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Abstract
Since the coronavirus pandemic began, research groups worldwide developed diagnostic tests. One of the promising platforms 
for testing is an optical and plasmonic biosensor. Localized surface plasmon resonances owing to their highly concentrated 
field intensity provide highly sensitive devices. A beneficial approach to excite localized surface plasmon modes for field-
based applications is using photonic crystal fibers while photonic quasi-crystals demonstrate a higher order of symmetry, 
the more isotropic Brillouin zone, and the easier achievement of photonic bandgap as compared with conventional photonic 
crystals. In this work, by exploiting a photonic quasi-crystal fiber, we are designing a surface plasmon resonance biosensor 
for the on-chip and real-time detection of coronaviruses. In our miniaturized design, a thin gold layer is employed on the 
outer layer of an air hole of a photonic quasi-crystal fiber with a 12-fold symmetry where the leakage of the fiber core mode 
can excite the surface plasmon resonance mode on the gold. According to three-dimensional finite-difference time-domain 
simulations, the proposed biosensor shows the sensitivity of 1172 nm/RIU in the detection of coronaviruses within the saliva. 
Moreover, the smallest detection limit obtained in the simulation is about 12 nm. These promising results altogether indicate 
that this reconfigurable and lab-on-a-chip platform can potentially be used in the detection of all kinds of coronaviruses.
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Introduction

During the last two decades, high sensitivity in surface plas-
mon resonance (SPR) configurations causes to use of them 
as a reliable unique sensing platform based on photonic tech-
nology [1–3]. The first SPR sensor was fabricated in the 
1980s for biological detection. Since the prism-based SPR 
sensors are bulky and have optical and mechanical compo-
nents, they are not appropriate for field-based applications 
[4]; this drawback led to the development of the SPR sen-
sor based on optical fibers in the 1990s. After that, various 
designs with various advantages and disadvantages are pro-
posed for fiber-based SPR sensors. Among these designs, 
photonic crystal fiber (PCF)-SPR sensors due to their unique 
advantages such as the capability to be miniaturized, single-
mode propagation, high-quality factor, and simplicity in light 
launching are attracting current interest. These advantages 

generally originate from their photonic bandgap (PBG) [5]. 
As PBG can be achieved in a quasi-periodic lattice, the pho-
tonic-quasi structures can open new frontiers for fiber-based 
SPR sensing technology. Importantly, thanks to the higher 
point group symmetry of the photonic-quasi crystals (PQC), 
their PBG is complete and shows more closely spherically 
symmetric as compared with PCs [6]. In other words, the 
higher order of symmetry, the more circular shape of the 
Brillouin, the more isotropic Brillouin zone, and the eas-
ier achievement of PBG for a refractive index contrast [7]. 
Because of the fact that PQCs are still in their infancy, PQC 
fiber (PQCF)-SPR devices have not been seriously proposed 
so far. Several designs for PQCF-SPR sensors were pro-
posed such as selectively metal-coated [8, 9] using metallic 
slots [10], and photonic bandgap SPR sensors [11]. Lately, 
glycerol has been detected with a maximum sensitivity of 
6000 nm/RIU by a ten-fold PQCF-based refractive index 
biosensor [12]. In 2017, a six-fold D-shaped PQCF biosen-
sor was proposed; in this work, polymethyl methacrylate 
(PMMA) has been used as cladding in which the maximum 
refractive index sensitivity of 3200 nm/RIU was reported 
[13]. Two years later, Liu et al. presented a U-shaped PQCF 
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biosensor and with the help of gold and fluid infiltration, a 
maximum sensitivity of 33,600 nm/RIU was achieved [14], 
whereas, in 2021, they updated their work and increased sen-
sitivity up to 42,000 nm/RIU [15]. Moreover, a PQCF-SPR 
sensor with indium tin oxide was designed with a sensitivity 
of 8750 nm/RIU [16]. The facilitating properties of the gold 
and the silver introduce them as the two most common mate-
rials used in SPR sensors that work at visible wavelengths. 
The resonance peak in silver is sharper than in gold and 
provides higher sensitivity, but high stability makes gold the 
ideal choice for SPR sensors [17–19]. The shape and loca-
tion of thickness and dielectric constant of the metallic layer 
in the SPR absorption bands have been studied in several 
works [20–23]. PQCF plasmonic biosensors can detect the 
various type of DNA, bacteria, and virus [24, 25] and also 
different types of COVID-19 [26]. The sudden outbreak of 
COVID-19 in 2019 revealed the urgent need for fast and 
more reliable identification tools than before. Although com-
puted tomography (CT) is widely used during this pandemic, 
it just can detect the signs of virus infection [27].

