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Abstract

Coronavirus disease (COVID-19) is a worldwide health emergency caused by the coronavirus 2 (severe acute respiratory
illness) (SARS-CoV-2). COVID-19 has a wide range of symptoms, making a definitive diagnosis difficult. The shortage
of equipment for testing technology COVID-19 has resulted in long queues for COVID-19 testing, which is a major prob-
lem. COVID-19 testing is currently performed using sluggish and costly technology like single-photon emission computed
tomography (SPECT), computed tomography (CT), positron emission tomography (PET), and enzyme-linked immunosorbent
assay (ELISA). The gold standard test for diagnosing COVID-19 is real-time reverse transcriptase-polymerase chain reac-
tion (RT-PCR), which necessitates highly skilled workers and has a lengthy turnaround time. However, rapid and affordable
immunodiagnostic techniques (antigen or antibody tests) are also available with some trade off accuracy. Optical sensors
are frequently employed in a variety of applications, because of their increased sensitivity, strong selectivity, rapid reaction
times, and outstanding resolution. The use of photonic crystal fibre (PCF) is advantageous for the quick detection of the new
coronavirus and is suggested with the use of a PCF-based (Au/BaTiO3/graphene) multilayered surface plasmon resonance
(SPR) biosensor. The proposed sensor can quickly detect the COVID-19 virus in two different ligand-analyte environments:
(i) the virus spike receptor-binding domain (RBD) as an analyte and monoclonal antibodies (mAbs) as a probe ligand, and
(ii) monoclonal antibodies (IgG or I[gM) as an analyte and the virus spike RBD as a probe ligand. The finite element method
(FEM) is used to quantitatively examine the performance of the PCF-based multilayered SPR sensor.

Keywords Photonic crystal fibre - Surface plasmon resonance - SPR sensors - Finite element method - Coronavirus
detection

Introduction (COVID-19) outbreak a Public Health Emergency of Inter-

national Concern, and on 11 March 2020, it was declared a

Severe acute respiratory syndrome coronavirus-2 causes
COVID-19, a contagious illness (SARS-CoV-2). COVID-
19 was initially discovered in Wuhan, China, in 2019,
and the disease quickly spread over the world resulting in
the COVID-19 pandemic [1, 2]. On 30 January 2020, the
World Health Organization labelled the novel coronavirus
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global pandemic [3]. Millions of people have been afflicted,
many have died, and the economies of many nations have
come to a standstill since the COVID-19 outbreak in Wuhan
in early December 2019 [4].

Viruses can be transmitted by inhaling, through aerosol
particles, and direct contact with abiotic surfaces. SARS-
CoV-2 has been discovered in faeces samples, and also there
is an evidence of viral transmission via faeces. The rate of
transmission of SARS-CoV-2 is greater than that of the
coronavirus causing the severe acute respiratory syndrome
(SARS) and the Middle East respiratory syndrome (MERS)
in 2002 and 2012, respectively. Up to 12 May 2022, there
have been more than 519,396,816 confirmed COVID-19
cases globally, with 6,283,131 associated deaths. SARS-
CoV-2 virus proliferates rapidly in body tissues and induces
the immune system. The World Health Organization has
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advised scientists to conduct a large number of diagnostic
tests in order to stop the virus from spreading. The testing is
a crucial tool for understanding the outbreak’s epidemiology.
Fast diagnostic testing is critical for making timely decisions
on how to treat and isolate affected individuals, which can
help to reduce the spread of infectious illness [5].

The RNA genome of SARS-CoV-2 virus is positive, which
expresses open reading frames (ORF) coding for structural
and non-structural proteins. Spike protein (S), nucleocapsid
protein (N), membrane protein (M), and envelope protein (E)
come among the structural proteins of SARS-CoV-2. S pro-
tein’s S, subunit enhances angiotensin converting enzyme-2
mediated viral attachment whereas S, subunit aids in fusion
of membrane. The N terminal domain (NTD) and the C ter-
minal domain (CTD) in the N protein are involved in the
entrance of virus and post entry processing. Nucleocapsid
formation is aided by CTD. The E protein’s NTD and CTD
interact to form viroporins, which are necessary for assem-
bly of viruses. The NTD and CTD of M protein encourage
the spikes integration, and its interaction with E protein aids
virion formation. COVID-19 tests are divided into three cat-
egories. The genetic material of the coronavirus is detected
via molecular testing (also known as PCR tests). Coronavirus
proteins are detected via antigen testing and the antibody
testing looks for antibodies that your immune system made
in response to a past COVID-19 infection. Antibody testing
cannot be utilised to determine whether or not a COVID-19
infection is active. In the reverse transcription-polymerase
chain reaction (RT-PCR) technique, the outcome takes
almost 1-3 days (real-time test 4 h). The RT-PCR is the gold
standard for detecting viral infections like COVID-19 and
Ebola. It is a laboratory test that amplifies a small amount of
genetic material from a pathogen, such as RNA, from a virus.
The extraction of RNA from a virus in the RT-PCR method is
a time-consuming and laborious procedure [4, 6]. Although it
is very accurate, this lab test necessitates highly skilled work-
ers and has a lengthy turnaround time. However, rapid and
affordable immunodiagnostic techniques (antigen or antibody
tests) are available; they are not as accurate as the RT-PCR
test but these biosensors have the potential to be a viable
alternative to these fast point of care (POC) diagnostics [7].

