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Abstract

A novel surface plasmon resonance-based biosensor for SARS-CoV-2 virus is proposed in this article. The biosensor is a
Kretschmann configuration-based structure that consists of CaF, prism as base, at which silver (Ag), TiO,, and MXene nanolay-
ers are used to enhance the performance. Theoretically, the performance parameters have been investigated by means of Fresnel
equations and transfer matrix method (TMM). The TiO, nanolayer not only prevents oxidation of Ag layer but also enhances
the evanescent field in its vicinity. The sensor provides an ultrahigh angular sensitivity of 346°/RIU for the detection of SARS-
CoV-2 virus. Some other performance parameters, including FWHM (full width at half maxima), detection accuracy (DA),
limit of detection (LOD), and quality factor (QF) have also been calculated for proposed SPR biosensor with their optimized
values 2.907°, 0.3439 deg™!, 1.445x 107>, and 118.99 RIU™, respectively. The obtained results designate that the proposed
surface plasmon resonance (SPR) based biosensor has notably enhanced angular sensitivity as compared to previous results
reported in the literatures till date. This work may facilitate a significant biological sample sensing device for fast and accurate

diagnosis at early stage of SARS-CoV-2 virus.
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Introduction

The emergence of novel viruses has always led to pandem-
ics and economic and social disruption, affecting health and
keeping millions of lives at risk [1, 2]. The outbreak of the
fatal coronavirus (COVID-19) caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) was a paramount
worldwide health issue. A clump of pneumonia of unknown
origin was identified in December 2019 [3], which was even-
tually declared a deadly pandemic by World Health Organiza-
tion (WHO). Normally, the concerned virus, i.e., the SARS-
CoV-2 virus, is a single-stranded RNA virus and contains
four significant proteins, which are the spike glycoprotein
(S), nucleocapsid proteins (N), membrane protein (M), and
envelope protein (E) that are being used for detection [4]. The
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spike glycoprotein (S) has two subunits, S1 and S2, among
which S1 protein tends to bind with the receptor on the surface
of target cells, i.e., ACE2 (angiotensin-converting enzyme 2)
[5, 6]. ACE2 protein is present in lung (type I also type II
alveolar epithelial cells), heart, kidney, nasal and oral mucosa,
and brain, therefore easily providing a path for the S1 virus
protein to invade the cells [4]. Eventually, causing massive
damage to the heart, kidneys, and brain. The neutralization
of these S1 virus proteins is the main concern of research and
for the invention of effective vaccines for SARS-CoV-2 virus.
The crucial detection of SARS-CoV-2 spike protein demands
a quick, appropriate, but also significantly sensitive way to
monitor. There are various conventional techniques for the
early-stage diagnosis of the concerned virus, such as the chest
computed tomography (CT) scan [7], RNA detection using
reverse transcription-polymerase chain reaction (RT-PCR)
technique [8, 9], reverse transcription loop-mediated iso-
thermal amplification (RT-LAMP) [10], and enzyme-linked
immunosorbent assay (ELISA) [7]. Clashing with the require-
ments, RT-PCR assay is quite time-consuming; it may take 4 h
to execute a single test and still has considerable probability
of false-negative results also CT scans require trained radiolo-
gists and cannot be afforded by rural hospitals; likewise, every
other technique has some distinct drawbacks.
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An emerging branch of biosensor known as the surface
plasmon resonance (SPR)-based biosensor is being rec-
ommended because of its quick, accurate, real-time map-
ping, label-free, and highly sensitive response [11]. Due to
its above properties, it is used in various fields of medical
diagnostics, biotechnology [12], and as detection technique
for novel viruses, influenza HIN1 [13], EV71 virus [14],
and formalin detection [15]. In accordance with the above
advantages, it is also involved in the identification of the
respiratory syndrome coronavirus. The electrons at the
interface of metal-dielectrics get stimulated with the help
of p-polarized light, and their collective oscillation gives
rise to phenomenon of SPR. After resonance, a sharp dip
of reflected light intensity is perceived, known as the reso-
nance curve. Among all the configurations, the Kretschmann
configuration is being considered because of its simplic-
ity and ease of experiment. The attenuated total reflection
(ATR) method, being the working principle for reflectance
curve, is prominently controlled by the angular interrogation
approach. An SPR biosensor consisting of MoSe, and gra-
phene (C) was designed for the specific detection of corona-
virus spike (S) protein by Moznuzzaman et al. [16]. Sachin
et al. reported a graphene-coated multilayer SPR-based bio-
sensor for the expeditious detection of fatal coronavirus [17].
Silicon nitride employed SPR biosensor was proposed by
Kumar et al. for the detection of same [18]. Gold nanospike
film was used to develop a sensing device for the detection
of the presence and concentration of antibodies particular to
the SARS-CoV-2 spike protein [19].

