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An inexpensive virus detection scheme with high sensitivity and specificity is desirable for broad applications
such as the COVID-19 virus. In this article, we introduce the localized surface plasmon resonance (LSPR) prin-
ciple on the aggregation of antigen-coated gold nanoparticles (GNPs) to detect SARS-CoV-2 Nucleocapsid (N)

](;ill);imetric proteins. Experiments show this technique can produce results observable by the naked eye in 5 min with a LOD
Point-of-Care (Limits of Detection) of 150 ng/ml for the N proteins. A comprehensive numerical model of the LSPR effect on
Biosensors the aggregation of GNPs has been developed to identify the key parameters in the reaction processes. The color-

changing behaviors can be readily utilized to detect the existence of the virus while the quantitative concen-
tration value is characterized with the assistance of an optical spectrometer. A parameter defined as the ratio of
the light absorption intensity at the upper visible band region of 700 nm to the light absorption intensity at the
peak optical absorption spectrum of the GNPs at 530 nm is found to have a linear relationship with respect to the
N protein concentrations. As such, this scheme could be utilized as an inexpensive testing methodology for

applications in POC (Point-of-Care) diagnostics to combat current and future virus-induced pandemics.

1. Introduction

The COVID-19 pandemic since 2020 has resulted in the losses of
money and lives (Almaghaslah et al., 2020; Hu et al., 2020). One key
area to combat the coronavirus is large-scale testing for both symp-
tomatic and asymptomatic patients. However, the state-of-art tests are
often conducted by trained workers in laboratories or hospitals which
severely limit the testing capacity (Udugama et al., 2020). Specifically,
body-temperature screening is not to detect patients without symptoms
(Bielecki et al., 2020) and the nucleic acid test based on polymeric chain
reaction (PCR) (Pfefferle et al., 2020; Udugama et al., 2020), requires
sophisticated instruments and a long processing time (a few hours)
(Smyrlaki et al., 2020). To address these issues, many new detection
methods have been reported (Alafeef et al., 2020; Behrouzi and Lin,
2021; Broughton et al., 2020; Cheong et al., 2020; Iravani, 2020; Mir-
ipour et al., 2020; Moitra et al., 2020; Qiu et al., 2020; Seo et al., 2020;
Wang et al., 2020), including the nucleic acid test assisted by
CRISPR-Cas12 (Broughton et al., 2020), GFET-based biosensors (Seo
et al., 2020), plasmonic thermocycling RNA detections (Cheong et al.,
2020), and functionalized terahertz plasmonic metasensors (Ahmadi-
vand et al., 2021). However, these aforementioned approaches all

require sophisticated instruments and/or expensive bio-agents.

A point-of-care (POC) detection method that is easy to operate,
inexpensive, and rapid to provide high specificity results would be
desirable. Previously, schemes based on antigens have shown promising
results for patients with severe symptoms, such as the Abbott BinaxNOW
kit. This tool does not require any filtration steps, but the sensitivity and
specificity are often inferior to that of the PCR tests. Previously, optical
detection schemes based on the amplification of weak sensing signals
have been shown to achieve low limit-of-detection (LOD) in various
biosensors (Ahmadivand et al., 2020; Draz and Shafiee, 2018; Iarossi
et al., 2018; Kim et al., 2017, 2010; Liu et al., 2016, 2015; Moitra et al.,
2020; Nie et al., 2014; Valentini et al., 2013). Here, we propose and
demonstrate the application of localized surface plasmon resonance of
gold nanoparticles in the visible light range for the detection of the
SARC-CoV-2 Nucleocapsid (N) proteins.

Electron clouds can oscillate at a certain frequency at the surface of
metals, which is so called the surface plasmon (SP) and the resonant
frequency depends on the refractive index of the metal and surrounding
materials (Zhang et al., 2012). When SPs become localized around
nanoparticles, it is known as the localized surface plasmons (LSPs) and
the oscillation frequency can be modulated based on the shape, size and
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interparticle distance of metallic nanoparticles. Under electromagnetic
(EM) waves, LSPs could be resonated at a specific frequency to amplify
the electric field at near-fields which can lead to the higher optical ab-
sorptivity of material (Mayer and Hafner, 2011; Petryayeva and Krull,
2011). As such, the color change of solutions upon the aggregation of
nanoparticles (Iarossi et al., 2018) have been utilized in many applica-
tions and GNPs are often chosen for better biocompatibility (Shukla
et al., 2005). Several previous papers have modeled the LSPs effect on
GNPs and most of them have focused on applications for surface
enhanced Raman spectroscopy (SERS) (Zong et al., 2018). To analyze
the effect of aggregation on the optical responses of GNPs (Gomes et al.,
2020; Link et al., 1999; Myroshnychenko et al., 2008; Shabaninezhad
and Ramakrishna, 2019; Wang et al., 2021; Yang and Hallinan, 2016),
we analyze this phenomenon numerically for GNPs in a variety of
aggregate sizes and validate simulation results with experimental tests.

