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ABSTRACT: The current outbreak of the pandemic coronavirus disease 2019
(COVID-19) caused by the severe acute respiratory syndrome-coronavirus-2 (SARS-
CoV-2) demands its rapid, convenient, and large-scale diagnosis to downregulate its
spread within as well as across the communities. But the reliability, reproducibility,
and selectivity of majority of such diagnostic tests fail when they are tested either to a
viral load at its early representation or to a viral gene mutated during its current
spread. In this regard, a selective “naked-eye” detection of SARS-CoV-2 is highly
desirable, which can be tested without accessing any advanced instrumental
techniques. We herein report the development of a colorimetric assay based on
gold nanoparticles (AuNPs), when capped with suitably designed thiol-modified
antisense oligonucleotides (ASOs) specific for N-gene (nucleocapsid phosphoprotein)
of SARS-CoV-2, could be used for diagnosing positive COVID-19 cases within 10 min
from the isolated RNA samples. The thiol-modified ASO-capped AuNPs agglomerate
selectively in the presence of its target RNA sequence of SARS-CoV-2 and
demonstrate a change in its surface plasmon resonance. Further, the addition of RNaseH cleaves the RNA strand from the
RNA−DNA hybrid leading to a visually detectable precipitate from the solution mediated by the additional agglomeration
among the AuNPs. The selectivity of the assay has been monitored in the presence of MERS-CoV viral RNA with a limit of
detection of 0.18 ng/μL of RNA having SARS-CoV-2 viral load. Thus, the current study reports a selective and visual “naked-
eye” detection of COVID-19 causative virus, SARS-CoV-2, without the requirement of any sophisticated instrumental
techniques.
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A n unexpected outbreak of coronavirus disease 2019
(COVID-19) has collapsed many health care systems
and crashed numerous economies. The disease was

first identified in December 2019 and has since rapidly spread
across the world, resulting in the ongoing 2019−20 pandemic.1

It has filled hospitals and emptied public spaces while
disrupting a modern society on a scale that most people in
the world have never witnessed in their lifetime.2−4 Like most
of the previous modern epidemics and pandemics, this newly
emerging infectious disease is caused by the novel severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2) virus.5,6

The COVID-19 pandemic is believed to have close similarities
with severe acute respiratory syndrome (SARS) and the
Middle East respiratory syndrome (MERS) in terms of causing
severe acute respiratory distress.7,8 An average of two or three
people are getting infected from every already affected person
because of the higher transmission rate for COVID-19.9−11

The efforts to contain the virus are ongoing, but considering
the many uncertainties regarding the pathogen transmissibility
and virulence the efficacy of these efforts is unknown. A crucial
shortcoming of the healthcare systems across the globe has
been the ability to rapidly and accurately diagnose the disease
with contributing factors that include a shortage of test kits and
specimen materials, availability of personal protective equip-
ment and reagents, limited certified testing centers, and no
established funding mechanism to support these testing
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facilities.12 Further, the lack of rapid diagnostic tests along with
the inaccessibility of the advanced instrumental techniques to
all the diagnostic centers, especially the remote ones,
contribute to the confusion surrounding which individuals
should be quarantined, limit epidemiological data, and the
ability to track pathogen transmission within as well as across
communities. Therefore, a key part for the management of
COVID-19 pandemic lies in “flattening the curve”, that is,
decreasing the epidemic peak, through different measures
taken for reducing the rate of new infections.13,14

The ability to perform pervasive testing has already shown
benefits to countries such as South Korea and Singapore,15,16

providing precise information about mandatory quarantine for
a carrier of the virus and rigorous contract tracing which in
turn results in greater control in slowing the spread of the
disease. Downmodulating the infection rate will therefore help
to minimize the risk of overwhelming health facilities, allowing
faster care of existing cases and delaying new cases before
therapeutics or a vaccine are available.17−20 At present,
COVID-19 is being primarily diagnosed by three techniques:
(1) reverse-transcription polymerase chain reaction (RT-PCR)
and gene sequencing; (2) a lateral flow immunoassay, which is
a common point-of-care (POC) diagnostic approach that
detects antibodies against SARS-CoV-2 in patient samples; and
(3) chest computed tomography (CT). Out of these, chest CT
has been identified as a major screening tool, if available.21,22

Moreover, the current gold standard approach for screening
COVID-19 requires access to reverse transcriptase real-time
PCR assay (RT-PCR), which can be carried out using a variety
of clinical specimens, including blood, feces, bronchoalveolar
lavage fluid, sputum, fiber bronchoscope brush biopsies, nasal
swabs, or pharyngeal swabs.23,24 On the basis of this technique,
numerous laboratories have developed experimental protocols
using quantitative RT-PCR (qRT-PCR) methods for virus
identification within 4−6 h, including a test developed by U.S.
Centers for Disease Control and Prevention (CDC) and
approved under emergency use authorization (EUA) proc-

ess.25 However, limitations of sample collection and trans-
portation, as well as the performance of the kit with inadequate
access to advanced instrumental techniques, often cannot
report positive COVID-19 cases at its initial presentation
leading to the spread of this infectious disease to a wider
community. Furthermore, traveling to a clinical setting for
testing increases the risk of spreading the SARS-CoV-2 virus
which further adds strain to a resource-limited healthcare
system. Additionally, while serological tests are rapid, POC,
and require minimal equipment, their efficacy may be limited
in the diagnosis of acute SARS-CoV-2 infection only, as it may
take several days to weeks after the onset of the symptom for a
patient to develop a detectable antibody response.26 Therefore,
as some of the existing techniques remain laborious and
technically challenging, there is an urgent unmet need for a
POC, rapid, cost-effective, and selective diagnostic test for
COVID-19 that can provide fast and accurate test results
within a duration of less than an hour and possibly within
minutes.27

