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SARS-CoV—2 Detection Using Colorimetric

Plasmonic Sensors:

A Proof-of-Concept

Computational Study

Somen Baidya

Abstract—Traditional = molecular techniques for
SARS-CoV-2 viral detection are time-consuming and
can exhibit a high probability of false negatives. In this
work, we present a computational study of SARS-CoV-2
detection using plasmonic gold nanoparticles. The
resonance wavelength of a SARS-CoV-2 virus was recently
estimated to be in the near-infrared region. By engineering
gold nanospheres to specifically bind with the outer surface
of the SARS-CoV-2 virus, the resonance frequency can be
shifted to the visible range (380 nm-700 nm). Moreover,
we show that broadband absorption will emerge in the
visible spectrum when the virus is partially covered with
gold nanoparticles at a specific coverage percentage.
This broadband absorption can be used to guide the
development of an efficient and accurate colorimetric
plasmon sensor for COVID-19 detection. Our observation
also suggests that this technique is unaffected by the
number of protein spikes present on the virus outer
surface, hence can pave a potential path for a label-free
COVID-19 diagnostic tool independent of the number of
protein spikes.

Index Terms— SARS-CoV-2, COVID-19, LSPR, plasmonic
biosensor, percolation.

I. INTRODUCTION

HE recent worldwide outbreak of novel Severe Acute

Respiratory Syndrome-CoronaVirus-2 (SARS-CoV-2)
has resulted in an insurmountable effect on public health
and the socioeconomic aspects of modern-day life. Due to
the highly contagious nature of this virus, rapid and accurate
detection of SARS-CoV-2 has been the center of numerous
research endeavors in the last couple of years to ensure mini-
mal spread among the community by enforcing self-quarantine
and contact tracing protocols [1]. The existing methods
for SARS-CoV-2 diagnosis can be broadly categorized into
following classes: (1) serological approaches, (2) molecular
approaches, (3) point of care detection, (4) computerized
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tomography, (5) nanoscale visualization, and (6) nanopho-
tonic biosensors [1]-[3]. Among these, reverse-transcription
polymerase chain reaction (RT-PCR), a molecular technique,
is considered as gold standard for SARS-CoV-2 detec-
tion from upper respiratory tract samples. Although widely
adopted and authorized by US Food and Drug Administration
(FDA), this technique provides some major limitations such
as expensive and advanced instruments, false-positive rates,
extensive and laborious sample preparation, and ssdelayed
reports [2], [4], [S]. Motivated by these limitations, nanopho-
tonic biosensor-based detections have received significant
research interest due to their high sensitivity, simpler sample
preparation protocols, expedited analysis time, and potential
for label-free detection [4]. The majority of nanophotonic
biosensors utilize the fundamental principle of the resonance
oscillation of conduction electrons around nano-sized metal
surfaces, known as Localized Surface Plasmons Resonance
(LSPR) [1]. LSPR based biosensors exploit the enhanced
near field caused by confining the electron oscillations to the
nanoparticle’s surface with dimensions much smaller than the
incident wavelength.

Plasmonic nanoparticles have been used to accurately detect
a wide range of cells and biomarkers [6]-[8]. For exam-
ple, gold nanorods have been recently proposed to detect
and classify macrophages, which are a kind of white cells
released by the immune system [6]. Chakraborty et al.
studied the differences in gold nanorods uptake by the M1
and M2 macrophages. They showed that the uptake of
poly(allylamine hydrochloride) (PAH) coated gold nanorods
by M2 macrophages was three times higher than the uptake
by M1 macrophages [6]. By monitoring the scattering charac-
teristics of the sample, this differential uptake can be used
to predict the ratio of the M1 macrophages to the M2
macrophages, which can classify a wide range of infectious
diseases and cancer and diagnose its current stage [6].