Based on the above observations, the main aim of this 
work is to design a PQCF-SPR device for on-chip and real-
time detection of coronaviruses. In other words, a PQCF is 
exploited for exciting the highly concentrated SPR mode 
by which ultra-sensitivity can be achieved. Therefore, the 
leakage of the PQCF mode should cross the SPR mode of a 
gold thin layer. In our proposed design, a thin gold layer is 
deposited on the outer layer of an air hole of a PQCF with a 
12-fold symmetry where the leakage of the fiber core mode 
can excite the SPR mode on the gold surface. Accordingly, a 
strong and highly confined SPR mode that can be exploited 
for our biosensing goals is realized.

Material and Methods

Proposed Structure

The cross-sectional image of the proposed platform is 
schematically depicted in Fig. 1. As shown, the PQCF lat-
tice is provided a long-range 12-fold symmetry by using 
square-triangle tiling and random Stampfli inflation rule 
with a dodecahedral parent cell. This structure provides 
more isotropic and scattered light periodically by decreas-
ing the orientational order of the system. In quasicrystal 
structures, air holes are randomly ensembled in squares 
and equilateral triangles. Resorting to the Stampfli infla-
tion rule and large numbers of air holes in dodecahedral 
parent cells, we can achieve 12-fold symmetry. Air holes 
with 280 nm diameter are arranged at a 500 nm lattice 
distance. This solid-core PQCF is designed with the gold 
ring around one air hole in the first ring near the core 
which is shown in yellow color in Fig. 1. The diameters 
of this air hole and the gold ring are 250 and 300 nm, 
respectively. The PQCF can be fabricated by the sol–gel 
technique. The sol–gel casting technique is the unique 
method and independent technique of size and shape struc-
tures to modify and fabricate microstructure [28–30]. By 
using this method, air holes arrange well, and triangular 
or honeycomb lattices can easily generate. As mentioned 
before the use of gold can increase the sensor sensitivity 
while strong stability and larger shift at resonance peak 
make it an excellent choice. To analyze and simulate the 
device, the finite-difference time-domain (FDTD) method 
has been used [31].

Fig. 1   The top-view illustration 
of the proposed device
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Sensing Mechanism

This PQCF sensor has been designed for on-chip and real-
time detection and analysis of different types of COVID-19 
viruses. In our designed mechanism, the core mode of the 
fiber can excite the SPR within the gold-deposited hole; as  
a result, if the refractive index on that region changes, we 
will have a spectral shift in the output light that is gath-
ered via a taper-fiber on the chip-surface. The existence of 
coronaviruses within the salvia changes its normal refrac-
tive index, providing the spectral shift as a sensing signal. 
It is worth noting that according to a recent study con-
ducted by Kuppuswamy et al. [32] refractive indices of all 
types of Coronavirus (H5N1, H5N2, H9N2, H4N6, FAdV, 
and IBV) are within the negative ranges from “ −0.96725 Fig. 2   Dispersion behavior of the material used in the simulation

Fig. 3   Optical-electrical mode profiles of the proposed PQCF sensor: core mode profile (a), and the process of coupling between core mode and 
SPR mode (b-d)
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to −0.999998.” Also, Saliva refractive index has been 
experimentally calculated [33]. Samples are examined at 
35 °C and wavelength range of 450–650 nm and represented  
index between 1.31 and 1.34.

Results and Discussion

The proposed device is analyzed through a 3D FDTD 
simulation method. In the simulation setup, we consid-
ered a Gaussian beam for exciting the designed fiber while 
a tapered fiber is employed for gathering the output light. 

The refractive indices of the material used in this simulation 
are depicted in Fig. 2. Moreover, the boundary condition is 
anisotropic perfectly matched layers, and the mesh size is 
about 3 nm.

The optical-electrical field intensity within the pro-
posed device at the wavelength of 532 nm is illustrated 
in Fig. 3. In Fig. 3a, one can see the core mode of the 
optical fiber. This good confinement is mainly achieved 
by the complete PBG of the quasi structure. The process 
of the coupling between core mode and SPR mode can be 
seen in Fig. 3b–d. As shown, the guided mode of the fiber 
can strongly couple with the SPR mode of the gold film 
deposited around a hole.