Nanotechnology-based colorimetric bioassays are conven-
ient and attractive in biosensor design for their simplicity,
visual output, and no necessity for complex instruments.28−32

In recent years, gold nanoparticle (AuNPs) have garnered
incredible attention in the field of colorimetric-based
biosensing applications due to their exceptional optical
properties such as high extinction coefficient, localized surface
plasmon resonance, and inherent photostability.33,34 They have
been utilized in numerous colorimetric-based biosensing
applications to detect a wide range of chemical and biological
targets like small molecules, proteins, metal ions, and nucleic
acids where the particle changes its color in response to the
reactivity of the nanosized particles to the external con-
ditions.35−43 Despite these features, however, this technique
still involves the preparation of ssDNA probes and the
implementation of several intermediate steps, such as time-
intensive denaturation and annealing after PCR.44 Further-
more, given that both ssDNA and dsDNA stabilize the AuNPs

Scheme 1. Schematic Representation for the Selective Naked-Eye Detection of SARS-CoV-2 RNA Mediated by the Suitably
Designed ASO-Capped AuNPs
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at low salt concentrations, cationic agents are primarily
required to detect the target with probes. A colorimetric
bioassay was thus developed for the detection of DNA/RNA
targets based on unmodified AuNP aggregation using disulfide
self-assembly of terminal modified DNA.45 The products
generated in this approach not only demonstrated a high
affinity for the surface of AuNPs but also protected them
efficiently from salt-induced aggregation. Additionally, a
colorimetric assay based on a similar approach was also
reported to detect the presence of Middle East respiratory
syndrome coronavirus (MERS-CoV).46

Accordingly, we realized the importance of nanotechnology
in controlling the spread of COVID-1947−49 and utilized its
exclusive features in developing a colorimetric assay based on
AuNPs. These AuNPs, when capped with suitably designed
thiol-modified antisense oligonucleotides (ASOs) specific for
N-gene (nucleocapsid phosphoprotein) of SARS-CoV-2, could
potentially be used for diagnosing positive COVID-19 cases
within a few minutes. The methodology, described herein,
utilizes an all-inclusive targeting approach mediated by four of
the ASO sequences covering two regions of the viral N-gene
sequence at the same time. These thiolated ASO-capped
AuNPs agglomerate only in the presence of its target RNA
sequence of SARS-CoV-2 and thus demonstrate a change in its
surface plasmon resonance (SPR), which is further amplified
with the addition of RNaseH leading to the visually detectable
precipitation of gold nanoparticles (Scheme 1). The
agglomeration of ASO-capped gold nanoparticles in the
presence of SARS-CoV-2 RNA was studied by UV−visible
absorbance spectroscopy, transmission electron microscopy
(TEM), and enhanced dark-field hyperspectral imaging
technique. Thus, the current study utilizes the intrinsic optical
properties of plasmonic AuNPs and targeting ability of the
ASOs to develop a selective, and “naked-eye” detection
platform for the current COVID-19 causative virus, SARS-
CoV-2, without the requirement of any expensive instrumental
techniques. The reliability and reproducibility of the current
biosensor increases based on its design of simultaneous
targeting of two of the N-gene regions of SARS-CoV-2,
ensuring the feasibility of the assay even if one region of the
viral gene undergoes mutation during its current spread.

RESULTS AND DISCUSSION

Strategy Behind the Sensor Development. During the
current spread of COVID-19 causative virus, SARS-CoV-2,
scientists have discovered three regions among the SARS-
related viral genomes that had conserved sequences. These
sequences are (a) RdRP gene (RNA-dependent RNA polymer-
ase gene) responsible for the open reading frame ORF1ab
region, (b) E gene (envelope protein gene), and (c) N gene
(nucleocapsid phosphoprotein gene).26 The analytical sensi-

tivity of both the RdRP and E genes was demonstrated to be
quite high (technical limit of detection of 3.6 and 3.9 copies
per reaction), while the sensitivity for N gene was observed to
be weaker (8.3 copies per reaction). This leaves an enormous
area for the improvement of biosensors targeted for N gene
sequence of SARS-CoV-2. Statistically, a sensitive biosensor
selectively targeting the N gene sequence of SARS-CoV-2 with
a visual naked-eye response without the need for access to any
sophisticated instrumental techniques would greatly benefit the
current sensor development research for COVID-19. In
addition to this, the analytical sensitivity of the biosensor can
be improved by simultaneous targeting of multiple genetic
regions within the same gene sequence, which will add to
features of the biosensor. This will also increase the feasibility
of the assay even if one region of the viral gene undergoes
mutation during its current spread. We therefore targeted N
gene sequence of SARS-CoV-2 and undertook gold nano-
particle as one of the important anisotropic plasmonic
nanostructures for the development of a COVID-19 specific
biosensor.33

Design and Selection of Antisense Oligonucleotides
(ASOs). The N gene was commenced herein as the target gene
sequence for the selective detection of SARS-CoV-2 isolate
2019-nCoV/USA-WA1-A12/2020 (detailed sequence has
been provided in the Supporting Information), and a set of
ASOs were predicted following a methodology as described in
Materials and Methods. Among the predicted ASO sequences,
four of the ASOs were selected based on their comparative
binding disruption energies and binding energies with the
target sequence (Table 1). One of the other parameters behind
the selection of these four ASO sequences was their closely
following target position. The ASOs were then differentially
functionalized: ASO1 and ASO3 were functionalized with thiol
moiety at the 5′ end, whereas ASO2 and ASO4 were
functionalized with thiol moiety at the 3′ end (Figure 1a).
These ASOs when used to cap gold nanoparticles are expected
to become agglomerated selectively in the presence of the N
gene sequence of SARS-CoV-2 which can be corroborated
with their complementary binding followed by aggregation
propensity among the nanoparticles (Figure 1b).

