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Gold Nanorod Assisted Enhanced Plasmonic Detection
Scheme of COVID-19 SARS-CoV-2 Spike Protein
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and Ken-Tye Yong*

1. Introduction

The beautiful interplay between light and matter can give rise to many striking

physical phenomena, surface plasmon resonance (SPR) being one of them.
Plasmonic immunosensors monitor refractive index changes that occur as a
result of specific ligand—analyte or antibody-antigen interactions taking place
on the sensor surface. The coronavirus disease (COVID-19) pandemic has
jeopardized the entire world and has resulted in economic slowdown of most
countries. In this work, a model of a sandwich plasmonic biosensor that
utilizes gold nanorods (Au NRs) for the detection of COVID-19 SARS-CoV-2
spike protein is presented. Simulation results for different prismatic
configurations for the basic Kretschmann layout are presented. It is found that
a BK7 glass prism-based SPR sensor has an incremental sensitivity of 111.11
deg RIU~'. Additionally, using Comsol Multiphysics the electric field
enhancement observed for various aspect ratios and layouts of Au NRs are

discussed in depth.
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A sudden outbreak of several unexplained
instances of pneumonia in Wuhan, China
in the last week of December 2019 alarmed
the medical community. Later, a few
months down the line, the scenario
changed completely and now the out-
break has spread globally and paralyzed
200 countries which included United States
of America and many European countries
as the ones who were badly affected. The
outbreak was found to be caused by a
unique strain of coronavirus (CoV) that
was named as the novel coronavirus dis-
ease (COVID-19).'"] The World Health
Organization has declared the situation to
be a pandemic where it is still evolving in
many countries like India. The COVID-19
virus has symptoms similar to earlier
outbreaks caused by the severe acute respiratory syndrome
(SARS) and Middle East respiratory syndrome (MERS) CoVs.
Both COVID-19 and SARS-CoV viruses have the same structure
with 70% match in the sequence of their constituent amino acids.
Also, their mode of entry into the human body is by binding with
the same receptor called angiotensin-converting enzyme 2. The
COVID-19 virus was thus named as SARS-CoV-2.6-1%1 All the
three viruses (SARS-CoV, MERS-CoV, and SARS-CoV-2) are pos-
itive stranded RNA viruses that belong to the betacoronoviride
family. The virus can cause mild to acute respiratory infections
and has varied symptoms like fever, cough, difficulty breathing,
loss of taste, and smell. Due to its ability to mutate into different
forms, its detection has not been easy. Elderly people, infants,
adolescent children, and people with compromised immune sys-
tem are the ones at maximum risk of contracting the virus.'!-1%]

The SARS-CoV-2 genome comprises of 27 proteins that in-
cludes four structural and other nonstructural proteins. The four
structural proteins are the spike (S), envelope (E), nucleocap-
sid (N), and matrix (M) proteins. Being a surface protein, the S
protein is primarily responsible for entry into the host cell. The
virus was initially diagnosed using molecular techniques like re-
verse transcription polymerase chain reaction (RT-PCR). How-
ever, considering the increasing number of cases, the PCR kits
have not been able to meet the testing demand.[**2%1 Also, under-
developed and developing countries where there are many people
who still live in rural areas, lack proper PCR infrastructure in ru-
ral and suburban areas. Finally, since the technique detects the
genome structure of the live virus present in the body, it cannot
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identify recovered asymptomatic patients. Thus, there has been
ongoing research on finding easier and reliable detection meth-
ods. Serological testing has long been used for the detection of
many viruses like human immunodeficiency virus, SARS-CoV,
and MERS-CoV. This testing scheme mainly utilizes the reactiv-
ity between specific antibodies developed by the human immune
system in response to the presence of viral antigens.[2'-*0] Many
researchers have come up with unique schemes for detecting the
spike protein of the SARS-CoV-2 virus. Mahari et al. used fluo-
rine doped tin oxide electrode along with Au nanoparticles as a
detection scheme.*®! Zhang et al. designed a graphene field ef-
fect transistor (FET) that was highly sensitive to the SARS-CoV-2
virus spike protein antibody-antigen interaction.!?’]

