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ABSTRACT: For early-stage cancer detection, a novel design of graphene-
antimonene-coated uniform-waist tapered fiber optic surface plasmon
resonance (SPR) biosensor is demonstrated. The proposed optical biosensor
outperforms over a wide range of refractive index (RI) variations including
biological solutions and is designed to detect various cancerous cells in the
human body whose RIs are in the range of 1.36−1.4. Here, antimonene is
used to enhance the performance of the designed SPR sensor for sensing
cancer analytes because of its high binding energy toward adsorption of
biomolecules and large active surface area. The design and analysis of the
sensor are done with the help of a transfer matrix method-based simulation
platform, and the effect of the taper ratio is also studied. The performance of
the proposed SPR biosensor is evaluated with performance parameters such
as sensitivity, full width at half maximum, detection accuracy (DA), figure of
merit (FOM), and limit of detection (LOD). The numerical results show that
the designed sensor is able to provide a sensitivity of 7.3465, 10.9250, 11.8914, and 15.2414 μm/RIU, respectively, for sensing skin,
cervical, blood, and adrenal gland cancer with a maximum FOM of 131.1525 RIU−1, DA of 14.2126 μm−1, and LOD of 7.2 × 10−5

RIU. Based on the derived results, the authors believe that the designed SPR sensor could practically find its potential applications in
the field of medical science for the early-stage diagnosis of cancer and hence, opens a new window in the field of biosensing.

1. INTRODUCTION
Nowadays, rapid and real-time analysis of cancerous cells is a
hot topic in the field of medical science. The fundamental
abnormality resulting in the development of cancer is the
continual unregulated proliferation of cancer cells.1 Cancer has
now become a serious concern for human health globally
because of its high mortality rate.2 As per World Health
Organization reports, almost 10 million individuals were
deceased due to cancer in 2020.3 Among the different types
of cancer, the most prominent are skin cancer (Basal cells),
cervical cancer (HeLa cells), blood cancer (Jurkat cells), and
adrenal gland cancer (PC12 cells). Basal cell carcinoma arises
in the outer part of the epidermis due to excessive sun
exposure and usually does not affect the other parts of the
body.4 HeLa is a cervical cancer cell line which grows
uncontrollably and was the result of human papillomavirus
infection in cervical cells.5 A variation in the refractive index
(RI) was observed when normal cells become cancerous. For
example, healthy HeLa cells have an RI of 1.368, which
increases to 1.392 when cancer develops. The RIs of various
healthy and cancerous cells are presented in Table 1.
Generally, the classification of cancer is categorized into
three stages: Stage I, Stage II, and Stage III. Cancer-affected

patients can be cured during Stages I and II, but the patients in
Stage III cannot be cured. Thus, if the cancer cells in the
affected area are not detected in the early stage, the cancer
spreads to the other parts of the body leading to the death of
the patient. Therefore, it is important to detect cancer at an
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Table 1. RI Values for Healthy and Cancer-Affected Cells6,7

type of
cancer

cell name and its
concentration level

RI of healthy cell
(concentration level 30−
70%)

RI of cancer-
affected cell

skin Basal (80%) 1.36 1.38
cervical HeLa (80%) 1.368 1.392
blood Jurkat (80%) 1.376 1.39
adrenal
gland

PC12 (80%) 1.381 1.395
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early stage for better treatment and saving the life of cancer
patients.
Normally, blood tests (such as blood count, blood protein

