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A B S T R A C T   

A rapid detection test for SARS-CoV-2 is urgently required to monitor virus spread and containment. Here, we 
describe a test that uses nanoprobes, which are gold nanoparticles functionalized with an aptamer specific to the 
spike membrane protein of SARS-CoV-2. An enzyme-linked immunosorbent assay confirms aptamer binding with 
the spike protein on gold surfaces. Protein recognition occurs by adding a coagulant, where nanoprobes with no 
bound protein agglomerate while those with sufficient bound protein do not. Using plasmon absorbance spectra, 
the nanoprobes detect 16 nM and higher concentrations of spike protein in phosphate-buffered saline. The time- 
varying light absorbance is examined at 540 nm to determine the critical coagulant concentration required to 
agglomerates the nanoprobes, which depends on the protein concentration. This approach detects 3540 genome 
copies/μl of inactivated SARS-CoV-2.   

1. Introduction 

Control over a viral pandemic requires widespread testing to arrest 
infection spread. The most widely used method is based on nucleic acid 
amplification, where viral ribonucleic acid (RNA) extracted from a pa
tient sample, such as a nasal swab or saliva, is used to make comple
mentary deoxyribonucleic acid (DNA) strands through reverse 
transcriptase. Specific regions of the target nucleic acid are then 
amplified using polymerase chain reaction (PCR) [1,2]. 

Although molecular diagnostic point of care devices are available [3, 
4], these tests are typically verified in labs through expensive and 
complex methods that take hours to complete. The relative lack of 
testing centers in many jurisdictions, requirement for trained personnel 
and specialized equipment, and a global reagent shortage have hindered 
widespread testing, allowing the SARS-CoV-2 infection to persist [5]. As 
the virus continues to spread and infect, it naturally mutates over time, 
creating more potent variants of concern that fuel secondary outbreaks, 
e.g., those first identified in the UK (B.1.1.7), South Africa (B.1.351), 
Brazil (P.1), and most recently India (B.1.617). Hence, there is an im
mediate need for a scalable, instrument-free, inexpensive, and accessible 
rapid test for this viral infection [6]. 

Immunoassay identifies SARS-CoV-2 infection by targeting virus- 
specific antigens or antibodies (Abs). For instance, immunoglobulin G 
(IgG) Abs generated by the immune system and present in the blood or 
nasal swab samples can be detected using enzyme-linked immunosor
bent assay (ELISA) [7], lateral flow assays [8], luminescent immuno
assays [9], either in a lab or through a point of care (POC) test. Direct 
instrument-free antigen detection of SARS-CoV-2 fragments from pa
tient samples is possible [10,11], but such a test is less sensitive than one 
based on nucleic acid amplification. 

We use aptamers to improve the detection sensitivity. Aptamers are 
more stable than Abs and offer better functionality for protein detection 
[12]. These single-stranded DNA or RNA molecules bind to protein 
targets by folding into a three-dimensional (3D) conformation. They are 
developed using the systematic evolution of ligands by exponential 
enrichment (SELEX). A large random library of single-stranded nucleic 
acids (RNA or DNA), typically 35–50 nucleotides in length [13], is 
screened against a target of interest, and the ones that bind are amplified 
and screened repeatedly [14]. Aptamers are used for biosensing with 
electrochemical impedance spectroscopy, colorimetric and fluorescent 
methods [15]. and to detect the nucleocapsid [16] and spike [17] pro
teins of the SARS-CoV-2 virus. 
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Metal nanoparticles have size-dependent optical properties. When a 
small spherical metallic nanoparticle is irradiated with light, the cor
responding oscillating electric field causes conduction electrons to also 
oscillate coherently, thus displacing the conduction electron charge 
cloud relative to the nanoparticle nuclei. When the frequency of the 
oscillating electric field matches the oscillations of these electrons, 
resonant energy transfer occurs, which is referred to as dipole particle 
plasmon resonance [18]. Pristine ~20 nm AuNPs suspended in a colloid 
have a plasmon resonance peak at ~520 nm wavelength. As the nano
particle size increases, this peak shifts to higher wavelengths since 
scattering and absorption increase [19]. 