When interacting with analytes, nanoparticles could conjugate with
receptors to make aggregates and the spaces between nanoparticles
could vary significantly to cause changes in the optical intensity spec-
trum (Fig. 1) (Ghosh and Pal, 2007). By conjugating GNPs with anti-
bodies specific to the SARC-CoV-2 antigens, GNPs can make aggregate in
the presence of antigens (larossi et al., 2018; Mayer and Hafner, 2011;
Petryayeva and Krull, 2011). Aggregation of GNPs causes the optical
absorption spectrum shifts towards larger wavelengths (red-shift), and
the solution turns to blue-spectrum color as a result (Ghosh and Pal,
2007; Iarossi et al., 2018; Mayer and Hafner, 2011; Petryayeva and
Krull, 2011). This behavior could be utilized as a simple colorimetric
method to detect viruses by the naked eye. This reaction comes from the
accumulation of antigens around GNPs which brings individual GNPs
together, couples their plasmons and changes the refractive index of the
surrounding environment, consequently this process causes the red-shift
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of the optical intensity spectrum (Mayer and Hafner, 2011). Previously,
Tarossi et al. (Iarossi et al., 2018) have shown the possibility of using this
method to detect human IgG with a key drawback of limited working
range as the wavelength shift has reverted back to the analyte-free case
at high protein concentrations. Here, a new parameter is utilized to
address this problem. The ratio of the light absorption intensity of the
solution containing GNPs at the upper visible band region of 700 nm to
that at the peak optical absorption spectrum at 530 nm is found to have a
linear relationship with respect to the N protein concentrations.

In this article, we present a naked eye-based colorimetric sensing
scheme using the plasmonic reactions of antibody-coated GNPs to detect
SARS-CoV-2 Nucleocapsid (N) proteins. Two parameters, J; and Jo, are
defined as the ratio of the peak optical absorption to the optical ab-
sorption at 400 nm and at 700 nm of the testing solution, respectively, as
illustrated in Fig. 1b. Here, N proteins have been chosen over the Spike
(S) proteins since they have significantly lower variations over different
SARS-CoV-2 mutants for our proof-of-concept demonstrations (Diao
et al., 2021). The proposed method provides results in less than 5 min
based on the LSPR effect of bio-conjugated GNPs in the aggregated state
(see Fig. 1c). The key comparisons of various other biosensors and this
work are summarized in Table S1.

2. Materials and methods
2.1. Materials

NHS (N-hydroxysuccinimide)-dried gold nanoparticles with 40 nm
diameter (<15% variation in size) have been purchased from Nano-

composix. The SARS-CoV-2 Nucleocapsid polyclonal antibodies and
Nucleocapsid-His recombinant proteins have been provided by Sino
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Fig. 1. The concept of the plasmonic GNPs for the SARC-CoV-2 N-protein detection. (a) A droplet of a viral sample solution and a droplet of the antibody coated

GNPs solution are mixed. After 5 min, the color of the solution may remain as red

(control) or change to blue as the positive identification of the virus. (b) Schematic

of the LSPR effect over the 400-700 nm optical spectra for the GNPs. The ratio of the highest optical absorption intensity of the testing solution to the optical
absorption intensity at 400 nm is defined as J; and the ratio of the highest optical absorption intensity of the testing solution to the optical absorption intensity at 700
nm is defined as J». (¢) Antibody coated GNPs interact with antigens to make aggregates with a variety of sizes. The LSPR effects in aggregated GNPs result in the
optical responses (color changes) of the solution. SEM image of the aggregated GNPs shows a very large aggregate (micrometer in size). (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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Biological. Millipore Amicon Ultra 0.5 ml centrifugal filters have been
used for the antibody purification process. All reagents in the conjuga-
tion process have been purchased from Nanocomposix.

2.2. Antibody purification

The solution containing antibodies may have small amounts of salts
and proteins such as BSA as a stabilizer, and amines such as Sodium
Azide and Tris for the preservation purpose. These proteins must be
removed before the conjugation step since they can interfere with NHS-
esters in the process. We spilt the antibody solution inside a micro-
centrifuge tube containing the 10 kDa filter with 10 mM of potassium
phosphate to reach 450 pl. Then, we centrifuged the solution at 13.8 k
RCF (relative centrifugal field) for 5 min. After discarding supernatants,
we added 350 pl of 10 mM potassium phosphate and repeated washing
and centrifuging steps for 4 times. To collect the purified antibodies, we
centrifuged one more time at 1 k RCF and added 10 mM of potassium
phosphate to reach the 1 mg/ml concentration.

