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Abstract

With continuous mutations of SARS-CoV-2 virus, new highly contagious and fast-spreading variants have emerged, includ-
ing Delta and Omicron. The popular label-free immunosensor based on surface plasmon resonance (SPR) technique can
be used for real-time monitoring of the ligand-analyte or antibody-antigen interactions occurring on the sensor surface. In
this work, an SPR-based biosensor combined with a nanodisk array was presented to enhance the sensitivity toward virus
detection. The nanodisk arrays were employed to enhance the adsorption of molecules for better detection by increasing the
SPR field. Four optimal sensing configurations of silver or gold nanodisks on gold thin films with different aspect ratios
were achieved through systematic optimization of all parameters to yield the best sensor performance. The resonance angle
can be modulated simply by the aspect ratio of nanodisk array. The sensitivity of the optimized sensors has been improved,
and the detection limit is smaller than that of bare gold-based sensor. The multi-jump resonance angle curves at tiny refrac-
tive index can clearly distinguish the difference of trace concentrations, which is very important for the accurate detection

of trace substances.
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Introduction

Coronaviruses (CoV) are a class of ribonucleic acid (RNA)
viruses with similar structure envelopes [1]. The size of CoV
varies from 60 to 140 nm in diameter with a single-stranded
RNA nucleic acid genome [2]. Two widely recognized coro-
naviruses (severe acute respiratory syndrome (SARS) and
Middle East respiratory syndrome (MERS)) are more viru-
lent than known viruses specific to human coronaviruses,
such as HKU1 [3]. These viruses have all caused severe res-
piratory infections around the world in the past two decades,
with influenza-like symptoms but extremely deadly. Among
these, SARS-CoV-2 is a new type of respiratory virus caus-
ing the severe acute respiratory syndrome, renamed as the
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novel coronavirus disease 2019 (COVID-19) by the World
Health Organization since the end of 2019 [4, 5]. This virus
led to the pandemic outbreak around the world owing to
its rapid transmission between humans through direct and
indirect contact, such as virions in airborne droplets caus-
ing severe symptoms like acute respiratory failure, severe
pneumonia, pulmonary edema, and multiple organ failures,
responsible for high mortality.

Since last year, cases of environmental transmission
have been reported along with new types of mutations in
the virus, such as Delta and Omicron, that led to the rapid
increase in transmission rate [6]. Therefore, developing spe-
cific detection methods for real-time, rapid, accurate, and
highly sensitive could prevent and control the transmission
of SARS-CoV-2. Traditional methods for the diagnosis of
respiratory viruses include direct isolation of the virus from
cell culture, identification of the viral nucleic acid or anti-
gen, and serological testing. But these detection technolo-
gies require high professionals and are time-consuming, not
suitable for SARS-CoV-2 detection. Serological tests usually
involve nucleic acid sequence amplification and long detec-
tion time. Alternatively, reverse transcription-polymerase
chain reactions (RT-PCR) have become a common approach
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for testing RNA viral cultures [7]. The detection procedure
is simple consisting of extracting the viral nucleic acid
from samples followed by transcription into complemen-
tary deoxyribonucleic acid (cDNA) and then amplification
and analysis by fluorescence or luminescence techniques.
As a result, the method has successfully been used for the
diagnosis of a wide range of viruses, such as immunodefi-
ciency virus (HIV) [8], hepatitis B and C viruses [9], and
cytomegalovirus (CMV) [10]. These enveloped viruses are
similar in structure with the surface containing envelope pro-
teins, matrix proteins, and antigens, while the interior con-
tains the genetic material [11]. But this kind of testing may
lead to inaccurate outcomes since it amplifies non-specific
sequences [12, 13].