Plasmons are generated as a result of electromagnetic light
wave interacting with the free surface electrons on nanosized
metals. Surface plasmon polaritons (SPP) are electromagnetic
(EM) waves that travel along the surface of the metals. The ex-
citation of plasmons requires proper structural arrangement and
can only be achieved by incorporating special techniques like the
attenuated total reflection configuration. Direct coupling of inci-
dent light wave (LW) on the metal surface cannot excite the plas-
mons as the incident light wave vector is lower than the propa-
gation constant of the surface plasmon wave (SPW). By allowing
the incident light to be passed through a high refractive index
(R.I.) prism, the wavevector of the incident LW can be enhanced
and matched to the propagation constant of the SPW.313%] Thus,
the standard Kretschmann model utilizes a high R.I. prism like
SF10, SF11 or BK7. A nanosized plasmonic metal film, usually
made of 50 nm Au is coated on the prism. For the standard con-
figuration, there are three different media. Medium 1 is the high
R.I. prism. Medium 2 is that of the plasmonic metal and medium
3 is the analyte. For most commercial sensors, the analyte com-
prises of the running buffer like the Hepes buffered saline used
by Biacore SPR systems. The matching of the propagation con-
stant takes place only at a particular incident angle known as the
SPR angle. Since this angle is highly sensitive to R.I. changes
of the analyte, any perturbation in the composition of the ana-
lyte like ligand-analyte interaction or antibody-antigen binding
can result in the movement of the SPR angle and a correspond-
ing change in the real-time response curve, also known as sen-
sorgram, in case of commercial sensors. If used carefully with
proper and timely maintenance of commercial sensors, the plas-
monic sensing approach can offer many benefits like real-time
and label-free detection, reusability of sensor chips and high re-
peatability of results. Many SPR-based detection schemes have
been used for detecting different kinds of viruses.[36-37]

Localized surface plasmon resonance (LSPR) is a unique phe-
nomenon observed in noble metal nanoparticles (MNPs). When
the incident EM light wave falls on the MNPs, the electric field
interacts with the free electrons and causes them separate from
the metal core. The repulsive force acting among the electrons
causes them to move in opposite directions that results them to
oscillate and thus excite the LSPR. The excitation of LSPR can
induce strong light absorption. Au NRs have been enormously
studied for many decades and have been used in varied applica-
tions like plasmonic photothermal therapy and cancer imaging,
and even enhanced sensing and detection. Au NRs generally have
two absorption bands namely longitudinal plasmon band (LPB)
and transverse plasmon band (TPB) where the electrons oscil-
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late along the long and short axes of the NR, respectively.?*#2l

The aspect ratio (AR) has almost no impact on the TPB, whereas
the increase of AR redshifts the LPB. Additionally, the LPB is
also highly sensitive to R.I. changes. Experimental studies also
reveal the linear relationship between the AR and the peak wave-
length of LPB. In our current work, with the help of simulation,
we demonstrate how Au NR can be utilized for signal amplifica-
tion of conventional SPR sensors.[*>-°] Thus, using the antigen—
antibody interaction principle, we describe a sandwich-type plas-
monic immunoassay model that uses Au NR for enhancement of
output signal. In Sections 2 and 3, we describe the structure, sim-
ulation technique along with relevant mathematical equations in
Section 2. Section 3 outlines the results and discussion and finally
we end with a concluding note in Section 4.

