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Abstract

In this study, we propose a surface plasmon resonance (SPR)-based biosensor using silicon nitride (Si3;N,), black phospho-
rous (BP), and thiol-tethered DNA as a ligand for fast detection of the SARS-CoV-2 virus. In the proposed biosensor, we
have deposited silver (Ag), Si;N,, and BP on the base of the BK-7 prism and investigated the performance parameters on
the probe in different combinations of the mentioned materials. Herein, three (Ag, Si;N,, and BP) different configurations
are introduced and compared for the detection of SARS-CoV-2. Furthermore, with the help of the transfer matrix method
(TMM), all the three configurations have been analyzed. Notably, the combination of Ag, Si;N,, and BP shows better sen-
sitivity (154°/RIU) when compared with other configurations for the detection of SARS-CoV-2. This work may facilitate a
new sensing device to detect SARS-CoV-2, based on the hybrid materials.

Keywords Surface plasmon resonance - Coronavirus disease - SARS-CoV-2 - Silicon nitride - Sensitivity - Detection

accuracy

Introduction

The outbreak of the coronavirus disease (COVID-19) pan-
demic has become a worldwide health problem investigated
by severe cute respiratory syndrome coronavirus-2 (SARS-
CoV-2). Countries are battling to slow the spread of this
virus by testing and treating patients. However, the testing
procedure to detect this virus is tedious. Today’s world has
been facing corona virus disease since December 2019 [1,
2], and it has also been called COVID-19. The first cases
were identified in the City of Wuhan, in the Hubei Province
of China. The World Health Organization (WHO) declared
the outbreak a public health emergency of international con-
cern for the human-to-human transferrable severe acute res-
piratory syndrome (SARS-CoV-2) virus a global pandemic
[3-6]. The SARS-CoV-2 virus has contained mainly four
significant proteins, i.e., spike proteins (S), membrane pro-
teins (M), envelop proteins (E), and nucleoprotein (NPs),
that have been used for detecting this virus [7-9]. It is essen-
tial for sensitive, quick-test results and low-cost with high
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accuracy analytical tools to monitor affected people for
effective quarantine and timely treatment. There is various
conventional technique to detect the COVID-19 virus which
induces the reverse transcription polymerase chain reaction
(RT-PCR) [10, 11], reverse transcription loop-mediated iso-
thermal amplification (RT-LAMP) [12, 13], enzyme-linked
immunosorbent assay (ELISA) [14], and chest computed
tomography (CT) [15, 16].

A lot of research work has been done for the detection
of SARS-CoV-2 virus using different types of advanced
materials. Gold nanoparticle was based on fluorine with a
detection scheme of Mehari et al. [17]. Zhang et al. also
reported a graphene-based, highly sensing mechanism
for the detection of SARS-CoV-2 virus with the help of
antibody-antigen interaction [18]. Nowadays SPR-based
detection technique has been involved for detection of
SARS-CoV-2 virus [19]. It is a very easy, fast, sensitive,
real-time, and label-free detection technique and used for
the many types of viruses like dengue [20], influenzas [21],
HINTI [22], and EV71 virus [23]. Due to above advantages,
a lot of various research work has been carried out for
detection of SARS-CoV-2. Moznuzzaman et al. using MoSe,
have reported the SPR detection technique [24]. To enhance
the sensitivity, 2D material-based SPR biosensors have good
and important role in the detection of SARS-CoV-2 virus,
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generating ultra-high detection sensitivity [18, 25]. Many
reported works have been done based on 2D material such
as graphene [26], MoS,, BP, and MoSe, [27].

SPR sensing techniques are useful tools which are widely
used in various areas like medical diagnostic, environmen-
tal science, and food technology over the other techniques
[28, 29]. The SPs are the collective oscillation of free elec-
trons at the interface between metal and dielectric and are
excited using the p-polarized light beam at the interface of
one side of a glass prism. This results in the generation of
the evanescent wave at the interface that decays exponen-
tially. This collective phenomenon is known as SPR. SPR
sensing is the label-free sensing that works on the principle
of the shift of the resonance angle when there is a variation
in the refractive index (RI) of the sensing medium [30]. In
the prism-based SPR sensing approach, the excitation of the
SPs is carried out by the Kretschmann-based attenuated total
reflection (ATR) method. The angle of the incident light in
the ATR method can be best controlled by the angular inter-
rogation approach [31].