Since gold nanoparticles (AuNPs) exhibit superior chemical stability, 
they are used as a biosensing material for colorimetric assays [20]. 
Nanoparticles conjugated with aptamers have been used as protein la
bels to image and track endocytosis [21], as immunosensors [22], and to 
detect the SARS-CoV-2, influenza A [23], hantaan, H5N1 and HIV [24] 
viruses, thrombin [25], cancer cells [26], and IL-6 [27]. 

Nanoparticle agglomeration assays are used to detect protein-protein 
binding [28], nucleic acids [29–33], divalent heavy metal ions, such as 
Pb2+, Cd2+, Hg2+, and small organic molecules [34]. Many AuNP 
agglomeration tests have no specific affinity to the target but there are 
examples of functional AuNPs. Nanoparticle surfaces capped with 
different surfactants can sense differential protein adsorption [35]. 
Pathogens can also be detected based on their affinity to different sha
ped AuNPs [36]. An agglomeration test based on molecular recognition 
uses an aptamer-linked AuNP assay that detects thrombin [37] and ATP 
[38]. 

Here, we use molecular recognition by functionalizing AuNPs with 
molecules with specific affinity to the target analyte. We use a colloidal 
aqueous suspension of AuNPs functionalized with specific aptamers to 
detect the spike protein on the SARS-CoV-2 membrane by binding with 
it. The sensing signal is enhanced by adding a coagulant, MgCl2 salt 
solution (Salt M), to induce nanoparticle agglomeration, which depends 
on the amount of aptamer-protein binding. The extent of agglomeration 
influences the optical properties of the nanoparticle-containing sus
pension. For control samples with no spike protein, the nanoprobes 
aggregate as illustrated in Fig. 1(a). We hypothesize that the counterions 
from the coagulant Salt M form complexes with the surface charges on 
the AuNPs [39], reducing the net charge of a nanoprobe, which pro
motes agglomeration and shifts surface plasmon absorbance towards 
higher wavelengths [40]. 

In contrast, when the nanoprobe suspension is mixed with a sample 
containing spike protein, the aptamers on the surfaces of nanoprobes 
bind specifically with the spike protein, adding electrostatic charge [41] 
and enhancing steric stabilization [42], as illustrated in Fig. 1(b). The 
net effect of the binding is to diminish nanoprobe agglomeration, 
decreasing the wavelength shift in surface plasmon absorbance. The 
absorbance intensity spectra with and without agglomeration are sche
matically illustrated in Fig. 1(c). Changes in the absorbance intensity, a 
surrogate for nanoprobe agglomeration, are measured with a spectro
photometer. Depending on the amount of spike protein bound to the 
aptamers on the nanoprobe surfaces, a critical coagulant concentration 
(Cc) induces complete nanoparticle agglomeration for all cases. Hence, 
the Salt M concentration is held below the value of Cc for a specific 
sample. 

2. Materials and methods 

2.1. Aptamers 

Aptamer-4C(5′-ATCCA
GAGTGACGCAGCATTTCATCGGGTCCAAAAGGGG- 
CTGCTCGGGATTGCGGATATGGACACGT-3′) [43] was obtained from 
Aptagen LLC, Jacobus, USA. The manufacturer synthesized the aptamers 
with thiols on their 5′ ends, using high performance liquid chromatog
raphy (HPLC) for purification and verification. The secondary structure 
is provided in Fig. S1 of the supplementary information. The 
thiolated-end group allowed facile immobilization of these aptamers on 
gold surfaces. The aptamer dilution buffer was phosphate buffer saline 
(PBS, Thermofisher, Canada) with 0.55 mM of MgCl2 (Sigma Aldrich). 
Before aptamer immobilization, the disulfide bonds between the thiols 
at the end of these aptamers were reduced by incubating with Tris 
(2-carboxyethyl)phosphine hydrochloride (TCEP, Sigma Aldrich, Can
ada) using 10 times the molar concentration of the aptamer, as sug
gested by the manufacturer. Hence, 100 μM of aptamer solution was 
incubated with 1 mM TCEP for an hour in darkness. After reduction, 
these aptamers were used without further purification or dialysis since 
TCEP does not interfere with thiol-gold binding. These reduced aptam
ers were refolded and returned to active conformation in a water bath at 
87 ◦C for 5 min and then cooled over an ice bath. 