Two-dimensional nanomaterials (2D-nanomaterials) have
allured plenty of interest in recent years as a consequence of
their excellent electrooptic characteristics [20, 21] in SPR
biosensors. They offer enhanced chemical and physical
functionality owing to their ultrathin structure, high surface-
to-volume ratio, and surface changes [22]. MXene is quite
beneficial than other 2D nanomaterials because of its two
primary properties, metallic conductivity and hydrophilicity
[23]. Therefore, Ti,C,Ty is considered a favorable material
for increasing the sensitivity of a SPR biosensor. Qiong Wu
et al. reported MXene utilized SPR sensor for the ultrasen-
sitive carcinoembryonic antigen detection [24]. MXene-
employed SPR sensor for detecting the COVID virus was
proposed by Chen et al. [25] MXene-coated PCF for detec-
tion of cancer cells was also proposed by Kumar et al. [26]
Transition metal dichalcogenides (TMDCs) with configura-
tion (MX,) show unique optoelectronic properties than their
individual components. They behave like a 2D semicon-
ductor with direct bandgap lying in the visible and near IR
range. Because of this behavior, MX, has acquired interest in
SPR biosensors for biological/chemical detection [27]. TiO,
has a high light trapping capability because of which more
SPs are generated that ultimately increase the resonance
angle, leading to an enhancement in the sensitivity of the
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biosensor [16]. TiO, employed surface plasmon resonance-
based biosensors that have been reported for detection of
cancer cells [28]. Karki et al. reported a TiO,-Si0O, layers-
based biosensor for formalin detection [15].

The present paper proposes a configuration in which TiO,
and Ti;C, Ty are employed for the detection of the concerned
virus, i.e., SARS-CoV-2 virus. Configuration of structure
I is CaF, prism/Ag/TiO,/SM, that of structure-II is CaF,
prism/Ag/Ti;C,Tx/SM, and that of structure-III is CaF,
prism/Ag/TiO,Ti;C,Tx/SM. The layers of 2D nanomateri-
als and metal are deposited in accord with the Kretschmann
configuration at the base of employed coupling prism. With
the help of TMM method, the three structures are theoreti-
cally investigated. The reflectance curve for varying angles
of incidence is plotted for all three structures. Moreover,
the performance parameters, namely angular sensitivity
(S), detection accuracy (DA), fixed width at half maxima
(FWHM), quality factor (QF), and limit of detection (LOD)
are also calculated and summarized in Table 3. A compara-
tive study for various thicknesses of TiO, layer in the final
configuration is also conducted. This study may facilitate an
accurate and fast sensing device for early-stage diagnosis of
concerned coronavirus. The three proposed structures, along
with their assembling, are provided in Table 1.

Proposed Design Contribution
and Mathematical Modeling

The Proposed Sensor Configuration

A simplified illustration of the proposed SPR biosensor
with CaF,/Ag/TiO,/MXene/sensing medium configura-
tion for the detection of SARS-CoV-2 virus is conveyed
in Fig. 1. A p-polarized light from the 633 nm wave-
length source is directed in one side of the CaF, prism,
and simultaneously, at the other side of the coupling
prism, reflected light is detected. Electrons of light beam
entirely reflected at boundary produces an evanescent
wave that interacts with the plasma wave when metal
has appropriate thickness. The reflected light can be
detected with the help of detector and computer system.
Moreover, as depicted in Fig. 1, the structure is based on
Kretschmann configuration.

