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ABSTRACT In this paper, a Photonic Crystal Fiber (PCF) based Surface Plasmon Resonance (SPR)
biosensor for the detection of four bacteria such as Vibrio Cholera, Escherichia Coli (E. coli), Bacillus
Anthracis, and Enterococcus Faecalis is proposed and evaluated numerically using finite element method
(FEM)-based simulation tool. The proposed sensor exhibits excellent performance characteristics and has
the configuration of identifying analyte samples externally. The sensor is designed with a basic square lattice
of PCF, covered with a thin chemically stable gold layer. The proposed sensor can detect these four bacteria
from pure water and has the highest wavelength sensitivity of 5161 nm/RIU for Enterococcus Faecalis.
Other critical parameters such as Signal to Noise Ratio, Detection Limit, Sensor Length, Quality Factor, and
Detection Accuracy are also calculated and presented for the proposed PCF biosensor.

INDEX TERMS PCEF, bacteria detection, biosensor, refractive index.

I. INTRODUCTION

Bacteria can be found almost anywhere, including on the
surface and beneath waterways. Some of these microorgan-
isms have the potential to be harmful to human health. Many
outbreaks have been linked to waterborne diseases caused by
a variety of bacteria, viruses, and protozoa such as diarrhea
and other gastrointestinal illnesses [1].

Contamination of water resources by water-borne
pathogens and the diseases they cause are serious concerns for
water quality around the world [1]. E. Coli, Vibrio Cholera,
and Salmonella Typhi are the three most common pathogens
that cause water pollution. Symptoms such as nausea, vom-
iting, stomach pain, diarrhea, and cramping are brought on
by the presence of these pathogenic organisms. Infected
by E. coli O157: H17 pathogenic in drinking water caused
the deaths of seven people and more than 2300 illnesses in
Ontario, Canada in the year 2000 [2].

Studies have shown methodologies of diagnosing bac-
teria that include pathogen binding mechanisms and
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antigen capture tactics, such as antigen—antibody and
aptamer—ligand interactions [3], [4]. Techniques such as
gene sequencing, polymerase chain reaction (PCR), fluo-
rescence methods, mass spectrometry, and enzyme-linked
immunosorbent assays (ELISA) are used in current diagnos-
tic processes [5], [6], [7], [8], [9], [10], [11], [12]. While all
these bioanalytical techniques are quite precise, they each
have their own set of drawbacks. It is important to note
that the fluorescence method requires labeling samples with
a fluorescent probe; mass spectrometry analysis of several
samples is time-consuming; and all these techniques are
generally expensive with high response times, as well as
require specialized equipment [13]. It has recently emerged
that bioanalytical approaches using optical biosensors can
overcome these constraints. [14].

Next-generation technologies such as plasmonic-based
sensing, which allow biosensors to be reduced in size while
increasing detection throughput and decreasing operating
costs are currently being developed [15]. Surface Plas-
mon Resonance (SPR), localized SPR, surface-enhanced
Raman scattering, surface-enhanced infrared absorption
spectroscopy, and surface-enhanced fluorescence can all be
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used to detect pathogens [16]. A promising new way to iden-
tify pathogens rapidly and with great sensitivity, SPR-based
sensing techniques are among these revolutionary ways, and
this technology has started to displace other conventional
diagnostic approaches [17]. Varsha Sharma et al. developed
a photonic crystal-based four-channel nano-cavity ring res-
onator to detect Vibrio Cholera and E. Coli bacterium of
single molecule in pure drinking water with quality factor of
344 and 309, respectively [18].

SPR arises at the interface between two materials with
opposing permittivity because of a transverse magnetically
(TM) polarized light that stimulates the oscillation of conduc-
tion electrons. Photon energy is consumed by the oscillating
free electrons at the contact, resulting in the formation and
propagation of surface plasmon waves (SPWs). In the case
of biological samples that are sensitive to an electromag-
netic field, sample SPR peak deflection is a possible draw-
back of SPR sensors [19]. However, these disadvantages are
more than offset by four key benefits: Non-destructive and
non-invasive means that the sample is not damaged or phys-
iochemically transformed in any way; sensitive optical quan-
tification of the interaction between molecules in real-time
without the need for a separate probe using a radioactive or
fluorescent material; and reactivation of the sensor surface
after detection of the target analyte for up to three additional
times [20], [21], [22], [23], [24]. Aside from these advan-
tages, this method is fast, accurate, and cost-effective; it does
not require specialist training, and it can be applied to a wide
range of targets [25], [26], [27].