2. Structure, Equation, and Simulation Method

2.1. Sensor Structure

The conventional SPR scheme consists of a plasmonic metal,
mainly gold, coated on a high R.I. prism. The structure of our Au
NR modified layout is shown in Figure 1. In this sandwich-type
structure, the gold nanosheet is functionalized with SARS-CoV-2
spike (S) protein antibody (Ab). Additionally, Au NRs are conju-
gated with the same Ab. The antigen is the SARS-CoV-2 virus in
serum/nasopharyngeal swab samples. The procedure of immo-
bilization starts with functionalization of the Au nanosheet with
the S protein Ab. The serum samples that contain the antigen
are allowed to flow as an analyte. And finally, the Ab conjugated
Au NR is applied for sensitivity enhancement. The electric field
enhancement and consequently the improvement in sensitivity
depend on many factors like the Au NR AR, the placement of the
NR, or the distance between the nanosheet and the NR and also
the working wavelength of the sensor. Choosing a proper Au NR
that has the peak absorbance near the working wavelength can
ensure maximum coupling of local electric fields of Au NR and
the evanescent field at the sensor surface. In Section 3, we dis-
cuss in depth about how the placement of Au NR can affect the
field enhancement and thus it constitutes an important parame-
ter that needs to be assessed while designing immunosensors.

2.2. Mathematical Equations

We use angular interrogation technique for our simulation study
and utilize Fresnel’s Equations (transfer matrix method (TMM))
for arriving at the reflectivity of the multilayer SPR structure

N-1 cos ﬁ —isin B
M =[] M, whereM, = | 7% 1)
k=2 —igysin fy cos f

Be=— ((e.—n" sinzel))% 3)
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Figure 1. Structure of the plasmonic immunoassay.
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Elucidating the variables used in Equations (1) through (6), the
total number of layers of the sensor structure is represented by
N. For our conventional scheme N = 3. 1 is the excitation wave-
length. The R.I. and dielectric constant of the k-th layer are rep-
resented by n, and g, respectively. Additionally, the thickness of
the k-th layer is d, and 6, is the angle of incidence. The reflectivity,
SPR angle and R.I. of the analyte layer are denoted by R, Ogpp,
and n;,, respectively. M is th characteristic matrix of the N-layer
model and it is the main matrix of the TMM.

2.3. Simulation Technique

Most commercial SPR sensors work in the NIR spectrum of the
electromagnetic light wave. Spreeta SPR sensors manufactured
by Texas Instruments are miniaturized form of SPR sensors and
are widely used for research purposes. A wide variety of commer-
cial SPR sensors are available in the market like Biacore manu-
factured by GE, SPRm 200 manufactured by Biosensing Instru-
ment, Carterra LSA SPR platform, IBIS-MX96 by IBIS Technolo-
gies, SensiQ pioneer by SensiQ technologies. However, all these
sensors are bulky and are not designed to meet the needs of point-
of-care (POC) diagnostic technique. Spreeta SPR sensors are low-
cost portable sensors that can be widely deployed for designing
POC SPR detection kits. Spangler et al. used these sensors and
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found that it could detect reasonable quantity of 70 pmol of Es-
cherichia Coli (E. Coli).’!! Additionally, Chinowsky et al. designed
a portable sensing unit using Spreeta sensors and could detect
low concentrations of multiple analytes like small molecules, pro-
teins, viruses, and bacteria.[>?l The sensor can provide detection
results within a few minutes compared to other laborious meth-
ods like enzyme-linked immunosorbent assay that can take sev-
eral hours. Soelberg et al. also used these miniaturized SPR sen-
sors for real-time monitoring of environmental toxins.[>*] Ad-
ditionally, they have also been used for the development of a
portable biosensor system for the detection of Staphylococcal en-
terotoxin B (SEB).>* Hence, we perform the simulation at the
working wavelength of these sensors A = 830 nm. The working
R.I. range of these miniature sensors are from 1.32 to 1.368 with
a precision of 5E-6 RIU. Thus, we vary the R.I. of the analyte layer
;o from SE-6 to 4.8E-2 in steps of 5E-6 and calculate the change
in SPRangle Afgpp. The thickness of the gold nanosheet is 50 nm
and we carry out the simulation for three kinds of prism namely
SF10, SF11, and BK7. The R.I. of the three prisms at 830 nm are
1.7099, 1.7630, and 1.5102, respectively. Additionally, the R.I. of
Au at the working wavelength is 0.2328 + 4.8144i. The first layer
of the sensor is the high R.I. prism followed by the second layer
of Au, and the third layer is the analyte which is considered as
deionized water whose R.I. is chosen to be 1.33.