2.3. Covalently conjugation of GNPs

We added 1 ml of the 5 mM potassium phosphate, 0.5% 20 K MW
PEG (Polyethylene glycol) to the NHS-dried gold nanoparticles to acti-
vate NHS-esters for antibody conjugations. Next, we mixed the GNPs
solution with purified antibodies at the specific concentration and
incubate the mixture for an hour. After the incubation, we added 5 pl of
5% (w/v) hydroxylamine to block any non-bonded NHS-esters and let
them interact with each other for additional 10 min. To remove the
excess antibodies inside the solution, we centrifuged covalently conju-
gated GNPs three times at 3.8 k RCF. Finally, after removing all non-
boded antibodies, we added the required volume of 0.1X PBS, 0.5%
BSA, 0.5% Tween 20, 0.05% Sodium Azide to conjugate GNPs with
antibody at a 5 pg/ml concentration (see Fig. S16).

2.4. Colorimetric diagnostic assay

We prepared samples containing different concentrations of Nucle-
ocapsid from 150 ng/ml to 900 ng/ml and mixed them with 5 pl of
antibody-coated GNPs solution of 40 pl in each well and incubated them
for 10 min. After the incubation, we measured the absorption spectra.
We mixed 1 pl of sample with 1 pl PBS and compared its concentration
with the sample of 2 pl with Direct Detect Spectrometer. We found out
that the final concentration is about one sixth of the original value, such
that the conversion scale of the dilution process was about one-third. For
time evolution results, we measured the optical intensity spectra
without the prior incubation step and waited 30 s after the addition of
GNPs to have the uniform mixture. The shifts in the maximum absorp-
tion wavelength, J;, Jo, and n were calculated from measured optical
absorption spectra. We subtracted the background absorptions and
normalized the spectra with respect to their maximum absorption
values. We observed the visible color change at different antigen con-
centrations and estimated the corresponding naked eye LOD. In the
experiments, 6 different batches of antibody conjugated GNPs have been
utilized and the experimental results have shown about 5% and 15%
deviations away and around the relative maximum concentration point
in the recorded UV-Visible spectrometry, including experimental errors.

2.5. Instruments

We used microcentrifuge Eppendorf 5415C for antibody purification
and Molecular Devices Spectramax M5 plate reader with Falcon 96 well
microplate and Corning 384 low volume-well microplate to measure the
absorption spectra of GNPs and their corresponding color. The wave-
length range of the UV-Visible spectrometry was 400 nm-700 nm with a
1 nm resolution. A Scanning Electron Microscopy (SEM) FEI/Philips
XL30 was used to take photos of GNPs at dispersed and aggregated
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states. We collected the secondary electrons with the Everhart-Thornley
detector to get the images with best a resolution of 3.5 nm at 30 kV. The
Direct Detect Spectrometer is also used for the concentration measure-
ment of batch samples.

2.6. Numerical modeling

The LSPR of GNPs in dispersed and aggregated states was modeled by
COMSOL Multiphysics (V.5.6). Maxwell’s equations for electromagnetic
waves were solved in the scatter field and the surrounding environment
was set as water. The outer layer was defined as perfectly matched layer
(PML) with the scattering boundary condition. The background elec-
tromagnetic wave was defined with a constant amplitude sinusoidal
function, polarized in the z-axis direction and the optical absorption was
computed in the whole spectrum. A variety of different configurations of
GNPs were simulated in different orientations relative to the linearly
polarized incident light at the center and modeled for each case through
the frequency domain by solving Maxwell’s equations (see Fig. S17). In
order to capture the near-field enhancement of the EM waves, the
minimum mesh size is used. The mesh size around the aggregates is
much smaller than the wavelength of the incoming EM wave and the
mesh size gradually increases (with the maximum growth rate of 1.5 as
limited by the maximum mesh size of GNPs and the antibody layer) from
the aggregate position towards the PML. We have used the McPeak et al.
model (McPeak et al., 2015) for the gold refractive index. However, for
the sake of comparison, we have also used Brendel-Bormann (Rakic
et al., 1998) and Lorentz-Drude (Rakic et al., 1998) models (see Figs. S1
and S12).