Biosensors are analytical devices that combine biological
recognition molecules like enzymes, antibodies, or nucleic
acids with a transducer that converts the changes in the bio-
sensing element to an electrical signal. Furthermore, this
signal may be amplified to process the electrical signal and
digitise the output. Biosensors are well-known for their use
in medical diagnosis, environmental monitoring, food, water,
and agricultural product processing [7]. There are four types
of biosensors, depending on the technology used: optical
biosensors, electrochemical biosensors, piezoelectric biosen-
sors, and thermal biosensors. Optical biosensors were used
to MERS virus with recognition element spike protein S, [8].
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Surface plasmon resonance (SPR) is a phenomena gener-
ated by incident electro-magnetic waves causing free elec-
tron oscillation on metal-dielectric interface [9]. Due to their
high sensitivity in detecting diverse biological and chemical
components, the SPR fibre sensors have become a popular
research area in recent years. They have a wide range of
applications in biomedical and life security domains. The
SPR is a widely used technique for studying protein-protein
interactions in quantitative detail, as well as determining
their equilibrium and kinetic parameters. Also, SPR is an
effective tool for investigating protein-protein interactions
in real time without using labels. The immobilisation of a
ligand on the surface of a sensor chip linked to a gold surface
is used in SPR-based binding approach. The desired ligand
is immobilised on the surface of sensor chip enabling varied
concentrations of analyte to flow across it and describe their
interactions with the immobilised ligand. The evanescent
wave generated due to total internal reflection (TIR) spreads
across the metal layer at metal and dielectric medium inter-
face excites the surface plasmon wave. The SPR signal is
generated by changes in the refractive index at the gold
sensor chip surface providing a change in response which
can be detected when the mass associated with a binding
event induces a corresponding rise in the refractive index.
When the analyte flow in a microfluidic channel attaches
to the immobilised ligand and rises in density at the sensor
chip, these changes are recorded as variations in the reso-
nance angle of refracted light. When the angle is reached to
a definite value (resonance), the majority of the light gets
transformed in SPW energy, which results in a substantial
decrease in energy of the reflected light and the occurrence
of reflection spectrum’s resonance peak. At this point, the
wavelength which is incident is referred to as SPR resonance
wavelength. Resonance units (RU) are used to measure the
response signal, which indicates a change in the resonance
angle. A sensorgram is a plot of the binding response (RU)
vs time that allows distinct stages of a binding event to be
viewed and analysed by monitoring the change in the SPR
signal over time [10].

Photonic crystal fibres are structures which are circular
in shape and those are made of silica and have uniform and
intermittent array of air gaps which are spread along the
complete length and have a missing air opening at the centre.
In customary PCFs, the light has been directed in its centre
and is conceivable which is a result of defect centre and
the air-openings in the cladding. Since the refractive index
is kept higher of the centre than the cladding, the light is
propagated through the centre by TIR (total internal reflec-
tion) in a similar like in any ordinary optical fibre [11, 12].

SPR is a promising optical method with sensing applica-
tions in a variety of industries, prism was initially used to
induce surface plasmons [10]. Optical fibre has substituted sen-
sors based on prism because of prism’s large size and inability



Plasmonics (2023) 18:577-585

579

to be used as remote sensing. Various research investigations
in SPR-based optical fibre sensors have been conducted due
to the benefits of optical fibre over prism [13]. Two major
obstacles in constructing the fibre optic-based SPR sensor are
phase matching between plasmonic mode and core mode, as
well as packaging a microfluidics setup with waveguide and a
metallic layer into a sensor, and using PCF-based SPR sensors,
these issues can be solved [14, 15]. It is difficult to deposit
metallic layers inside the fibre; D-shape fibres are introduced
with deposition of metallic layer on D-shape [16—-18].