To date, two-dimensional (2D) material based on SPR
sensors, generating ultra-high detection sensitivity [18, 25].
Owing to mutual Van der Waals interactions, stacking dif-
ferent 2D material layers to create Van der Waals generates
some unprecedented physical and electric properties. How-
ever, most of 2D materials enhanced sensor wavelength [26].
Recently, some transition metal dichalcogenide (TMDC)
materials used in the SPR biosensor have been discovered.
These TMDCs act as plasmonic supporting materials that
improve the performance of the sensor [32]. A new 2D mate-
rial, BP, has also been seen in research in biosensor applica-
tions, optoelectronics, and electronic field [33].

The thiol ssDNA is used as a receptor of sensing, which
exhibited a binding affinity to SARS-CoV-2 immobilized
on the surface of ssDNA layer. The SPR biosensor is usu-
ally used for detection of biological or chemical samples.
The objective of this study is to propose a theoretical design
of a surface plasmon resonance (SPR)-based biosensor that
could detect SARS-CoV-2 through an easy and fast man-
ner. In the proposed biosensor, thiol ssDNA is used as a
ligand layer for the selective detection of SARS-CoV-2. In
many research papers, it is found that the ssDNA layer shows
excellent properties as a receptor for SARS-CoV-2 [34-36].
In many research works, single-layer ssDNA is considered
for the attachment of SARS-Cov2 for biosensing application
[37-40]. In present work, we have investigated the effect of
the ssDNA layer on the performance parameters.

In this paper, we present in the three configurations that
Si;N, and BP have shown thereon performance in the detec-
tion of virus especially in case of SARS-CoV-2 due to their
excellent performance. These materials as deposited on the
base of the prism according to Kretschmann configuration
of SPR devices, in structure-I Bk-7 Prism-Ag-Si;N,-ssDNA,
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structure-11 Bk-7 Prism-Ag-BP-ssDNA, and structure-III
Bk-7 Prism-Ag-Si;N,-BP-ssDNA. With the help of TMM
method, a theoretical investigation has been done in all three
cases. The reflectance spectrum curve is plotted with the
help using above method, and its comparison made between
all the three configurations for the detection of SARS-
CoV-2. The performance parameter (sensitivity (S), detec-
tion accuracy (DA), quality factor (QF)) of proposed biosen-
sors is investigated, which is summarized in Table 1. It is
found that the sensitivity is maximum in structure-III (152°/
RIU) as comparison structure-1I1 (144°/RIU) and structure-I
(127°/RIU), respectively. It shows that structure III is more
sensitive for the detection for SARS-CoV-2 in comparison
to other two structures. It also indicated that Si;N, and BP
hybrid materials are more responsible to enhance sensitiv-
ity of the SPR biosensor for the detection for SARS-CoV-2
virus. This study may be very fruitful for enhancing the sen-
sitivity of the SPR biosensor.

The Design and Modeling of the Proposed
Sensor

The schematic view of the proposed SPR biosensor for the
rapid detection of the SARS-CoV-2 virus configuration is
shown in Fig. 1. This novel structure contains four different
layers and is based on the Kretschmann configuration as
shown in Fig. 1. The choice of BK-7 prism is for enhance-
ment of sensitivity, quality factor, and detection accuracy.
We use BK-7 prism as a coupling prism followed by an Ag
layer. Ag has been proven to demonstrate better sensitivity
as a substrate layer due to higher SPR ratio [33]. However,
due to oxidation of the silver layer with the biomolecules, it
reduces the lifetime of the SPR biosensor [41]. To overcome
the oxidation problem of this material, the anti-reflection
coating of the Si;N, layer can be deposited over the silver
layer. SizN, has come to attention because of its excel-
lent thermal and chemical stability with a large band gap
of ~5 eV [32, 33]. In our proposed design, we overcome
this problem by employing three layers comprising Siz;N,,
BP, and thiol-tethered ssDNA, respectively, on top of the Ag
layer. Such configuration also aids in Sensitivity enhance-
ment. In recent research, Si;N, has shown good promise in
improving sensitivity. BP improves the adsorption rates of
the analyte with the biosensor, due to its direct band gap,