Plasmonic detection based on surface plasmon resonance
(SPR) may solve such shortcomings when applied to viral
diagnostics. SPR technique can directly detect the intact
form of insect pathogens through three biofunctional lay-
ers [14]. With the help of fusion proteins, the hepatitis B
virus (HBV) can be detected by a gold-based SPR sensor
chip [15], while the influenza A virus can also be detected
by SPR generated by an ellipsometer [16]. Localized SPR
biosensors can also detect avian influenza DNA hybridi-
zation [17]. With the development progress, the detection
time is shortening. For example, the detection of immuno-
globulin G (IgG) antibodies can be finished in three minutes
[18]. Most importantly, SPR technology has already been
used to detect MERS-CoV and SARS-CoV [19, 20], with
SARS-CoV-2 showing about 79% and 50% identification of
the sequences of SARS-CoV and MERS-CoV, respectively
[21-23]. The main difference between these virions at the
time of infection lies in the receptor. Similar to SARS-CoV,
SARS-CoV-2 requires angiotension-converting enzyme 2
(ACE2) as a functional receptor to enter cells, while MERS-
CoV needs dipeptidy1 peptidase 4 (DPP4). However, these
viruses vary widely in terms of transmission speed and cure
rates. For instance, MERS-CoV is not highly contagious
but causes a very high mortality rate. The binding force of
SARS-CoV-2 and ACE2 is 10-20 times that of the SARS
virus [24], making SARS-CoV-2 the most contagious but
with the lowest mortality rate. Therefore, the SPR method
can be used to achieve rapid detection of SARS-CoV-2.

These above-mentioned viruses such as HIV and HBV
share good similarities with SARS-CoV-2 particles in
structure. Specifically, SARS-CoV-2 is an enveloped RNA
virus containing four structural proteins in the envelope and
a single-stranded RNA inside its structure as the genetic
materials used as the most important biomarker for diagno-
sis of COVID-19 [25]. The four structural proteins are the
spike surface glycoprotein (S), small envelope protein (E),
matrix protein (M), and nucleocapsid protein (N), with S as
the major antigen presented on SARS-CoV-2 surface critical
for the virus to infect cells [15, 26]. However, SARS-CoV-2
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structural and other accessory proteins, and even the whole
virus SARS-CoV-2, could be used as antigens to monitor the
coronavirus disease. Hence, SPR sensing structure can be
employed to detect SARS-CoV-2 as reported by some stud-
ies. For example, graphene-coated platium-diselenide gold
(Au) thin film was utilized to detect SARS-CoV-2 virus with
different ligand-analyte achieving 183.3°/refractive index
unit (RIU) [27]. Silicon and BaTiO; located on silver (Ag)
film were employed to detect SARS-CoV-2 after growing a
layer of thiol-tethered DNA to yield a sensitivity of 130°/
RIU [28]. A layered structure based on two-dimensional
(2D) material was employed to detect SARS-CoV-2 with a
sensitivity of 194°/RIU [29]. Also, many studies employed
local surface plasmon structures [30-32], and even exploit
nanoparticle-enhanced SPR-sensing platforms to detect
virus molecules contained in solution [33]. However, the
preparation of such platforms is much more complex.

In the present work, a simple three-dimensional (3D)
structure is constructed to improve the sensitivity and detec-
tion limit by changing the sensing interface. The structure
and simulation techniques are described and the results are
discussed.

Structure and Simulation Method

The conventional SPR-based biosensor scheme consists of
a flat thin layer of plasmonic metal located on a prism with
a large refractive index (RI), as well as an analyte solution
for direct detection through contact with the other side of
the plasmonic metal. To increase the contact area of the
sensing interface and biomolecules, an array of nanodisks
with regular distribution is directly laid on the top of the
gold flat film. The diameter and height of the nanodisk are
denoted by D and H, respectively. The separations between
nanodisks in the X and Y directions are named by S, and S|,
respectively. The work is started with square arrays (S, = S,)
before studying the effect of aspect ratio. The employed light
source originates from a He—Ne laser with a wavelength of
632.8 nm. The prism is based on BK7 with RI of 1.5151 at
this wavelength. The nanodisk arrays with different param-
eters are located on the gold layer and are used to modify
the topography of the chip surface. The configuration of
the proposed sensing structure is shown in Fig. 1. The gold
thin film with gold nanodisk arrays is functionalized with
SARS-CoV-2 spike (S) protein antibody before adsorbing
the SARS-CoV-2 virus in the serum/nasopharyngeal swab
samples to act as the antigen contained in the analyte solu-
tion. The RI of the analyte solution is set to 1.3326 +dn,
where dn represents the RI change caused by the concentra-
tion of virus particles.

