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High sensitivity tapered fiber
refractive index biosensor using
hollow gold nanoparticles
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A localized surface plasmon resonance (LSPR) sensor based on tapered optical fiber (TOF) using
hollow gold nanoparticles (HAuNPs) for measuring the refractive index (RI) is presented. This optical
fiber sensor is a good candidate for a label-free Rl biosensor. In practical biosensors, bioreceptors

are immobilized on nanoparticles (NPs) that only absorb specific biomolecules. The binding of these
biomolecules to the receptors changes the local Rl around the sensor and this change is detected by
the transmittance spectrum of the fiber. Fast, accurate, easy and low-cost disease diagnosis are the
advantages of optical fiber biosensors. In this paper, the structure theory is reviewed and the sensor
is simulated by the finite difference time domain (FDTD) method and the finite element method
(FEM) and the effect of the thickness and diameter of the HAUNPs and the waist diameter of the TOF
is investigated. For the structure with HAuUNPs thickness (2.5 nm), diameter (50 nm), and the fiber
waist diameter of 10 pm, the wavelength sensitivity of 489.8 nm/RIU and full width at half maximum
(FWHM) of 50 nm are obtained, which are better than those specifications in some other LSPR fiber
sensors. In addition, the sensitivity of the sensor increases about 2-3 times compared to those of
sensors with the same structure. Although there are many parameters in human blood that can change
its RI, in practical work, the special bioreceptors on the sensor can deactivate other markers except
the specific cancer markers, which changes the effective RI. Therefore, this optical fiber sensor is used
for label-free detecting the RI of cancer cells and can be used as a biosensor for the detection of early
stages of cancers in a non-invasive way, just using human blood samples.

Keywords Localized surface plasmon resonance, Hollow gold nanoparticle, Tapered optical fiber, Refractive
index biosensor, Cancer cell detection

At the beginning of the formation and growth of the primary cancer tumor, some cancer cells are released
from the primary tumor and enter the bloodstream. Liquid biopsy, which means taking a blood sample and
analyzing it, can lead to the detection of cancer cells in the blood and the diagnosis of cancer'2. Diagnosing
cancer in the early stages allows patients to use the best available treatment options to deal with it*. Some sensors
can detect the presence of cancer biomolecules in human blood. Localized surface plasmon resonance (LSPR)
optical fiber sensors have high sensitivity to detect blood refractive index (RI) variations and can be useful in
disease diagnosis.

Noble metal nanoparticles (NPs) have unique optical and electrical properties*. LSPR is one of their optical
properties in which incident light leads to collective oscillation of free electrons in NPs>°. Hollow metal
nanostructures are promising structures with a cavity showing unique plasmonic properties. Therefore, in
applications such as sensing, Raman spectroscopy and drug delivery, hollow nanostructures are more useful
than solid ones’. Nanospheres, nano stars, nano prisms, nano rings, nano rods, and nano cages are some forms of
hollow nanostructures®. In hollow gold nanoparticles (HAuNPs), the interaction of plasmonic mode and cavity
mode leads to a stronger resonance. In addition, they have good anti-corrosion properties and biocompatibility,
which is useful for biomedical applications®. There are different methods for the synthesis and fabrication of
nanostructures. One method includes three steps of preparing silica nanostructures as a template, forming a
thick metal shell around the template, and then selectively removing the silica particles with HF solution’.