Table 1 SPR biosensor structures

Serial no Structures Design specification
Structure-I Bk-7 Prism-Ag-Si;N,-ssDNA layer
Structure-1I Bk-7 Prism-Ag-BP-ssDNA layer

3 Structure-11I1 Bk-7 Prism-Ag-Si;N,-BP-ssDNA
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Fig. 1 Proposed configuration
BK-7 prism-Ag-Si;N,-BP-
ssDNA and PBS solution as
sensing medium having opti-
mized thickness

SARS-CoV-2 virus

000000000000

Thiol- tethered ssDNA layer
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-polarized
incident light

higher carrier mobility, and interesting electrical and opti-
cal properties [32]. The thiol-tethered ssDNA is used as a
ligand layer for sensing medium as it has shown excellent
properties as a receptor of SARS-CoV-2 [37, 42]. Having
decided on the composition of various layers of our sensor
design, the next step is to model them properly to simulate
their response. We model each layer as a homogeneous con-
tinuous medium up to the next layer interface where in the
layer is represented by its refractive index. Hence, the next
subsection focuses on modeling the refractive indices of the
layers under consideration. The refractive indices of different
layers of our structure are each calculated separately. The
first layer is a coupling prism of BK-7 prism. The refractive
index of BK-7 prism can be calculated from the following
relation [43]:
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thickness (Si;N,=5 nm) is grown over the Ag layer that is
the second layer. The refractive index value of this SisN,
layer is calculated by [44]

1/2

4031472 )

A2 —1239.84 72

3.024972
22 — 0.13534062

ngizng = (1

The next layer is BP followed by Si;N, layer with mon-
olayer thickness and the corresponding refractive indices,
respectively, are shown in Table 1. The final layer before
the sensing layer is thiol-tethered ssDNA. The monolayer
thickness is 3.2 nm and refractive index 1.462 nm. The cor-
responding data is obtained from experimental results [37].
Finally, for the sensing layer, phosphate-buffered solution
(PBS) can be used as a RI of PBS that is deliberated as
ny=1.334+ An,, where An,is fluctuating due to the ligand-

1/2

Npg_7 = (7\

2 —0.00600069867 A2 —0.0200179144

A2 — 103.560653

+1)

where 4 is the wavelength of incident light in micrometer.
This equation is only applicable for wavelengths between
0.37 and 2.5 pm.

The refractive index of the Ag layer can be defined using
the well-known Drude model for metal [43].

}\2}\’ 1/2
C
>0
20 +i)

n=(g +ig)? =1 -
where 4, and }_are the plasma and collision Wavelength
of metalllc layer For silver 4, = (1.7614 x 107> m) and
4, = (1.4541 % 107 m), respectlvely Furthermore, the
anti-reflection coating of the Si;N, layer of the optimized

analyte interaction on the sensing surface. Previous literature
reported that HEPES 10 mM and 120 mM NaCl solution
can dissolve in a PBS buffer composed of SARS-CoV-2 S
glycoprotein and the refractive index of PBS can be experi-
mentally measured. When used, different concentrations of
HEPES solution were added into 120 mM NacCl solution,
and a good linear relationship between the refractive index
of PBS and HEPES concentration ranging from 0 to 20 mM,

which can be given as an equation as [42]
y = 0.00004x + 1.334 (1)

where y is the refractive index of PBS and x is the
HEPES solution (mM), respectively. In this study, various
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concentrations of HEPES solution were given in 10 mM, so
the refractive index of the sensing medium was assumed to
be 1.334 [45]. When a sample is flown through the sensing
channel, SARS-CoV-2 virus is bonded with thiol-tethered
DNA.