Many factors like the nanodisk material, size, and separa-
tions between them can influence the binding of the antigen



Plasmonics (2023) 18:769-779

771

Fig. 1 The proposed SPR-based
configuration to detect SARS-
CoV-2 virus

Incident light

and antibody, leading to different coupling electric fields
and sensing performance. Hence, proper parameters would
be essential to achieving maximum energy transfer from the
incident light to the SPR for increasing the adsorption force
to the target. For plasmonic metal, gold has often been used
for ultra-thin structures due to its hard oxidation and corro-
sion. Silver may induce the most sensitive results but suscep-
tible to oxidation. Since the conductivity of copper (Cu) is
similar to that of silver, Cu can be used as a very good plas-
monic metal but disadvantageous in terms of easy oxidation.
Platinum (Pt) with good electrical conductivity and chemi-
cal stability at room temperature is used as an alternative
to plasmonic metals. The RI data of these materials at the
incident wavelength are given in Table 1. To achieve better
sensing performance in 3D structures, the influence of the
geometric parameters of the nanodisk array is investigated
along with the effect of host materials.

In this work, the angle interrogation method is employed
to find the best conditions for SPR biosensors. Several
parameters can be utilized to evaluate the sensing perfor-
mance. Among these, the incident angle € is utilized as the
input signal, which is changed as a function of the excited
condition of SPR, and referred to SPR resonance angle
when the corresponding reflectivity achieved a minimum
value. The SPR field exponentially decays into the dielectric
medium. Also, the distance at which the intensity reduced to
1/e corresponds to the skin depth of SPR, representing the

Table 1 RI of the plasmonic
metals at the wavelength of

Materials  Refractive index (n)

632.8 nm Au 0.1377+3.6183i
Ag 0.056253 4+ 4.27601
Cu 0.27+43.4081i
Pt 0.46695 +6.12861

SARS-CoV-2 Virus

SARS-CoV-2 Spike
% g Protein Antibody

Nanodisk

Reflected light

influence scope of the SPR field. The detection accuracy of
the sensing system is inversely proportional to the width of
the resonance curve characterized by the full width at half
maximum (FWHM) of the reflectivity curve. The sensitiv-
ity S is defined as the ratio of the differential SPR angle to
the RI change of the sensing medium (S = A8/ An). The
limit of detection (LOD) represents the minimum RI change
caused by the lowest concentration of virus molecules trig-
gering a significant response from the sensing system. For
further commercialized sensing systems, the figure of merit
(FoM) is utilized as the accuracy of concentration measure-
ment of virus molecules, referred to the ratio of sensitivity
to FWHM. Here, the FoM values of the optimized structures
are compared to predict practicability.

Results and Discussion

COMSOL Multiphysics is used to build the model and simu-
late the reflection spectrum and electric field distribution.
The combination of Au film and Au nanodisk (abbreviated
as Au+ Au) is first studied, with the parameter range of the
nanodisk array limited within one incident wavelength. Using
rough simulations, the height of nanodisk H is found very
small. Otherwise, a waveguide mode is formed in the longi-
tudinal direction of the nanodisks, suppressing the excitation
of the surface mode in the lateral direction. The separation
between nanodisks should also be large for better coupling
the surface field (Supporting Information, Fig. S1a). The
reflectivity curves of SPR for H=10 nm and D =50 nm
with different separations S, are shown in Fig. 2a. For the
incident angle larger than the critical angle, the reflectivity
drops slowly. Once the horizontal component of the incident
wavevector matches that of SPR, the reflectivity reaches the
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Fig.2 The SPR reflectivity curves for Au nanodisk arrays at H=10 nm and a D=50 nm, b 100 nm and ¢ 150 nm with different separations S,