Standardization of the ASO-Capped AuNPs for the
Sensitive Detection of SARS-CoV-2. Accordingly, the
differentially functionalized thiol-modified ASOs were utilized
to exchange the surface capping agent of the citrate stabilized
gold nanoparticles. The TEM images (Figure 2a,b) show that
the ASO-capped AuNPs are individually dispersed with no
visible aggregation. All of the four ASO-capped AuNPs exhibit
a small anhydrous size of <30 nm, which are well dispersed
without the formation of a large entity. Figure 2c shows the
average hydrodynamic sizes of the four individual ASO-capped
gold nanoparticles, which were found to be less than 60 nm.

Table 1. Selected ASO Sequences Targeted for the N-Gene of SARS-CoV-2

starting
target
position

ending
target
position target sequence (5p → 3p) antisense oligo (5p → 3p)

GC
content

binding site disruption
energy (kcal/mol)

binding energy
(kcal/mol)

421 440 ACACCAAAAGAUCACAUUGG CCAATGTGATCTTTTGGTGT
(ASO1)

40.0% 7.6 −15.8

443 462 CCCGCAAUCCUGCUAACAAU ATTGTTAGCAGGATTGCGGG
(ASO2)

50.0% 7.6 −10.4

836 855 CAGAACAAACCCAAGGAAAU ATTTCCTTGGGTTTGTTCTG
(ASO3)

40.0% 6.0 −14.3

886 905 ACUGAUUACAAACAUUGGCC GGCCAATGTTTGTAATCAGT
(ASO4)

40.0% 8.7 −10.0
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The formation of ASO-conjugated thiol-stabilized AuNPs was
further confirmed from their surface plasmon bands.50 Two
absorption peaks, one at ∼530 nm and the other at ∼620 nm,
were observed after the thiol-modified ASO capping on the
surface of the AuNPs (Figure 2d).
The relative sensitivity of the various ASO-capped gold

nanoparticles toward the target SARS-CoV-2 RNA was then

monitored with the comparative increase in absorbance at 660
nm. It was observed that the surface capping of thiol-modified
ASOs together with the comparative ratio of the ASOs to the
AuNPs (ASO/AuNPs) play a major role in determining the
sensitivity of the gold nanoparticles toward SARS-CoV-2 RNA.
To investigate the effect of the ASO/AuNPs ratio on the
sensitivity of the sensing platform, three different ratios of
ASO/AuNPs have been tested. The ratios are named as the
following: high (ASOH), medium (ASOM), and low (ASOL)
concentrations for the four ASOs; see Materials and Methods
for details. Among these 12 different combinations of the ASO-
conjugated AuNPs, which vary in the ratio of ASO/AuNPs,
ASOM was found the most sensitive ratio for the AuNPs
capped with ASO1 (i.e., Au-ASO1M). However, among ASO2,
the low ratio was found to be the most sensitive in detecting
the viral RNA (Au-ASO2L), the high ratio in ASO3 (Au-
ASO3H), and finally the medium in ASO4 (Au-ASO4M)
(Figure 3).

After optimizing the ASO to AuNPs ratio to obtain the
maximum sensitivity, all four of the ASO-capped AuNPs (i.e.,
Au-ASO1M, Au-ASO2L, Au-ASO3H, and Au-ASO4M) were
mixed (Au-ASOmix) in an equivalent amount with each other
to further improve the analytical sensitivity of the gold
nanoparticles toward SARS-CoV-2 RNA. Transmission elec-
tron microscopy indicated the formation of distinctly dispersed
AuNPs (Figure 2b) with the average hydrodynamic diameter
of about 55.4 ± 4.5 nm as observed from Zetaview (Figure 2c
and Movie S1). It was expected that the agglomeration
propensity among the nanoparticles would increase when
treated in a composite manner (Au-ASOmix) with the SARS-
CoV-2 RNA. A large redshift of about 40 nm in the
aggregation band was also observed when the Au-ASOmix

nanoparticles were tested against the SARS-CoV-2 RNA
(Figure 4a). The improvement in analytical sensitivity of Au-

Figure 1. Differentially functionalized ASOs with their sequences
are represented in (a). The proposed concept behind the
agglomeration of gold nanoparticles, when capped with the
ASOs, is schematically presented in (b).

Figure 2. (a) TEM image of ASO-capped gold nanoparticles. (b)
Zoomed-in TEM images of Au-ASOmix nanoparticles with the
individual ASO-capped AuNPs are shown as insets. (c)
Comparative change in hydrodynamic diameter of the gold
nanoparticles capped with individual ASOs and the mixture of
the four Au-ASOs. Error bar indicates the measurements of
hydrodynamic diameter from three such independent experiments.
(d) Normalized change in absorbance of the gold nanoparticles
before and after the addition of thiol modified ASOs to the citrate
stabilized ones.