Theoretical Framework

We have performed numerical analysis to determine the
reflectance for multilayer structure using transfer matrix
method and Fresnel equation [28]. Our proposed model con-
sists of three layers with BK-7 prism, Si;N,, BP, and thiol-
tethered ssDNA being placed in parallel one after another.
The thickness of each layer varies in perpendicular direction
denoted as z-axis. The boundary condition at the interface
of first layer and the last layer are considered as Z=Z; =0
and Z=Z,_,, respectively. The dielectric constant of path
layer equals to the square of its refractive index. These meth-
ods adopt no approximation allowing them to give accurate
results rapidly. The transfer matrix expresses a relationship
among the tangential components of electric and magnetic
fields of the first layer and the last layer, and the relation is
given as [31]

E | _ EL—I]
=M
=i ®

where E, and H, represent the tangential components of
electric and magnetic fields at the first layer interface. E; _ |
and H; _ | represent the tangential components of electric
and magnetic fields at the final layer interface. P is repre-
senting the characteristic matrix of multilayer structure with

elements P,_»i, defined as

N-1
P, P
P= P._ 11 12]
g K_[le Py
cosfy qlisinﬁK
K

Py = L
—iggsinfy cospy

where k represents an arbitrary number, f; represents the
phase thickness, and gy represents the refractive indices of

2nd
B = “x K/ (€x — ny_sin’6y) 3)

de = \/(eK —n2,_sin0))/ € @

where 6, is the angle of incidence, 4 is the wavelength of
incident light, and ngg_- is the refractive index of the BK-7
prism (Table 2).

After some straightforward mathematical step, here we
proposed of three-layer model, the reflection coefficient r, for
p-polarized light is given by

o (Pll + Plqu)ql - (le + PzzQL) 5)
P (Pn + P12CIL)Q1 + (le + PzzQL)

Finally, the reflectance intensity for the p-polarized light
is expressed as

rp:|r|2=r*r (6)

Key Parameter of the Proposed SPR Sensor

The performance parameter of the SPR sensor is basically
characterized by mainly three parameters as sensitivity (S),
detection accuracy (DA), and quality parameter (Q). For the
better performance of SPR sensor all of the above parameters
should be greater as much as possible.

Sensitivity

The sensitivity is defined as the ratio of change resonance
angle (Afres), and change refractive index (An,) can be writ-
ten mathematically as.

S = Abres/ /\ n, (7
It is usually expressed in (°/RIU).

Detection Accuracy

Next, parameter of the SPR sensor is detection accuracy (DA)

or signal-to-noise ratio (SNR). It is expressed in term of reso-
nance angle change (Afres) and FWHM as given by.

the corresponding layers, which are explained by DA = Afres/FWHM @
Table 2 SPR biosensor Serial no Material used Thickness Refractive index References
thicknesses and RI at 633 nm
Ag 55 nm 0.056253+4.2760 X 1i [46]
SiaN, 5nm 2.0394 [44]
3 BP 0.53 nm 3.54+0.01x1i [47]
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where FWHM means full width at half maxima.

Quality Factor

Another important parameter of SPR sensor is quality factor
(Q) or figure of merit (FOM) can be terms of sensitivity (S)
and FWHM given as follows:

Q=S/FWHM )

Its unit is usually expressed in (RIU™!). At resonance con-
dition phase of the reflected light also changes. The phase
change at resonance angle can be calculated by the following
expression:

© = arg(r) (10)

The electric field intensity enhancement factor (EFIEF),
the ratio of square electric field at last interface to the first
layer interface, can be calculated by the following expres-

sion [31]:
2
L
e [H()
EFIEF = |——~| = 2| — 2
B(3) | n(s)
2 2
where €, and g; are the dielectric constants, respectively, and
t is the transmission coefficient.

£
=t (11)
€L

Limit of Detection (LOD)

Limit of detection (LOD) measures the concentration quan-
titatively of biomolecules/analyte in sensing medium and
defined as.

LOD = An,/A#,,, X 0.005 (12)

res

LOD is calculated for very minute change in sensing
medium; here, we take shift 0.005°.