2.7. Estimation of number of antibodies per GNP

The conjugation of GNPs with antibodies results in adding a layer
around each GNP. To find the thickness of the antibody layer, we have
used both theoretical and numerical models. For the numerical method,
we have added a layer of protein around a single GNP with the refractive
index of ny, = 1.42 and the wavelength shift for each case has been
calculated (see Fig. S4). From the theoretical model, the thickness has
been estimated by incorporating the observed wavelength shift between
uncoated and coated GNPs, A/, into the Rayleigh scattering approxi-
mation (Kim et al., 2017) in Eq. (1).

Afreez(gAb —&y)

A= (@)

2(eap—ew) g
/‘anx.uc 1+ eap+2ew %‘HA/J

where /g, is the free electron oscillation wavelength (131 nm for gold
(Tarossi et al., 2018)); Amaxuc is the maximum wavelength of the optical
absorption spectrum of uncoated GNPs (present work ~ 524 nm); €45
and ey are relative permittivity of the antibody layer and water,
respectively (eqp ~ 2.02, ey ~ 1.77 (Bell et al., 2013; larossi et al.,
2018)); d is the GNPs diameter (40 nm); and ty; is the thickness of the
antibody layer. Finally, we have estimated the number of antibodies per
GNP from calculated t4, and the De Feijter formula (De Feijter et al.,
1978) in Eq. (2).

Tyy= fAbw 2

dc

where Iy, is the concentration of antibodies on GNPs; ny is the
refractive index of water (~1.33 (larossi et al., 2018)) and % is the rate
of refractive index increment with respect to concentration (for anti-
body ~ 0.19 ml/g (Zhao et al., 2011)). To convert I'4p into the number of
antibodies, the mass of the N protein antibody is assumed to be 150 kDa
(Zeng et al., 2020). By using these values, the number of antibodies per
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GNP is found to be 233 and 168 from the numerical modeling and Eq.
(2), respectively (see Fig. S4). Therefore, each GNP can attach about 200
GNPs. Polyclonal antibodies have multiple epitopes that can attach to
different parts of the N proteins, which increases the amplification factor
of the biosensor. Furthermore, the zeta potential of coated GNPs is about
—32 mV (provided by Nanocomposix company), which is strong to
electrostatically repel GNPs for non-specific aggregations.

2.8. Color extracting algorithm

The color of GNPs at different aggregated configurations was char-
acterized by a code developed in Matlab (V.R2019b) to convert input
optical intensity spectrum into RGB values based on the CIE 1964 con-
verting table (Schanda, 2015). The spectrum was first converted into
averaged XYZ values, and then the equivalent RGB values. This algo-
rithm was also used to reconstruct the color of the experimental samples.
For the sample solutions, we measured the optical absorption spectrum
of the solution and characterized the reflection spectrum by assuming
there is negligible transmission.

2.9. Model optimization

Reconstruction of experimental data with the numerical model was
conducted by implementing different individual elements into the Ge-
netic algorithm in Matlab. We found out the best combination of
different elements to generate experimentally derived optical absorption
intensity spectrum. In each case, we set the number of population equal
to 100 times the number of variables. The square of deviation of the
numerically predicted spectrum is minimized from the experimental
value as the objective function.

3. Results and discussions
3.1. Modeling of GNPs in different configurations

COMSOL Multiphysics (V.5.6) was utilized with three different
refractive index models (McPeak et al. (2015), Brendel-Bormann (Rakic
et al., 1998) and Lorentz-Drude (Rakic et al., 1998)) with the Mie
scattering theory (Fan et al., 2014) (see Fig. S1a). Results show that the
McPeak et al. (McPeak et al., 2015) model provides the best prediction
for the peak wavelength of a single GNP (~524 nm). The complex
permittivity values of these models with respect to the optical spectrum
are shown in Figs. S1b and c. Upon the interaction with antigens, GNPs
may form different configurations, such as linear, pyramidal, planar,
and cubic shapes. From simulation results, the elongation in the direc-
tion of incident light shifts the absorption spectrum towards the red zone
due to electric field amplifications at the corners (see Fig. S2). The
elongation can be a representative of aggregation in one direction,
which accompanies the increase in J; and decrease in Js, as depicted in
Fig. S2. The effect of interspace distance between two GNPs has been
also studied with respect to their spectra, as shown in Fig. S3. It reveals
that the reduction in the interspace distance leads to the red shift and the
generation of a second peak. GNPs are coated with molecular linkers and
antibodies such that a thin covering shell (antibody layer) is adopted in
our model. The thickness of this antibody layer is estimated by both the
Rayleigh scattering approximation in Eq. (1), and numerical modeling as
around 5 nm (see Fig. S4). This number is calculated based on the 3 nm
wavelength shift from the experiments between uncoated and coated
GNPs (see Fig. S19) and it is consistent with simulation results. It is
worth noting that using Fig. S4 and Eq. (2), one can predict the number
of antibodies per GNP as 200 or each GNP has about 200 sites to interact
with N proteins. The study on antibody coated GNPs has also shown the
red shift characteristics with smaller amounts and no second peak since
the protein layer limits the GNPs spacing to 5 nm (see Fig. S5). J; and Jo
simulation results show that the linear-shape aggregation would result
in higher absorptions at the bottom (400 nm) and top (700 nm)
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visible-light band wavelengths, respectively (see Fig. S6). By increasing
the number of GNPs in an array with a fix spacing would amplify the
incident beam in the array axis and cause the red shift. However,
alignment in the orthogonal direction to the light ends up with a subtle
increase in the absorption in the bottom band (400 nm) without any
significant red shift in comparison to those of a single GNP (see Figs. S6
and S7).