testing, cancer marker testing, etc.) and urine tests are
performed to detect cancer, but the observed results could
not clearly indicate the affected part of the body.8 Biopsy is one
of the best techniques to detect the cancerous cells present in
different parts of the body.9 Other popular methods such as
electrochemical methods,10 computed tomography,11 immu-
nocytochemistry,12 magnetic resonance imaging,13 Raman
spectroscopy,14 and microfluidic devices15 have been em-
ployed to detect various cancerous cells. However, these
methods are very complex and time-consuming which can lead
to adverse effects for cancer-affected patients, requiring rapid
diagnosis. Therefore, rapid and label-free sensing techniques
are needed to differentiate among the normal and cancerous
cells. Since healthy and cancerous cells possess different RIs,
and hence, they have different propagation characteristics
when exposed to light from the same source. In recent times,
optical sensors have emerged as a powerful tool for accurate
and real-time monitoring of cancerous cells at a lower cost than
other detection methods.4,16−19 In 2012, Yaroslavsky et al.
experimentally presented a real-time noninvasive detection of
Basal cell carcinomas using high contrast mapping.4 Later on, a
label-free detection of various cancerous cells was performed
using the optical absorption-based technique.16 In the same
year, Ramanujam et al. theoretically investigated the detection
of a cancer cell utilizing a one-dimensional nanocomposite
material-coated photonic crystal and attained a maximum
sensitivity of 43 nm/RIU.17 After this, Sani and Khosroabadi
presented the numerical analysis of an optical biosensor based
on resonance cavities for the detection of blood component,
diabetes, cancer, and glucose concentration.18 The results
showed that the highest sensitivities for detecting Basal cells,
HeLa cells, diabetes, and MDA-MB-231 cells were observed to
be 1500, 1250, 2333, and 1428 nm/RIU, respectively.
Recently, Yasli theoretically designed a surface plasmon
resonance (SPR)-based photonic crystal fiber biosensor for
the detection of early-stage cancer, which exhibited a
maximum sensitivity of 7142.86 nm/RIU.19 The advancements
in optical fiber technology have renovated the sensing
capabilities of optical fiber-based sensing devices20−22 and
enhanced their use for biomedical applications in the
oncological domain.23,24 These devices have plenty of
advantageous features such as resistance to electromagnetic
interference, light weight, remote sensing applications, easy
designing, capability of wavelength multiplexing, multipara-
meter measurements,25 fast response time, and high sensitivity
with a wide detection range.26,27 Thus, by taking into
consideration the several advantageous features accessible
from optical fiber, the research area of fiber optic sensors is
reached to a level where miniaturized low-cost devices are
easily achievable for fast and consistent sensing applications. In
this framework, prism/optical fiber-based sensors satisfy many
of these valuable properties. The biggest drawback of the prism
coupling technique is the relatively bulky nature of its
components. On the other hand, optical sensors utilizing a
fiber core as a substrate offer several advantages such as high
sensitivity, low weight, and being easy to handle. Due to these
valuable features, the fiber optic sensors are employed as a
substitute of conventional optical sensors and, hence, can be
used as an experimental tool to attain stable and precise
measurements in research laboratory. In the past few years, the

fiber optic sensors based on the SPR technique have gained
substantial consideration in the field of sensing as they are
effective in various sensing applications.28−31 SPR is a surface-
sensitive technique in which the wave vector matching
condition of the surface plasmon wave (SPW) and evanescent
wave (EW) causes the excitation of surface plasmons (SPs) at
the metal-dielectric interface.32 This is because the light
propagating through optical fiber experiences attenuated total
reflection (ATR) at the core−metal interface. At SPR
conditions, the complete transfer of energy from EW to
SPW takes place, which results in a sharp drop in the intensity
of reflected light at resonance wavelength (RW). Any changes
in the RI near the surface of the plasmonic material lead to the
modification in the wave vector of the SPW, and hence, the
resonance condition is satisfied at some another wavelength
value. Numerically, the SPR condition can be described as

=
+c c

sincore
m s

m s (1)

Here, the left-hand side represents the wave vector of the EW
and right-hand side shows the wave vector of the SPW, and
εcore, εm, and εs are the dielectric constants of the fiber core,
metal, and sensing medium, respectively. Numerous inves-
tigations have been carried out to enhance the performance of
the SPR-based fiber optic sensors, such as single mode fiber,33

multimode fiber,34 U-shaped fiber,35 D-shaped fiber,36 tapered
fiber,37 and fiber grating sensor.38 Out of them, tapering the
fiber core provides better results for sensitivity enhance-
ment.39−41 Also, to make the fiber sensing probes capable of
biosensing, a biorecognition layer such as graphene and
antimonene is an essential requirement.
Recent investigations on SPR sensing illustrate that the

deposition of 2-D materials (such as graphene, molybdenum
disulfide, black phosphorus, Ti3C2TX MXene, tungsten
disulfide, etc.) on a thin metallic film acts as a biorecognition
material and greatly enhances the sensing performance of the
designed SPR biosensors.42−44 Some of the significant features
of 2-D materials include a greater surface to volume ratio,
better electrical conductivity, good water solubility, higher
molecular adsorption efficiency, and the feasibility of
immobilization of biomolecules on their surface.45 For this
purpose, we design a tapered fiber optic SPR biosensor by
depositing a thin gold (Au) film over the fiber core which is
then followed by the deposition of 2-D materials, such as
graphene and antimonene, over it.
Graphene is a 2-D material formed by a single graphite layer

in which the carbon atoms having sp2 hybridization are
arranged in a honeycomb lattice.46 It possesses better optical,
mechanical and electrical properties such as high charge carrier
mobility (106 cm2 V−1 s−1),46 bigger surface to volume ratio
and a stable structure among graphene layers.47 Benefiting
from these excellent properties, graphene offers a strong
adsorption of biotargets and provides higher molecular
absorption efficiency.48 These advantageous features make
graphene a better sensing material with high sensitivity for its
utilization in various sensing applications.49−53