In ref. [19], a multi-layered comprising of
BK7,WS2,Au,BaTiO3 and graphene-based surface plas-
mon resonance (SPR) biosensor is presented for the early
COVID-19 diagnosis. The interaction of different concen-
tration of ligand and analytes changes the sensor’s surface
plasmon polaritons (SPPs) and the detecting area RI. The
suggested sensor can quickly detect the SARS-CoV-2 ligand-
analyte interactions in two ways: (a) the SARS-CoV-2 spike
receptor-binding domain (RBD) is selected as an analyte and
IgG or IgM is chosen as a probe ligand (b) mAbs (IgG/IgM)
is selected as an analyte and the receptor binding domain is
chosen as a ligand. The suggested sensor is unique in that it
has great angular sensitivity and can detect the coronavirus
virus quickly without producing a false-positive result. In ref.
[20], a reference SPR analytical system which is home devel-
oped is presented, through which the effective coronavirus
antigens detection was calculated using a fixed angle measure-
ment mode with Protein A to achieve a greater sensitivity. The
SPR system’s performance has been enhanced by employing
a reference region to prevent the refractivity inference of vari-
ous solutions, and even to remove disruptions caused by non-
specific absorptions. As a result, the reference SPR analyti-
cal system, which was developed in-house, has the potential
to execute clinic diagnostics by immediately detecting crude
patient samples without the need for pretreatment.

COVID-19 testing is currently performed using slug-
gish and costly technology. Techniques like enzyme-linked

Fig. 1 D-shape photonic crystal
fibre—based surface plasmon
resonance biosensor

immunosorbent assay (ELISA), positron emission tomogra-
phy (PET), and computed tomography (CT) are just a few
examples of costly and time-consuming procedures that
require well-trained personnel to perform. As previously dis-
cussed, the advantages of PCF over optical fibre and prism,
therefore in this paper we proposed D-shape photonic crystal
fibre—based SPR sensor for rapid coronavirus detection. The
performance of the proposed sensor has been statistically
evaluated using a variety of ligand- analytes, including anti-
bodies-spike protein and spike protein-anti-spike protein. The
simulation results are examined with COMSOL-multiphys-
ics software. The finite element technique (FEM) is used to
quantitatively examine the performance of proposed sensor.

The main objective of this paper is to propose a multi-
layer coated surface plasmon resonance PCF sensor for early
detection of COVID-19. This multilayer sensor might assist
minimise long detection procedures, clinical expenditures,
and false-positive findings.

Proposed Sensors

In the proposed structure shown in Fig 1, the cladding con-
tains two hexagon-shaped air-hole rings, and a small air hole
in the middle. The central air hole is used for reducing the
RI of the core mode, allowing for better phase matching
between core and plasmonic modes [14]. For propagation
of the core mode inside the fibre, two air hole rings are
added. Diameter of the holes present inside the 2nd layer
is somewhat larger than the hole’s diameter in the 1st layer
in order to reduce the refractive index of the cladding even
further and improve core mode propagation. The ratio for
air hole’s diameter to hole-hole spacing of the air holes is
determined for all of these designs such that confinement
loss is increased and core mode propagation is maintained.
The designed structure is built of silica, and all of the holes
are filled with air. The following are the numerical values of
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parameters: hole to hole spacing p = 1.9um, RI of air holes
n,, = 1.0, diameter of the centre air hole d, = 0.25p, inner
layer’s air holes diameter d; = 0.4p, outer layer’s air holes
diameter d, = 0.45p, and thickness of gold plasmonic metal
layer t = 40nm [17]. The thickness of perfectly matched
layer (PML) is employed as 0.9p.

Gold nanomaterials having visible plasmon absorption
cause their attractive and suitable applications in enhanced
surface plasmon resonance (SPR) biosensors and optical
sensing. In addition to that, a monolayer of barium titanate
(BaTiO3) of thickness Snm with RI of 2.4043 is used [21].
The dielectric characteristics of BaTiO3 increase the value of
the refractive index with a little loss of electrons. As a result,
BaTiO3 may produce a larger surface plasmon resonance
wavelength changes with smaller refractive index change in
the sensing medium. Furthermore, being a 2-dimensional
substance, graphene improves sensitivity of the suggested
sensor by ensuring good contact with the biological sample
molecules because of its hexagonal shape ordered structure
of carbon atoms. The graphene layer improves the interaction
between the probe and the ligand. N graphene layers are pre-
sent with each individual layer which is 0.34nm thick; overall
graphene layer thickness is 0.34N. The following equation can
be used to calculate graphene’s refractive index.

n=3+i%C % Ai/3. (1)

where C, = 5.446um™! and 4 is the wavelength of the vac-
uum. Five graphene layers are considered for optimization
because the electronic characteristics of graphene alter as the
no. of layers of graphene exceeds five. Single-layer graphene’s
electronic bands divide, and its infrared conductivity spectra
converge on bulk graphite’s behaviour [22, 23]. To fabricate
this sensor, PCF can be fabricated by using stack and draw
process [24] and different metals can be deposited inside the
PCF by using the high-pressure CVD technique [25].