Table 1 Proposed structures and layer arrangement of proposed SPR
based biosensor

Respective structures Assembling of films

Structure-I CaF, prism/Ag/TiO,/SM
CaF, prism/Ag/Ti;C,Tx/SM

CaF, prism/Ag/TiO,/Ti;C,Tx/SM

Structure-II
Structure-IIT
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Fig. 1 Schematic structure of
the proposed five-layer SPR Rotary Stage
based biosensor
Source Photodetector

Layer 1: A Light Coupling Prism (CaF,) In the current article,
calcium fluoride glass prism, i.e., CaF, prism, is utilized as
a coupling substrate. In context of better rejection of angular
error, the low RI value of the CaF, prism is beneficial dur-
ing the setup [29]. On top of that, the low refractive index
substrate aids in providing maximum angular sensitivity and
great shift in reflectance curve as compared to another prism
for the proposed biosensor, as shown in Fig. 1. The RI of
CaF, is computed using the Sellmeier equation [30].

2 2 2
(nega)” = 1133973 4 DOOIIX L 011994 5 x4 | 435181 x &2
2 - (0093747 - (21187 = 22 —(38.46)

ey

Here, “A” is the wavelength of the incident light in nanometers.

Layer 2: SPR-Active Metal Silver (Ag) The second layer is the
SPR-active metal silver (Ag) layer, which can be deposited
upon the prism by thermal vapor deposition technique. In
context of providing a narrow resonance curve, Ag is better
than Au (gold) [31]. But the oxidation of Ag layer reduces
the lifetime of SPR biosensor. The complex RI value of Ag
layer can be conveyed using the well-known Drude—Lorentz
model [32],
) Ao X A2

Mag = Eag ll 24, +i/1)] @

Here, A is the collision wavelength and 4, is the plasma
wavelength of metallic layer. The numerical value of A
and A, for Ag are 1.4591 x 1077 and 1.7614 x 10> m,

respectively. A is the wavelength of the incident monochro-
matic light, i.e., A = 633 nm.

Layer 3: Titanium Dioxide Layer (TiO,) To overcome the major
issue of oxidation of Ag layer and the subsequent issue of
reduction of lifetime, a layer of titanium dioxide (TiO,) is
deposited over the Ag layer. It is a metal oxide and has good
conductivity, which does shift the functional wavelength to
the near IR region. There are some added beneficial proper-
ties such as greater electrochemical stability, non-toxicity,
less carrier concentration (nearly 1020-1022/cm?), and
resistance to corrosion mechanism that makes it suitable for
the SPR biosensor [33].

The dispersion formula calculates the RI value of TiO, at
wavelength 633 nm and is given as

1
2441x 107 ]2
n(\) = +/ero (A) = [5.913+ e X0 3)
T, 22 —0.843 x 107

Here, A is the wavelength of the incident light in A® units.

Layer 4: A Monolayer of MXene (Ti;C,T,) The layer of TiO, is
further covered by a monolayer of MXene (Ti;C,Tx). The het-
erojunction formed by TiO, and Ti;C,Tx monolayer will also
avert the possible oxidation of Ag. The optimum thickness of
Ti;C,Tx is 0.993 nm, and the complex RI value of MXene
layer is calculated by the following relation given as [34]:

Nyixene = 2.380 4+ 1.33 X i 4)
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At a wavelength of 633 nm.

