml Eppendorf or PCR tube (enough for
four replicates):

Component Amount (µl)

WarmStart LAMP 2X Master Mix 5

LAMP Primer Mix (10×) 1

RNase-free water 2

Total volume 8

c CRITICAL STEP Use WarmStart technology to inhibit activity of the NAA reagents at room
temperature. Briefly, the kit includes WarmStart LAMP 2X Master Mix, which contains a blend of
Bst 2.0 WarmStart DNA Polymerase and WarmStart RTx Reverse Transcriptase in an optimized
LAMP buffer solution.

13 Prepare 8 μL aliquots of the NAA reaction mixture from Step 12, and add to 2 μL of sample (from
Step 9) in PCR strip tubes or PCR plates. Mix well by pipetting up and down a few times (sample
can be either extracted RNA or direct sample treated with lysis buffer or artificial saliva sample
spiked with clinical samples’ RNA). Add water separately to the NAA reaction as a negative control.

14 Perform the reactions at 65 °C for 30 min on a heat block.
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15 Inactivate the Bst 2.0 polymerase and reverse transcriptase enzyme (RTx) by heating the reaction
mixture at 85 °C for 5 min. Confirm the successful amplification of the target using gel
electrophoresis82 as shown in Fig. 5.

c CRITICAL STEP It is recommended to perform the NA detection (Step 16) immediately after the
NAA step.

j PAUSE POINT Amplified cDNA can be kept on ice and used within 1 h.

Colorimetric detection ● Timing 5 min
16 Add 100 µl of Au-ASOTEST (from Step 7), to the tube containing the 10 µl of the amplified gene.

Heat the mixture at 65 °C for 5 min.
? TROUBLESHOOTING

17 The color change can be observed with the naked eye, and/or by a plate reader. In the latter case,
transfer the mixture to a 96-well-plate and spectroscopically investigate the color change by reading
the absorbance spectrum at 660 nm.

Troubleshooting

The problems observed during the testing of this protocol are listed in Table 3.

Table 3 | Troubleshooting table

Step Problem Possible reason Solution

7 Synthesis of AuNPs of larger
size leading to purple color

Continuing the reaction for a
longer time and keeping the
solution for a longer time at room
temperature before
conjugating ASOs

The citrate stabilized AuNP solution should not be boiled
for longer than ~10 min. Only solutions dark pink (wine red)
in color should be used. Also, the solution should not be
kept beyond 7 d at room temperature before conjugating
with ASOs. This might lead to unexpected agglomeration
among the synthesized gold nanoparticles

7,16 Au-ASO solution is purple to
begin with. Change in color
from pink to purple observed in
negative samples leading to
false-positive signals

The use of an agglomerated
version of the Au-ASO solution

If the color of the Au-ASO solution is purple before use, it
should not be used for NACT. This might be due to
unwanted agglomeration among the ASO-conjugated
AuNPs. However, it is to be noted that this type of
agglomeration in Au-ASO solutions has not been seen by
us in any of the prepared batches during the test. If this is
the case, the Au-ASO solution can either be bath sonicated
for 5 min before use or freshly prepared conjugated
particles should be made

15 Amplification of wrong genetic
segments

Incorrect design of NAA primers During the design and selection of NAA primers, special
care has to be taken so that the correct genetic segment
(to which the selected ASOs will bind) is specifically and
efficiently amplified

Reduced volume of NAA
mixture after the heating step

A loose cap might lead to the
evaporation of the NAA mixture.
Some of the liquid might also stick
on the lid due to condensation

Tight capping of the tube should be ensured.
Simultaneously the tubes can be centrifuged to harvest all
the liquid at the bottom after the heating step. Otherwise, a
thermocycler with lid heating capability should be used to
avoid condensation at the cap

16 Presence of a minimal number
of ASOs conjugated to AuNPs
leading to false-negative results

Repeated freeze–thaw cycles of
ASOs and presence of
contaminating oxidizing agents

An optimal and standardized volume of ASOs is added to
the citrate-stabilized AuNP solution each time. Hence,
conditions that might degrade the quality of ASOs should
be minimized. Hence repeated freeze–thaw cycles of ASO
stock should be reduced. Also, the presence of any
oxidizing materials might lead to disulfide bridge formation
among the thiol linkages of ASOs, leading to reduced
conjugation of ASOs to AuNPs. Special care should
therefore be taken with the environmental conditions

Amplification found in the
negative samples

Contamination The NAA reaction should be carried out in a
decontaminated area away from the place of RNA isolation
or other potential contamination. Proper cleaning of the
working space with RNaseZap and 70% (vol/vol) ethanol
is recommended