Since SPPs are electron density waves, the evanescent electric
field simulation can provide us a good insight into the sensitivity.
The normal component of the electric field decays exponentially
as one moves away from the sensing surface toward the analyte.
The penetration depth is defined as the distance at which the field
becomes 1/e of its value at the sensing surface. Biomolecular in-
teractions that take place in this depth can resultin RI changes of
the medium. Increased electric field can enhance the penetration
depth and thus the probability of the interaction getting detected
increases. Hence, by the aid of finite-difference time domain sim-
ulation, we can have an idea of the electric field coupling of the
SPPs at the Au film sensor surface and LSPR waves oscillating
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Figure 3. Variation of SPR angle and sensorgram response as a function of change in R.l. of the analyte for a) SF10, b) SF11, and c) BK7 prisms.

along the longitudinal axis of the Au NR. For the electric field
simulation, we use Comsol Multiphysics. The diameter of the Au
NR is chosen to be 10 nm. We vary the AR from 1 to 4 and the
distance of the Au NR from the Au nanosheet from 2 to 14 nm in
steps of 3 nm. Therefore, in totality we evaluate 20 different sce-
narios by taking all the combinations of ARs and Au NR distance
from nanosheet.

3. Results and Discussion

We perform the simulation at 830 nm. The SPR reflectivity, which
is the ratio between incident and reflected light intensities, has
been shown in Figure 2 for different scenarios. After crossing the
critical angle of incidence, the reflected light undergoes total in-
ternal reflection. At a particular incident angle known as the SPR
angle, the reflectivity is minimum. Beyond this angle, the reflec-
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tivity again starts to increase. Figure 2a shows the SPR reflectivity
curve for Au NR with an AR of 1, whereas Figure 2b shows the
same for AR = 4. Figure S1 (Supporting Information) shows the
same curve for ARs 2 and 3.

For the angular interrogation technique, we evaluate three dif-
ferent prismatic configurations. By varying the R.I. of the analyte
from 5E-6 to 4.8E-2 in steps of 5E-6, we observe the correspond-
ing change in SPR angle. Additionally, for most commercial sen-
sors, the change in R.I. that occurs due to ligand—analyte inter-
action is represented in the sensorgram, a real-time response
curve, in the form of change in sensor response. A change in 0.1°
in the SPR angle results in a change of 1000 RU in the sensor-
gram response.?*l Thus, Figure 3 shows the respective SPR an-
gle and sensorgram response changes for the three prism types,
namely SF10, SF11, and BK7. From the simulation results, we
observe that the SPR angle changes in the form of steps. This is

© 2020 Wiley-VCH GmbH
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Figure 4. Evanescent decay of the electric field penetrating into the analyte solution from the surface of Au nanosheet along the central line of Au NR at

the resonance condition for a) AR = 1and b) AR = 4.

not very evident from the curve which shows a linear variation
since the step size is very small. However, the figure inset shows
the magnified step variation. The corresponding step sizes for
SF10, SF11, and BK7 prism-based sensors are 1.5E-4, 1.65E-4,
and 9E-5 RIU, respectively. This means that only when the R.I.
changes by these amounts, the respective sensors can detect a
change in the SPR angle. Hence, the lower the step size, the bet-
ter the sensor resolution. Hence, BK7 prism-based sensor gives
the best sensor resolution among the three prism types. The limit
of detection (LOD), which is the minimum R.I. change the sensor
can detect, for the SF10, SF11, and BK7-prism based sensors are
4E-5, 8.5E-5, and 7E-5 RIU, respectively. Thus, in terms of LOD,
SF10 prism-based sensor gives the best result. If we talk about
incremental sensitivity, defined as the ratio of change in SPR an-
gle to the step-size change in RI, the values for the SF10, SF11,
and BK7 prism-based sensors are 66.67, 60.60, and 111.11 deg
RIU, respectively. Hence, in terms of incremental sensitivity,
BK7 prism-based sensor gives the ideal performance. Thus, de-
signing sensors based on BK7 prism can detect small RI changes
easily and hence help in detecting lower concentrations of SARS-
CoV-2 S protein antigen.