The ligand layer for the sensing medium used is a thiol-
tethered ssDNA, as it has shown notable properties as a
receptor for the concerned respiratory syndrome corona-
virus [35]. Ultimately, phosphate—buffered saline (PBS)
solution is used as the sensing medium. The RI value of
the PBS solution can be expressed from the following rela-
tion given by:

Angy = 1.334 + Angy, )

Here, Ang), is the change in RI value because of ana-
lyte-ligand interaction in the sensing surface when the con-
cerned virus is added to the sensing medium. It is already
mentioned that the SARS-CoV-2 glycoprotein can dissolve
in a running buffer containing 120 mM NaCl solution and
10 nM HEPES solution [35]. A linear relation is obtained
between the RI values of HEPES and PBS when different
concentrations of HEPES were added to 120 mM of NaCl
and given as [36]

here, x is the RI of HEPES solution in mM and y is the RI
of PBS solution. In the present theoretical study, we have
taken 10 mM concentration of HEPES solution, regarding
which the RI of bare SM comes out to be 1.334 [37]. The
refractive index of each layer at 633 nm wavelength and their
optimized thickness are tabulated in Table 2.

Mathematical Modeling and Method

For determining optical properties like reflectance and trans-
mittance, TMM (transfer matrix method) has been employed.
The TMM does not need approximation, allowing it to give
highly accurate results. Owing to this advantage, in the present
work, the transfer matrix approach for the N-film design and
Fresnel equation is utilized to evaluate the reflectance of the
projected multilayer design (CaF, prism/Ag/TiO,/Ti;C,Tx/
sensing medium). The proposed layers are stacked in parallel

considered at the first layer interface and Z=Z,,_, at the last
layer interface. The tangential component of electromagnetic
field at the first and last layer boundary has a relation that is
given as [33-36]:

E, Ey_,
=Y.
[Vl ] ! [ V-1 } @
where V| and E| address the tangential element of magnetic
as well as electric fields at the first layer interface also V),_,

and E,_, addresses the same at last layer interface.
Y} is the element for which the characteristics matrix is as follows:

Y. = [Yu le] —

N-1
=Y 8
! Yy Y k=2 7k ®)

With,

cospf;

y (isinl)
= k
k —ig;sing, ©)

cospf;

Here, Y}, Y5, Y5, and Y5, represent the transfer matrix ele-
ments. k represents any arbitrary number. g, represents the
refractive indices and f, represent the phase thickness of cor-
responding layers, which are defined as

1
ﬁk = \ ]
1
. /2
(Ek -n2 sin®6)
a = [ CaF-2 ) ] (11)

Here, €, and d, is the dielectric constant and thick-
ness of the kth layer, respectively. 4, 6, and ng,p_, are the
wavelengths of incident light and incident angle of light
and refractive index of the CaF, prism, respectively. Thus,
reflectivity for p-polarized light can be given as

(Xll + XleN)Ch - (X21 +X22QN)

2
L . Rp = [r|” = (12)

to one another, and their thickness dk changes perpendicu- (X1 + X10a8)q) + (Xo1 + X00ay)
larly along the z-axis. The boundary conditions Z=Z, =0 is
Tab'le 2 The'RI also the . Material layer Optimized Refractive index Dielectric constant References
optimized thickness of different used thickness
layers of proposed biosensor

MXene 0.993 2.3841.33% 3.8955+6.3308*i [34]

TiO, 7 2.5837 6.6755 [15]

Ag 45 0.056253 +i*4.2760 —18.2810+0.4811%*; [38]

CaF, - 1.4329 - [32]
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Experimental Feasibility

The steps of experimental feasibility have been shown in
Fig. 2. The proposed SPR sensor consists of multilayer struc-
ture based on Kretschmann configuration. These multilayer
layers are stacked y physical vapor deposition (PVD), liquid
exfoliation (LE), and chemical vapor deposition (CVD) tech-
niques. After that, a sensing medium has also been fixed at
which the biomolecules interact with the device.

Performance Parameters

The performance characterization of any surface plasmon
resonance-based biosensor is basically contingent on some
factors, which are sensitivity (S), full width at half maxima
(FWHM), quality factor (QF), detection accuracy (DA), and
limit of detection (LOD). To obtain a biosensor with better
performance, higher values of the performance parameters
are favored, except those of the FWHM and LOD. Also, the
QF and the DA (the SNR) obtain a favored high value at the
lower value of FWHM [38-40].