Gold nanoparticles have also been used to realize biological
logic gates [7]. Like their electronic counterparts, biological
gates are smart elements with predefined inputs and out-
puts [7]. The inputs can consist of an external optical or
ultrasound excitation or the internal presence of a specific ion,
molecule, or enzyme. The outputs can be the release/activation
of an inactive drug, the release of a fluorescent signal, or the
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aggregation/dissociation of the nanoparticles. Gold nanoparti-
cles are particularly suited for biological gates due to their
tunable optical characteristics and the capability to modify
their surfaces to intelligently respond to different inputs in
their environment [7].

In addition to gold nanoparticles, arrays of gold nanocavities
have also been frequently used to detect biomarkers [8]. A
linker is typically added to the nanocavities array to capture
specific biomarkers. Arrays of nanocavities in thin gold films
exhibit Surface Plasmon Resonances (SPR) which shift when
the biomarker of interest is attached to the film’s surface.
To increase the spectral shift and increase the sensor’s sensi-
tivity, Beiderman et al. investigated attaching gold nanorods
to the nanocavities array [8]. By adjusting the aspect ratio
and the surface area of the gold nanorods, their localized
surface plasmon resonance was tuned to match the resonance
of the gold nanocavities, which maximized the spectral shift
when they were connected. Beiderman et al. showed how
the sensitivity of biomarker detection could be increased
by combining the two plasmonic resonances modalities of
cavities and nanorods [8]. Additional applications that utilize
the optical properties of gold nanoparticles in biomedical
application are reviewed in [9].

Since the breakout of the coronavirus pandemic in
2019, several studies have highlighted the potential of
LSPR-mediated biosensor application for COVID-19 detec-
tion [1], [5], [10]-[12]. In [5], the authors were able to achieve
high detection sensitivity of selected SARS-CoV-2 sequences
by combining the plasmonic photothermal effect of two-
dimensional gold nanoislands with LSPR sensing transduction.
Djaileb er al. proposed a surface plasmon resonance (SPR)
based sensor that can detect specific nucleocapsid antibodies
present in human serum that are expressed against SAR-
CoV-2 [10]. A computational model studied the detection of
SARS-CoV-2 viruses augmented with gold nanorods using
Surface Plasmon Polaritons (SPP) excited on a gold-coated
prism [11]. In a more recent study, researchers exploited
gold nanoparticle agglomeration in the presence of the target
RNA sequence of SARS-CoV-2, which resulted in a 40 nm
redshift in the ultraviolet-visual absorption spectrum [12].
Mabhari et al. reported a detection scheme that employs the
change in electrical conductivity of fluorine doped tin oxide
electrode with gold nanoparticle due to the presence of SARS-
CoV-2 antibody from spiked saliva samples [13]. Apart from
these potential plasmonic applications of SARS-CoV-2 virus
diagnosis, one recent study utilized the plasmonic properties
of selenium nanoparticles as a labeling probe for SARS-CoV-2
antibody detection [14].

While these plasmonic biosensor studies are primarily
focused on detecting specific RNA sequences of the virus or
the presence of nucleocapsid antibodies due to immunogenic
response of human body, the full potential of LSPR-mediated
SARS-CoV-2 virus detection is still unexplored. A powerful
aspect of LSPR technique is that it is highly sensitive to
the assembly and morphology of the nanoparticles as well as
the refractive index of the surrounding medium [15]. Conse-
quently, inspired by the iconic solar corona-like morphology
of the virus, we present a proof-of-concept computational

study on the colorimetric detection of SARS-CoV-2 virus
without additional steps of sample preparation like most of
the previously mentioned diagnostic approaches. A theoretical
study recently reported that a SARS-CoV-2 virus demonstrates
strong resonance characteristics at specific mid-infrared wave-
lengths independent of the background host [16]. Utilizing
LSPR fundamentals, we demonstrate that these resonance
characteristics could be shifted to the visible range for poten-
tial colorimetric detection of SARS-CoV-2 viruses in a liquid.
In this work, colorimetry indicates that the sensing modality
studied has the potential to generate clear color changes that
can be detected by the naked eye when the SARS-CoV-2 virus
is present.

This paper is arranged as follows. Section II discusses the
proposed sensing modality and the computational techniques
employed. Section III presents the computational results and
Section IV summarizes the Conclusions and Future Work.