For simulation of electric field, we used Comsol Multiphysics.
Briefly, the Au NR is represented as a 2D rectangular structure
with a width of 10 nm and varying heights depending on the AR.
The simulation is carried out at 830 nm. We consider the effect of
different ARs from AR =1 to 4 and varying distances of 2, 5, 8, 11,
and 14 nm between the NR and the Au nanosheet. Figure 4 be-
low shows the evanescent field variation as a function of distance
from the plasmonic nanosheet. As can be seen the field gradu-
ally decreases as one moves away from the metal nanosheet and
hence the name evanescent. The penetration depth of this field is
defined as the distance at which the field is 1/e times its value at
the metal surface. The field normally vanishes and becomes neg-
ligible at one-fourth to one-third wavelength distance. All ligand—
analyte interactions that take place in between this zone can cause
R.I. changes of the analyte. Hence, it is essential to keep the en-
tire sensing system compact with minimum distance between
the different layers.

For the simple Au nanosheet configuration, the electric field is
2.45E5 V m~'. The phenomenon of the plasmonic effect in the
nanosheet and the NR are different in nature. While Au NR expe-
riences LSPR, itis the SPPs that travel along the plasmonic metal
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nanosheet. The LSPR field is concentrated around the nanostruc-
ture and decays within 10-30 nm and is thus quite sensitive to
distance from the metal sheet and the RI changes of the sur-
rounding area. In contrast to this, SPPs are evanescent in na-
ture that progressively reduce to 0 within 100-200 nm distance.
The confined electron cloud oscillation in the Au NRs can pro-
duce intense local EM fields that are several orders higher than
the incident field. Upon the introduction of Au NR into the plas-
monic nanosheet-based system, the SPPs travelling along the Au
nanosheet can couple with the local EM oscillations at the Au NR
tips that can lead to resonance and boost the decaying evanescent
field by several orders of magnitude. Hence, the evanescent field
perturbation caused by the NRs can lead to signal augmentation
and corresponding enhancement in the sensitivity.32*%] Thus, in-
corporating Au NR can allow the SPPs to couple with LSPR EM
field, leading to enhanced electric field and lower detection lim-
its. We observe from Figure 4a,b that as we increase the distance
between the plasmonic metal nanosheet and the Au NR, the en-
hancement in local field reduces. This can be attributed to re-
duced evanescent field coupling between the Au nanosheet and
the Au NR. Thus, the field enhancement is highest for a distance
of 2 nm between the sheet and the NR and lowest for 14 nm.
Figure S2 (Supporting Information) shows the evanescent field
variation for AR = 2 and 3.

Figure 5 shows the electric field distribution across the sensor
surface at the resonance condition. The local field enhancement
at the tip of the Au NRs can be easily seen as red-hot spots. Fig-
ure S3 (Supporting Information) shows the electric field distri-
bution for AR = 2 and 3. The electric field and the corresponding
enhancements for all the 20 combinations (4 different ARs X 5
different distances between the sheet and the NR) of Au NR and
Au nanosheet arrangement have been summarized in Table 1.
We observe that as we increase the AR, the local field enhance-
ment increases. For our sandwich-type assay, the immobilization
with S protein Ab and the flow of antigen containing serum sam-
ples can take up about 10-15 nm distance on top of the sensing
film. With compact packing of the different layers, this can be re-
duced to 10 nm. Thus, to counteract the reduced enhancement
of the local electric field due to increased distance between the
Au nanosheet and the Au NR, we need to choose higher aspect
ratios. Hence, for our case, we observe that by choosing an Au
NR with AR = 4 that is located 14 nm above the Au nanosheet,

© 2020 Wiley-VCH GmbH
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Figure 5. Normal electric field distributions at the resonance condition for Au NR with different aspect ratios and located at various distances from the

Au nanosheet for AR = 1 a—e) and AR = 4 ).

we can get an enhancement of 376.33%. For the graphene-based
FET SARS-CoV-2 S spike protein detector, the researchers could
detect a minimum concentration of 0.2 X 10712 m.[?7] Addition-
ally, the SARS-CoV-2 spike protein sensor developed by Mahari
et al. had a LOD of 90 x 10% M and it displayed high linear-
ity in the range of 1 X 107 M to 10 X 107® M concentration of
the virus.[?°] Since no particular benchmark has been arrived re-
garding the LOD, we believe that by incorporating properly cus-
tomized Au NRs the LOD can be lowered down by several orders
of magnitude.