The SPR sensors work based on interactions of light with 
a metal surface and produce a quantum optical-electrical 
phenomenon. The light wavelength changes with a change 
in the refractive index of the sensing region. As soon as the 
excitation of the surface plasmon at the interface between a 
metal and a dielectric medium, the propagation constant of 
the surface plasmon changes. The sensing platform produces 
by coupling the energy of the core mode to the surface of the 
metal layer. Based on the mode-coupling theory, whenever 
the effective refractive index of the core mode and the SPR 
mode be equal (phase matching), they can couple to each 
other [34]. The real part of the refractive indices of the core 
mode and the SPR modes are shown in Fig. 4.

In this figure, dash red lines represent SPR modes 
in the coupling process, and a solid black line signifies 
the fundamental core mode. Moreover, the correspond-
ing optical-electrical mode profile distributions of each 
mode are illustrated in their line. It is obvious that points 
A and B are phase matching points. To further investiga-
tion, we calculated the loss spectra of the core modes of 
the SPR sensor. The results are illustrated in Fig. 5. As 
can be seen in this figure, high losses happened when 
energy couples from core mode to the SPR mode in the 
related phase matching points. One can observe two 
phase matching take place in resonance wavelength at 
482 nm and 532 nm. In addition, the maximum loss at the 
phase matching point plays an essential role in designing 
a PQCF-SPR. We choose point B with a wavelength of 
532 nm as our work point.

As we know, the main parameter of a sensor is its sen-
sitivity. To investigate the sensitivity of the proposed SPR-
PQCF biosensor, we examine a situation in which a small 
amount of saliva is present inside the sensing region (gold-
covered air hole) and made a comparison between normal 
saliva and saliva that contains coronaviruses providing the 
spectral characteristics in both cases. As stated before, the 
presence of the coronaviruses within the saliva changes its 
effective refractive index and leads to a spectral shift.

The effective refractive index of the fluid inserted in the 
air hole can be calculated as:

Fig. 4   The effective refractive index of the core mode and the SPR 
modes as a function of wavelength

Fig. 5   Loss spectra of the core modes of the proposed PQCF-SPR 
biosensor
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in which ns and vs are the refractive index and volume of the 
saliva and nvi and vvi are those for coronavirus. In our simula-
tion, we calculated the effective refractive index of the sens-
ing region via this equation and gathered the corresponding 
output peak for each case. The results are presented in Fig. 6 
where the plot of output peak intensity versus the effective 
refractive index of the sensing region is depicted.

As calculated from this figure, the sensitivity of the pro-
posed biosensor defined as s ≡ |Δλ/Δneff| is about 1172 nm/
RIU for the detection of coronaviruses that is well-compara-
ble to state-of-the-art optical sensing platform [35–37]. This 
result indicates that the proposed on-reconfigurable platform 
can be considered as an alternative candidate for the conven-
tional on-chip COVID-19 biosensors.

Another important parameter is the detection limit of a 
sensor. In our simulations, we modeled a sole coronavirus 
inside the saliva and changed its radius finding the minimum 
size of the virus that can cause a spectral shift. According 
to the simulation results, a single coronavirus with a radius 
as small as 12 nm can cause a 5.25-nm spectral shift that 
is well measurable and can be detected. In fact, this sens-
ing limit is mainly achieved by the proposed miniaturized 
design in which a small change in the effective refractive 
index leads to a significant spectral blue shift. This detection 
shows an improvement as compared with similar photonic 
crystal-based biosensors [38–40]. It is worth noting that, 
simulation, in general, is constructed on the effective refrac-
tive index model to calculate the light–bio-analytes interac-
tions, and hence, it is incapable of differentiating between 
two different viruses with similar refractive indices. This 
drawback can be overcome in the practical approaches by 
using bioreceptors [40].
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Conclusion

We have proposed a novel platform for the detection of 
coronaviruses that is reconfigurable, real-time, and lab-
on-a-chip providing high sensitivity. The proposed design 
comprises a PQCF for exciting an SPR mode that shapes 
on the inner surface of a gold-coated air hole. This air 
hole acts as a sensing region of the device and due to its 
highly confined optical-electrical field intensity can sense 
any change that occurs in its effective refractive index. We 
have used 3D FDTD simulation to examine the device’s 
capability in the detection of coronaviruses. These simu-
lations indicate that the biosensor sensitivity is about 
1172 nm/RIU which is well comparative to the modern 
SPR-based sensors. Moreover, the detection limit is as 
small as 12 nm. It is worth noting that this reconfigurable 
device can be readily redesigned and expanded to achieve 
more sensing area and for sensing larger biomolecules.
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