2D and 3D configurations of GNPs as shown in Fig. 2a have been
analyzed. It is found that both planar and cubic arrangements of anti-
body coated GNPs would lead to the red shift in the absorption spectrum
as the size of the aggregates increases. At the same time, J; decreases
slightly and J, decreases more significantly (see Fig. 2b, c and d). In the
2D and 3D cases, an extra amplification is found in the light propagation
direction (x-axis), as depicted in Fig. 2a and Fig. S8. Studies have also
been performed on uncoated GNPs with different spacings with similar
results, except for the 2 nm case (see Fig. S9). Fig. 2b shows that larger
aggregates can absorb more light at the wavelength of 400 and 700 nm
range, and the peak wavelength shifts towards the red zone - consistent
with earlier results for the linear arrangements. It is worth noting that
the cubic configuration has higher absorptions at regions close to the
400 nm wavelength range than those of their equivalent planar con-
figurations. Furthermore, it is found that the Jo parameter is a better
indicator in revealing the increase of the aggregate sizes than the shifts
of the peak wavelength. Specifically, the transition from the linear
arrangement to 3D pyramidal shape structure clearly illustrates the
effectiveness of Jo parameter as the 3D structure reverts the spectrum
back from the linear array to its 60° counterpart (see Fig. S10). To
capture the non-equal spacing case and its corresponding effect on the
light absorptions, two of already investigated cases, planar 4x4 and
three GNPs in a linear shape, have been studied as depicted in Fig. S11.
Outcomes of these simulations show that the heterogenous spacing can
result in the spectral shifts. In the 2D configuration, spectra of the
heterogenous cases are close to their linear counterpart. It is also
observed that the J, values of heterogeneous cases are between those of
the homogeneous cases, which suggests that minimum and maximum
spacings exist inside the aggregates.

3.2. Experimental data for numerical modeling

The light absorption spectra of GNP aggregates have been simulated
based on linear, cubic 2 x 2 x 2, cubic 3 x 3 x 3 and cubic 4 x 4 x 4
cases. It should be noted that the cubic structures could be used as a
simplified configuration for GNPs aggregates at low N protein concen-
trations as observed in SEM images of the samples (Fig. S13). Figs. S7
and S10 show simulation results on the orientation of GNPs aggregates
(relative to the polarization direction of the incident light) and light
absorption spectra. Simulations at different angles from 0 to 90° have
also been conducted and the average spectra for each case are shown in
Fig. 3, where the absorption spectra are normalized to the value at the
peak wavelength.

The linear array of two GNPs (dimer GNPs) shows obvious changes of
spectra with respect to the incident light orientations, as shown in
Fig. 3a and the cubic configurations illustrate smaller changes around
the peak absorption wavelength in Fig. 3b. Since GNPs aggregates are
expected to have random orientations, the results are calculated and
averaged over different orientations. By including aggregates in
different compositions as shown Table 1, it is observed that the nu-
merical model can match relatively well to the experimental data in
Fig. 3d. The best result is from model 5, which includes high order ag-
gregates with simulation results as shown in Fig. 3c. It is observed that
dimer case is only present in model 2. In the rest of models, cubic ar-
rangements can give rise to the red shift of the peak wavelength and
change in the optical response of the solution. We also used the Brendel-
Bormann model (Rakic et al., 1998) as shown in Fig. S12 and Table S2,
which resulted in significant deviations from the results of the McPeak
et al. model. As the Brendel-Bormann model results in large red shift at
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Fig. 2. Numerical modeling of aggregated GNPs. (a) Different configurations of GNPs with electric field enhancement contours of different cases (antibody-coated
GNP in close contact) under the z-axis polarized incident light. (b) The optical absorption spectra of different GNP aggregates with respect to the wavelength showing
the peak wavelength shifts. Extracted colors of the simulations showing an obvious color change in various configurations. (c—d) Wavelength shifts and J; and J,
values for different 2D and 3D configurations, respectively. Increasing the size of the aggregates causes the reduction in the values of J; and J, while the changes in
J, are more significant. In general, the peak wavelength shifts increase as the GNP aggregates size increases, while J; and J, values decrease. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