between nanodisks

minimum, with the corresponding incident angle known as
the SPR angle. As the incident angle continues to increase,
the wavevectors are mismatched again, and then the reflec-
tivity starts to rise. Finally, only a reflectivity dip forms in
the spectrum, with minimum reflectivity (R,;,) indicating
the maximum energy conversion efficiency between the
incident light and surface field. The SPR curve also changes
with the spacing between nanodisks, where several chang-
ing features in the SPR curve are shown in Fig. 2a. Pre-
cisely, the SPR angle decreases as the separation increased,
while R, declines rapidly until reaching down to zero with
width of the curve also reducing. The optimal separations
(S, =250, 300, and 350 nm) from the above features are
easy to be noticed, but the range of optimal separation varies
with the basic parameters (H, D) of the nanodisk. At constant
H and increased diameter D to 100 nm, the optimal separa-
tions are achieved at 300 and 350 nm, equivalent to 450 nm
increase for D enlarged to 150 nm. The reflective spectra of
Fig. 2b, c reveal a slower increase rate of the optimal separa-
tion than that of the nanodisk diameter. The duty cycle of
a nanodisk in one unit can be used to indicate this varia-
tion, which is approximately represented by the ratio of D
and S,. The optimal separation tends to enlarge with bigger
nanodisks, but irrelevant to increase the separation to one
wavelength since the duty cycle of the nanodisk becomes
larger, while the interface in contact with the analyte solution
to be measured becomes more smooth and flat, resulting in
constantly weakening of the perturbation effect of nanodisk
arrays. Increasing the diameter of the nanodisk would also
lead to the same result (Fig. S1b). Therefore, D and S, are not
subjected to an increase in subsequent studies.

The skin depth indicates the influence distance of the
SPR field from the sensing interface to the analyte solu-
tion. Larger skin depth results in more antigens adsorbed
to the antibodies through the SPR field. By considering the
non-smooth interface between the sensing chip and analyte
solution, the skin depth is extracted at two locations. The
first is perpendicular to the center of the nanodisk (g,), and
the second is on the mid-perpendicular line of two adjacent
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nanodisks (g,). The skin depths for these configurations
with optimal separations at different unit cells are shown
in Fig. 3. On the whole, the skin depth shows a downward
trend when S, increases for a given unit cell (H, D). The g,
value is almost smaller than 200 nm except for D=50 nm
and S,=250 nm, while g, value is generally larger than
200 nm, indicating non-uniform field distribution on the
interface, as well as different impact depths on antigens.
The cross-sectional field distribution of the electric field
norm clearly shows these characteristics. As depicted in
Fig. 3c, large numbers of charges are gathered at the bound-
ary of each nanodisk forming strong local electric fields,
which can adsorb more antigens around. The strong interac-
tion between these electric fields leads to stronger surface
field intensity between them than those on the substrate Au
film. However, the non-uniformity field intensity distribu-
tion along the interface does not last long. The electric field
tends to be uniform when entering the analyte solution at
about 200 nm. This distance is the same as the skin depth
of the SPR field on bare Au film since much more evanes-
cent waves are excited near the nanodisks but decays faster
than those on substrate Au film. Greater local field intensi-
ties result in faster attenuation along the vertical direction.
Finally, a uniform intensity is achieved at a certain distance.
The attenuation process can be seen in Fig. 3d. Compared to
the attenuation curve of the bare gold film (dotted line), the
previous discussion about the evanescent waves can be con-
firmed. Fortunately, the skin depth at any position is larger
than the diameter of the whole coronavirus, meaning that
the adsorption of the virus to the chip interface can be fully
sensed. By considering the duty cycle of the nanodisk in
the current optimized configurations of less than one-third,
q, 1s used to represent the skin depth of the sensing system.

Comparing the SPR curves with those of conventional Au
and other materials sensing chips is carried out before further
analysis of the sensing performance of the Au+ Au struc-
ture. Figure S2 shows the resulting SPR curves correspond-
ing to Au thin film with and without Au nanodisk arrays. A
shift in the curves from right to left is observed, while the
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Fig.3 The skin depth at two locations for optimal separations at different
diameters of nanodisks, a for ¢; and b for g,. ¢ The cross-sectional field
distribution of the norm electricity with D=100 nm and S,=200 nm at

width and minimum value remain the same, indicating no
degradation of the detection accuracy and coupling efficiency
of this 3D-sensing chip by the complexity of the sensing
interface. The effects of material properties on the sensing
performance are then compared, and two combinations for
plasmonic metal replacement are recorded. The first dealt is
the complete replacement of Au film and Au nanodisk arrays
with other materials, and the second is semi-replacement (Au
nanodisk arrays located on a thin film of other material or
nanodisk arrays of other material located on Au thin film).
The reflective spectra of the complete replacement are pre-
sented in Fig. 4b—d and compared with the results of Au+ Au
in Fig. 4a. The real and imaginary parts of RI of Cu and Pt
are both larger than those of Au, indicating worse refractive
efficiency at the interface and greater Ohmic loss inside the