Gold (Au) and silver (Ag) are two of the most often utilized
plasmonic materials in SPR sensors, which have a significant
impact on their performance. However, Au is resistant to
oxidation and erosion in a variety of conditions makes it
the chosen metal. Au also has a higher wavelength shift,
making it easier to precisely detect an unknown analyte [28].
When compared to gold, silver has a distinct resonance peak,
although it oxidizes quite quickly [29]. As a result, gold is
frequently employed as a plasmonic material because of its
better chemical stability and performance [30].

In this paper, the detection of four bacteria like Vibrio
Cholera, E. Coli, Bacillus Anthracis, and Enterococcus Fae-
calis is studied for their presence in the drinking water.
All these bacteria are potent to cause major damage to human
health. For the detection purpose, a PCF-SPR biosensor has
been proposed. Plasmonic material gold is chosen and coated
over the d-shaped surface of the sensor. Simulation results
show that the proposed sensor can detect these bacteria with
the highest sensitivity of 5161 nm/RIU for single molecule
Enterococcus Faecalis.

Il. PCF BIOSENSOR STRUCTURE

The schematic diagram of the proposed PCF biosensor
for the detection of bacteria is illustrated in Fig. 1 (a).
A Square lattice-D-shaped structure with a single layer of
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circular air holes fills the background of the silica substance.
The diameter of the air holes (dy) is 1.5 um. The pitch (A)
value of the square lattice structure is 3.3 um. The “stack-
ing and drawing” method is the most common fabrication
method for the proposed PCF [31]. Gold (Au) is coated on the
PCF’s d-shaped surface as an exterior layer. The thickness of
the Au or plasmonic layer is 200 nm. The values of the air hole
diameter, pitch, and thickness of plasmonic material stated
are the optimized values for the proposed sensor structure.
Several material coatings processes such as ‘“Wet chemical
deposition™, “Radio frequency sputtering (RF sputtering)”’,
and even ‘“‘thermal evaporation” can be used to deposit this
exterior thin layer [32]. To get a consistent layer thickness,
several common ways of metal coating are put to the test.
When it comes to nanometer-thick metal coatings, *““‘chemical
vapor deposition (CVD)” is an effective method [32]. A bio-
chemical layer that is loaded with analyte samples to detect
bacteria is placed at the outside circumference of the fiber
structure. The “‘selective-filling approach” demonstrated in
theoretical and experimental research can be utilized to fill
the analyte sample into the biochemical layer [33]. The scat-
tering boundary conditions have been applied to a circular
perfectly matched layer (PML) layer to absorb radiation
energy from the PCF’s surface. Using Sellmeier’s equation
no. 1, the refractive index (RI) of the background material is
calculated [34].

B2 By)2
A2 —C 22—

B3\2
A2 —C3

Mgy (M) =1+ ()
where, By, By, B3, C;, C,, and C3 are the Sellmeier
coefficients, n is the RI for pure silica, and the working
wavelength is A. The values of the coefficients are B; =
0.696263, C; = 0.0046914826 um?, By = 0.4079426,
C; = 0.0135120631 um?, By = 0.8974794, and C3 =
97.9340025 wm? [34]. Additionally, the gold permittivity
can be calculated using the Drude—Lorentz model described
in ref. [35].

The suggested sensor’s probable construction approach is
shown in Fig. 1 (b). To create the fiber, all the capillar-
ies and solid rods are stacked together and then drawn at
a specified pace, which is known as the stack and drawn
technique [31], [36]. To make and eliminate air holes,
thick capillary and solid rods are utilized, correspondingly.
After the fiber has been fabricated, the polishing technique
is applied to create the D-shaped surface where gold is
coated [36], [37].