the peak wavelength with small aggregates, only single GNP was used by
Genetic algorithm without high order aggregates. It is well-known that
GNP has the strong chemical reaction characteristics. After the GNP
modifications, its stability can be improved, while the molecular size of
the interface modifier will affect its chargeability and stability, including
non-specific polymerization such as electrostatic adsorption, and mo-
lecular precipitation. The goal of this work is to study the effects of
aggregation with respect to spectral changes and the optical responses
for potential naked eye detections of the corona viruses and further
studies are required to include these aforementioned factors.

3.3. Experimental results and concentration detections

Higher concentrations of N proteins which can be potentially ob-
tained in patients with clear symptoms (Leung et al., 2020; Wolfel et al.,
2020; Xu et al., 2020) have been used in tests as shown in Fig. 4a.

The color change of samples containing N protein is visible to naked
as shown in Fig. 4a. However, for concentration values higher than the
critical value of 600 ng/ml in this work, the color change starts to revert
to the pure case (antigen-free). In general, the presence of aggregated
GNPs causes the increases in the light absorptions near the 400 nm and
700 nm wavelength bands and the red shift of the peak wavelength
spectrum. It is found that the aggregation size increases as the N protein
concentration increases up to the critical concentration (see Fig. S13).
Due to the settlement of very large aggregates, the color of the solution
around the critical concentration value would be pale (see Fig. S14). To
characterize the effect of the N protein concentration on the optical

spectra of GNPs solutions, the peak wavelength-shift together with J;
and J, at different concentrations are plotted in Fig. 4b and c.

In general, the peak wavelength-shift increases monotonically with
respect to the N protein concentration up to the critical concentration
and reduces afterwards for cases with higher N protein concentrations.
This behavior is expected based on a prior study of a different biosensor
using GNPs (larossi et al., 2018). Fig. 4b shows that J; reduces as the N
protein concentration increases before the critical concentration and
increases afterwards for cases of higher N protein concentrations. Since
both the peak wavelength-shift and J; revert to their antigen-free values,
it is problematic to use these two parameters for positive virus de-
tections. On the other hand, J, decreases significantly as the N protein
concentration increases before the critical concentration value and it
increases slightly afterwards for cases at high N protein concentrations
and won’t revert to the value of the antigen-free case. As such, J is a
better parameter to detect the existence of the virus.

From experimental and numerical studies, the underlying physical
phenomenon of aggregations of GNPs in the presence of different anti-
gen concentrations is illustrated in Fig. 4d. In general, GNPs can
aggregate with the help of antigens to increase the size. If the antigen
concentration is higher than a critical value, antibodies on GNPs can
saturate the binding sites and prevent further aggregations, which re-
sults in smaller GNPs aggregates. A similar phenomenon was reported
and modeled by Iarossi et al. (larossi et al., 2018). In general, the so-
lution has functionalized GNPs combined with N protein already at a
concentration of [GNPgaqyrateq] and free GNPs without the N protein at a
concentration of [GNPgee]. The concentrations of GNPs should follow
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Fig. 3. Numerical simulation results based on the McPeak et al. model (McPeak et al., 2015). (a) Optical absorption spectra of two antibody-coated GNPs with a 10
nm gap under various light irradiation orientations relative to the polarization direction. Increasing the polarization direction angle causes the red shift of the peak
wavelength and the amplification in optical absorptions. All spectra were normalized with respect to the absorption value at the peak wavelength. (b) Optical spectra
of the antibody-coated GNPs in the cubic arrangement with a 10 nm gap of different sizes and orientations. For each case, two extreme orientations of 0- and 45-de-
gree are simulated. (c) Five different types of GNP aggregates. The increase in the aggregates size leads to red shift of the peak wavelength and higher absorption in
the regions close to the 400 nm and 700 nm band regions. (d) Experimental data for the case of 150 ng/ml together with the simulation results. The definition of each
model is given in Table 1. It is noted that model 5 results have the best match with experimental data implying larger aggregates are formed in the experiments. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Description of five different models to reconstruct the experimental optical in-
tensity spectrum. The normalized optical absorption spectrum of each compo-
nent is weighted by the given factor in each model.