Moreover, antimonene possesses better electrochemical
properties, strong spin-orbit coupling, a larger work function,
low thermal conductivity, better optical response, and higher
stability than graphene and rest of the 2-D materials due to
more delocalized 5s/5p orbitals.54 It is shown that the bulk
antimony has an sp2 bonded honeycomb lattice structure
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similar to the graphene. In 2019, Xue et al. proposed an
ultrasensitive detection of microRNA using antimonene-coated
SPR sensor.55 More recently, Singh et al. theoretically designed
an SPR biosensor for the detection of hemoglobin (Hb)
concentration using a nanolayered structure of BaTiO3 and
antimonene.56 The designed SPR sensor results in an RI
sensitivity of 303.83 degree/RIU, a figure of merit (FOM) of
50.39 RIU−1, and a resolution of 0.021 g/mL for Hb detection.
In the upcoming section, a detailed methodology of the
proposed tapered fiber structure and its utilization in RI
sensing and cancerous cell detection are provided.

2. METHODOLOGY
2.1. Design Consideration and Theoretical Model of

the Tapered Fiber Optic SPR Sensor. The schematic
diagram of the proposed tapered fiber optic SPR biosensor for
the detection of cancerous cells is depicted in Figure 1. The

sensing structure uses the Kretschmann−Raether configura-
tion32 realized on a step-index multimode optical fiber with a
core diameter (D) of 600 μm and a numerical aperture of 0.24.
Subsequently, a 0.5 cm length of the cladding is removed from
the central part of the optical fiber using a sharp blade and this
cladding-removed portion of the optical fiber can be tapered
using the flame brush technique as described in ref 57.
In Figure 1, we can see that the proposed structure consists

of three parts: a waist region (serves as a sensing region) with a
small and uniform core diameter, and two identical tapered
regions (namely Tapered region 1 and Tapered region 2) with
a gradually expand diameter beside the uniform-waist region.
Then, a thin film of Au having thickness 50 nm is deposited on
the cladding etched part of the uniform fiber core to excite the
SPs. This is because Au offers better chemical stability and
enhanced sensitivity than other SPR-active materials, i.e., silver
(Ag), copper (Cu), and aluminum (Al).58 Furthermore, the
monolayers of graphene and antimonene are coated on the Au
film to improve the sensitivity and efficiency of the designed
SPR biosensor due to better adsorption of biomolecules on it.
This sensing layer is used to detect the various cancerous cells
which act as the sensing medium. Thus, the sensing
configuration of the proposed fiber optic SPR biosensor
consists of five layers, i.e., fiber core/Au-film/graphene
monolayer/antimonene monolayer/sensing medium. Exper-
imentally, the fabricated fiber optic sensing probe can be fixed
in a glass flowcell which is mounted on a 3-D translational
stage.31 After this, the different sensing samples can be injected
into this glass flowcell such that the sensing medium comes in

direct contact with the fabricated fiber optic sensing probe.
Using a tungsten halogen light source, the light is launched
from one of the ends of the optical fiber at an angle ‘θ’, and
from another end, the light is spectrally investigated using an
Avasoft spectrometer. The spectrometer is then further
interfaced to a computer in which the transmission spectrum
can be observed. Due to the phenomenon of ATR, the light
propagates inside the fiber core and causes the multiple
number of reflections inside it. After this, the guided rays of
light enter the tapered region, and the angle of incidence ‘θ’ is
transformed into ‘ϕ (z)’, which can be calculated as per
equation given below59

=
Ä

Ç
ÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑ

z
r

r z
( ) cos

cos
( )

1 i

(2)

Here, ‘2ri’ and ‘2ro’ are the corresponding diameters of the fiber
core at input and output ends of the taper respectively, and
‘r(z)’ measures the radius of the fiber core at taper position ‘z’,
and ‘Ω’ is the taper angle which can be written as

= i
k
jjj y

{
zzz

r r
L

tan 1 i o

(3)

where ‘L’ is the length of the sensing region. If the entire
guided rays are launched into the optical fiber, then at the
output end of the taper [i.e., r(z) = ro], the angles θ1 and θ2 get
converted into ϕ1 and ϕ2 which can be calculated using eq 2.

Moreover, = ( )sin n
n1

1 Au

core
and =2 2

, in which ncore and nAu
are the corresponding RIs of the optical fiber core and Au
layer, respectively. Here, we introduce a new parameter, taper
ratio (TR), which is defined as the ratio of the input core
diameter to the output core diameter at taper ends, i.e., r

r
2
2

i

o
.