To identify the new coronavirus, the samples are taken of
human blood or SARS-CoV-2 virus from nasopharyngeal
swabs that contain monoclonal antibodies (IgG/IgM). As soon
as possible after collecting the samples, they must be put in
the viral transport medium (VITM) kit. A coronavirus 2 spike
or monoclonal antibodies (IgG/IgM) can flow over the sensor

surface as an analyte with phosphate-buffered saline (PBS).
The suggested sensor can detect the SARS-CoV-2 in two ways:
(a) the SARS-CoV-2 spike receptor-binding domain (RBD)
is selected as an analyte and IgG or IgM is chosen as a probe
ligand and (b) mAbs (IgG/IgM) is selected as an analyte and the
receptor binding domain is chosen as a ligand. The probe ligand
is bound on the layer of graphene in the sensing area through
1-pyrene-butyric acid n-hydroxy-succinimide ester (PBASE).
In addition, due to the interaction of ligand-analyte binding,
the refractive index of the sensing area is gradually rising. To
realise the interaction mechanism of the SARS-CoV-2 spike
RBD, arate constant distribution (RCD) algorithm with AIDA
was established in references [26, 27]. The real experimental
interaction mechanism of SARS-CoV-2 spike RBD with human
ACE2 is the same or almost similar to the algorithm [26]. The
affinity constant (KD), association (ka), and dissociation (kd)
rate constants are varied due to variation in ligands and analyte.
Therefore, the rate constants value at the different concentration
levels (concentration of 1.95 to 62.5 nM) of virus spike RBD is
followed, as described in references [26-29]. The sensing region
refractive index can be determined by the following equation:

nana/yte = Npps + Ca(én/(sc) (2)
where ¢4, 18 the concentration of of the target analyte,
npgs 18 the concentration of the PBS solution with a RI of
1.3348, and 6n/6c = 0.181cm? /gm is the rate of change of
RI modification in RI concentration. Furthermore, due to the
interaction of the binding, Table 1 demonstrates that the RI
steadily increases as the concentration increases [26—28, 30].

The experimental setup to detect the COVID-19 is shown
in Fig. 2

Simulation, Results, and Discussion

The proposed sensor is simulated with the COMSOL mul-
tiphysics software with FEM method for x-polarised mode.
The core mode and plasmonic mode of the sensor are ana-
lysed in 0.4 to 0.9 um wavelength range. The monoclonal
antibodies IgG/IgM must be immobilised on surface of
graphene using PBASE to find the coronavirus-2 as ligand.

Table 1 RI of various

. L. SARC-CoV-2 spike with PBS Change in RI of SARC-  Concentration IgG with ~ Change in
concentrations for anti-spike’s (500nM) solution concentration CoV-2RBD solution  PBS (500nM) solution ~ RI of IgG
protein (.IgG-HOH) and (nM) solution
coronavirus 2 spike RBD

0 0.00 0 0.00
1.953125 0.0023 1.74 0.0021
3.9065 0.0046 3.47 0.0043
7.8125 0.0069 6.94 0.0066
15.525 0.0093 139 0.0089
31.25 0.0117 21.8 0.0112
62.5 0.0143 - -
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Fig.2 Experimental setup to detect COVID-19 virus

Later, as an analyte, the binding interactions of ligand and
the analyte change the RI in the used sensing medium.
The refractive index of the sensing layer is calculated as
n, = 1.3348 4+ An in the simulation, where RI of phosphate-
buffered saline PBS (pH-7.4) is 1.3348, and An represents
the variation in various binding concentrations of ligand
and analyte in the sensing area. To solve the changing An
and realise the coronavirus-2 viral spike RBD interaction
mechanism, the rate-constant distribution (RCD) method
with the adaptive interaction distribution algorithm (AIDA)
is applied [19, 26-28]. The confinement loss (CL) of the
PCF can be calculated as [31]:

a(dB/cm) = 8.686 x 27”1m(neﬁ) x 10°, 3)

where Im(n,;) is imaginary part of mode index for operating
wavelength A(um). The performances of SPR sensors are
characterised amplitude sensitivity, wavelength sensitivity
(S,), and resolution (R), which are defined as [14]:

S,(nm/RIU) = ACL,/An, x CL, @)

Fig.3 Energy distribution of

OSA

Fiber port\/

Sy(nm/RIU) = A4,/ An,, ®

R(RIU) = An, X A/lmin/A/lpeak, (6)
where ACL is the difference in confinement loss peak ampli-
tude. A4, is the shift in the resonant peak for An, change in
refractive index of analyte.