Figure 3. Increase in absorbance at 660 nm for the gold
nanoparticles coated with different concentrations of (a) ASO1,
(b) ASO2, (c) ASO3, and (d) ASO4 upon the addition of SARS-
CoV-2 RNA. The RNA concentration kept constant at 1 ng/μL
throughout the experiment. The mixture was incubated for 15 min
at room temperature prior to recording the change in absorbance
in each case. Error bar indicates the average results obtained from
three independent experiments performed in triplicate.
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ASOmix nanoparticles toward the detection of SARS-CoV-2
viral RNA was further validated by monitoring the relative
increase in absorbance at 660 nm in comparison with
individual ASO-capped AuNPs (Figure S1). The analytical
performance of the sensor was also probed when two of the
ASO-capped AuNPs were mixed instead of all four (Au-
ASOmix). The choice of two of the ASO-capped AuNPs (either
Au-ASO1M+2L or Au-ASO3H+4M) was based on their proximity
to target one of the regions of N gene sequence. In all cases, it
was observed that Au-ASOmix was the optimum formulation to
target SARS-CoV-2 RNA with higher sensitivity than the other
sensors tested herein.
Interestingly, as per our hypothesis, the Au-ASOmix nano-

particles were confirmed to be individually dispersed in the
sample in absence of the viral load, which in the presence of
SARS-CoV-2 RNA tend to agglomerate forming large clusters.
The aggregation of AuNPs was confirmed from the increase in
absorbance of the aggregation band at 660 nm51−53 when the
Au-ASOmix nanoparticles were exposed to a definite concen-

tration of total RNA (1 ng/μL) extracted from the Vero cells
infected with SARS-CoV-2 with an incubation time of 15 min
at room temperature. Table S1 represents a comparative
overview of change in average hydrodynamic diameter (Dah),
as observed from Zetaview, and average size of the aggregated
nanoparticles, as measured from the TEM analyses, for the Au-
ASOmix nanoparticle before and after addition of its target
SARS-CoV-2 viral RNA. It was evident that there was minimal
change in hydrodynamic diameters when the individual ASO-
capped AuNPs were mixed with each other (Figure 2c). But
the hydrodynamic diameter of Au-ASOmix nanoparticles
increased largely with the addition of its target RNA containing
SARS-CoV-2 (Figure 4b). This indicated the enhanced
propensity of the nanoparticles to aggregate in the presence
of its target RNA containing SARS-CoV-2. The screenshots as
observed from ZetaView are shown in Movie S2.
This response of Au-ASOmix nanoparticles to its target viral

RNA was further corroborated by the TEM images. A
significant amount of clustering was found among the
nanoparticles in the presence of their target viral RNA (Figure
4c−f). The formation of both large (∼120 nm) and small
(∼80 nm) gold nanoparticle entities was observed in the
sample. It was also monitored that the optimum sensitivity was
achieved within 4−6 min of incubation at room temperature of
the nanoparticles with the total RNA (1 ng/μL) extracted from
the Vero cells infected with SARS-CoV-2 (Figure 4g). To
further investigate the sensitivity of Au-ASOmix and the
selective agglomeration of the nanoparticles in the presence
of the viral SARS-CoV-2 RNA, we visualized the particles
under enhanced dark-field hyperspectral imaging microscope.
The hyperspectral imaging (HSI) provided a label-free
detection approach, combining both imaging and spectropho-
tometry, that can be used to localize nanomaterial based on
their hyperspectral signature.54 The HSI system utilizes
advanced optics and computational algorithms to capture a
spectrum from 400 to 1000 nm at each pixel of the image with
an enhanced dark-field microscope (EDFM). The obtained
spectrum represents a signature of each individual material that
can be used to confirm the identity of the materials of interest
in a mixture of the sample. This information can further be
utilized to create an image “map” to reveal the presence and
location of material of interest in the targeted sample. EDFM-
HSI mapping thus proves to be an accurate technique that
could locate and identify nanomaterials in samples more
efficiently when compared to other conventional techni-
ques.54,55

Figure 5a illustrates the EDFM-HSI image of the Au-ASOmix

nanoparticles in the absence of its target SARS-CoV-2 RNA.
Consistent with our previous results, the AuNPs in the Au-
ASOmix were found to be well dispersed with insignificant
aggregation propensity among the AuNPs. Figure 5b shows the
average spectrum of the hyperspectral signal of all the AuNPs
that existed in the dark-field image (Figure S2). After the
addition of the RNA having SARS-CoV-2 viral gene, a
significant number of clustered gold nanoparticles were
observed in the sample indicating the enhanced propensity
among the nanoparticles to aggregate which is consistent with
the previous TEM, Zetaview, and optical absorbance results
(Figure 5c). The agglomeration propensity among the AuNPs
in the presence of its target viral RNA can thus be related to
the precise designing, targeting ability and binding affinity of
the ASOs with their target gene. A significant change in the
hyperspectral signature of the sample has been found where a

Figure 4. (a) Normalized change in absorbance of the gold
nanoparticles before and after the addition of total RNA
containing the SARS-CoV-2 viral load. (b) Comparative change
in average hydrodynamic diameter of the composite of Au-ASOmix

before and after the addition of RNA containing SARS-CoV-2
where the RNA concentration was varied from 0.1 to 0.5 and 1 ng/
μL. Error bar indicates the measurements of hydrodynamic
diameter from three such independent experiments. (c−f) TEM
images of the Au-ASOmix nanoparticles after addition of RNA
containing SARS-CoV-2. (g) The percent change in absorbance at
660 nm of the ASO-capped gold nanoparticles at different
incubation time points with a definite concentration of 1 ng/μL
RNA. Here, the error bar indicates the average results obtained
from four such independent experiments performed in triplicates.