2.2. Dispersion Properties. In the proposed structure, we
have employed a wavelength interrogation scheme for
numerical modeling of the tapered fiber optic SPR sensor,
and therefore, we need to know the dispersion relation or
dielectric constant of each layer. It is assumed that the fiber
core is made of fused silica, and hence, wavelength dependency
of its RI as per Sellmeier dispersion relation can be inscribed
as60

= + + +n
A

B
A

B
A

B
( ) 1core

1
2

2
1
2

2
2

2
2
2

3
2

2
3
2

(4)

Here, ‘λ’ is the wavelength of incident light in measured in μm,
and A1, A2, A3, B1, B2, and B3 are the Sellmeier coefficients, and
their numerical values are calculated as: A1 = 0.6961663, A2 =
0.4079426, A3 = 0.8974794, B1 = 0.0684043, B2 = 0.1162414,
and B3 = 9.896161. The next layer is composed of Au, and its
dispersion relation as per the Drude−Lorentz formula can
easily be calculated as58

= + =
+

i
i

( ) 1
( )Au r i

2
c

p
2

c (5)

Here, ‘λc’ and ‘λp’ denote the collision and plasma wavelengths,
respectively, and their corresponding numerical values are
8.9342 ×10−6 and 1.6826 ×10−7 m. The next layer is made of
graphene having a monolayer thickness of 0.34 nm, which gets
coated over the Au film. The dispersion formula of the
graphene layer is given by the following equation61

Figure 1. Schematic diagram of the proposed tapered fiber optic SPR
biosensor.
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= +n i
K

( ) 3.0
3graphene (6)

where ‘K’ is a numerical constant and equals to 5.446 μm−1

and ‘λ’ is measured in μm. The fourth layer is composed of
antimonene, having a monolayer of thickness 0.50 nm,56 which
gets deposited over the graphene layer. The RI of the
antimonene monolayer comprising both real and imaginary
parts can be obtained from the experimental results obtained
by Ares et al.62 in which the RI is related to its dielectric
permittivity by the relation n = and its complex RI can be
achieved by polynomial fitting as

= + *n n i n( )Antimonene Antimonene
real

Antimonene
imaginary (7)

where

= + * + * + * + * + *n x x x x x xAntimonene
real

0 1 2
2

3
3

4
4

5
5

(8)

in which x0 = 1959.24777, x1 = −17.79855, x2 = 0.0638, x3 =
−1.1264×10−4, x4 = 9.79905 ×10−8 and x5 = −3.36177 ×10−11

and

= + * + * + * + * + *n p p p p p pAntimonene
imaginary

0 1 2
2

3
3

4
4

5
5

(9)

in which p0 = 2201.26715, p1 = −20.99288, p2 = 0.07959, p3 =
−1.49746 × 10−4, p4 = = 1.39766×10−7, and p5 = −5.17482 ×
10−11 and ‘λ’ is measured in nm.
At last, the fifth layer consists of the sensing analytes in the

form of various cancerous cells such as Basal, HeLa, Jurkat, and
PC12 whose concentration level is 80%, and for a healthy cell,
the concentration level lies between 30 and 70%. The
corresponding values are provided in Table 1. Before
computing the numerical results for the cancerous cells, we
have used a sensing medium refractive index (SMRI) of 1.333
because most biological/chemical samples are in aqueous form
and the adsorption of any biomolecules will cause a variation in
the SMRI. For this purpose, we have considered an altered
value of the SMRI as 1.335 and also, the study is performed for
a wide range of RI variations (1.33−1.37). The entire
simulation in this study has been carried out using the latest
version of MATLAB software.
2.3. Reflection Coefficient and Transmitted Power.

The calculation of reflectivity by means of the transfer matrix
method in the form of the N-layer structure is the most precise,
effective and does not require any approximation and thus, has
been employed in the present study. In our proposed structure,
we have number of layers as 5 i.e., N = 5.
In Figure 2, it is assumed that ‘dj’ is the thickness, ‘ μj’ is

permeability, ‘nj’ is the RI, and ‘εj’ is the permittivity of any
arbitrary jth layer. If P1, Q1 and PN − 1, QN − 1 represent the
tangential components of electric field (E⃗) and magnetic field
(B⃗) at first and Nth boundary respectively, then they are
correlated by the following relation

=
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
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ÅÅÅÅÅÅÅÅÅÅÅ
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Q
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Q
N

N

1

1

1

1 (10)

Here, ‘C’ denotes the characteristic matrix for the p-polarized
light of order 2 × 2 and can be written in the form of their
matrix element as

= =
=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
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C Cj
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2
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11 12