For the PBS solution, the phase of core mode and plas-
monic mode match at 0.709 um wavelength and thus the
confinement loss maximises in the vicinity of this wave-
length. Core mode, plasmonic mode, and phase matching
are shown in Figs. 3, 4, and 5.

The confinement loss variation for RBD as an analyte is
shown in Fig. 6 and peak values and their differences for dif-
ferent concentration of RBD analyte are shown in Table 2.
The minimum threshold values of wavelength and CL for
COVID detection will be (0 to 1.953125nM) 0.005um and
3.1955dB/cm. So for the greater values of both wavelength
and CL from threshold values, the sample will be COVID
positive if both values are lesser then threshold then COVID
negative and in other cases we have to try again. Similarly for
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Tgble 2 Sensing parameter at SARS-Cov-2 RBD concentration ~ SPR wavelength Maximum Change in Change in
different SARS-CoV-2 virus

. (ConRBD) with PBS (500 nM) confinement loss SPR peaks confinement
spike RBD as an analyte loss
0 0.72 99.6702 Ref Ref
1.953125 0.725 102.8657 0.005 3.1955
3.9065 0.73 106.013 0.010 6.3428
7.8125 0.74 109.3452 0.02 9.675
15.525 0.745 112.8679 0.025 13.1977
31.25 0.755 116.3131 0.035 16.6429
62.5 0.76 119.9499 0.04 20.2797
Fig.4 Energy distribution
of plasmonic mode at phase Effective mode index=1.4422-0.011898i Surface: Electric field norm (V/m) 2
matching of core mode and x107° T T T T T T T
plasmonic mode m L
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Fig.6 Confinement loss
variations of SPR-based sensor
during the immobilisation of
various SARS-CoV-2 virus
spike RBD concentrations of
1.953125 to 62.5 nM

Table 3 Sensing parameter at
different concentrations (0 to
27.8 nM) of anti-spike protein
(IgG-HO14) as an analyte

Fig.7 Confinement loss
variations of SPR-based sensor
during the immobilisation of
different concentrations (1.74 to
27.8 nM) of anti-spike protein
(IgG-HO014)

140 T T T
§120 L —IgG-Spike RBD(0nM) J
o —IgG-Spike RBD(1.953125nM)
0100 . -
o IgG-Spike RBD(3.90625nM)
n
é’ 80 —IgG-Spike RBD(7.8125nM) .
;C: 60k —lgG-Spike RBD(15.525nM) |
g IgG-Spike RBD(31.25nM)
c L N
= 40 —IgG-Spike RBD(62.5nM)
@]
O 20 - -
0 | 1 | 1 | 1 1 | 1
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Wavelenght(xm)
IgG concentration with ~ SPR wavelength Maximum Change in SPR Change in
PBS (500 nM) confinement loss peaks confinement
loss
0 0.72 99.6702 Ref Ref
1.74 0.725 102.5929 0.005 2.9227
3.47 0.73 105.6659 0.010 5.9957
6.94 0.74 108.8022 0.02 9.132
13.9 0.745 112.3033 0.025 12.6331
21.8 0.75 115.5298 0.03 15.8596
120 T z
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=100 p 9G(OnM)
g —Spike RBD-IgG(1.74nM)
T 80 :
A Spike RBD-1gG(3.47nM)
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anti-spike protein as an analyte for different concentration,
Cl variation and their differences are shown in Fig. 7 and
Table 3. The minimum threshold values of wavelength and
CL for COVID detection will be (0 to 1.74nM) 0.005um and
2.9227dB/cm. The amplitude sensitivity, wavelength sensitiv-
ity, and resolution are calculated as 15.26/RIU, 2380nm/RIU,
and 0.00042. The wavelength sensitivity of the given sensor is
better than the sensor proposed in refs. [14—18].

Conclusion

A multi-layer covered surface plasmon resonance sensor
for novel coronavirus early diagnosis is presented in this
study. The amplitude sensitivity, wavelength sensitivity, and
resolution are calculated as 15.26/RIU, 2380nm/RIU, and
0.00042. Due to to D-shape PCF, this sensor has reduced
complexity over a prism-based sensor. The performance of
the proposed sensor is also good which makes it a suitable
candidate for COVID detection.
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