Il. METHODOLOGY
A. Localized Surface Plasmon Resonance

Nanoparticles composed of noble metal, such as gold
and silver, experience Localized Surface Plasmon Reso-
nances (LSPR) with significant amplification of the fields in
the vicinity of the nanoparticle [11], [17]. In the far field,
the LSPR are reflected as resonances in the absorption cross-
section of the nanoparticles. These resonances are highly
sensitive to the environment of the nanoparticle and has
been proposed as a sensing modality for a wide range of
applications including the detections of single cells and various
other biomarkers [17], [18].

If multiple nanoparticles are fabricated, the LSPR frequency
is highly dependent on the shape, size, the distribution of
the nanoparticles as well as their environment [8]. Due to
the recent advances in fabrication technology of noble metal
nanostructures, nanoparticles with precise shapes, sizes, and
distributions have been fabricated for use as biosensors in
multiple applications [19]-[25].

B. Computational Model Development

1) Effective  Medium Properties: A  simplified two-
dimensional structural view of a SARS-CoV-2 virus is shown
in Fig. 1 [3]. Overall, the virus has the typical coronavirus
features with four types of proteins, namely, nucleocapsid (N),
membrane (M) protein, envelop (E) protein and spike protein
(S) [26]. The most popular entry mechanism of SARS-CoV-2
virus in humans is through the attachment of the spike protein
onto the angiotensin-converting enzyme 2 (ACE2) receptor
on the surface of host cells. Our hypothesis is based on the
existence of appropriate antisense oligonucleotides (ASOs)
specific for S-protein, so that the AuNPs can attach to the
receptors when capped with these suitable ASOs (shown in
Fig. 1) [12]. A detailed description of the virus preparation
and funtionalizing the gold nanoparticle agglomerate for
SARS-CoV-2 specific N-gene sequence with selected ASOs,
can be found elsewhere [12]. However, due to the unexplored
nature of the virus genome, there is a gap in existing literature
regarding to the appropriate choice of ASO or virus-binding
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Fig. 1. Asimplified structure of the SARS-CoV-2 virus coated with AuUNPs
based on our hypothetical sensing modality.

antibodies specific to SARS-CoV-2 virus. Also, this specific
direction is out of the reach of our study. Interested readers
are referred to the review of [4], where the author has
presented an excellent overview of existing literatures on
nanomaterials-based detection format (namely immobilization
strategy or biological receptor) for different target viruses.

On average, the diameter of a SARS-CoV-2 is 100-125 nm
with ~100 spikes, 9 nm to 12 nm length [3], [27]. Since our
main interest in in the visible range (~380 nm — 700 nm), the
protein spikes will be significantly smaller than the incident
wavelength [16]. The protein spikes do not fully cover the
virus and some of the embedding medium, assumed to be
water in this work, will exist between the spikes. Due to their
small sizes relative to the incident wavelengths, the protein
spikes and the embedding medium can be modeled as a
homogenous shell [16].The shell will be treated as a composite
with an effective permittivity (¢s) that can be calculated as
follows (1) [16]:

€& = (1 — p)ep + pec (1)

where €. and €, are the dielectric constants of the protein
spikes and background medium, respectively, and p is the
percentage of the shell volume occupied by the spikes [16].
In this work, both the protein spikes and the virus’s core
are assigned the same dielectric properties following [16].
Besides, in all of the following results, the embedding medium
is assumed to be water and, therefore, €, is assigned the
dielectric properties of water. Assuming, the overall geometry
has 120 nm diameter including the protein spike length (~10
nm), the volume of the shell that includes the spikes would be
371(603 - 502) nm?> and the corresponding volume for each
spike is —7t (52) 10 nm? (assuming that each spike have a
conical shape with 10 nm height and 5 nm radius). Since there
are 100 spike per virus on average, the approximate filling
factor of the protein spike in the shell that cover the SARS-

100x (47 (52)10) .