Fig. 1 (c) illustrates a configuration of how the proposed
PCF biosensor can be used to detect bacteria in a test sample.
Optical Tunable Source (OTS) launches optical light across
single-mode fiber (SMF). A splicing technique allows the
SMF and the suggested sensor to be merged. There is an
analyte in the flow cell that travels across the gold layer
in this suggested experimental setup. A pump can be used
to regulate the flow of analyte samples in and out of the
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FIGURE 1. (a) Schematic diagram of the proposed PCF biosensor, (b) Fiber's fabrication arrangement, and (c) Suggested experimental setup.

chamber. First, the sensor probes need to be cleaned with
de-ionized water. The effective refractive index of the SPP
mode is shifted by the interaction of the analyte. As a result,
the SMF is used to receive directed light for analysis by the
Optical Spectrum Analyzer (OSA). An output spectrum is
now visible on the computer screen.

lll. WORKING PRINCIPLE, RESULTS, AND DISCUSSION

In this work, the proposed PCF-SPR sensor was simulated
and analyzed using the commercial COMSOL Multiphysics
electromagnetic simulation software. To absorb the radia-
tion power, a perfectly matched layer (PML) was added to
the fiber’s outermost layer. When the simulation was con-
ducted, the physics-controlled mesh was regarded excellent
and capable of achieving the highest level of simulation
precision.

For the proposed PCF biosensor, Core-guided and
plasmon-polariton modes of optical field patterns are pre-
sented in Fig. 2 (a) and (b). Photonic crystal fibers have air
holes that act as their cladding area. When light is transmitted,
the entire optical spectrum is confined to the fundamental
core guided mode. As an alternative, the mode of plasmonic
polariton can only be observed in the presence of mate-
rial that has already been placed in the detection medium.
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Incoming light from the core mode and surface plasmonic
waves from the SPP mode have equal wave vectors in the
resonance state, which is also known as the phase-matching
state. When the surface plasmon resonance (SPR) condi-
tion is present, as in Fig. 2(c), the field variations can be
seen. Because of the phase-matching condition, a substantial
amount of energy transfer has been seen because of the
plasmonic material covering and the dielectric layer’s strong
connection. First-order fundamental mode, second order SPP
mode, and loss curve of the water sample with Vibrio Cholera
bacterium are presented in Fig. 2 (d)’s dispersion relation-
ship. The refractive index value of the contaminated water is
1.365, so the indices of refraction of the basic core guided
mode and the SPP mode match at 1.56 m operating wave-
length, resulting in a considerable coupling between these
two modes and a large peak loss at the intersection location.
Excitation of free electrons in the transversal electric mode,
which is y-polarized rather than x-polarized, has resulted
in a substantial evanescent field in this PCF-SPR structure.
Under the phase-matching state, a considerable quantity of
energy was transferred from the core mode to the plasmon-
polariton mode. The phenomena of optical field distribution
and mode coupling of the proposed PCF-SPR biosensor can
be understood further by following the coupled-mode theory
given in Ref. [38].
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FIGURE 2. Light field distribution of (a) Core mode, (b) SPP mode, (c) SPR
mode (d) Dispersion relation of core-guided mode, SPP mode, and their
loss spectra.

PCF-based SPR biosensor’s performance can be improved
by reducing core mode confinement loss and it can be
described using the following equation no. 2 [39].

o 407 Im(ngpr)
T In(10)A

where, ko = 27 /X is the wave number in free space, A is the
operating wavelength, and Im (n.4) is the imaginary part of
the effective index.

The Wavelength sensitivities (WS) can be defined using the
following equation no. 3 [39].

~8.686 x koIm(neg) x 10* dB/cm — (2)

A)\peak
Ang

where AMpqqr is the peak shift, and An, is the variation of
analyte RL.