21 22 (11)

and

=
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iq

cos ( sin )/

sin cosj

j j j

j j j (12)

Here, ‘qj’ and ‘δj’ measure the optical admittance and phase
factor for each layer in the SPR biosensor, respectively, which
are computed using the following equations

= =
i
k
jjjjjj

y
{
zzzzzzq

n
cos

( sin )
j

j

j
j

j

j

1/2
core
2 2

1
1/2

(13)

and

= =n Z Z
d

n
2

cos ( )
2

( sin )j j j j j
j

j1 core
2 2

1
1/2

(14)

Here, θ1 measures the angle made by the incident ray from
normal to the jth interface. Finally, using the matrix elements,
the expression for reflection coefficient ( rp) becomes

=
+ +
+ + +

r
C C q q C C q

C C q q C C q

( ) ( )

( ) ( )
N N

N N
p

11 12 1 21 22

11 12 1 21 22 (15)

Moreover, the reflectivity of a p-polarized light is attained by

= | |R rp p
2

(16)

Furthermore, the energy distribution of each mode in the
fiber satisfies the equation given below:

=P
n

n
( )

sin cos
(1 cos )

core
2

core
2 2 2 (17)

To calculate the effective transmitted power, the reflectivity
(Rp) for a solo-reflection is raised to the power of number of
reflections (Nref). In addition, the beam of all modes satisfies
the Fresnel equation.63 Therefore, the total transmitted power
in the proposed tapered fiber structure is attained by

Figure 2. N-layer matrix model for the calculation of the reflection
coefficient.
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integrating the beams of all modes, and the generalized
expression for normalized transmitted power is obtained as:

=P

R P

P

( )d

( )d

N

trans

p
( )

1

2
ref

1

2

(18)

where ‘Nref(θ)’ measures the number of reflections and can be
expressed as

=
+

N L
r

( )
2 tan( )ref

o (19)

Also, the formula for the amplitude of reflection coefficient (
rp) in terms of its output phase (ϕp) can be expressed as

= | |r r ei
p p

p (20)

2.4. Performance Parameters. For the designed SPR
biosensor, the performance is evaluated in terms of its
performance parameters such as sensitivity, detection accuracy
(DA), full width at half maximum (FWHM), FOM, and limit
of detection (LOD). For a typical transmitted SPR curve, the
minimum value of transmission is obtained at a specific
wavelength also known as RW, i.e., λR, which is very sensitive
with a small variation in the SMRI. These performance
parameters are described below one by one.
2.4.1. Sensitivity (S). It is demarcated as the ratio of shift in

RW, i.e., δλR to the change in the SMRI, i.e., δns. Here,
sensitivity is measured in the units of μm/RIU, and the
corresponding mathematical formula will be

=S
n

R

s (21)

2.4.2. Full Width at Half Maximum. It is obtained by
measuring the FWHM of the transmitted SPR curve. It is
measured in the units of μm and mathematically can be written
as

=FWHM 0.5 (22)

2.4.3. Detection Accuracy. It is also known as the signal to
noise ratio (SNR) which inversely depends on the FWHM and
is given by

DA
1

FWHM (23)

2.4.4. Figure of Merit. It is defined as the ratio of sensitivity
to the FWHM and measured in the units of RIU−1. The
mathematical formula for the FOM can be written as

= S
FOM

FWHM (24)

2.4.5. Limit of Detection. It quantitatively measures the
concentration of biomolecules in the sensing medium and is
numerically defined as

=
S

LOD
(25)

Here, ‘Δλ’ measures the wavelength resolution of the used
spectrometer which is considered as 0.00110 μm in our case.
The LOD is measured in the units of refractive index unit
(RIU). In the next section, we will explain the numerical

results obtained for the designed tapered fiber optic SPR
biosensor.

3. NUMERICAL RESULTS AND DISCUSSION
In recent times, the monolayer and multilayers of 2-D
materials have already been deposited on the metal surface.64

Thus, with the use of existing coating procedures, the
deposition of monolayer antimonene over the graphene-
metal surface can be easily done, and hence, the fabrication
of the antimonene-coated fiber optic SPR biosensor proposed
in this work is practically achievable. To explore the
advantageous features of antimonene in RI sensing and in
cancerous cell detection, the design of uniform-waist tapered
fiber optic SPR sensor using MATLAB software is numerically
investigated. In the designed tapered structure, it should be
considered that Tapered region 1 is used to bring the incident
angle values closer to the critical angle and Tapered region 2
allows the incident rays to regain their original values. In our

Figure 3. Transmitted SPR spectra for the proposed fiber sensing
configuration at TR 1.0.