Results and Discussion

Here, we have designed SPR biosensor in Kretschmann
configuration, which consists of a prism to provide neces-
sary momentum to the surface plasmons. In this work we
have taken a BK-7 prism due to its unique property of low
refractive index. In this method, surface plasmon (SP) cou-
pling is achieved at the metal—dielectric interface by using
a p-polarized light of wavelength 633 nm, as illustrated in
Fig. 1. We observe the reflectance change due to the change
in the sensing medium. At resonance condition, a sharp dip
is observed in the reflectance curve (SPR curve). That means
at resonance condition maximum energy is transferred to
the surface plasmons. For maximum excitation of SPs, it is

necessary to optimize the thickness of the metallic layer that
means reflectance minimum should be near to zero. Figure 2
shows the optimization of the silver layer at the BK-7 prism.
It is found that at 55-nm thickness of the silver layer, there is
minimum reflectance at resonance angle due to loss of trans-
fer energy from incident light to SPs. We can see that the sil-
ver layer shows low FWHM in the reflectance which further
improved the detection accuracy as silver has less chemical
stability due to its easily oxidizing nature. To overcome this
problem, we have deposited the anti-reflection coating of
the Si3N, layer (5 nm) over the silver layer due to its unique
property as chemical stability and large band gap (~5 eV)
[32]. Furthermore, to improve the performance parameter of
the proposed SPR biosensor, we have used monolayer BP
over the Si;N, layer. Because the BP layer has more char-
acteristics, such as its precise stacking on metal coating and
other unique properties like larger surface area, high charge
carrier density, and high adsorption energies [41].

The performance parameter of the SPR biosensor gets
affected on adding BP layers. The unique optical and elec-
tronic properties of these layered materials are responsible
for changing SPR condition. After thickness optimization
of silver and silicon nitride we have designed three hybrid
structures for the performance analysis such as the Structure-
I (BK-7 prism-Ag-Si;N,-ssDNA SPR sensor), Structure-II
(BK-7 prism-Ag-BP-ssDNA SPR sensor), and Structure-III
(BK-7 prism-Ag-Si;N,-BP-ssDNA SPR sensor). Further-
more, we have analyzed all structures one by one.

From Fig. 2, we first optimize silver (Ag) with silicon
nitride (Si3N,) thickness for the efficient excitation of surface
plasmons. The optimized thickness Ag and Si;N, thickness
layer at 55 nm and 5 nm, respectively, are shown in Fig. 2. It

»
=
e AtSi,N, =5nm
SO5f - 1
E and ng = 1.33
& oal Ag=45nm |
.......... Ag=50 nm
sl = = = Ag=55nm |
_____ Ag =60 nm
02} M |
1]
l 1
01} L 1
1
1
0 L L1, . ’ y
60 65 70 75 80 85 %

Angle (in degree)

Fig.2 Resonance angle (°) versus reflectance for optimization of Ag
and SizN,
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can be seen clearly from inset in Fig. 2 that with these thick-
nesses the reflectance curve has shown the minimum dip at
the resonance angle. Furthermore, for Structure-I we have
added a monolayer ssDNA layer with thickness 3.2 nm over
the Si;N, layer for the adsorption of SARS-CoV-2 as ss-
DNA layer works as a bioreceptor layer for the SARS-CoV-2
as shown in Fig. 3a, which makes a better sensor for selec-
tive detection of SARS-CoV-2 viruses. Here we have taken
phosphate-buffered solution (PBS) solution as a sensing
medium in which SARS-CoV-2 viruses are present. After
the addition of SARS-CoV-2 viruses in the PBS solution,
the refractive index of PBS solution changes from 1.334 to
1.355. It is notable that SARS-CoV-2 S glycoprotein can
dissolve in a running buffer composed of 10 mM hydroxy
ethyl piperazine ethane sulfonic (HEPES) and 120 mM
NaCl solution. In fact, the refractive index of the running
buffer can be experimentally measured by an optical sensor.
When various concentrations of HEPES solution were added
into 120 mM NaCl solution, there is a good linear relation-
ship between the refractive index of the running buffer and
HEPES concentration ranging from 0 to 120 mM, which can
be described as [18]. We have taken five different concen-
trations of SARS-CoV-2 values such as 150 mM, 275 mM,
400 mM, and 525 mM. For Structure-I the value of the mini-
mum reflectivity is 6.158 x 10~ and resonance angle 70.98°
in a bare PBS solution with refractive index 1.334. After
adding the SARS-CoV-2 with HEPES solution in sensing
channel resonance angle shifts towards higher resonance
angle 74.02° with minimum reflectivity 1.3 x 107, Thus,
due to the addition of SARS-CoV-2 in the PBS solution,
the resonance angle changed by 3.04°, with refractive index
changes from 1.335 to 1.355 of the sensing mediums. Thus,
for the structure-I the highest sensitivity, detection accuracy,
and figure of merit (FOM) obtained reach to 144°/RIU, 2.57,
and 122 RIU™!, respectively.