Model  Single Dimer Cubic2 x 2  Cubic3 x 3 Cubic 4 x 4
GNP GNPs x 2 x 3 x 4
(Weight (Weight = (Weight = (Weight = (Weight =
=1) 1/2) 1/8) 1/27) 1/64)

1 100% 0% 0% 0% 0%

2 2.1% 97.9% 0% 0% 0%

3 24.2% 0% 75.8% 0% 0%

4 31.2% 4.9% 24.4% 39.5% 0%

5 30.5% 0.5% 30.1% 21.3% 17.5%

the law of conservation as: [GNPgree] + [GNPsaturated] = [GNP] (total or
initial GNP concentration). At equilibrium, one can derive the following
equations [25]:

__[GNP),[N protein]
[GNPSaturated| —7[1(] T [N protein] 3)
[GNPgyee] = [GNP]O — [GNPsaturated) = (GNP, [K] 4

[K] + [N protein]

where [K] is the equilibrium constant of the reaction. The N protein
concentration can shift the balance between [GNPgree] and [GNPgyty.
rated] in @ complex way. For example, as the N protein concentration
increases initially, the probability of making large aggregates increases
and the saturated GNP concentration increases to result in the peak

wavelength-shift. However, as the N protein concentration is higher
than a critical value, aggregation of GNPs can saturate to result in
smaller GNPs aggregates and the reversion of the peak wavelength-shift.
A power-law model is derived to describe this behavior based on the
difference between saturated and free GNPs concentrations with
experimental fittings in Fig. 5a:

A

. |IN protein] + [K] ‘" ®)

~ 7 |[N protein] — K]

where C is a constant to include all factors. The best fitting parameters
from the experimental result in Fig. Saare:C = 1.6 £ 0.4ng/ml, K =
597.5 £ 0.4 ng/ml,andn = 0.61 £ 0.05.

According to Fig. 5a, at high antigen concentrations, the peak
wavelength-shift reverts toward the antigen-free case. On the other
hand, the small aggregates can still induce optical absorptions in regions
close to the 400 nm and 700 nm wavelength bands and the optical
adsorption in the 700 nm wavelength region increases more as
compared to those in the 400 nm wavelength region. As such, J, is a
better parameter to detect the existence of the virus. First, Fig. 5b shows
the peak wavelength-shift monotonically increases from 150 ng/ml to
550 ng/ml before the critical concentration around 600 ng/ml with a
good linear relationship with a tested LOD at 150 ng/ml. To further
improve the LOD, one can optimize the shape, size, and surface chem-
istry of GNPs, and some of these approaches have been proposed by Guo
et al. (Guo et al., 2015). Furthermore, there are various GNP-based
biosensing methods with very low LOD in the range of fg/ml to pg/ml
levels by using complex testing setups (Aldewachi et al., 2018; Draz and
Shafiee, 2018; Jazayeri et al., 2018; Verma et al., 2015). This work
demonstrates a less sensitive LOD based on a very simple experimental
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Fig. 4. Experimental results of optical responses of antibody-coated GNPs solutions with respect to the N protein concentration. (a) The optical absorption spectrum
of GNPs solutions at different N protein concentrations. The increase in the N protein concentration leads to the red shift of the peak wavelength around the critical
concentration. Aggregated GNPs can also result in the high optical absorption at regions around the 400 nm and 700 nm wavelength bands. The red-shift color
changes with respect to the increase of N protein concentration increase the most at a critical concentration value and revert back to the antigen-free case afterwards.
The CIE chromaticity plot in Fig. S18 shows the clear views of the color changes. All spectra results are normalized with respect to their maximum absorption values.
(b—c) The peak wavelength-shift together with J; and J, with respect to the N protein concentration, respectively. The peak wavelength-shift increases before the
critical concentration value and reduces afterwards to the value close to the antigen-free case. Both J; and J, values decrease as the protein concentration increases
before the critical concentration value and increase afterwards. The variations in J, are more significant than those of J;. (d) The aggregating process of antibody
coated GNPs at different antigen concentrations. High antigen concentration increases the probability of antibody-antigen interactions to result in large GNPs ag-
gregates. This trend continues up to a critical antigen concentration which provides the optimum condition for the aggregate-interaction. At concentrations higher
than the critical concentration value, the antibodies on GNPs can saturate the binding sites to reduce the aggregate-interactions and result in the combination of small
aggregates and dispersed GNPs in the solution. (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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this article.)

setup for direct naked-eye detections.