Fig. 1. Schematic illustrating the principle 
of the SARS-CoV-2 test. (a) Nanoprobes are 
AuNPs functionalized with aptamers in an 
aqueous suspension. When the SARS-CoV-2 
spike protein is absent from the colloid, 
addition of the coagulant Salt M neutralizes 
surface charges on the nanoprobes, inducing 
their agglomeration. (b) Nanoprobes with 
spike protein bind with aptamers and resist 
agglomeration, which depends on the extent 
of this binding. Protein binding provides 
additional charge to the nanoparticle, 
enhancing steric stabilization. (c) Plasmon 
absorbance spectra for the nanoprobes show 
how agglomeration in a colloidal suspension 
broadens the absorbance spectrum and shifts 
peak absorbance to higher wavelengths. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   
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2.2. ELISA on the gold-coated glass slide 

Glass slides, each with a 100 nm gold film and 15 nm Cr adhesion 
layer, were purchased from Angstrom Engineering, Kitchener, Canada. 
18-well sticky-Slides were purchased from Ibidi, Germany. 0.55 mM 
MgCl2 was added to PBS and used as a buffer. The receptor-binding 
domain of the spike protein that has a fusion Fc protein used in this 
study was synthesized by the Structural Genomics Center at the Uni
versity of Toronto. Secondary rabbit anti-human horseradish peroxidase 
(HRP) antibody was procured from Jackson Immunoresearch, US. 
Casein was used as the ELISA blocking agent and TMB was purchased 
from Sigma Aldrich, Canada. 

100 μM of the reduced and refolded aptamer in the buffer was 
diluted to 50 nM. An 18-well sticky-slide was attached to the as- 
purchased pristine gold-coated glass slides. 200 μl of the 50 nM 
aptamer solution was incubated in each well for 1 h at room temperature 
in the dark. This solution was pipetted out and the wells rinsed with 
0.05% Tween-20 (Sigma Aldrich) in PBS (PBST). 200 μl of casein 

blocking agent in deionized water was added to each well and incubated 
on a hot plate (covered, to avoid evaporation) at 43 ◦C for 15 min. The 
wells were then pipetted out and rinsed with PBST. Spike protein with 
an Fc tag was prepared in PBS, added to each well, and incubated at 
43 ◦C for 15 min. The wells were again pipetted out and rinsed with 
PBST. 1/20,000 dilution of secondary antibody in the buffer was added 
and incubated for 10 min at 43 ◦C on a hot plate in darkness. The liquid 
in the wells was aspirated out and the wells were rinsed with PBST. 100 
μl of TMB was added to each well and incubated for 4 min in darkness 
and at room temperature after which 50 μl of 0.18 M sulfuric acid was 
added to arrest the color change. 100 μl of fluid from each well was then 
transferred into a 96-well plate and the absorbance was read at 450 nm 
with a plate reader (Tecan M200). 

2.3. Validation of binding between nanoprobe and aptamer 

The nanoprobes were synthesized and supplied by Genemis Labo
ratories Inc. and used without further modification. MgCl2 dissolved in 
deionized water was used as the coagulant (Salt M). The S1 subunit of 
spike protein that contains the receptor-binding domain was purchased 
from Acrobiosystems, USA. 100 μl of the nanoprobe colloid was mixed 
with 100 μl of varying concentration of the S1 subunit spike protein in 
the buffer and incubated for 30 min at room temperature in a 96-well 
plate. 75 μl of 100 mM of coagulant Salt M was added and incubated 
for 10 more minutes. The absorbance spectra were measured between 
400 nm and 700 nm with the Tecan M200 plate reader for 10 min. 

2.4. Nanoprobe characterization 

TEM imaging was performed on as-supplied nanoprobes using a 
Talos 200X scanning transmission electron microscope from Thermo 
Scientific. The TEM images were analyzed with ImageJ image process
ing software. Particle sizes were determined for ten particles from a 
representative TEM image and the mean and standard deviations were 
determined. High-resolution transmission electron micrographs were 
obtained with a JEOL 2010F field emission microscope and EDX 
elemental analysis was performed using EDX through mapping analysis. 