In Structure-II, Ag with BP and thiol ssDNA was based
on SPR biosensor. After optimization the Ag layer for
minimum reflectance is shown in Fig. 3b. Only the silver
layer coated with SPR parameter is not sufficient to find a
good result because Ag has less chemical stability and is
easy to oxidize. The monolayer BP is directly transferred
over the Ag layer for enhanced all-important parameter
of the proposed SPR biosensor. The used monolayer BP
has its thickness 0.53 nm, and after adding ssDNA layer
coated on BP layer, the thickness of ssDNA is 3.2 nm.

Table 3 The performance parameters of the proposed SPR biosensors

Due to adding the BP layer, the reflectance curve shows
the sharp dip near to zero as shown in Fig. 3b. BP has a
large surface area chemical stability and a large band gap.
Finally, PBS is used as a sensing medium (refractive index
1.334). After, SARS-CoV-2 with HEPES and 10 mM
NaCl solution was added in channel PBS buffer solution
of the refractive index change. We have taken five differ-
ent concentration values such as 0, 150, 275, 400, and
525 mM mixing in the buffer channel. The refractive index
ranges from 1.334 to 1.355. For the bare PBS solution, the
minimum reflectivity shows 9.687 x 10> and correspond-
ing resonance angle 68.84°. Thus, due to the addition of
SARS-CoV-2 in the PBS solution, the resonance angle is
71.51°, and the minimum reflectivity shows 2.719 x 107>,
The maximum resonance angle change is 2.67°. Figure 3b
shows the result: the SPR biosensor has come to maxi-
mum sensitivity, and detection accuracy with quality fac-
tor obtained 127°/RIU, 2.90, and 138 RIU™., respectively,
and found result mention as shown in Table 3.

For further improvement of performance parameters of
above two configurations we have made a Structure-III
for SPR biosensor which contains BK-7 prism-Ag-Si;N,-
BP-ssDNA-sensing medium as shown in Fig. 3c. The
ssDNA layer was used as a bioreceptor sensing layer for
the selective attachment of the SARS-CoV-2 virus. We
have taken different concentrations of SARS-CoV-2 solu-
tion (0 mM, 150 mM, 275 mM, 400 mM, and 525 mM)
dissolved in PBS buffer solution which attached ssDNA
layer and made a small change in refractive index 1.334
to 1.355. Figure 3c shows that the bare PBS buffer solu-
tion has the minimum reflectivity 8.832 x 1078 and corre-
sponding resonance angle 71.72°. After adsorption of the
SARS-CoV-2 virus, the minimum reflectivity increased
to 6.61 x 10™* and the resonance angle shifted to higher
angle 74.92°. The maximum resonance angle change is
3.20° due to a concentration change of 525 mM of the
SARS-CoV-2 virus. For this configuration, achieved sensi-
tivity is 152°/RIU with detection accuracy 2.48 and quality
factor 117 RIU~!. It is observed that the structure-III is
much better in comparison to structure-I and structure-II.
Thus, the combination of Si;N, and BP is responsible for
sensitivity enhancement in structure-III as compared to
structure-I and structure-II. The performance parameters
of all the structures at wavelength 633 nm are summarized
in Table 3.

Serial no Structure AO FWHM S (°/RIU) DA QF (RIUTY
Structure-I 2.67 0.92 127 2.90 138
Structure-II 3.04 1.18 144 2.57 122
3 Structure-IIT 3.20 1.29 152 2.48 117
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Fig.4 (a—c) Phase vs incident
angle for structures I, II, and III.
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Fig.5 (a—c) Resonance angle
(°) versus EFIEF for structures
I, 11, and II1.
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Furthermore, we have analyzed the phase change of the
reflected light vs incident angle at different concentrations
of the analyte for all the structures as shown in Fig. 4a—c.
It is noted that for all the structures an abrupt phase change
occurs at the corresponding resonance angle. Also, the posi-
tion of phase change is sensitive for the concentration of
the analyte. As we change the concentration of the SARS-
CoV-2, the corresponding phase changing position shifts
to the higher angle side due to damping of surface plasmon
resonance for all structures.