ACS Nano www.acsnano.org Article

https://dx.doi.org/10.1021/acsnano.0c03822
ACS Nano XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03822/suppl_file/nn0c03822_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03822/suppl_file/nn0c03822_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03822/suppl_file/nn0c03822_si_003.mp4
http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c03822/suppl_file/nn0c03822_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03822?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03822?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03822?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03822?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c03822?ref=pdf


sharp peak has been observed after the addition of the viral
RNA. Further, in the presence of the viral RNA we observed
broadening in the average spectral signature with a redshift in
the spectrum tail (Figures 5d and S2). Multiples of such
hyperspectral images of Au-ASOmix nanoparticles conjugated
with SARS-CoV-2 RNA are represented in Figure S3 and
Movie S3.
In addition, it is also fundamentally important to identify the

distribution and location of each type of Au-ASOs in the
hybrid cluster of Au-ASOmix when bound with its target SARS-
CoV-2 viral RNA. In order to receive this valuable information,
the hyperspectral data of each individual Au-ASOs (i.e., Au-
ASO1M, Au-ASO2L, Au-ASO3H, and Au-ASO4M) were recorded
and stored in the spectral library for further analysis. Using
these data, an image “map” was generated to identify the
location of each individual Au-ASOs in the hybrid cluster.
Figure 6 illustrates the mapping images of the Au-ASOs. It was
observed that Au-ASO3H has the highest distribution across the
sample which was followed by Au-ASO4M, Au-ASO1M, and Au-
ASO2L (Figure S4) which might be a combinatorial effect of
theoretical binding disruption energies, theoretical target
binding energies (Table 1), and experimental sensing
capabilities of each of the ASOs (Figure 3). Figure 6b−f
depicts a zoomed-in image of the hybrid cluster of gold
nanoparticles where the location of each of the Au-ASOs is
represented using color code (red, green, blue, and purple).
Interestingly, the nanoparticles Au-ASO1M and Au-ASO2L (red
and green, respectively) were found to be localized in regions
close to each other which is primarily due to the proximity of
their target position in the N gene sequence of SARS-CoV-2,
that is, the target position is 421−440 for ASO1 and 443−462
for ASO2 (Table 1), further assuring the hypothesis of the
sensing mechanism.
The increase in sensitivity of Au-ASOmix nanoparticles was

also monitored at a definite concentration of RNA containing
SARS-CoV-2 (1 ng/μL) with change in incubation temper-

ature and it was observed that the optimum sensitivity was
achieved at 37 °C (Figure S5). With this optimization, the
change in absorbance of Au-ASOmix at 660 nm was monitored
with the increase in RNA concentrations while incubating each
sample for 5 min at a constant temperature of 37 °C. A
constant increase in absorbance with linear response was
achieved which confirms the reliable and stable response of the
Au-ASOmix nanoparticle toward the SARS-CoV-2 RNA (Figure
S6). The limit of detection was found to be 0.18 ng/μL with a
tested dynamic range of 0.2−3 ng/μL. The analytical
performance of Au-ASOmix nanoparticles toward the detection

Figure 5. EDFM-HSI of the Au-ASOmix (a) in the absence of RNA and in the presence of (c) RNA containing the viral SARS-CoV-2 gene and
(e) control noninfected RNA from the Vero cells. The average of the hyperspectral data obtained from the Au-ASOmix (b) in the absence of
RNA and in the presence of (d) RNA containing the viral SARS-CoV-2 gene and (f) control noninfected RNA from the Vero cells. The
overlay of hyperspectral data is represented in (g).

Figure 6. Hyperspectral map image of the Au-ASOmix in the
presence of the RNA of the SARS-CoV-2 virus (a) EDFM-HSI
original image, (b) overlay of the image “map” on the EDFM-HSI
image. (c−g) Zoom-in image in the dotted box of the AuNPs
cluster showing the localization of (a) Au-ASO1M (red), (b) Au-
ASO2L (green), (c) Au-ASO3H (blue), (d) Au-ASO4M (purple), and
(f) overlay of the four Au-ASOs.
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of viral SARS-CoV-2 RNA was further validated by comparing
the relative limit of detection of different ASO-stabilized gold
nanoparticles (Figure S7). The relatively low limit of detection
in the case of Au-ASOmix nanoparticles can be corroborated
with the analytical sensitivity of differentially functionalized
AuNPs (Figure S1). A prominent change in color of the
solution from violet to dark blue was also observed after the
addition of SARS-CoV-2 viral RNA load to the solution of Au-
ASOmix nanoparticles, and we tried to further improve its
plasmonic signal response. Accordingly, we tried to amplify the
signal response from the Au-ASOmix nanoparticle with further
deposition of more gold on the initially hybridized Au-ASO-
RNA seeds.56 A solution containing cetyltrimethylammonium
bromide (CTAB) and ascorbic acid (AA) was then transferred
to the already hybridized Au-ASOmix nanoconjugate with
SARS-CoV-2 RNA and mixed properly. Chloroauric acid
(HAuCl4) was then added to the mixture to initiate the
chemical deposition process which amplified the signal
response almost to an average of 75 times for the Au-ASOmix

nanoparticle within an incubation time of 30 min (Figure S8).
The relative sensitivity of Au-ASO1M was also compared with
Au-ASOmix nanoparticles.
Selectivity of Au-ASOmix toward SARS-CoV-2. Another

important parameter for any biosensor is the selectivity of the
sensor toward its target. In this regard, the selectivity of the
current SARS-CoV-2 sensor was tested when the Au-ASOmix

nanoparticle was treated against the total RNA isolated from
cell lysate of Vero cells infected with MERS-CoV and the total
RNA isolated from cell lysate of noninfected Vero cells. An
insignificant change in absorbance at 660 nm wavelength
(Figure 7a) was observed when the Au-ASOmix nanoparticles
were treated with these RNAs (1 ng/μL). Thus, both the
RNAs extracted from noninfected Vero cells and Vero cells
infected with MERS-CoV acted as negative controls for our