The main advantages of optical fiber sensors are easy application, lightweight, low cost, immunity to
electromagnetic interference and resistance to harsh environments'®. The structure of an optical fiber sensor
must be designed and modified in such a way that the light or evanescent field of the guided light penetrates the
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sensing medium around the fiber. For this purpose, polishing, chemical corrosion or heat-and-stretch methods
for fabrication can be used!!!2. U-shaped fiber'?, D-shaped fiber!, tapered fiber!®, fiber Bragg grating!®, and
long-period fiber grating!” are some useful optical fiber structures. In the optical fiber biosensor, bioreceptors
are immobilized on the fiber, and the binding of the target analyte as a sensing medium to the bioreceptor
changes the effective RI, and these changes can be detected by the biosensor!®!°. Biosensors can be used to detect
markers of a disease in body fluids such as blood, urine, saliva, and sweat?, Many types of optical fiber sensors
based on LSPR have been proposed to detect different analytes. Various materials such as graphene oxide?!
or zinc oxide?? with gold NPs (AuNPs) have been used to provide LSPR based on tapered optical fiber (TOF)
sensor. On the other hand, the TOF is one of the simplest optical fiber sensors!2. Different structures of the TOF
sensors such as simple tapered fiber?*, taper-in-taper structure?!, J-shaped fiber?>, S-shaped fiber?, etc. have
been proposed for biosensing applications. In addition, some LSPR sensors have been proposed to detect some
factors such as alanine aminotransferase (ALT), which is a critical component of human blood and is associated
with liver injury?, uric acid?!, ascorbic acid??, cholesterol level?’, and glucose level?®. In diagnosing cancer in
the early stages, imaging methods such as X-ray, magnetic resonance imaging (MRI), computed tomography
(CT), endoscopy and ultrasound cannot be very effective?. Therefore, in several reports, NPs themselves have
been used for early diagnosis and treatment of cancers®-*!. It has been reported that some drugs using NPs can
achieve better performance for destroying tumors®’. With the help of HAuNPs, it is possible to have a promising
technique for simultaneous trans-arterial tumor-targeted chemotherapy delivery and thermal ablation®?. Some
LSPR biosensors have high sensitivity for cancer detection®*. Plasmonic tilted fiber Bragg grating and V-shaped
plasmonic photonic crystal fiber biosensors have been presented to detect some types of cancers**¥. Colorectal,
liver, prostate, ovarian, breast, lung, blood, cervical, oral, gastric/pancreatic, bladder, and skin cancers are some of
the cancers that were diagnosed with them by sampling blood or other body fluids such as saliva and urine?*-.

Previous reports show that the fabricated hollow NPs individually have better plasmonic properties and
performance than those of solid NPs. The hybridization of the plasmons in hollow NPs results in the enhancement
of the plasmon fields along with more homogeneous distribution as well as the reduction of LSPR quenching due
to absorption. In addition, they have a higher detection limit and sensitivity and greater resonance in label-free
sensing applications and due to their good anti-corrosiveness and biocompatibility, they are useful in biosensing
applications”®. However, to the best of our knowledge, the sensor structure using hollow NPs on the TOF has
not been reported so far. In this paper, a TOF sensor based on the LSPR method using HAuNPs is investigated
in different aspects to increase the RI sensitivity for label-free cancer sensing using cancer biomarkers from
blood samples in liquid biopsy. The advantages of this method over other methods such as open surgical biopsy
and needle biopsy are non-invasiveness, less risk and pain, real-time detection, and easier reproducibility%. The
advantages of the optical fiber biosensing method over other methods is its label-free detection, rapid response,
biocompatibility, high sensitivity, and its portability>®37.

Key features of this design are enhancing the amplitude and penetration depth of evanescent field in the
fiber sensor based on biconical tapering and LSPR effect which leads to an increase in the RI sensitivity of
the sensor in the tapered region. The TOF RI sensors show excellent sensitivity with a fast response time in
the local change of RI, which has enormous potential for real-time and label-free biosensing. In addition, the
immobilization of the NPs on the TOF significantly increases RI sensitivity by creating the LSPR property that
engages the electrons in the NPs to oscillate in coupling with the evanescent wave. Additionally, AuNPs are stable
and resistant to oxidation, making them more durable for long-term applications. Also, in integrating of the TOF
with HAuNPs, interaction of the plasmonic mode and the cavity mode in HAuNPs creates a stronger resonance
and significantly increases the wavelength sensitivity compared to solid AuNPs®.

The remaining of the paper is organized as follows; in Sect. 2, the structure and its characteristics, the theory
and the simulation method are introduced. The effect of different dimensions of the sensor and the possibility
of detection of the analyte RI, especially the RI of the cancer cells are examined in Sect. 3. Finally, the paper is
concluded in Sect. 4.