The interaction of fields of the incident light with the
SP field plays a crucial role for the performance of SPR
biosensor. The electric field intensity enhancement factor
(EFIEF) defines how much effectively the electric filed
is confined at the sensing medium as compared to the
metal—dielectric interface. In the sensing region, the
interaction of the evanescent field with the ssDNA layer is
very important. The EFIEF gives the field peak height at
the resonance angle for each combination. This confirms
the excitation of SPs because at the resonance angle,
most of the incident light energy is transferred to the SPs.
Mathematically, it is described by Eq. (11). From Fig. 5a, it
is also clear that by increasing the concentration of SARS-
CoV-2 virus the from n,=1.334 to n,=1.355, EFIEF
decreases, which occurs due to the strong adsorption of
SARS-CoV-2 at the sensing surface of the biosensor. The
decrease in EFIEF with the concentration of SARS-CoV-2
virus occurs due to absorption of incident energy by the
SARS-CoV-2 virus. In this study, we have taken fixed
thickness of ssDNA layer and varied the concentration
of SARS-CoV-2 virus. Figure 5a—c show the variation of
EFIEF of the proposed biosensor with the refractive index of
the sensing medium in all the structures I, II, and III.
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Furthermore, sensitivity is plotted with respect to the var-
iation of thickness of ssDNA layer, i.e., surrounding materi-
als of biosensor structures in Fig. 6a. It can be observed that
the sensitivity for all the structures I, I, and III increases
with increasing the thickness of ssDNA layer in Fig. 6a. It
can also be observed that the sensitivity for Structure-III is
higher than Structure-I and Structure-II. Figure 6b displays
the detection accuracy plot with the thickness of the ssSDNA
layer for all the structures. We have also analyzed that the
detection accuracy decreases with increasing the thickness
of the ssDNA layer. Detection accuracy with thicknesses are
0, 10, 30, 40, and 50 nm of ssDNA layer. The quality param-
eter that is plotted with the thicknesses of ssDNA layer (3.2,
10, 20, 30, 40, and 50 nm) is illustrated in Fig. 6¢, where the
value of the DA and Q decreases for all the structures with
an increase in the thickness of the ssDNA layer.

Figure 7 shows variation of sensitivity and detection
accuracy with the BP layer for Structure-III. Figure 7 clearly
depicts that as we move monolayer BP layer to seven lay-
ers, the sensitivity changes from 145.25 to 315.20°/RIU,
respectively; after that, it start to decrease. Also, detection
accuracy continuously decreases with BP layer from 2.48 to
1.89 as we move monolayer to eight layers of BP.

Next, in sequence, the LOD is calculated from Eq. (12)
for all SPR structures proposed in Table 1. The LOD of
biosensor structures I, II, and I1I are 3.93x 107, 3.45x 107,
and 3.28 x 107, respectively, with respect to variation in RI
of the sensing medium from 1.334 to 1.355. The lowest LOD
is obtained for the proposed structure III due to the highest
variation in resonance angle. SPR with biosensors developed
in the literature to detect SARS-CoV-2 virus in terms of sen-
sitivity, detection accuracy, quality factor, and limit of detec-
tion. The proposed biosensor shows the smallest LOD and
highest sensitivity compared to other developed biosensors.

Conclusion

In this paper a detailed investigation of SPR biosensor in
Kretschmann configuration using Si;N,-BP layer based for
the detection of the SARS-CoV-2 virus. The BK-7 prism-Ag-
Si;N,-BP-thiol ssDNA layer-coated SPR biosensor is found
to have a superior sensitivity of 152°/RIU, compared to other
conventional structure. The performance of the proposed
biosensor is confirmed by the TMM technique. Numerically,
the proposed biosensor ensures early-stage detection, reducing
processing time and accurate results. Hence, the proposed
sensor is expected to be implemented commercially or
clinically to identify COVID-19 patients. This paper may be
definitely motivation to researchers to develop highly sensitive
SPR-based biosensors for detection of SARS-CoV-2.
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