experiments. Thus, the bioengineered ASO-capped gold
nanoparticles, Au-ASOmix, could potentially be used for the
selective detection of SARS-CoV-2. Further the selectivity of
the Au-ASOmix nanoparticle was also confirmed by the
hyperspectral technique when the nanoparticles were treated
with the RNA isolated from the noninfected Vero cells as a
negative control. Figure 5e illustrates the EDFM-HSI of the
Au-ASOmix after the addition of the RNA isolated from the
noninfected Vero cells. No obvious aggregates were observed
in the presence of this RNA, which supports our hypothesis
about the selectivity of the designed ASOs toward SARS-CoV-
2. Insignificant change in hyperspectral signature was also
evident from Figures 5f and S1c, further confirming the
selectivity of the Au-ASOmix nanoparticles toward SARS-CoV-2
viral RNA. Interestingly, a significant hyperspectral shift (∼100
nm) was found for the Au-ASOmix nanoparticles treated with
RNA containing the viral SARS-CoV-2 gene (Figure 5g)
confirming that the aggregation happens only in the presence
of their target RNA containing the viral N gene of SARS-CoV-
2. Thus, the enhanced dark-field microscopic images and the
hyperspectral data confirmed the sensitivity and the selectivity
of the developed platform in identifying the presence of
COVID-19 causative virus, SARS-CoV-2, in the sample.

Visual Naked-Eye Detection of SARS-CoV-2. Further
we intended to receive a marked change in visual appearance of
the test solution in the presence of SARS-CoV-2 virus which
could be easily detected even by a layman. During the previous
set of experiments, an increase in absorbance at 660 nm
wavelength with a redshift of ∼40 nm was observed with a
difference in color from violet to dark blue, but a marked
change in visual appearance was desired to potentially be used
for the detection of SARS-CoV-2.
In this regard, we thought of a bioassay with the addition of

thermostable RNase H to the mixture containing Au-ASOmix

and total RNA having the SARS-CoV-2 gene. It has been
envisaged that the thermostable RNase H will specifically
recognize and cleave the phosphodiester bonds of the SARS-
CoV-2 RNA (N gene) strand hybridized with the Au-ASOmix

nanoconjugate while leaving the ASO strands intact. It has
been presumed that this treatment of RNase H may greatly
influence the agglomeration propensity among the gold
nanoparticles that are already hybridized along the RNA
strand which might also fulfill our aim of achieving an
immediate change in visual appearance of the solution. To our
expectation, no change in absorbance at 660 nm from the base
absorbance of Au-ASOmix nanoparticle was observed when the
hybridized Au-ASOmix nanoconjugate with SARS-CoV-2 RNA
was treated with RNase H with an incubation of 5 min at room
temperature (Figure S9). A further decrease in absorbance was
observed when the mixture was incubated at higher temper-
atures indicating the increased activity of RNase H at elevated
temperature levels (Figure 7b). A marked change in visual
appearance of the solution was achieved when the mixture was
incubated at an elevated temperature of 65 °C for 5 min
(Figure S10), which is schematically represented in Figure 7c.
This phenomenon may therefore be explained from the activity
of RNase H to selectively cleave the RNA strand from the
RNA conjugate with Au-ASOmix which leads to further
agglomeration among the AuNPs those are attached to the
RNA strand followed by precipitation of AuNPs from the
solution. The test was also found to be selective to the
presence of viral SARS-CoV-2 RNA load as the treatment of
RNase H to the sample containing Au-ASOmix and RNA from

Figure 7. (a) Comparison of response of the Au-ASOmix

nanoparticles toward the RNA (1 ng/μL) isolated from non-
infected Vero cells, Vero cells infected with MERS-CoV, and Vero
cells infected with SARS-CoV-2 virus. Relative change in
absorbance at 660 nm wavelength for the Au-ASOmix nanoparticle
treated with SARS-CoV-2 RNA (1 ng/μL) followed by the addition
of RNase H has been plotted in (b) when the mixture was
incubated at different temperatures for 5 min. The schematic
representation for the visual naked-eye detection of SARS-CoV-2
with the treatment of RNase H at 65 °C for 5 min is shown in (c).
The error bar indicates the average results obtained from three
such independent experiments performed in triplicate.
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Vero cells infected with MERS-CoV and caused no change in
absorbance. Overall, this study reports the naked-eye detection
of COVID-19 causative virus, SARS-CoV-2 within a minimal
time frame of ∼10 min from the total RNA derived from the
virus infected cells.
Thus, the present study describes the isolation of total RNA

from a biosample infected with the COVID-19 causative virus,
SARS-CoV-2, and selective naked-eye detection of the virus
mediated by suitably designed antisense oligonucleotide
capped gold nanoparticles. The sensing mechanism initiates
with the initial 5 min room temperature incubation of the RNA
samples having the viral load with a composite of ASO-capped
AuNPs which is followed by the treatment of RNase H at 65
°C for 5 min to generate a visual precipitate from the solution.
Furthermore, the present method describes the selective
naked-eye instrument-less detection of SARS-CoV-2 which
can also be correlated with the concentration of viral RNA
present in the sample as the assay relies on the target-induced
aggregation and precipitation of the ASO-capped AuNPs. We
have also compared the features of our COVID-19 biosensor
with the competing commercially available FDA approved or
under revision diagnostic approaches (Tables S2 and S3) and
peer-reviewed articles published on diagnostic approaches
(Table S4) and proposed a new design of SARS-CoV-2
diagnostic test that can selectively detect the presence of
SARS-CoV-2 by naked-eye in a biospecimen without the
requirement of any sophisticated instrument. The reliability of
many diagnostic tests fail when they are tested either to a viral
load at its early representation or to a viral gene mutated
during its current spread, but our sensor design attempts to
compensate for these drawbacks by directly targeting the N
gene of SARS-CoV-2 simultaneously at multiple positions of
the gene.