DLS measurements were performed on an aliquot of the nanoprobe 
suspension to characterize the particle size of the non-agglomerated 
nanoprobes. For the study of particle aggregation dynamics, mixtures 
of 20 μl of the nanoprobe suspension were added to a quartz cuvette with 
20 μl of 67 nM of S1 subunit spike protein mixtures either in PBS or PBS 
buffer only and incubated at room temperature in darkness for 30 min. 
15 μl of 100 mM Salt M was added to a clean quartz cuvette. DLS 
measurements were performed every 15 s for 900 s. A DelsaMax Pro BCI- 
3217-DMP analyzer was used for DLS measurements. 

The as-supplied nanoprobes were washed by ultracentrifugation at 
50,000×g and resuspended in deionized water. The aptamer was also 
suspended in deionized water. About 5 μl from each suspension was 
drop cast on a clean gold surface and air-dried for FTIR characterization. 
A Bruker HYPERION 3000 FT-IR imaging instrument with a 15×
objective was used with a mercury cadmium telluride detector, and 256 
scans were collected for both the background and samples. The back
ground scans were performed on a pristine gold surface and sample 
scans were performed for the dried aptamer and nanoprobe samples. 50 
μl of the washed nanoprobe sample was dried on a diced glass surface 
and XRD spectra were obtained using a Bruker D8 DISCOVER instru
ment containing a DAVINCI diffractometer and Co-Kα radiation. 

2.5. Critical coagulation concentration: an index of binding 

100 μl of 1, 10, and 100 nM of S1 subunit spike protein concentra
tions in buffer were mixed with a 100 μl nanoprobe suspension in a 96- 
well plate and separately incubated for 15 min. 75 μl of 0, 20, 40, 60, and 
100 mM of Salt M diluted with PBS were added to separate samples and 
the absorbance measured at 540 nm for 15 min. 

Fig. 2. Results of ELISA for aptamer and spike protein binding. (a) Schematic of 
the assay steps that indicate aptamer binding to the flat gold surface, spike 
protein binding to the aptamer, blocking with casein, secondary Ab binding to 
the spike protein with the monomeric Fc tag, and addition of the HRP chro
mogenic substrate (TMB). (b) Response of the colorimetric assay with spike 
protein diluted in PBS buffer, where a 1.72 nM spike protein concentration in 
PBS is clearly distinguishable from the background. Bars represent the standard 
error of the mean of four replicates. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of 
this article.) 
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2.6. Detection of inactivated virus samples 

The 2019-nCoV/USA-WA1/2020 strain of SARS-CoV-2 virus 
cultured in Vero E6 cells and subsequently heat-inactivated was ob
tained from ATCC, USA (ARCC VR-1986-HK). The concentration of the 
SARS-CoV-2 virus in the sample was represented by genome copies/μL 
based on the digital droplet PCR values provided by the manufacturer. 
The virus lysis buffer containing Tween-20, Casein, BSA, and other 
components was purchased from Acrobiosystems, USA (LY-13). This as- 
purchased lysis buffer was diluted to 30% v/v in PBS and used as a lysis 
buffer to prepare dilutions of the virus and incubated at room temper
ature for 30 min for lysis. In a 96-well plate, 100 μl of lysed virus samples 
containing 8850, 3540, 1770, and 177 genome copies/μL of the virus 
and PBS were mixed with 100 μl of the nanoprobe and incubated at 
room temperature for a further 30 min. Salt M was added and the 
absorbance measured at 540 nm over 15 min. 

3. Results and discussion 

3.1. ELISA for aptamer selection 

We consider two aptamers, developed previously with SELEX, that 
target the receptor-binding domain (RBD) of the SARS-CoV-2 spike 
protein [43] which interacts with the host cell at the outset of infection. 
Of these, the CoV-2-RBD-4C aptamer with higher fluorescence [43] is 
selected and synthesized with thiols at its 5′ end. The disulfide bonds 
formed during storage are reduced with TCEP. Through a refolding 
process [44], these aptamers are returned to their 3D confirmation with 
a specific binding affinity to the spike protein. Subsequently, the 
aptamers are immobilized on a flat gold-coated glass slide. The surface 
of the slide is blocked with casein to prevent non-specific binding of 
sample molecules to the bare surface between the aptamers. Samples 
containing spike protein in phosphate-buffered saline (PBS) with a 
monomeric fragment crystallizable region (Fc) tag are then deposited on 
the surface. 