WES(Z‘) ~ 0.0687. This
volume fraction is lower than the 0.5 value reported in the
seminal work in [16]. However, it is based on recent SARS-
CoV-2 characterization measurements which indicate a much
fewer number of protein spikes than previously expected [27].
In this work we investigate both protein spikes volume fraction
of p ~ 0.0687 and p =~ 0.5 to investigate the effect of

CoV-2 virus would be p =~
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Fig. 2. Comparison of the (a) real, (b) imaginary part of the relative
permittivity of core and shell model of SARS-CoV-2 with two specific
filling factors of p = 0.5 and p = 0.0687 with respect to the dielectric
properties of AUNP.

different number of protein spikes per virus. Fig. 2 shows a
comparison of the relative dielectric permittivity of the SARS-
CoV-2 core and the relative dielectric permittivity of the shell
that is composed of a mixture of protein spikes and water. For
the dielectric properties of the shell, different p values, are
presented in Fig. 2.

2) 3D Finite Element Model: The sensing mechanism
reported in this work is based on the selective attachment of
a particular number of spherical AuNP to the SARS-CoV-2.
This is feasible due to recent fabrication and functionalization
techniques (see for example [12]. We considered spherical
AuNPs with 10 nm radius similar to the structures available
in [28]. Unless specified otherwise, we will use p = 0.5.
We investigated the effect of different numbers of AuNPs
attached to each virus on the optical scattering characteristics.
For meshing and computational issues, the AuNP spheres
are set not to overlap and a negligible 0.5 nm separation
between each AulNP and the virus shell are inserted (Fig. 3).
We primarily studied the absorption cross-section (ACS) ans
scattering cross-section (SCS) of the overall assembly of the
virus covered by the AuNPs. ACS is a quantitative measure
of the resistive losses of an irradiated nanostructure and
SCS is the is a quantity proportional to the rate at which
a particular radiation—target interaction occurs, both can be
evaluated from (2) and (3) [29], [30]:

CACSZzso///Re (J.E¥) (2)

2S() ///Im AE (Ep+Ey). Eb)dV Cacs (3

Cscs =
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Core

Shell

Fig. 3. A sketch of the LSPR sensing mechanimsm implemented for
the detection of the SARS-CoV-2 virus with core radius 50 nm and shell
radius 60 nm. The shell represents a mixture of the virus’s protein spikes
and the embedding medium set to water in this work following [16].

where E is the total electrical field that can be calculated
as the summation of the incident/background E; of angular
frequency w and scattered E fields, J is the current density,
So is the time-averaged Poynting vector of the incident
plane-wave and V is the volume of the overall virus-AuNPs
assembly.

The computational modeling of this assembly was
performed using the frequency-domain electromagnetics
wave (emw) module of the finite-element-based COMSOL
Multiphysics solver [31]. The dimensions of the shell con-
sidered for our computational study can accommodate a
maximum 152 AuNPs of 10 nm radius on the surface of
the virus. We analyzed the ACS of the overall structure
for four AuNP percentage surface coverages (10%, 25%,
60%, and 100%) under plane-wave excitation. The percentage
corresponds to the number of NPs attached. That is 10%, 25%,
60%, and 100% percentage coverage correspond to 15, 38, 91,
and 152 AuNPs, respectively, attached to the virus’s surface.
To incorporate the randomness in AuNP distribution on the
virus shell, we used 5 different AuNP configurations for each
percentage surface coverage where the number of AuNps were
kept constant, but their locations on the surface of the virus
were varied. The average ACS of these ten configurations was
calculated for each coverage percentage in the visible range,
between free-space wavelengths of 450 nm — 800 nm.

I11. RESULT AND DISCUSSION

We present the optical ACS area of our model for 10%,
25%, and 60% AuNP coverage in Fig. 4(a), Fig. 4(b), &
Fig. 4(c) respectively. The legends (v1-v5) and (v1pp-vSpp)
correspond to the five random combinations of AuNP when
the incident electric field is y-polarized and z-polarized,
respectively. In all cases, the propagation direction of the
incident plane wave is along the x-axis. All simulations
were performed on a Dual Intel Xeon Processor ES5-2698
64-core processor with 2.30 GHz processor base frequency.
The average computational time for the simulation of each
configuration ranged from 15 hours to 98 hours based on the
number of AuNPs.