Samples of pure water and contaminated water with var-
ious bacteria are inserted into the proposed PCF biosensor,
and the resonance wavelength of the loss curve is monitored
to identify water contamination due to bacteria. Resonance
wavelengths of pure and contaminated water are distinct if
the samples are infected with bacteria because the RI of pure
and contaminated water differs. Fig. 3 illustrates the confine-
ment losses of pure and contaminated water due to Vibrio
Cholera (RI: 1.365), E. Coli (RI: 1.388), Bacillus Anthracis
(RI: 1.3833), and Enterococcus Faecalis (RI: 1.3921),
respectively [18], [40]. The RI of pure water changes
to 1.365, 1.388, 1.3833, and 1.3921 for the presence of
single bacterium (one molecule) Vibrio Cholera, E. Coli,

WS [nm/RIU] = 3)
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Bacillus Anthracis, and Enterococcus Faecalis, respectively
[41], [41], [42]. The confinement loss of 0.63369 dB/cm and
the resonant wavelength at 1.43 um for the pure water are
observed by the red curve as shown in Fig. 3. On the contrary,
the confinement losses of 1.9393 dB/cm, 7.0772 dB/cm,
5.1457 dB/cm, and 9.6294 dB/cm at resonant wavelengths
of 1.56 um, 1.71 um, 1.67 um, and 1.74 um for the con-
taminated water are noticed by the blue curves as illustrated
in Fig. 3. Wavelength sensitivities (WS) of the proposed PCF
biosensor have been calculated 3714 nm/ RIU, 4827 nm/RIU,
4502 nm/RIU, and 5161 nm/RIU for identifying Vibrio
Cholera, E. Coli, Bacillus Anthracis, and Enterococcus Fae-
calis Cell, respectively in the water. WS of the proposed
sensor was improved by establishing strong coupling between
the core guided mode and surface plasmon polariton mode.
This was done by creating a d-shaped structure of the fiber
which enabled great matching of wave vectors of the trans-
mitted light and surface plasmonic wave of the proposed
PCF-SPR.

The impacts of structural parameters’ (Pitch, Au thickness,
air hole diameter) variation of the proposed biosensor for the
Vibrio Cholera bacteria have been observed. In Fig. 4 (a),
redshifting is observed when the magnitude of d; is changed
from 1.40 umto 1.6 um and the propagation loss is increased.
An increase in the amount of energy that can be transferred
from the fundamental mode to the surface plasmon polariton
mode is caused by enhancing the coupling strength between
the two modes as d; increases and vice-versa.

Fig. 4 (b) shows the impact of gold thickness on the loss
curves of the water with Vibrio Cholera bacteria. When the
gold layer is increased from 150 nm to 250 nm, blueshifting
is noticed. Changes in both the SPP and core mode refractive
indices occur when the proposed PCF-SPR’s Au thickness
is varied. The phase matching point has been relocated to
shorter wavelengths because of this. When the coupling
strength between the core mode and the SPP mode is reduced,
the propagation loss decreases. Blueshifting with confine-
ment loss being decreased also occurs while tuning the pitch
value from 3.2 um to 3.4 um for the proposed biosensor as
depicted in Fig. 5 (a). With an R-square value of 0.99904, the
polynomial fit curve generated an excellent fit, as illustrated
in Fig. 5 (b).

As depicted in Figure 6 (a), (b), and (c), air-hole diameter,
gold-plasmonic thickness, and the pitch value, respectively all
influence wavelength sensitivity for detecting Enterococcus
Faecalis bacteria in pure water. The diameter of the airhole
is 1.5 pm, the thickness of the gold is 200 nm, and the pitch
value is 3.3 um, resulting in highest WS of 5161 nm/RIU
for the proposed sensor. As a result, these values were cho-
sen as the most optimized ones for the proposed PCF-SPR
Sensor.

Certain critical characteristics, such as signal-to—noise
ratio (SNR) and detection limit (¢n) are proportional to the
full width at half maxima (AX/2) of the loss spectra and can

VOLUME 10, 2022



E. Haque et al.: Numerical Investigation of PCF-Based Biosensor for Pathogens Detection in Water

IEEE Access

10
=——1.330 Pure water
——1.365 Vibrio cholera
8| 1.3833 Bacillus anthracis
—— 1.3880 E-coli
’E ———1.3921 Enterococcus faecalis cell
(8)
a 6 - 0.64
T =
' g 0.56
3 s
@ o048
o 4f1
J 0.40
L‘ZS 1;32 1;38 1.:14 1.:')0
2 | Wavelength (um) /_\
|
0 i ] i ] ] ]
1.3 1.4 1.5 1.6 1.7 1.8
Wavelength (um)
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FIGURE 4. Loss curves due to parametric variation (a) d; and (b) Au.

be determined using the following equations 4 and 5 [43].