Au nanoparticles have been used for many decades for en-
hancing the sensing properties of not only plasmonic sensors
but also other sensors that work on different techniques. Lep-
inay et al. designed a tilted fiber Bragg grating optical fiber
sensor that used Au nanocages (Au NCs)/Au nanospheres (Au
NSs) for detection of various target proteins.l>>! With the help of
Au NPs, the researchers were able to lower the detection limit
from the nanomolar range to the picomolar range. Additionally,
Le et al. used Au NSs that were stabilized with acetylated chi-
tosan, and that showed plasmonic properties, for the detection
of melamine, bacteria, and uric acid.’®! Moreover, many SPR-
based schemes have been used in the past that have incorpo-
rated Au NPs for the detection of DNA hybridization, oligonu-
cleotide and p53 cDNA determination and interaction assay of
Carbamate-Acetylcholinesterase.’’! Thus, we believe that Au
NRs can be highly effective in enhancing the sensitivity and low-
ering the detection limit of conventional SPR scheme. Addition-
ally, since NRs have a higher surface volume as compared to NSs,
they can bind to more antibodies and hence it will lower the con-
centration of NR required.

The AuNR-based SPR model present here can be effectively
realized and designed using commercial Spreeta SPR sensors.
With features like real-time sensing, quantitative analysis, in-
ternal fault detection mechanism, robust design, small, and
lightweight, these sensors can be efficiently used for diagnostics.
With a volumetric dimension of 1.63 x 1.139 x 0.531 cm?®, and
an in-built integrated circuit chip system, they are quite compat-
ible for the design of POC devices where they can be merged to-
gether with other software and hardware platforms to design a
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complete wireless plasmonic sensing scheme that encompasses
an electronic wireless transmission module that can store the test
results in the data cloud for global data monitoring and analy-
sis. The reason behind choosing gold nanorods is due to its easy
and comparatively simple method of preparation as compared
to other nanomaterials. Additionally, commercially prepared Au
NRs with different aspect ratios having a particular LSPR wave-
length can be procured easily as the synthesis method is quite
mature and many chemical companies can actually prepare cus-
tomized Au NRs. Also, there have been established methods
of synthesizing customized Au NRs. The seed-mediated growth
method forms the basis of many improved methods. By tweak-
ing various parameters, many researchers have come up with
different techniques of preparing fine-tuned Au NRs where they
can control the AR by varying the reaction conditions like tem-
perature or the concentration of a particular solvent.[®*-%*] Given
the high biocompatibility of these Au NRs, they can be conju-
gated to Abs in a facile and efficient way. For instance, they can
attach themselves to the Abs by various mechanisms like Abs
being electrostatically adsorbed on the cetyltrimethylammonim
bromide (CTAB) layer on the Au NRs; coating the NR CTAB layer
with charged polymers and following it with electrostatic adsorp-
tion of Abs; replacing the CTAB layer with biofunctional ligand to
which the Abs can attach through covalent binding; and replacing
the CTAB layer with methoxypoly(ethyleneglycol)(mPEG)-thiol
molecules and following it with directional conjugation that takes
place with the help of the carbohydrate portion situated on the
heavy chains of the Fc region of antibodies.[®*! The chemical bind-
ing of the various constituents can affect the R.I. of the analyte.
In a qualitative way, the R.I. change affects the change in SPR
angle and thus the change in sensorgram response. Thus, due to
experimental errors if the binding is not ideal and results in a de-
creased R.I. change, the sensorgram response will be reduced.
The virus can still be detected but the concentration deduced
from the response will be lower than the actual. Considering all
these aspects, we believe that the actual model of the proposed
plasmonic immunosensor can be fruitfully realized. We would
also like to emphasize that the use of Au NRs can not only help
this particular miniaturized version of the sensing system but

© 2020 Wiley-VCH GmbH
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