Sensitivity (S) The key parameter of SPR biosensor is sen-
sitivity, which is defined as the ratio of the corresponding
change in the resonance angle (A@,.,) with the variation in
the refractive index (An) of the medium. It is mathemati-
cally defined as.

A0,
S=[— 13
(=, 13)
Usually expressed in the unit (°/RIU).
Fig.2 Experimental feasibility
of proposed SPR sensor
PVD

Technique

Ag layer deposition \
\

o SRR

Full Width at Half Maxima (FWHM) 1t is certainly a major
parameter because most of the other performance param-
eters are calculated using FWHM. It determines the width of
the reflectance curve at half of the curve and is defined as.

FWHM = %(emax + emin) (14)

Usually expressed in the unit (deg).

Detection Accuracy (DA) The DA, or signal-to-noise ratio
(SNR), of the biosensor can be expressed as the inverse of
FWHM.

1
FWHM

DA = ] s)

Usually expressed in the unit (deg™").

Quality Factor (QF) One of the important performance
parameters of SPR biosensors is the quality factor, also
known as the figure of merit (FOM). It is defined as the
ratio of S and FWHM, which is mathematically given as

S

F = S wvaM

] (16)
Usually expressed in the unit (RTU™!).

Limit of Detection (LOD) The concentration of biomolecules
(analyte) in sensing medium is measured quantitatively by
LOD and is mathematically defined as.

LOD = [-2"

% 0.005] (17)

res

\CaF 5 Prism

\

CVD Technique

MXene layer deposition
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Electric Field Intensity Enhancement Factor (EFIEF) Parameter
EFIEF is mathematically defined as the ratio of square of
electric field at the last layer interface to electric field at the
first layer interface. It is also calculated by the mathematical
expression given as

2

EN
EFIEF = w
E('/,)
Voo > €
EFIEF= S | Y&/4-b = SLp (18)
exl V(/2) en

Here, t being the transmission coefficient and €, and €y
being the dielectric constants.

At the resonance angle, the phase change can be calcu-
lated by the given relation

O = arg(r)

and

img r
r=tan™' £
real r

19)

Results and Discussion

At the desired resonance condition, a steep dip is per-
ceived in the SPR curve. Any adsorption of any biomol-
ecules on the sensing layer leads to a variation in the RI of
the sensing layer, simultaneously leading to the detection
of a significant SPR angle shift.

Selection of CaF, Prism and Optimization of Ag
Layer Thickness

A coupling prism is one of the most important components of a
SPR biosensor, as it provides proper synchronization between
the surface plasmon wave vector and available tangent compo-
nent of the wave vector of the incidence light. There are several
options for coupling prisms that are being used recently for
SPR biosensing. A comparative study for structure-III (CaF,
Prism/Ag/TiO,/Ti;C,Tx/SM) is done for the selection of most
optimal prism between CaF, (calcium fluoride), BK7 (boro-
silicate), BAK1 (barium crown), and FK51 (fluorine crown).
Considering, n; =1.350, n,=1.355, with An,=0.005, sensitiv-
ity is calculated for each prism and conveyed in Fig. 3.
Cadmium fluoride glass prism (CaF,) is considered the
coupling prism of the proposed biosensor, as seen in Fig. 3,
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because CaF, offers low RI coupling medium and yields
maximum angular sensitivity and wide shift in reflectivity
as compared to any other prism for the proposed biosensor.
An optimal optimization of the used metallic layer is also
needed to obtain a near-to-ideal reflectance minimum, i.e.,
the reflectance minimum must be close to zero. The opti-
mization of Ag layer on considered CaF, prism is depicted
in Fig. 4.

Considering ny=1.334 different thickness of Ag (t,,) is
considered for the reflectance analysis as depicted in Fig. 4.
It clearly depicts that minimum reflectance 1.22x 1072 is
obtained at thickness 75, =45 nm for structure-III CaF,
Prism/Ag/TiO,/Ti;C,Tx/SM.