Distance from Au film (nm)

the SPR angle. The dashed lines represent the extracted locations of g,

and ¢,. d Electric intensity decays perpendicular to the lower surface of
gold penetrating into the analyte solution

material. This, in turn, results in a wider characteristic curve
in each case and a larger minimum reflectivity R,;, at SPR
angle, especially for Pt. This also shows materials possessing
low SPR excitation and conversion efficiencies. On the other
hand, though the imaginary part of silver’s RI is higher than
that of gold to result in R,;, slightly larger than zero, the real
part of RI is much smaller than that of gold. As a result, the
FWHM of the spectral line is very small (about 0.75°). There-
fore, the detection accuracy can be improved by using Ag as
the plasmonic metal. The specific SPR angle and FWHM of
each configuration are summarized in Table S1. The com-
parison reveals the sensing performances of the sensor chips
made of gold and silver are better than those made of copper
and platinum. Hence, Cu and Pt are no longer considered in
further analysis of the sensor chip composition.

@ Springer
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Fig.4 Reflectivity spectra achieved from the sensor chips with different materials through complement replacements of a Au, b Ag, ¢ Cu, and d
Pt, and semi-replacements of e Au+Ag and f Ag+Au

Based on the above data, semi-replacement requires only
considering the mixture of gold and silver (a kind of hybrid
nanostructure). The starting point of this hybridization is to
combine the advantages of gold and silver in terms of sensing

@ Springer

performance. Two hybrid nanostructures are considered: Ag
nanodisk arrays located on Au thin film (denoted by Au+ Ag)
and Au nanodisk arrays located on Ag thin film (Ag+ Au).
The spectral curves of these two hybrid structures are shown
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Table2 The Skil_l depths 92 Parameters (nm) Au+Au Au+Ag Ag+Au Ag+Ag
(nm) of the sensing chips with
different combinations of gold 9> 9, FWHM 9> FWHM 9>
and silver
D=50 S, =250 350 350 2.95 156 0.90 156
S, =300 228 220 2.75 316 0.85 316
S,=350 230 230 2.70 342 0.80 340
D=100 S, =300 245 267 275 360 0.90 360
S, =350 235 238 2.75 350 0.85 360
S, =400 212 212 2.80 331 0.85 330
D=150 S, =450 218 211 2.65 310 0.75 320

in Fig. 4e, f. Regardless of the size of the Ag nanodisks
(Fig. 4e), the reflection spectrum shifts only slightly from
side to side. Compared to the curve of A+ Au, the FWHM of
these spectra remains unchanged. However, the other hybrid
combination (Ag+ Au, Fig. 4f) reveals reduced FWHM of
reflective curves for different sizes of nanodisks to about one
degree, corresponding to the all-silver situation (Ag+ Ag).
Hence, the sensing performance of hybrid nanostructures is
more dependent on the characteristics of the substrate film.
As a result, the nanostructure acting as a perturbation to the
interface can control the excitation of the near-field surface
waves, but with little effect on the spectrum in the far field.
Furthermore, the near-field parameters are compared
to determine the best combination for sensing. The skin
depth directly affects the range of physical adsorption of
biomolecules. Thus, the skin depth of g, is first extracted
under different material-parameter combinations, and the
values are listed in Table 2. The skin depths of hybrid
nanostructures are consistent with those made of the same
substrate materials, while the change in nanodisk material
does not affect the skin depth at this location. The FWHM
of the reflective spectrum with the silver thin film is much
smaller than that of the gold thin film, confirming the
importance of a continuous thin layer. On the other hand,
the near-field effect of nanodisks is obtained from the
near-field distribution of the electric field. Figure 5 pre-
sents the E-field distribution around nanodisks with maxi-
mum electric intensity for each combination, which can be

A 459

Au + Au 400

seen in the color bar. Interestingly, the nanodisks are all
50 nm in diameter with a separation of about 300-350 nm.
This also demonstrates the differences in charge accumula-
tion caused by material properties. Silver nanodisks accu-
mulate fewer charges than gold nanodisks regardless of the
material of the substrate film. By comparison, the silver
thin film brings stronger field distribution when compared
to the gold thin film with the same nanodisks, attributed
to the larger conductivity and SPR excitation efficiency of
silver than gold. The comprehensive comparison reveals
that the combination of Au nanodisks and Au/Ag thin film
substrates is more advantages in adsorbing the molecules
to be tested, thereby worth further studies.