Materials and analysis method
Sensor characteristics
As shown in Fig. 1, the sensor probe is an optical fiber with a cladding diameter of 125 pm and a core diameter of
8 um, which is tapered at the waist. The waist diameter of d , is in the range of 10-18 um. The NPs are HAuNPs
with a diameter of d_, in the range of 40-60 nm and a shell thickness of ¢ in the range of 2.5-17.5 nm which are
immobilized on the waist of the TOE The analyte around the sensor has the RI of #_in the range of 1.333-1.403.
The TOF waist area is pure silical® and its RI is calculated by the Sellmeier formula“®. The Rls of the HAuNP are
derived from the Johnson and Christy experimental data®. The surface density of AuNPs in experimental TOF
sensors can be in the range of 1.77x 10" m~? — 3.7 x 10! m~24%41, The surface density of HAuNPs in this work
is 3.185x 10'2 m~2. Therefore, the number of HAuNPs considered in our simulations is 100,000. This number is
obtained from the average approximation of the number of AuNPs used on experimental TOF sensors to match
modeling and experimental specifications**4!.

The reason for using the TOF for sensing is that compared to conventional optical fibers, TOF can create
a larger local electric field and as a result, a higher evanescent field and large penetration depth in the tapered
area due to the smaller radius of the waist. Therefore, tapering is another way of modifying the optical fiber for
improving the sensitivity of fiber sensor to measuring RI by enhancing the effect of evanescent field in cladding
part. The TOF is a good candidate for label free sensing based on RI sensing in biosensing applications. On the
other hand, the sensing effect of TOF can be improved due to the large surface area at the tapered structure, which
can better contact the analyte. In addition, TOF is compact and can be flexibly installed for measurement in
various environments due to ease of integration and better compatibility. The TOF does not require complicated
process and expensive materials, and its preparation is easier>**.
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Fig. 1. Schematic of the TOF sensor with HAuNPs on its waist.

Theory and simulation method

When the V-number of the small core fiber is less than unity, most of the core light power is guided in the
cladding'®. It is feasible to assume negligible excess loss for adiabatic TOF, therefore, in this case, only fundamental
mode (LP,) is considered to transmit in the TOF waist*4. So, the theoretical model of the TOF can be assumed
as a cylindrical waveguide (fiber waist) whose surrounding is infinite**.

In general, the simulation of AuNPs on the waist of the TOF must be done in the three-dimensional space,
because the structure is not uniform in the longitudinal direction. In addition, due to the large number of NPs
and the large difference between the dimensions of the NP and the fiber, it is difficult to simulate its complete
structure in three-dimensional space to get the field coupling between the plasmonic and core modes. Therefore,
we use a combination of equations and simulations to obtain the sensor response of the TOF with HAuNPs on
the waist. The transmitted power of TOF with HAuNPs on the waist region can be derived as*®>:

Pout = Piy, exp <_7wa NCeat L) (1)
Acyy

where P, , P ..d , and L are input power, output power, the diameter and the length of the waist, respectively.
N is the number of HAuNPs per unit area, while the total number of HAuNPs is m=nd LN. In addition, C, , is
the extinction cross-section of the HAuNP that is the energy extinction rate to incident irradiance ratio®’, and
A g is the effective mode area on the surface of the waist which is related to the Poynting vector distribution, S,
of the fundamental mode***>;

fA*}oo S, - dA (2)

Aess Szla=d.

In Eq. (2), the numerator is the surface integral of the Poynting vector distributed on the entire surface, including
the cross-sectional area perpendicular to the axis of the TOF waist and its surroundings, and the denominator is
the magnitude of the Poynting vector distributed on the TOF waist with the diameter of d,

The TOF waist is simulated separately by the FEM to calculate the effective mode area, A, ,, and the HAuNP
is simulated separately by the finite difference time domain (FDTD) method to calculate the extinction cross-
section, C, .. Then using Eq. (1), the transmittance spectrum of the TOF with HAuNPs around its waist is
calculated as a TOF-LSPR sensor. The cross-section of the TOF waist without HAuNPs is shown in Fig. 2a,
which is surrounded by analyte and the perfectly matched layer (PML) boundary conditions. The denominator
of Eq. (2) is the distribution of the Poynting on the TOF waist, as shown by the blue line in Fig. 2a. Figure 2b
shows the electric field distribution of the fundamental mode in the TOF waist.