Figure 4. Variation of the output phase with wavelength for the
proposed sensing configuration.
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simulation, we have considered Au as an SPR-active material
and thus gets coated over the uniform-waist fiber core placed
between two equally tapered regions. The Au film is then
coated with the additional layers of graphene-antimonene, and
the effect of these overlayers is described in the upcoming
section.
3.1. Effect of Graphene-Antimonene Overlayers.

Figure 3 depicts the transmitted SPR spectra for the proposed
fiber sensing configuration (Au + graphene + antimonene) at
TR 1.0, i.e., the untapered core. It is noted that for a particular
value of SMRI, i.e., 1.333, a minimum in the spectrum is
achieved at an RW of 0.6136 μm. If we increase the SMRI by
an amount of 0.002 RIU, the RW is shifted to 0.6200 μm,
showing a redshift of 0.0064 μm in the RW. The reason for this
change in the RW can be explained from eq 1 as follows: if we
increase the SMRI, there will be a change in the RI of the SPW
and hence, the resonance condition will be satisfied at some
higher wavelength value, resulting a shift in RW. Also, the shift

in RW is more in the present case, when compared with the
fiber sensing configuration having only the Au film.
The corresponding value of sensitivity, FWHM, DA, and

FOM at TR 1.0 comes out to be 3.2 μm/RIU, 0.0477 μm,
20.9644 μm−1, and 67.0860 RIU−1, respectively. A possible
reason for the increase in sensitivity could be the work function
of Au (5.1 eV) which is higher than that of graphene (4.5 eV)
and antimonene (4.59 eV). This causes the effective transfer of
electrons from graphene-antimonene overlayers to the Au-
surface by the process of optical excitation. This method
generates a larger electric field at the sensing interface which is
responsible for the sensitivity enhancement. Furthermore, the
coating of graphene-antimonene over the Au film enhances the
light absorption of the Au-graphene-antimonene structure, and
therefore, the electric field so raised results in a stronger SPR
excitation. One can also see that the transmitted SPR spectra
lie in the visible-near IR regime, which means that the
proposed sensor works well in this wavelength region of the
EM spectrum.
The elucidation of the SPR mechanism can also be

understood in terms of the phase variation of the SPR output
signal. If the output phase of the reflected light instead of
transmitted power is measured, a robust resonant dip in the
phase spectra is detected. Thus, it becomes imperative to
provide the more evidence of the SPR sensing mechanism in
terms of its phase variation, as fabrication of these multilayered
fiber structures mainly depends on the phase change
mechanism.65Figure 4 shows the behavior of the output
phase of the reflected light as a function of the wavelength for
two different SMRIs. It is observed that the output phase of the
reflected light vicissitudes dramatically near the excitation
point of SPR and like the transmitted SPR spectrum, a shift in
the RW is achieved with the increase in the SMRI. In the next
section, the effect of the TR on performance of the designed
SPR sensor is discussed.
3.2. Effect of Tapering. Figure 5 illustrates the transmitted

SPR spectra of the proposed fiber sensing configuration for
various TRs. One can observe that if we increase the TR with a
step size of 0.1, the RW shifts to higher values and the
broadening of curves can also be seen. It was also noticed that
an increase of more than 1.4 in the TR results in distorted

Figure 5. Effect of the taper ratio on transmitted SPR spectra for the
proposed sensing configuration.

Figure 6. Transmitted SPR spectra for the proposed configuration at (a) TR 1.4 and (b) TR 1.5.
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transmitted SPR spectra and thus, the RW cannot be measured
experimentally (as shown in Figure 6b).
Therefore, the optimized value of TR is 1.4 in our present

case, and for the same reason, we have calculated the
performance parameters of the designed sensor up to 1.4.
Figure 6a displays the transmitted SPR spectra of the proposed
fiber sensing configuration at a TR of 1.4. From the numerical
results, we observed that for two different SMRIs, i.e., 1.333
and 1.335, the RW comes out to be 0.6751 and 0.6853 μm,
respectively. It results in a sensitivity of 5.1 μm/RIU at a TR of
1.4 for the designed fiber configuration which is enhanced up
to 59% on comparing the results achieved at a TR of 1.0. This
improvement in the sensitivity can be described as follows:
with Tapered region 1, the angle of bounded rays in the fiber
core becomes closer to the critical angle. This can be attained
by selecting the smallest diameter of the fiber core at the taper
end due to which the whole bounded rays will propagate
within the sensing area. After passing the sensing area, the rays
will arrive in Tapered region 2, which transforms the angle of
these bounded rays to their initial values to obtain the
complete bounded rays at the output end of the fiber core. If
we choose the smallest value of the core diameter, then no ray
will come out from the sensing area and a major number of