The binding of the spike protein with the aptamer is confirmed as 
follows. An Fc binding secondary antibody with HRP reporter is bound 
to the aptamer-spike protein complex, following which 3,3′,5,5′-Tetra
methylbenzidine (TMB) is added to generate a color signal proportional 
to the amount of HRP present. The addition of 0.18 M sulfuric acid so
lution stops the reaction and produces a yellow color signal. The signal is 
quantified by measuring the absorbance at 450 nm which corresponds to 
the absorbance maximum of the TMB reaction product. 

This process of aptamer immobilization that results in the generation 
of the TMB signal forms an ELISA that is illustrated in Fig. 2(a). The 
measured absorbance at 450 nm is presented in Fig. 2(b) for different 
concentrations of the spike protein. The absorbance increases mono
tonically with increasing spike protein concentration. A 1.72 nM con
centration is clearly distinguishable from the PBS background and there 
is a monotonic increase in absorbance as the concentration is increased 
further to 8.6 nM and 17.2 nM. 

3.2. Spike protein detection with nanoprobe 

A colloidal suspension of AuNPs functionalized with the SARS-CoV- 
2-RBD-4C aptamer, or nanoprobes, is used. The absorbance spectrum for 
the suspension is sensitive to the extent of nanoprobe agglomeration, 
which introduces absorption differences based on the characteristic 
agglomerate sizes. These spectra are measured between 400 and 700 
nm. The resistance to agglomeration correlates with the spike protein 
concentration in PBS and is characterized by comparing the plasmon 
absorbance peaks that depend on characteristic nanoparticle size. The 
absorbance peak for fully suspended nanoprobes, i.e., when there is no 
agglomeration, occurs around ~540 nm. The onset of agglomeration 
broadens this peak and shifts it towards higher wavelengths. An 
agglomeration assay is performed where a fixed concentration of 

coagulant Salt M is added to the nanoprobe suspensions containing 
varying spike protein concentrations. The schematic of the assay and 
resulting spectra for different cases when 100 mM of Salt M is introduced 
to initiate agglomeration are shown in Fig. 3. 

For spike protein concentrations in PBS up to 3.9 nM, the absorbance 
spectra broaden significantly, and the absorbance peak shifts toward 
wavelengths greater than ~540 nm, which is indicative of agglomera
tion. This spectral broadening is less significant for a 16 nM spike protein 
concentration, indicating resistance to agglomeration. There is even far 
less broadening for the 63 and 250 nM samples when the absorbance 
peak is anchored at ~540 nm, confirming the colloidal stability of the 
nanoprobes and their resistance to agglomeration in the presence of 
sufficient spike protein. Hence, increasing the spike protein 

Fig. 3. Absorbance spectra for various concentrations of spike protein in PBS. 
The nanoprobe and sample mixtures are incubated for 30 min after which 100 
mM of the coagulant Salt M is added. The mixture is then incubated for an 
additional 10 min. The absorbance spectrum broadens considerably for spike 
protein concentrations in PBS lower than 16 nM. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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concentrations stabilizes the nanoprobe suspension. 

3.3. FTIR, TEM, XRD and DLS characterization 

Fourier transform infrared spectroscopy (FTIR) spectra were 
measured on gold surfaces with dried nanoprobe and aptamer. Fig. 4(a) 
shows that, within the fingerprint region [45], the spectral signature of 
the aptamer lies between 800 cm− 1 and 1800 cm− 1, which is identical to 
that for the nanoprobes, thus confirming that aptamers are present on 
the nanoprobes. The characteristic size of the nanoprobes is obtained 
from transmission electron microscopy (TEM). An aliquot of as-supplied 
nanoprobes is dried on a copper grid and imaged. Fig. 4(b) shows that 

the characteristic size of the nanoparticles is 18 ± 6 nm. This charac
teristic size is also measured with dynamic light scattering (DLS) and 
found to be 18 ± 2 nm, in agreement with the TEM micrograph. The 
crystallinity of dried nanoprobes is confirmed with powder X-ray 
diffraction (XRD) for which results are presented in Fig. 4(c). The 
diffraction peaks at 38.1◦, 44.3◦, 64.5◦, and 77.7◦ respectively corre
spond to the standard Bragg reflections for the (111), (200), (220), and 
(311) crystalline planes of a gold nanoparticle. The highest intensity 
peak is for the (111) plane, which indicates the preferred growth 
direction. 