The changes in SPR angle at variable RI changes of ana-
lyte solution from 0 to 0.001 RIU are then calculated under
the optimal parameter sets for the combinations of Au and
Ag. For both combinations (Fig. 6), the resonance angles
under different parameters generally increase with RI except
for Ag+ Au at D=50 nm and §,=250 nm with large RI
changes. Also, the increments in resonance angle are almost
the same. The changes in resonance angle for the combina-
tions of Au+ Ag and Ag+ Ag (Fig. S3) reveal an almost
same increment maintained within 0.2°.

The effect of the aspect ratio (S,: S;) of nanodisk arrays
on the sensing performance is further investigated. Figure 7
presents the spectrum curves of nanodisk arrays with dif-
ferent S,: S, for the configurations of Au+ Au and Ag+ Au.
The effect of aspect ratio on the reflectance spectrum looks

A 949 A 548

i AgtAg rg

300
250
200
150
100
50

V¥ 6.83

Fig.5 a-d The electric field distributions with maximum intensity for different combinations of Au and Ag

350
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Fig.6 SPR angle in terms of small RI change of analyte solutions for the combinations of a Au+Au and b Ag+ Au

similar. By taking the square matrix (S,=S,) as the bench-
mark at the scale of one side increasing, the reflection spec-
trum shifts to the left, and vice versa to the right. Since the
corresponding resonance angle of some prism-coupled SPR

Au + Au
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70 71 72 73
Incident angle (°)
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00 A '_.' .'? ...'. i :
69 70 71

Incident angle (°)

sensor chips is greater than 80°, the detection accuracy is
greatly reduced. To adjust the resonance angle, the com-
mon method consisting of using other structures or mate-
rials with different RI is employed. The improvement in
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Fig. 7 Reflectivity spectra with the incident angle for the Au+ Au configuration at D=>50 nm but with different aspect ratios of S, and S,. The

dotted lines show the reflective curves with the RI change of 0.001 RIU
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Fig.8 The change in resonance angle with tiny RI change for a Au+Au with the aspect ratio of S,: S,=175:350, 350:175, 350:350 and b

Ag+Au with §,: §,=150:300, 300:150, 300:300

detection accuracy is often based on reducing other detection
performances. Therefore, the resonance angular position is
inversely proportional to the ratio of S,: S|, actually provid-
ing a new way to modulate the reflectance spectrum.

The influence of aspect ratio on the LOD of the sens-
ing system is further studied by selecting configurations
with small S, or S|, since the corresponding changes in
resonance angle with the small RI change of 0.001 are
larger than in other cases. The variations in SPR angle
with tiny RI changes are provided in Fig. 8. Within the
span of RI change (An = 0 ~ 3 x 10~ RIU), the variation
tendencies look different. For Au+ Au case, the LOD
reaches as low as 3 x 107> RIU with S : S, =350:175, and
the corresponding A0 reaches 0.01° followed by several
RI points causing obvious changes in resonance angle.
But the LOD rise to 4 x 107> RIU and 17 x 107> RIU for
S, §,=175:350 and 350:350, respectively. For the latter
case, only one RI change causes a big jump in SPR angle.
For the Ag+ Au configuration, a lower LOD is achieved
at 2 x 107 RIU with the square nanodisk array, which
increases to3 X 107 RIU and 5 x 10~ RIU, respectively,
for rectangular arrays. Overall, the comparison of the vari-
ations in SPR angle suggests the advantage of Au+ Au
configuration with rectangular array distributions of nano-
disks not only in terms of low LOD but also for the good
detection performance for small RI changes, while the
Ag+ Au configuration with square or rectangular array

distribution achieves similar sensing effects. The multi-
jump variations indicate these combinations of the sensor
chip can detect the lowest RI change and can clearly distin-
guish the difference of trace concentrations, which is quite
essential to accurately detect trace substances.