Figure 2a The cross-section of the TOF waist which is surrounded by analyte and the PML boundary
conditions and (b) the electric field norm (electric field amplitude) of the fundamental mode in the TOF waist.

To calculate C, ,, Mie theory is used and the NP is simulated in three-dimensional space by the FDTD
method, because this method is suitable in terms of memory and CPU usage to simulate the NP. The thickness
of the HAuNP must be less than skin depth of the metal, until the electric field can penetrate the cavity. The RI
of metal can be assumed as n = v/ + i€;, where €, and ¢, are the real and imaginary parts of the dielectric
function, respectively, which the imaginary part depends on the conductivity of the metal. Therefore, the skin
depth equation is proved as follows*7+3:

0= 27 Im(n) 3)

where A, is the free space wavelength and Im(n) is the imaginary part of the RI of the metal. In experimental
studeis, HAuNPs typically have a shell thickness of 2.5-22.5 nm”. Skin depth spectrum of Au for wavelengths less
than 2 um shows that these thicknesses are almost less than skin depth. Therefore, in this wavelength range, the
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Fig. 2. (a) The cross-section of the TOF waist which is surrounded by analyte and the PML boundary
conditions and (b) the electric field norm (electric field amplitude) of the fundamental mode in the TOF waist

electric field penetrates into the cavity of the HAuNPs". Figure 3 shows the electric field in HAuNPs with shell
thicknesses of 20 nm and 2.5 nm. These two values with low and high thicknesses have been selected from the
range of thicknesses that are usually used to make HAuNPs’.

In Fig. 3b,c, it can be seen that by increasing the shell thickness from 2.5 nm to 20 nm, the electric field
penetrating the HAuNP weakens about ten times. Plasmons induce surface charges on the inner and outer
surfaces of the metal shell. Due to the low thickness of the shell, metal and cavity plasmons interact with each
other, and in fact, this interaction is controlled by the thickness of the metal shell. The interaction of plasmons
of the inner and outer surfaces of the shell creates two hybridized plasmonic modes, one of which is related to
the asymmetric coupling of modes with high energy and the other one is related to the symmetric coupling
of modes with low energy®’. Plasmonic hybridization leads to an increase in the plasmonic field and its more
homogeneous distribution, and for a thinner NP, a stronger coupling between the charges of the inner and outer
surfaces leads to a red shift and an improvement of the near field*. The absorption and scattering cross-section
spectra for HAuNPs are shown in Fig. 3 (d) which the LSPR peak is at 863 nm. Unlike the solid NP, which for
diameters less than 60 nm, the scattering cross-section is negligible and the extinction cross-section is almost
equal to the absorption cross-Sect?®, in Fig. 3e, it can be seen that the scattering cross-section is significant for
the HAuNP and to calculate the extinction cross-section, it is necessary to add the scattering and absorption
cross- sections together. Figure 3e shows that the absorption cross-section of the HAuNP is 4.5 times higher
than that of the solid NP.

Results and discussion

Effect of different aspects on sensing

The sensor transmittance spectra for different thicknesses of the HAuNP are shown in Fig. 4a. With decreasing
the HAuNP thickness from 17.5 to 2.5 nm, the amplitude of the transmittance dip decreases from approximately
0.86 to 0.37 and the wavelength of the dip increases by 300 nm. In Fig. 4b, the purple curve shows the wavelength
sensitivity and the orange curve shows the full width at half maximum (FWHM) of the structure. Obtained
results show that decreasing the shell thickness causes the resonance dip of the transmittance spectrum to
become deeper, because reducing the shell thickness increases the penetration of the electric field.