rays will propagate with angle closer to that of the critical
angle. Thus, the EW will penetrate with a larger penetration
depth and will result in a strong coupling of EW with the SPW
that leads to the higher sensitivity in the case of the proposed
structure.
As discussed earlier, the SPR curves become wider with the

increase in the TR and hence a higher value of FWHM. This
broadening in transmitted SPR curves may be due to the
increase in electron energy loss which was stated for
graphene.66 At a TR of 1.4, the FWHM was increased to
0.1017 μm, which is higher than the value at a TR of 1.0
(0.0477 μm). As DA and FOM depend inversely on the
FWHM, therefore, their values decrease with the increase in
the TR. Consequently, the DA and FOM come out to be
9.8328 μm−1 and 50.1475 RIU−1, respectively. In the next
section, we will analyze and compare the performance of
various fiber sensing configurations.
3.3. Performance Comparison of Various Fiber

Sensing Configurations. To further extend the study, we
consider four different sensing configurations: Au-only, Au +
graphene, Au + antimonene, and Au + graphene + antimonene
and then, we calculate and compare the performance
parameters for these configurations. Figure 7a−d show the

Figure 7. Variation of (a) sensitivity, (b) FWHM, (c) DA, and (d) FOM, for different fiber sensing configurations at various taper ratios.
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variation of sensitivity, FWHM, DA, and FOM with TR for
different fiber sensing configurations. From Figure 7a, we
observed that sensitivity increases with the increase in TR for
each configuration up to TR 1.4. However, sensitivity values
are higher for the Au + graphene + antimonene configuration,
then followed by Au + antimonene, Au + graphene, and Au-
only configurations. Similarly, FWHM values raise with the
increase in the TR for each configuration and are maximum for
Au + graphene + antimonene configuration as shown in Figure
7b. On the other hand, DA and FOM values decrease with the
increase in the TR for each configuration as depicted in Figure
7c,d, respectively. The maximum values of DA and FOM are
achieved for Au-only and minimum for the Au + graphene +
antimonene configuration. In the next section, we will observe
the effect of increasing the number of layers of 2-D materials
on the performance of the proposed SPR sensor.
3.4. Effect of Increasing the Number of Graphene

and Antimonene Overlayers. Recent studies suggest that
the performance of the SPR sensors based on 2-D materials
also depends on the number of layers of these materials.60

Therefore, in the present study, we have investigated the effect
of increasing the number of monolayers of graphene and
antimonene on sensitivity, FWHM, DA, and FOM for the

Figure 8. Variation of (a) sensitivity, (b) FWHM, (c) DA, and (d) FOM, with the increase in the number of graphene and antimonene overlayers
at various taper ratios.

Figure 9. Transmitted SPR curves for the various types of healthy and
cancerous cells.
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designed sensor configuration. For this, we have chosen four
different combinations: N = 1 M = 1, N = 1 M = 2, N = 2 M =
1, and N = 2 M = 2. Here, ‘N’ and ‘M’ stand for the number of
graphene and antimonene layers, respectively. The nomencla-
ture of the fiber sensing probe will be as: Au + N * graphene +
M * antimonene. Figure 8a−d displays the behavior of
sensitivity, FWHM, DA, and FOM, respectively, with the
increase in the number of graphene and antimonene
overlayers. In Figure 8a, we can see that sensitivity increases
with the increase in the number of graphene and antimonene
layers, but the enhancement is very small. It means that further
increment in ‘N’ and ‘M’ becomes insignificant. Similarly, the
FWHM increases with the increase in the number of graphene

and antimonene monolayers which means that SPR curves
become broader as shown in Figure 8b. The maximum FWHM
was observed for the combination of N = 2 M = 2 which is
0.1073 μm then followed by the combination of N = 1 M = 2,
N = 2 M = 1, and N = 2 M = 2. On the other hand, DA and
FOM decrease if we increase the number of graphene and
antimonene overlayers as explained in Figure 8c,d, respectively.
Thus, the maximum DA and FOM were observed for N = 1 M
= 1 and minimum for N = 2 M = 2 combination. At TR 1.0,
the highest DA and FOM for N = 2 M = 2 combination was
detected as 16.5893 μm−1 and 54.9934 RIU−1, respectively. In
the next section, the proposed sensing configuration (Au +

Figure 10. Transmitted SPR curves for the detection of (a) Basal cells, (b) HeLa cells, (c) Jurkat cells, and (d) PC12 cells.