The sensing medium here employed is a phosphate-buff-
ered saline (PBS) solution in which the concerned SARS-
CoV-2 virus is present. PBS is a water-based salt solution
containing disodium hydrogen phosphate, sodium chloride,
and in some formulation, potassium chloride and potassium
dihydrogen phosphate. The RI of running buffer can be cal-
culated as when certain concentration of 4-(2-hydroxyethyl)-
1-piperazine ethane sulfonic acid (HEPES) solution is added
into 120 mM sodium chloride (NaCl) solution, a consider-
able relation between RI of HEPES concentration and run-
ning buffer is seen. It is noteworthy that the SARS-CoV-2
glycoprotein easily dissolves in a running buffer containing
120 mM NacCl solution and 10 mM HEPES solution. Suc-
ceeding the introduction of the virus in the PBS solution,
the RI of the later shifts from 1.334 to 1.355. Four different
concentration values are considered varying from 0 mM,
275 mM, 400 mM, and 525 mM mixing in buffer solution.
The RI subsequently ranges from 1.334 to 1.355. In context
to this incidence, angle versus reflectance curve is analyzed
for n; =1.334, n,=1.345, n;=1.350, n,=1.355, and an

350 o (1.4329)

== Sensitivity (RI)

300+

250

200+

(1.4866)

150 \

Sensitivity (in deg/RIU)

(1.515)
° (1.5725)

100« °

50

T T T T
CaF-2 FKS51A BK7 BAK1

Various Prism

Fig.3 Sensitivity versus RI plot for numerous prisms for final struc-
ture
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Fig.4 Variation of reflectance with incidence angle considering vari-
ous thicknesses of Ag layer utilized in the proposed SPR biosensor

additional ns=1.360. Considering An,=0.005, three pro-
posed structures for bio-sensing purpose are indicated with
their various performance parameters in Table 3.

In structure-I (CaF, prism/Ag/TiO,/SM), in bare PBS
solution of RI value 1.334, the minimum reflectance is
1.874 x 107" with a resonance angle of 78.79°. The reso-
nance angle shifts toward a higher resonance angle after the
addition of SARS-CoV-2 solution in the sensing layer with
minimum reflectance of 1.012x 10! and resonance angle of
84.13°. Angular sensitivity is calculated between n;=1.350
and n,=1.355 with An,=0.005. The angular sensitivity
obtained is 320°/RIU with FWHM 1.6470° with respect to
structure-1, the SPR curve is shown in Fig. 5a. Other param-
eters such as DA, QF, and LOD are 0.6072 deg‘l, 194.2926
RIU~!, and 1.563x 1072, respectively.

In structure-II (CaF, prism/Ag/Ti;C,Tx/SM), the reso-
nance angle shifts toward a higher resonance angle with reso-
nance angle of 77.47° and minimum reflectance 1.433 X 1073,
after the concerned virus solution is added in sensing layer.
The performance parameters for this structure are calculated
between RI n;=1.350 and RI n,=1.355 with An,=0.005, as
shown in Fig. 5b. The required angular sensitivity is 178°/RIU
with FWHM of 1.4671°. Other performance parameters such
as DA, QF, and LOD are 0.6816 deg™!, 121.3277 RIU™!, and
2.809x 107>, respectively.

Proceeding to structure-III (CaF, prism/Ag/TiO,/
Ti;C,Tx/SM), which is the final structure, to improve the
performance parameters to a much greater extent, Ti;C,Tx
layer is deposited over the TiO, layer. The resonance angle
shifts toward a higher resonance angle with minimum
reflectance 1.396 x 10™! and resonance angle of 85.70°
after the concerned virus solution is added in sensing
layer. The reflectance curve for the respective configura-
tion is shown in Fig. 5c. Angular sensitivity is calculated
between n;=1.350 and n,=1.355 with An,=0.005, which
is obtained to be 346°/RIU with FWHM 2.9077°. Other per-
formance parameters such as QF, DA, and LOD are 118.99
RIU™, 0.3439 deg_l, and 1.445x 107>, respectively. Nota-
bly, it can be perceived that the hybrid structure-III shows
much better angular sensitivity and favorable other per-
formance parameters as compared to other structures. The
amalgamation of TiO, and Ti;C,Tx is responsible for the
angular sensitivity enhancement.