The average ACS for the 10% and 25% AuNP coverage
exhibits a resonance wavelength at 525 nm with a narrow
bandwidth. This is similar to the resonance frequency response
of a single AuNP in water as reported in [29]. When the
surface coverage of the virus is 10%, the distance between
the AuNPs is relatively large, and therefore, we should only
exhibit the AuNP resonance of the dilute limit where the
interactions between the AuNPs are negligible.

As we increase the percentage surface coverage, the inter-
action between the AuNPs are no longer negligible and this
is demonstrated in the increase in the BW of the ACS. In the
in case of 25% AuNP coverage (Fig. 4(b)), the ACS shows
a wider bandwidth than the 10% case. The average ACS
for the 60% AuNP coverage shows the maximum bandwidth
that spans the wavelengths of ~450 nm to 725 nm. For
the 60% surface coverage, the AuNPs are forced into close
proximity as they are attached to the small surface of the virus.
Therefore, the AuNPs start exhibiting strong electromagnetic
interactions. When the surface coverage of the AuNPs is
close to the percolation threshold, a broadband response is
exhibited similar to what was found in planar heterogeneous
gold distributions [32]. Fig. 5 summarizes the results in Fig. 4
by showing the average ACS for the 10%, 25%, and 60%
coverage cases. To put the results in Fig. 5 into context,
consider the case where a certain liquid needs to be tested
for the presence or absence of the SARS-CoV-2 viruses.
A moderate concentration of spherical AuNPs, chemically
modified to target the virus’s antigens, can be added to the
liquid and the color of the liquid monitored. If there are no
viruses in the liquid, the AuNP will remain widely separated,
causing only an ACS absorption near 525 nm, the color of
green-blue, and therefore, the liquid will appear red in color.
If there are SARS-CoV-2 in the liquid, a broadband absorption
in the visible spectrum will occur, giving the liquid a dark
blackish color as shown in the 60% ACS in Fig. 5. Therefore,
our computational experiments predict that the virus can be
rapidly detected by inspecting the liquid’s color after adding
the AuNps and without the use of additional equipment.
A similar phenomenon was experimentally observed in detect-
ing exosomes, which are biological vesicles similar in size to
viruses [34]. Our study provides a computational explanation
of the broadband ACS phenomenon exhibited in exosomes and
it shows that it can also be extended to the SARS-CoV-2 virus.

Fig. 5 also shows the normalized ACS for the 100%
coverage case where the surface of the virus is completely
covered by AuNPs. However, for the 100% coverage, the
normalized ACS does not show the same broadband behavior
of the 60%. This can be explained by the plasmon resonance
hybridization discussed in detail in [33]. Briefly, for gold shells
surrounding a dielectric core, phase retardation effects can
cause the distribution of charge on the inner and outer layer
of the gold shell to hybridize, leading to two resonances [33].
The difference in the charge distribution between the two
resonances causes the ACS to be maximum at one resonance
and the Scattering Cross Section (SCS) to be maximum at the
second resonance.

To show that a similar phenomenon occurs in a
SARS-CoV-2 virus covered with AuNps. Fig. 6 shows the
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average ACS and SCS for 3 different percentage surface
coverage: 10%, 60%, and 100%. Fig. 6(a) shows that for
the 10% case, the number of AuNPs is small, causing a
small interaction between the virus-AuNP agglomerate and the
incident wave. For the 60% case, many AuNPs are attached to
the virus’s surface, but there are still gaps between the different
AuNPs. These gaps are of different size and they allow
incident wave of a wide range of wavelengths to penetrate the
virus-AuNPs agglomerate. The penetrating waves will then
experience multiple reflections confining the energy in the
virus-AuNp agglomerate leading to the broadband ACS shown
in the inset of Fig. 6(b). When the AuNPs fully cover the
virus, as shown in Fig. 6(c), wavelengths larger than 630 nm
cannot penetrate the virus-AuNp aggolemerate and are simply
reflected by the AuNPs that now now form a tight layer
around the virus. Beyond 630 nm, Fig. 6(c) shows that the
ACS decreases and the SCS increases as the incident radiation
fails to penetrate the virus-AuNPs agglomerate and is simply
reflected from the outer surface. Therefore, an important
recommendation from this computational feasibility study is
to design the AuNPs to bind with an antigen of the SARS-
CoV-2 that allows for partial coverage, ideally 60% coverage,
of the virus to achieve an ACS with the widest bandwidth.
Further, we investigated the effect of change in protein spike
filling factor on the ACS spectrum for the same configuration
of SARS-CoV-2 by incorporating a realistic filling factor of
p = 0.0687 in stead of p = 0.5 used in all previous results.