AM
SNR = —lpeak 4)
AVEY))
AXip
n = T — )

1.5x (SNR)%-23

For different bacteria, the suggested sensor’s signal-
to-noise ratio SNR and detection limit (DL) are shown
in Fig. 7.

An improved sensor SNR can be achieved by decreasing
the sensor’s full width at half maximum (FWHM). In order
to determine the sensor’s SNR and detection limit (DL),
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1
1.6

1.5
Wavelength (pm)
(b)

1.7

equations 4 and 5 are employed. The highest SNR and DL
values were found to be 1.29 and 375.4 for Vibrio Cholera
and Enterococcus Faecalis Cell, respectively.

Equation 6 relates the propagation length or sensor length
of a sensor to the confinement loss [43]. Table 1 summarizes
the SNR, DL and sensor lengths of the proposed sensor for
various bacteria.

S = (6)

1
o

The quality factor and the detection accuracy (DA) of the
proposed sensor is calculated from equation 7 and 8 which
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of a PCF-based sensor, and is critical for the sensor or
propagation length, is influenced by the air hole rings in
its cladding, as well as their diameter and pitch. To further
enhance confinement, it is important to consider factors like
core diameter and operating wavelength. Light leakage from
the core is minimized by keeping air holes as close together
as possible, resulting in less light loss from the cladding
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FIGURE 7. SNR and DL of the proposed PCF.

are given following [43]:
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TABLE 1. Performance parameters comparison of the proposed PCF-SPR biosensor with recently published works.
. DL Limit of Quality
Bacteria Method SNR (nm) SL (mm) Detection Factor DA (um) Ref.
Pseudomonas Bacteria Surface Plasmon ) _ ) 370°/RIU 36.25 ) [44]
Resonance
E. coli Surface Plasmon ) ) 36 1929 nm/RIU ) ) [45]
Resonance
Vibrio Cholera Surface Plasmon 031 375.4 516 3714 nm/RIU 3843 24 This
Resonance Work
E.coli Surface Plasmon 104 1784 1.41 4827 nm/RIU 17878 37 This
Resonance Work
Bacillus Anthracis Surface Plasmon 080 2115 1.94 4502 nm/RIU 15007 33 This
Resonance Work
Enterococcus Faecalis Surface Plasmon 1.29 150.1 1.04 5161 nm/RIU 21504 40 This
Resonance Work

the proposed biosensor achieved excellent performance char-
acteristics compared to the other reported biosensors. Greater
Quality Factor has been achieved by the proposed biosensor
than the work reported in Ref. [44]. The proposed sensor’s
length is also calculated as very small compared to the sen-
sor reported in Ref [45]. Maximum WS of 5161 nm/RIU
and minimum WS of 3714 nm/RIU have been obtained
by the proposed PCF-SPR biosensor to detect Enterococ-
cus Faecalis and Vibrio Cholera bacteria in drinking water,
respectively.

IV. CONCLUSION

A simple square lattice, single layer air hole configured
PCF biosensor was proposed which can detect pathogenic
bacteria in drinking water. Gold was chosen as the plas-
monic material and coated over the d-shaped surface of the
proposed biosensor. The proposed biosensor achieved WS of
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3714 nm/RIU, 4827 nm/RIU, 4502 nm/RIU, and 5161 for
Vibrio cholera, E. coli, Bacillus anthracis, and Enterococcus
faecalis bacteria respectively. The proposed biosensor also
obtained the highest SNR and DL values of 1.29 and 375.4 for
Vibrio Cholera and Enterococcus Faecalis bacteria, respec-
tively. While detecting Enterococcus Faecalis bacteria, the
proposed sensor achieved highest quality factor and detection
accuracy of 21504 and 4.2 pum, respectively. The structural
complexity of the proposed sensor is minimum, and it is
feasible for fabrication. Hence, the proposed sensor can be
a suitable candidate for the real-time application of bacteria
detection from drinking water.
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