Table 2. Performance Analysis of the Proposed Tapered Fiber Optic SPR Biosensor for the Detection of Basal, HeLa, Jurkat,
and PC12 Cancerous Cells

type of cancer cell name sensitivity (μm/RIU) FWHM (μm) DA (μm−1) FOM (RIU−1) LOD (RIU)

skin Basal 7.3465 0.0704 14.2126 104.4130 1.4973 × 10−4

cervical HeLa 10.9250 0.0833 12.0048 131.1525 1.0069 × 10−4

blood Jurkat 11.8914 0.1029 9.7135 115.50685 9.25 × 10−5

adrenal gland PC12 15.24114 0.1209 8.2727 126.0873 7.217 × 10−5

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06037
ACS Omega 2023, 8, 4627−4638

4635

https://pubs.acs.org/doi/10.1021/acsomega.2c06037?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06037?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06037?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06037?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


graphene + antimonene) is used for the detection of various
cancerous cells such as Basal, HeLa, Jurkat, and PC12.
3.5. Utilization of the Proposed Configuration for the

Detection of Cancerous Cells. So far, we have presented
only the RI sensing application of the designed fiber sensing
configuration. Since healthy and cancerous cells of the same
type have different RIs, the proposed fiber optic configuration
has been used to differentiate between these cells. Figure 9
displays the combined transmitted SPR curves for the various
types of healthy and cancerous cells. It is observed that for a
healthy cell, the RWs are obtained at shorter wavelengths and
show a red shift for the cancerous cells. Figure 10a−d depicts
the transmitted SPR curves for the detection of Basal, HeLa,
Jurkat, and PC12 cancerous cells, respectively. Figure 10a
displays the transmitted SPR curves for the Basal cell (skin
cancer) with a minimum transmittance of 0.7238 and 0.8707
μm for the healthy and cancerous cells, respectively. It means
that a 0.1469 μm shift in RW is measured due to cancer-
affected Basal cells from the healthy cells. Hence, by adopting
this procedure, we can detect cancer present in the Basal cells.
The calculation shows that with the proposed sensing

configuration for sensing Basal cells, the sensitivity comes out
to be 7.3465 μm/RIU, with an FWHM of 0.0704 μm, a DA of
14.2126 μm−1, an FOM of 104.4130 RIU−1, and an LOD of
1.4973 × 10−4 RIU. Correspondingly, the analysis from Figure
10b−d illustrates that for the detection of HeLa, Jurkat, and
PC12 cancerous cells, the RW shows a shift of 0.2622, 0.1665,
and 0.2134 μm, respectively. For the detection of cancerous
HeLa cells, the highest sensitivity of 10.9250 μm/RIU is
achieved with an FWHM of 0.0833 μm, a DA of 12.0048
μm−1, an FOM of 131.1525 RIU−1, and an LOD of 1.0069 ×
10−4 RIU. In the same way, the sensitivities for the detection of
Jurkat and PC12 cells are achieved as 11.8914 and 15.2414
μm/RIU, respectively. In ref 67, it has been reported that these
shifts in the RW may be due to the nature of cell compositions.
When a particular cell undergoes transition from healthy to the
cancer cell state, it experiences biochemical, physical, and
morphological changes.68 This is due to the variation of its
metabolic, genomic, and proteomic properties.69 These
changes affect the RI, resulting in a shift in the RW and
allowing them to be distinguished from each other.
Furthermore, the cancer cell surface has more negative charge
than healthy cells due to the presence of sialic acid
residues.70Table 2 shows the performance analysis of the
proposed tapered fiber optic SPR biosensor for the detection
of Basal, HeLa, Jurkat, and PC12 cancerous cells in detail.
Thus, it is clear that the maximum sensitivity for the designed
configuration comes out to be 15.2414 μm/RIU with a
maximum FWHM of 0.1209 μm, a DA of 14.2126 μm−1, an
FOM of 131.1525 RIU−1, and an LOD of 7.2 × 10−5 RIU.

4. CONCLUSIONS
In the above study, we designed a graphene-antimonene-
coated uniform-waist tapered fiber optic SPR biosensor for its
application in RI sensing and for cancerous cell detection.
Antimonene and graphene layers greatly enhanced the
performance of the designed SPR sensor for sensing cancer
analytes. The theoretical analysis was based on the N-layer
matrix model. The performance of the proposed SPR
biosensor was evaluated in terms of its sensitivity, DA, FOM,
and LOD. The numerical results showed that the designed
sensor was able to provide a sensitivity of 7.3465, 10.9250,
11.8914, and 15.2414 μm/RIU, respectively, for sensing skin,

cervical, blood, and adrenal gland cancer with a maximum
FOM of 131.1525 RIU−1, a DA of 14.2126 μm−1, and an LOD
of 7.2 × 10−5 RIU.
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