The agglomeration kinetics of the nanoprobes are investigated by 
placing 20 μl of the nanoprobe suspension in a quartz cuvette with either 

Fig. 4. FTIR, TEM, XRD, and DLS characterization of the nanoprobes. (a) IR spectra measured using FTIR in the fingerprint region for aptamers. The spectral 
signature of aptamers and nanoprobes is identical, indicating that aptamers are present on the nanoprobes. (b) Representative TEM image of the nanoprobe, where 
the nanoparticle characteristic size, quantified by measuring the longest dimension of 10 non-overlapping particles is 18 ± 6 nm. (c) XRD measurements reveal four 
distinct peaks corresponding to standard Bragg reflections for a crystalline gold nanoparticle with the highest intensity peak at Au (111). (d) The nanoprobe sus
pensions are mixed with samples, one containing only PBS and the other with 67 nm of spike protein added to PBS. The two mixtures are incubated for 30 min after 
which 100 mM of Salt M is added and DLS measurements performed at 15 s intervals over 900 s. Nanoprobes bound to spike protein do not agglomerate while those 
in PBS alone steadily agglomerate, reaching a 190 nm size at 900 s. (e) EDX mapping of elemental gold (Au), carbon (C), silicon (Si), calcium (Ca), and oxygen (O) on 
the nanoprobes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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67 nM spike protein in PBS or PBS alone, which is then incubated for 30 
min. Subsequently, 15 μl of 100 mM Salt M solution is added and DLS 
measurements obtained at 15 s intervals over 900 s, as shown in Fig. 4 
(d). We note that the addition of 100 mM Salt M to PBS increases the 
mean particle diameter from 40 nm to 190 nm, providing evidence of 
nanoprobe agglomeration in the absence of spike protein. On the other 
hand, with 67 nM spike protein added to PBS, the mean particle 

diameter remains constant at 25 nm even after 100 mM of Salt M is 
added, indicating aptamer-mediated spike protein binding that impedes 
nanoprobe agglomeration in suspension. Elemental analysis using EDX 
of high-resolution transmission electron micrographs of gold nanop
robes is presented in Fig. 4(e), which shows the presence of elemental 
Au, C, Ca, Si and O. Although, the nanoprobes are washed in an ultra
centrifuge, the presence of these elements is attributed to the synthesis 
method and the reagents used to prepare and stabilize the nanoprobes. 

3.4. Critical coagulation concentration 

The nanoparticle size increases with the binding of spike protein as 
shown in Fig. S2 of the supplementary material. The temporal variations 
in particle size as nanoprobe agglomeration proceeds are shown in Fig. 4 
(d). For the PBS only sample, the characteristic particle size increases 
steadily from 40 nm to 190 nm, where the initial 40 nm size is attributed 
to the small but finite delay between addition of Salt M to the 
nanoprobe-PBS mixture and the initiation of the DLS measurement. No 
nanoprobe agglomeration is observed for the sample with 67 nM spike 
protein where the characteristic nanoparticle size is virtually unchanged 
over time. Hence, we infer that the spike protein in the sample binds 
with the nanoprobes, stabilizing them against the agglomeration 
induced by the addition of the coagulant Salt M. Since spike protein 
binding with the aptamer moderates nanoprobe agglomeration, the 
minimum concentration of Salt M required to completely aggregate all 
nanoprobes in a mixture, Cc is an indicator of the presence of spike 
protein. 

To determine the extent of agglomeration, the temporal absorbance 
is measured at 540 nm. The nanoprobes are mixed with 1 nM, 10 nM, 
and 100 nM of spike protein concentrations in PBS and incubated for 15 
min at room temperature. Different concentrations of Salt M are then 
added to these mixtures and the absorbance is measured over 15 min. 
These temporal absorbance measurements are normalized with their 

Fig. 5. Nanoprobe agglomeration kinetics 
for different spike protein concentrations 
diluted in PBS. (a) 0 nM, (b) 1 nM, (c) 10 
nM, and (d) 100 nM mixtures of spike pro
tein in PBS are mixed with nanoprobe sus
pensions and incubated for 15 min, 
following which different concentrations of 
coagulant Salt M are introduced into the 
mixtures and their absorbance measured at 
540 nm for 15 min. Increasing the spike 
concentration from 10 to 100 nM in PBS also 
increases Cc from a value greater than 20 
mM to one greater than 100 mM. (For 
interpretation of the references to color in 
this figure legend, the reader is referred to 
the Web version of this article.)   