Comparative Study for Various Thickness of TiO,

The thickness of TiO, layer plays a major role in improv-
ing the sensitivity and other performance of the proposed
SPR biosensor. In the final configuration, i.e., in structure-
IIT the thickness of TiO, has been varied from 1 to 8 nm.
Additionally, the performance parameters such as S, QF,
FWHM, DA, and LOD were also computed for all con-
figurations, which is briefly summarized in Table 4. It
can be easily noted that at 7 nm thickness of TiO, in final
configuration, maximum angular sensitivity 346°/RIU was
obtained with FWHM 2.90773° and a minimum LOD of
1.445x 1073 were obtained and other performance param-
eters such as DA and QF were 0.3439 deg™! and 118.99
RIU™! were also obtained, respectively. This indicates that
the 7 nm thickness of TiO, is favorable to enhance the
angular sensitivity of the biosensor for the detection of the
concerned virus as shown in Fig. 6a.

From Table 4, it can be observed that the LOD decreases
as the thickness of TiO, layer is increased to 7 nm. At 7 nm,
a minimum LOD 1.445x 107> is obtained, which further
starts increasing with the increase in the respective thick-
ness. Figure 6b summarizes the variation of FWHM and DA
with context to the variation of TiO, layer thickness.

Furthermore, angular sensitivity with the variation
in number of layers of Ti;C,Tx is also calculated and

Table 3 Comparative study of Structures Sensitivity =~ FWHM (deg) DA (deg™)  QF (RIU™Y)  LOD (unitless)

proposed sensors for.RI cha'nge (deg RIU™Y)

from 1.350 to 1.355 in sensing

medium Structure-1 320 1.6470 0.6072 194.2926 1.563x107°
Structure-1I 178 1.4671 0.6816 121.3277 2.809% 107
Structure-III 346 2.9077 0.3439 118.9943 1.445%107°

@ Springer



1484 Plasmonics (2023) 18:1477-1488
1.0 1.0
0.8+ (a) 0.8
2 0.6+ E 0.6
] Ag=45nm S
é.j TiO,=7nm !q;; Ag=45nm
L (0.4 with Sensing Medium S 04+ Mxene=0.993nm
[~2 f—n =1.334 =3 with Sensing Medium
n=1. 1 =1.334
= =1.345 e, =1.345
0.2+ f=n,=1.350 0.2+ e 11 =1.350
o 1 =1.355 o 1 =1.355
e 1,=1.360 e 1 =1.360
0.0 T T T T T 0.0 1 T T T T
60 65 70 75 80 85 90 60 65 70 75 80 85 90

Incidence Angle (in degree)

Incidence Angle (in degree)

1.0
084 (¢)
gé 0.64 Ag=45nm
g TiOy=7nm
= MXene=0.993nm
;2 0.4+ with Sensing Medium
11 =1.334
e 1 =1.345
0.2 1, =1.350
e, =1.355
e 1 =1.360
0.0 T T T
60 65 70 75 80 85 90

Incidence Angle (in degree)

Fig.5 a—c Variation of reflectance with incidence angle for structure-I, II, and III

summarized in Fig. 6c¢ for the final structure (CaF, prism-
Ag-TiO,-Ti;C,Tx-SM). It can be observed that the angular
sensitivity for the proposed biosensor for the concerned
virus decreases with the increase in number of layers of

Table 4 Comparative study of
parameters for various thickness
of TiO, for final structure

@ Springer

MXene. Maximum sensitivity, i.e., 346°/RIU, is observed
for monolayer of MXene. In accordance with this, a mon-
olayer of MXene is employed in the proposed biosensor for
selective detection.