CONCLUSION

Briefly, we report herein the development of a colorimetric
bioassay utilizing the efficient targeting and binding ability of
the antisense oligonucleotides specific for N-gene of SARS-
CoV-2 viral genome in conjugation with the anisotropic
plasmonic properties of gold nanoparticles. The methodology,
described herein, further utilizes an all-inclusive targeting
approach mediated by four of the ASO sequences covering two
regions of the viral genome sequence, that is, N-gene of SARS-
CoV-2, at the same time. The gold nanoparticles when capped
with the ASOs have been utilized for diagnosing positive
COVID-19 cases within 10 min from the total RNA isolated
from the infected biosamples. The thiol-modified ASO-capped
AuNPs agglomerate selectively in the presence of its target
RNA sequence of SARS-CoV-2 and demonstrate a change in
its SPR with a redshift of ∼40 nm in their absorbance spectra.
The agglomeration of ASO-capped gold nanoparticles in the
presence of SARS-CoV-2 RNA was studied by UV−visible
absorbance spectroscopy, transmission electron microscopy,
and hyperspectral microscopy. Further, the addition of RNase
H cleaves the RNA strand from the composite hybrid of RNA
and Au-ASOmix, leading to a visually detectable precipitate
from the solution mediated by the additional agglomeration
among the AuNPs. The selectivity of this COVID-19 biosensor
has also been tested against MERS-CoV viral RNA load where
no distinct change in absorbance was found with MERS-CoV
RNA. Thus, the current study reports a reliable, reproducible,
selective, and visual naked-eye detection of COVID-19
causative virus, SARS-CoV-2 which is devoid of the require-

ment of any sophisticated instrumental techniques. In addition
to this, the current methodology ensures its feasibility even
with the mutated N gene forms of the virus during its spread as
the assay has been designed to simultaneously target two
separate regions of the gene. We also complied our SARS-
CoV-2 specific sensor with the ASSURED criteria, mentioned
by WHO, where the biosensor should have the following
characteristics of (i) Affordable, (ii) Sensitive, (iii) Specific,
(iv) User-friendly, (v) Rapid and robust, (vi) sophisticated
Equipment-free, and (vii) Delivered to the end-users.
Furthermore, the developed colorimetric bioassay could be
modified to target other regions of the viral genomic material,
such as S-gene (surface glycoprotein), E-gene (envelope
protein) and M-gene (membrane glycoprotein), for potential
preclinical screening and high sensitivity with minimal false
positives.

MATERIALS AND METHODS

Materials. All of the chemicals were purchased from reputable
commercial vendors and used without any further purification steps.
The custom designed and thiol-modified ASOs were procured from
GenScript and stored at −20 °C. All the experiments were carried out
at constant room temperature of 25 °C unless otherwise specified.
The Vero cells were procured from ATCC (Vero E6; ATCC CRL-
1586). The gamma-irradiated cell lysate and supernatant from Vero
E6 cells infected with SARS-CoV-2, isolate USA-WA1/2020, and
Middle East Respiratory Syndrome Coronavirus (MERS-CoV),
EMC/2012 was obtained from BEI Resources, NIAID, NIH.
Thermostable RNase H was purchased from New England Biolabs.

Antisense Oligonucleotide Design. The target N-gene
sequence of SARS-CoV-2, as mentioned in the Supporting
Information, was supplied to a software for statistical folding of
nucleic acids, and studies of regulatory RNAs, Soligo,57 and the ASOs
were predicted maintaining the folding temperature as 37 °C and
ionic conditions of 1 M sodium chloride for a preferred length of ASO
as 20 nucleotide bases. The filter criteria were set as follows:

1 40% ≤ GC% ≤ 60%.
2 Elimination of target sequences with GGGG.
3 Average unpaired probability of the ASOs for target site
nucleotides to be ≥0.5.

4 Considering the threshold probability of above 0.5, all sites
targeted to the peak in the accessibility profile are ranked by
their average unpaired probability (the higher the better);

5 Among sites satisfying criteria 1−4, the top 20 ones with the
highest average unpaired probability will be considered. The
average unpaired probability was also used in filter criteria 3, 4,
and 5 to reduce the number of reported sites in order to
optimize the disruption energy calculation in the web servers.

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

Synthesis of Citrate-Stabilized Gold Nanoparticles. A
solution of 2.2 mM of sodium citrate was taken in Milli-Q water
(150 mL) and refluxed for 15 min under vigorous stirring. A solution
of 1 mL of HAuCl4 (25 mM) was injected to the boiling solution of
sodium citrate. The color of the solution changed over a time period
of 20 min. The resulting citrate-capped gold nanoparticles (AuNPs)
were well suspended in H2O.