Fig. 6. The response of nanoprobe agglomeration to heat-inactivated SARS- 
CoV-2 in the buffer at t = 900 s after addition of coagulant Salt M. As the 
number of heat-inactivated SARS-CoV-2 genome copies increases, the 
agglomeration decreases. Although it is not possible to distinguish between 
PBS, 177, and 1770 genome copies/μL of the virus, higher concentrations of 
3540 and 8850 genome copies/μL are distinguishable from the buffer. The error 
bars are the standard errors of the mean for six samples. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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initial values at t = 0 s. Since the absorbance is steady for a stable 
colloidal suspension, a reduction in the normalized absorbance implies 
nanoparticle agglomeration. 

Experimental measurements for a negative control containing PBS 
alone, i.e., with no spike protein, are shown in Fig. 5(a). Nanoprobe 
agglomeration occurs for Salt M concentrations of 40 mM and higher. 
When 1 and 10 nM of spike protein are added to the nanoprobe- 
containing PBS suspension and incubated for 15 min, the absorbance 
is similar, as shown in Fig. 5(b and c), indicating that binding of these 
small amounts of spike protein to the nanoprobes does not significantly 
alter Cc. Fig. 5(d) shows that Cc > 100 mM for nanoprobes bound to 
spike protein in a 100 nM sample when there is very little 
agglomeration. 

3.5. Virus detection 

Different concentrations (genome copies/μL) of heat-inactivated 
SARS-CoV-2 are mixed with the lysing buffer and incubated for 30 
min at room temperature. This lysed heat-inactivated SARS-CoV-2 is 
mixed with the nanoprobes following another incubation for 30 min. 
Subsequently, Salt M is added and the absorbance of the suspension is 
measured at 540 nm over 15 min. The presence of lysing buffer and ions 
within does not affect the aggregation kinetics of the nanoprobes as 
shown in Fig. S3 of the supplementary information. 

Fig. 6 shows that the absorbances of the buffer and samples con
taining inactivated SARS-CoV-2 virus are different, where the absor
bance increases with increasing virus concentration. It is not possible to 
distinguish between the buffer and 177 and 1770 genome copies/μL of 
the virus, but 3540 and 8850 genome copies/μL of the virus are readily 
distinguished from the buffer. Moreover, 8850, 3540, and 1770 genome 
copies/μL can be differentiated from each other. 

With all reagents and consumables supplied with the test kit, the 
assay can be readily adopted in a POC setting. The test kit would include 
a collection tube, sample dilution buffer, nanoprobes, and Salt M, where 
the assay could be validated with SARS-CoV-2 infected samples in the 
future. A commercial absorbance reader would detect the color change 
due to nanoprobe agglomeration in the presence of the spike protein. 
The user would be instructed to collect the sample in a collection tube 
and add a specific volume of the diluting buffer, such as PBS together 
with the lysing buffer, to the collected saliva. Following preparation, this 
mixture would be added to a nanoprobe container and left undisturbed 
for 30 min. This vessel containing the mixture would be inserted into an 
absorbance reader for an initial measurement, followed by the addition 
of Salt M and continuing with measurements over another 15 min. 
Excluding the time taken for sample collection, the total test time would 
likely be 75 min. 

4. Conclusions 

The CoV-2-RBD-4C aptamer binds specifically to the SARS-CoV-2 
spike protein, which is a surrogate for the coronavirus during the test. 
Gold nanoparticles functionalized with this aptamer form nanoprobes 
that are suspended in a colloid. An agglomeration assay using the 
nanoprobes detects 16 nM and higher concentrations of spike protein in 
PBS by measuring the absorbance spectra of the samples. The critical 
coagulant salt concentration, Cc, that induces agglomeration is a useful 
metric to determine spike protein binding with the aptamer. Its value 
increases with increasing spike protein concentration in the sample. The 
nanoprobes detect 3540 genome copies/μL and higher concentrations of 
inactivated SARS-CoV-2 virus by examining the absorbance at 540 nm. 
With further validation using real world samples, this test could form the 
basis for a test that can be performed by a user with an inexpensive 
spectrophotometer. 
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