Table continued
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Timing

Steps 1–7, preparation of ASO-capped gold nanoparticles (Au-ASO): 2 h
Steps 8–9, collection of samples for direct use or after RNA extraction and purification: ~30 min
Steps 10–15, isothermal amplification of the target genetic material: 35 min
Steps 16–17, colorimetric detection of the target genetic material: 5 min

Anticipated results

In ref. 7 we demonstrated the successful use of our NACT technology to rapidly and selectively
diagnose COVID-19 using 48 nasopharyngeal swab clinical samples with nearly 100% accuracy,
sensitivity and specificity. This modified protocol has shown 98.4% accuracy, 96.6% sensitivity and
100% specificity using 61 nasopharyngeal swab clinical samples (M.A., P.M., K.D. and D.P.,
unpublished results, Fig. 6). Based on our findings, the NACT works on a variety of biological
samples, including nasopharyngeal, oropharyngeal swabs7 and artificial saliva (M.A., P.M., K.D. and
D.P., unpublished results). Future studies are required to test the performance of the test kit on saliva
samples collected from COVID-19 infected patients83,84. The protocol was successful in distin-
guishing artificial saliva samples spiked with positive COVID-19 samples’ RNA from the negative
ones. Samples spiked with RNA from COVID-19 samples confirmed positive using RT-PCR COVID-
19 LABGUN kit (EUA FDA approved) showed a prominent color change from pink to purple, except
one (Fig. 7). This sample from the positive set did not change color owing to the inappropriate sealing
of the tube cap. This caused evaporation in the liquid mixture during the NAA step at 65 °C, leading
to the eventual false-negative results. Hence this false-negative test point can be assigned to human
handling error. Samples spiked with MERS-CoV RNA or RNA from COVID-19 negative samples
showed no color change (pink).

Our protocol enables minimal sample processing and works with both direct samples (RNA-
extraction-free approach) and RNA extracted from clinical samples. The RNA-extraction-free pro-
tocol takes <40 min to complete, and the results can be interpreted qualitatively (Yes/No) as a visual
color change from pink (negative) to purple (positive), as demonstrated in Fig. 1. A time estimate of
the whole process and each individual step is also shown in Supplementary Table 3. In total, 22 direct
samples (11 SARS-CoV-2 positives and 11 negatives) have been tested using our NACT assay, and
the results are highlighted in Fig. 8. Our NACT method can accurately determine SARS-CoV-2
positive and negative clinical samples even without the extraction of RNA. The confusion matrix
benchmarking the results against the gold standard RT-qPCR can be seen in Supplementary Fig. 3.

To avoid errors due to the variation in color interpretation among individuals, the NACT can also
be coupled with a portable handheld reader or a standard plate reader for quantitative analysis
(Figs. 6–8). The optical density-based readout system can reduce human error by recording the
absorbance of the sample and identifying them as positive or negative using a set threshold value,
which has been selected carefully using the receiver operating curve to optimize the sensor perfor-
mance, as shown in Supplementary Fig. 4. Using threshold values of 0.19 for the RNA-extracted
samples7 and 0.152 for the direct samples, the test was found to have sensitivity of 96.6%, or 100%,
respectively, and specificity of 100%, or 100%, respectively (M.A., P.M., K.D. and D.P., unpublished
results, see Supplementary Table 1), with a detection limit of 10 copies/μL. It is worth noting that the
estimation of the sensitivity and specificity of an assay often needs evaluation with a large pool of
samples. The values determined for the NACT test are likely to be dependent on the sample size, and
hence, the >99% specificity is only claimed for the given number of nasal swab samples tested in this
study. The protocol successfully diagnosed COVID-19 from several clinical samples with accuracy,
sensitivity and specificity as high as those of the results from gold-standard RT-qPCR.

Table 3 (continued)

Step Problem Possible reason Solution

16,17 No agglomeration of AuNPs Incorrect design of ASOs The ASOs are selected based on their optimal target
binding energy and binding disruption energy values. Only
select those ASOs that have closely located genetic
targets, to ensure AuNP agglomeration upon binding of
ASO-capped AuNPs. See Experimental design for further
details regarding ASO design
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Reporting Summary
Further information on research design is available in the Nature Research Reporting Summary
linked to this article.

Data availability
The authors declare that the data supporting all the findings of this study are available within the
article and Supporting Information files. The primary research articles5–7 support the protocol
development and use for colorimetric detection of SARS-CoV-2. This includes the ASO design and
optimization, the AuNPs capping and detection of SARS-CoV-2 using genomic RNA samples, RNA
extracted from Vero cells infected with SARS-CoV-2, and nasopharyngeal swab samples. The cross-
reactivity studies and benchmarking data using RT-qPCR are also included in our previous reports
for the protocol carried out using RNA extraction7. Source data are provided with this paper. All the
other relevant data are available from the authors upon reasonable request
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