58

Functionalization of AuNPs with ASOs. Citrate-stabilized
AuNPs were taken at ∼3 × 1010 particles/mL concentration as
observed through zetaview software and treated with ASOs at three
different concentrations, that is, 0.5, 1, and 2 μM from a stock of 200
μM for each of the four ASOs. The mixture was stirred at room
temperature for 30 min, centrifuged to remove any excess of
uncapped ASO from the supernatant, and the pellet was then
resuspended in a similar volume of Milli-Q water. Accordingly, 12
different samples for four of the ASOs at three different
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concentrations were prepared and nomenclatured as Au-ASOxL, Au-
ASOxM, and Au-ASOxH where x defines the number of ASO as 1, 2, 3,
or 4 and L, M and H are representative of low, medium and high
concentrations of ASOs respectively. The nanoparticles were kept at 4
°C for future use.
Cell Culture. The Cercopithecus aethiops kidney epithelial cells

(Vero E6) were procured from ATCC (CRL-1586) and cultured at
standard conditions in Eagle’s Minimum Essential Medium with the
supplement of 10% fetal bovine serum at 37 °C. The cells were
trypsinized with 0.25% (w/v) Trypsin- 0.53 mM EDTA solution
while maintaining the culture.
Isolation of RNA. Severe acute respiratory syndrome-related

coronavirus (SARS-CoV-2), isolate USA-WA1/2020 was isolated
from an oropharyngeal swab of a patient with a respiratory illness. The
patient had returned from travel to the affected region of China and
had developed clinical disease (COVID-19) in January 2020 in
Washington, U.S.A. The sample, NR-52287, as obtained from BEI
Resources, NIAID, NIH, consists of a crude preparation of cell lysate
and supernatant from Cercopithecus aethiops kidney epithelial cells
(Vero E6; ATCC CRL-1586) infected with severe acute respiratory
syndrome-related coronavirus 2 (SARS-CoV-2), isolate USA-WA1/
2020 that was gamma-irradiated (5 × 106 RADs) on dry ice. The
sample, NR-50549, as obtained from BEI Resources, NIAID, NIH,
consists of a gamma-irradiated cell lysate and supernatant from Vero
cells infected with MERS-CoV, EMC/2012. This sample was isolated
from a man with pneumonia in Saudi Arabia.
The Vero cells with or without the viral transfection were lysed

directly in a culture dish by adding 1 mL of TRIzol reagent and
aspirated carefully. The total RNA was then extracted and purified for
the viral RNA from the cellular lysate with a commercially available
kit. The concentration of purified RNA, isolated from the SARS-CoV-
2 infected Vero cells, was found to be 35.9 ng/μL, while the
concentration of the purified RNA, isolated from the noninfected
Vero cells, was 92.6 ng/μL.
Sample Standardization Protocol. The as-synthesized nano-

particles were taken out from the refrigerator, sonicated for 5 min in a
bath sonicator (Branson 2800) at room temperature, and vortexed for
2 min prior use. To determine the sensing capability of the
individually ASO-capped gold nanoparticles, the as-synthesized
solution containing the AuNPs were treated with RNA samples
having the concentration of 1 ng/μL. For the preparation of each 100
μL of Au-ASOmix, 25 μL of each individual Au-ASO1M, Au-ASO2L, Au-
ASO3H, and Au-ASO4M nanoparticles were mixed and vortexed
thoroughly. The sensing and targeting capability of the Au-ASOmix

was also validated at a RNA concentration of 1 ng/μL.
Protocol for Signal Amplification. The signal amplification was

investigated following a literature reported protocol.54 Briefly, 100 μL
solution of Au-ASOmix was first treated with RNA containing SARS-
CoV-2 at a concentration of 1 ng/μL. This solution was then
incubated with CTAB, L-ascorbic acid, and HAuCl4 at a concentration
of 0.1 M, 0.45 mM, and 0.225 mM, respectively, and monitored over
several time points.
Protocol for RNase H Treatment. For each 100 μL of reaction,

10 μL of RNase H reaction buffer (1X) was used along with 1 μL of
thermostable RNase H and incubated for a required time at a definite
temperature. The 100 μL solution of Au-ASOmix nanoparticle was first
treated with RNA samples having 1 ng/μL concentration and then
incubated with RNase H reaction buffer (1X) and thermostable
RNase H for required time points and temperature.
Absorbance Spectra. The absorbance spectra were initially

acquired on a VWR UV−vis spectrophotometer, while the assays with
96-well plates were monitored on Biotek Synergy Neo2Microplate
Reader both for end point, kinetic, and spectral analyses.
Measurement of Hydrodynamic Diameter. The hydro-

dynamic diameters of the individually ASO-capped gold nanoparticles
and the composite nanoparticles (Au-ASOmix) were monitored on a
particle tracking analyzer (Zetaview Particle Metrix). The hydro-
dynamic diameters of Au-ASOmix before and after the addition of
RNA at a concentration of 1 ng/μL were also observed in a similar
fashion. The as-synthesized nanoparticles were diluted 50 times and 1

mL of such diluted samples were injected into the machine for the
measurements. The chamber of the machine was properly cleaned
prior to each measurement.

Transmission Electron Microscopy. The as-synthesized nano-
particles, Au-ASOmix before and after the addition of RNA at a
concentration of 1 ng/μL, were investigated under the transmission
electron microscope (FEI tecnai T12). The tungsten filament was
used as the electron optics, and the voltage was kept constant at 80
kV. A 20 μL sample droplet was spotted onto a carbon-coated copper
grid (400 mesh) and allowed to stay there for about 10 min before
being removed.

Hyperspectral Analyses. The as-synthesized nanoparticles, Au-
ASOmix before and after the addition of RNA at a concentration of 1
ng/μL, were also monitored under the dark-field optical microscope
(CytoViva), and their hyperspectra were acquired by the hyper-
spectral recorder from CytoViva. The hyperspectra were compared
for the Au-ASOmix nanoparticles when treated with the RNA isolated
from the Vero cells with or without transfected with SARS-CoV-2
separately. A 20 μL sample droplet was spotted onto a glass slide and
a coverslip was placed on top of it.
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