Varying p, will change €, according to (1), which represents
the dielectric properties of the shell that represents the mixture
of the protein spikes and the embedding medium, water in
this case. In Fig. 7, we demonstrate the comparison between
two ACS spectra for a specific configuration of 60% AuNP
coverage. From Fig. 2(a), we can highlight the changes of
SARS-CoV-2 shell dielectric properties as the real part of
the relative permittivity value drops from 1.9 to ~1.8 (5%
reduction). However, the relative permittivity of the AuNPs
is much higher than the dielectric properties of the shell.
Consequently, the ACS spectrum is dominated by the AuNP
configurations only and we do not observe any significant
change in the absorbance as we change the number of protein
spikes per SARS-CoV-2 virus. Based on this observation,
we can hypothesize that any variation in the number of spike
proteins or the dielectric properties of the core of the virus will
not affect the performance of our proposed LSPR-mediated
colorimetric sensing technique.

Future work will involve studying how the structure of
the AuNP affects the broadband absorption when the virus
is partially covered. Spherical AuNPs are symmetric, and
therefore we only need to study variations in their locations on
the surface of the virus and the overall coverage percentage.
Any other shape will require studying the variations in the
orientation of the AuNPs in addition to their location and
the percentage coverage of the virus’ surface. For example,
gold nanorods are asymmetric which causes them to exhibit
both longitudinal and/or transverse resonances based on their
orientation [6], [8]. Therefore, the orientation of each gold
nanorod on the surface of the virus needs to be varied to
follow what happens in experiments. This randomness in
orientation might enhance the bandwidth of the broadband
absorption similar to what was reported in other kinds of
nanostructures [35], [36]. Finally, for gold nanorods, the
surface area and the aspect ratio play a significant role in their
optical characteristics [6], [8]. These two parameters will also
be tuned to maximize the broadband absorption when the virus
is partially covered. Another important class of nanoparticles
is the superballs, which have a normalized equation similar
to that of a sphere but with a variable exponent, m such that
|x|™ 4+ |yI™ + |z|™ = 1 [37]. For a sphere, m = 2, but a wide
range of shapes can be achieved from the same equation by
assigning different real values to m. These superball shapes
range from octahedral structures when m < 1 all the way
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to cubes when m = oo. The exponent m can be used as
a continuous shape parameter to generate trends that clarify
how the broadband absorption varies with shape. Moreover,
the packing of superballs has been recently a topic of extensive
studies [38]. We can also perform similar packing studies
of superball nanostructures around the virus and show how
this packing will affect the broadband response. Investigating
all of the previous studies will require numerous lengthy
computational simulations. But optimizing these parameters
will enhance the broadband absorption, which will further
increase the sensitivity of the proposed sensing modality and
facilitate its adoption.

IV. CONCLUSION

In this work, we used computational simulations to prove
that plasmonic resonances can be utilized to detect the
SARS-CoV-2 virus. The detection mechanism is based on the
emergence of a broadband absorption in the visible spectrum
when gold nanoparticles are designed to partially cover the
virus. The detection technique described in this work can be
used independently or hybridized with traditional detection
techniques to improve their accuracy. In the future, we want
to carry out more AuNP coverage percentages to help design
a precise and optimized platform that can elicit expected
broadband response. Moreover, varying the shape and size
of the AuNPs will be investigated to further optimizate the
accuracy of the proposed technique.
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