By using the peak wavelength-shift detection scheme within the
linear range (150 ng/ml to 550 ng/ml), a good linear response has been
recorded. However, at high concentrations (over 650 ng/ml), the re-
sponses start reverting backwards. At very high concentrations (900 ng/
ml), the response is the same as the antigen-free case. On the other hand,
by using the 1/J, parameter, it has a good linear approximation up to
650 ng/ml and it can detect the existence of N-proteins over 900 ng/ml
(Fig. 5a and c) as this parameter is always much larger than that of the
antigen-free case. It is further validated that one can detect SARS-CoV-2
N proteins with naked eye by color changes within a range approxi-
mately 350-650 ng/ml. The measured optical intensity spectra at
different N protein concentrations as depicted in Fig. 4a reveal that the
peak wavelength of the optical absorption for most cases is close to 530

Az00nm
As30nm’

nm. Instead of using 1/J,, a new parameter is defined as n =

which is the ratio of the light absorption intensity at the 700 nm
wavelength (top band) to the absorption intensity at the 530 nm
wavelength. It is found that # can follow the trajectory of 1/J5 very
closely in nearly all concentrations, except at the critical concentration
for about 12.55% deviations (see Fig. 5a). The comparison of 1/J3 and 5
at different N protein concentrations is shown in Table S3 with standard
deviations. It is observed that 7 can be utilized to determine positive/
negative detection results as well as the virus concentration. Specifically
in real practice, one only needs to measure the optical absorptions at two
wavelengths (530 nm and 700 nm) to calculate n to simplify the
detection procedure. Furthermore, based on the information from the
Sino biological company and studies conducted by Abbot company on
the genetic similarities of SARS-CoV-2 and other common respiratory
viruses (Almaghaslah et al., 2020; Diao et al., 2021; Hu et al., 2020), the
antibodies of the SARS-CoV-2 N protein used in this work have no
cross-reactivity with other respiratory viruses, except for SARS-CoV and
MERS-CoV. Since SARS-CoV-2 is the only widespread virus now,

positive results only from SARS-CoV-2 infections are expected.
Non-specific binding can also happen due to the change in the compo-
sition of the sample solution, such as changes in pH values (Jazayeri
et al., 2016). Here, covalent conjugation which is less sensitive to pH
values has been used (controlled pH value between 7 and 8 in tests) to
reduce the possible influences due to non-specific binding. Finally, to
determine the response time of the biosensor, the optical absorptions of
GNPs solution at two different concentrations (see Fig. S15) have been
recorded. It is observed that normalized adsorption values change
initially. After 2 min, some of the aggregations may settle down and after
10 min, all systems are at steady state. The observable results such as
positive/negative or color change, can be obtained in 5 min in general
by the naked eye, while the concentration value can be obtained by the
optical spectrometer after 10 min.

4. Conclusions

In this article, a new diagnostic method based on the aggregation of
GNPs is presented to detect low concentration of SARS-CoV-2 N proteins
with LOD of 150 ng/ml in less than 5 min by the naked eye. With the
help of an optical spectrometer, the viral sample concentration can also
be estimated. To understand the underlying physics of the aggregated
GNPs in the LSPR process, numerical simulations on different GNPs
aggregation configurations have been conducted. Two parameters, J;
and Jy, have been defined as the ratios of the peak optical absorption
intensity of the sample solution to the optical absorption of the sample
solution at 400 nm and 700 nm, respectively. Experimentally measured
optical absorption spectra of aggregated GNPs with different N protein
concentrations reveal the red-shift of the peak wavelength optical
adsorption intensity as predicted by the simulation results. For N protein
concentrations higher than the critical value, this peak wavelength shift
is reverted toward the N protein-free case. To solve this problem of the
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biosensor, it is found that J; is the more suitable parameter and 1/J5 is
utilized to detect the existence of the N protein. Furthermore, it is found
that the N-protein concentration has a good linear relationship with
respect to 1/Jz in the range between 150 and 650 ng/ml. A parameter, 7,
which is the ratio of the optical absorption intensity at the 700 nm
wavelength to that of the 530 nm wavelength, has been utilized.
Without the need to a full optical spectra measurement, one can detect
and determine SARS-CoV-2 concentration by measuring the optical
absorption intensity of the sample only at these two wavelengths. In the
prior reports, GNP-based sensing methods are limited to small working
ranges and encounter issues for the cases of high concentration de-
tections and the new parameter used in this work help alleviating the
problem. To enhance the sensitivity and specificity of current method,
one can optimize shape, size and composition of individual GNPs, and
antibody, respectively, for broad applications. As such, this new POC
method could be utilized to detect SARS-CoV-2 N proteins for the cur-
rent pandemic and possible viral infections for future pandemics.
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