The sensitivity, FWHM, FoM, and LOD of these
configurations are calculated, and the data are listed in
Table 3. The sensitivities for configurations with gold
film look always larger than those with silver film for RI
change of 0.001 RIU. But the corresponding FoMs are less
than half of the latter values due to big FWHM values. But
compared with bare Au, the sensitivities of the combina-
tion Au+ Au are 192% and 154% times. Although the sen-
sitivity for Ag + Au combinations is only 23% higher, the
FoM is at least twice higher. The LOD values of all con-
figurations have been reduced to some extent, but remain
the same order of magnitude of bare Au, which may be
attributed to the fact that the hydrophobicity of plasmonic
metals has not been improved due to the nanodisk array.

In addition, the amount of RI change for most commercial
sensors caused by the adsorption of ligand and analyte varies
in real-time (represented in sensorgram) in experiment. The
change of 0.01° in SPR angle corresponds to a variation of
100 RU in the sensorgram response [34]. Hence, the existing
commercial sensors can easily detect the theoretical LOD.

The relationship between the concentration of adsorbed
molecules and RI can be expressed by the formula:

Table 3 The sensitivity S, FoM,

, Configuration S, S, S (°/RIU) FWHM (°) FoM (RIU™") LOD (RIU)
and LOD for the configurations )
of A}lIrAu and Ag+/f%1; W;th Au+Au 175:350 250 4.42 56.6 4x107
special aspect ratios of §,: S, at . _5
RI change of 0.001 RIU. The bare 350:175 200 4.31 6.4 3x10
Au s also given for comparison Ag+Au 300:150 150 1.28 117.2 3x107°
300:300 150 1.13 132.7 2x107°
Bare Au / 130 3.70 35.1 6x107°
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Table 4 Comparison of changes

. oo Configuration Wavelength (nm) S [°*/RIU] FoM [RIU'] LOD[RIU] Reference

in SPR angle, sensitivity,

Fol\}’ll’ an‘LOD with respect Au nanorod with Au film 830 111.11 / 7% 1073 [37]

to the design strategy among

published sensors and the Au/PtSe,/graphene 632.8 183.33 47 / [27]

present sensor Ag/MoSe,/graphene / 194 54.039 / [17]
Au nanodisks on Ag film 633 150 131.6 2x107° Current work
Au nanodisks on Au film 633 250 56.4 4%107°

n=13326+C %, where C is the concentration of adsorbed

molecules and d—Z denotes the increment factor of RI consid-
ered as 0.181 cm3/gm for water [35, 36]. The concentrations
corresponding to the above four LOD are then calculated.
For the lowest concentration of SARS-CoV-2 detected in the
range of 110.5-221 pg/cm?, the person is confirmed to be
infected with virus. If the analyte solution is not pure, we
can add a biofunctionalization nanosheet of ACE2 to screen
SARS-CoV-2 virus particles from others. We can also
change the biofunctionalized nanosheet to detect other
viruses but it is beyond the scope of this work.

Finally, the present results are compared with other pub-
lished works about virus detection, and the results are listed
in Table 4. The sensitivity and detection limit of our work
are larger than others, indicating good sensing performance
of our sensing scheme.

Conclusions

The mutation and iteration of SARS-CoV-2 decline its tox-
icity while exponentially increase its transmissibility. Thus,
early detection of the virus may block its spread between
humans by isolating or increasing social distance. In this
work, a nanodisk array located on a plasmonic metallic thin
film was employed to form sensing substrates for enhancing
RI detection sensitivity thanks to the real-time and label-free
detection characteristics of SPR. The surface field around
the nanodisks was quite stronger than in other places, result-
ing in extremely sensitive SPR angle to RI changes caused
by adsorbing SARS-CoV-2 virus present in the aqueous
solution near the sensing interface. The simulation results
were provided for various nanodisk arrangements and plas-
monic metals. The data revealed configurations of gold nan-
odisk on silver or gold thin film were more sensitive to the
RI change, and the highest sensitivity is about twice that of
bare gold. The nanodisk should be small, acting like a per-
turbation on the thin film. The aspect ratio of nanodisk dis-
tribution significantly impacted the sensing results and can
flexibly modulate the resonance angle position. Especially,
the multi-jump resonance angle curves at tiny refractive
index can clearly distinguish the difference of trace concen-
trations, which is very important for the accurate detection
of trace substances.
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