Thickness Sensitivity (dleg FWHM (deg) Detection accuracy Quality factor ~ LOD (unitless)
RIU7Y) (deg™ (RIUY
1 nm 186 1.64115 0.6093 113.34 2.688x107°
2 nm 198 1.71604 0.5827 115.38 2.525%107°
3 nm 212 1.86625 0.5358 113.59 2.358x107°
4 nm 232 2.0469 0.4885 113.34 2.155%107°
5 nm 258 2.25867 0.4427 114.23 1.937%x107°
6 nm 296 2.51858 0.3970 117.53 1.689%x107°
7 nm 346 2.90773 0.3439 118.99 1.445%107°
8 nm 208 4.18486 0.2389 49.70 2.403%x107°
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To validate our structure and results, the phase inter-
rogation method has been utilized, which is defined math-
ematically in (19). The phase change vs the angle of inci-
dent for the proposed final structure, i.e., (CaF, prism/Ag/
TiO,/Ti;C,Tx/SM) has been examined as shown in Fig. 7.
It has been observed that at the same corresponding reso-
nance angle, there is an abrupt phase change for the vari-
ous values of refractive index of sensing medium, from
n,;=1.334to ns=1.360. Figure 6 also shows how the posi-
tion of phase change is sensitive to any change in refractive
index, otherwise to the change in the concentration of the
analyte. The position of the corresponding phase change is
seen shifting toward the higher incident angle side with the
increase of the concentration of SARS-CoV-2 virus, which
happens because of the damping of surface plasmons in
the structure.

3.0
—1.334
259 e 1,345
1,350 \~
o 204 =—1.355
2 s 1,360
1)
3
= 1.5+
2
£ 104
£ L
0.5+
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60 65 70 75 80 85 920

Incidence Angle (in degree)

Fig. 7 Phase shift vs incidence angle plot for final structure
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EFIEF
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Fig.8 EFIEF vs incidence angle plot for final structure

In addition to this, the variation of electric field intensity
enhancement factor (EFIEF) with the change in the concen-
tration of SARS-CoV-2 virus, for the final structure, is also
analyzed. The EFIEF is a major performance parameter of
the SPR-based biosensor and can be mathematically calcu-
lated from Eq. (18). The EFIEF defines the effectiveness
with which the electric field is confined in SM in contrast
to the metal—dielectric interface. At resonance angles for the
final structure, the corresponding field peak height is clearly
displayed in Fig. 8. Therefore, confirming that most of the
incident light energy is transferred to the surface plasmons
at resonance angle, resulting in their excitation. Additionally,
it is also observed that with the increment in the concen-
tration of the analyte, resulting in the variation of RI from
n;=1.334 to ns=1.360, there is a decrease in EFIEF. This
mainly occurs due to the increasingly strong absorption of
the incident light energy by the analyte.

Conclusion

In the present work, for the selective early-stage diagnosis
of SARS-CoV-2 virus, a comprehensive investigation of a
highly sensitive SPR-based biosensor has been conducted.
The biosensor employs a low-RI, CaF, prism, a SPR-active
metal Ag, TiO,, and MXene. Initially, optimization of the
thickness of Ag layer was conducted to obtain minimum
reflectivity at resonance condition. After tuning the thickness
of TiO, layer and number of MXene layers, maximum
angular sensitivity was obtained. The structure-I and
structure-II show a sensitivity of 320°/RIU and 178°/RIU
but the hybrid structure-III shows a maximum sensitivity
of 346°/RIU. The reason is that more SPs are generated

@ Springer

because of the high light-trapping ability of TiO, which
eventually increases the resonance angle. For analyzing the
performance parameters, a minimum An,=0.005 has been
taken, confirmed by the TMM technique. As a result, it is
concluded that this work may facilitate a significant sensing
device for accuracy along with the fast early-stage diagnosis
of SARS-CoV-2 virus and may be implemented to identify
COVID-19 patients on time.
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