Figure 4b shows that as the shell thickness decreases, the sensitivity increases, but on the other hand, the
FWHM also increases slightly. For example, in Fig. 4b, it can be seen that by reducing the shell thickness from
7.5 nm to 2.5 nm, the sensitivity and FWHM increase up to 1.7 and 1.3 times, respectively.

Figure 5a shows the transmittance spectra of the structure with variation of the outer diameter of HAuNPs.
It can be seen that with the increase of the outer diameter of the HAuNPs, the dip of the transmittance spectrum
becomes deeper, so that, with increasing the outer diameter from 40 to 60 nm, the amplitude of the transmittance
dip decreases from approximately 0.53 to 0.37 and the wavelength of the dip increases by 128.6 nm. The reason
is that the increase in the outer diameter of the HAuNP causes the cavity to become larger and the surface area
of the gold shell to increase, both of which lead to an increase in the resonance of the transmittance spectrum.
By increasing the HAuNP outer diameter, the sensitivity and FWHM increase gradually. As shown in Fig. 5a,
the changes in the sensor transmittance spectrum are uniform and due to this uniform response, the sensor
transmittance spectrum can be predicted up to the HAuNP outer diameter of 80 nm. Here, the transmittance
spectrum response stops at the HAuUNP outer diameter of 60 nm. Because with larger outer diameters, the
FWHM increases, which is not desirable?.

Figure 5b shows the transmittance spectra of the sensor with variation in the TOF waist diameter. It is shown
that as the TOF waist diameter decreases, the dip of the transmittance spectrum becomes deeper. Because, as the
TOF waist diameter decreases, the leakage evanescent field from the TOF waist to the outer medium increases.
Therefore, the transmission is reduced and the dip becomes deeper. For example, by reducing the TOF waist
diameter from 18 pm to 10 pum, the transmission dip reduced about two times. In general, in TOFs with a smaller
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diameter of the HAuNPs for t=2.5 nm and dw = 10 um, (b) vs. the variation of the TOF waist diameter for
t=2.5nmand d_, = 50 nm in two analyte Rls of 1.333 and 1.343

waist diameter, the interaction of the fiber evanescent field with the surrounding medium is higher, which leads
to stronger resonance for the HAuNPs on the TOF waist. But on the other hand, it is better to consider the
sensor’s robustness for practical works, as well. TOF waist diameters less than 10 um are not desirable in this

work because they will significantly reduce the sensor’s robustness™.

Refractive index sensing

Figure 6 shows the transmittance spectra of the sensor versus the variation of analyte RI. It can be seen that the
variation of analyte RI is well detected with the wavelength dip shift. The RI sensitivity and the FWHM of the
structure with t=2.5 nm, d_,=50 nm, and d =10 um were obtained 489.8 nm/RIU and 50 nm, respectively.
These sizes were selected according to the dimensions of HAuNP and TOF in experimental papers. According
to obtained results from Figs. 4 and 5, the designed structure has more sensitivity and less FWHM. The RI of
the analyte around the waist region of the fiber is assumed to be in the range of 1.333-1.403, which is related
to biological materials for biomolecular sensing applications*!. According to Fig. 6, because of the distinction
of the transmittance spectra in each R, this structure can be used for label-free biosensor based on RI sensing.

Detection of cancer cells
In the TOF-LSPR sensor fabrication, a chemical method can be used to immobilize HAuNPs to the TOF surface
as schematically shown in Fig. 7. For this purpose, first, the optical fiber is treated with piranha solution to form
hydroxyl groups. Then, the TOF was immersed in 5% aminopropyldimethylethoxysilane (APMES) diluted in
isopropanol for 90 min. Self-assembled monolayer (SAM) prepared by APMES contains Si head groups and
amine functional groups to form silanol bonds with hydroxyl groups on the optical fiber surface. This means that
the substrate will be positively charged by amine functionalization, which is used to immobilize the negatively
charged AuNPs. Finally, the optical fiber is immersed in a colloidal AuNPs solution that has been prepared
by citrate reduction. The gold surface is negatively charged by citrate and electrostatically bound to the amine
groups!.

In biosensing applications, for various analytes and diseases such as triacylglycerides, SARS-CoV-2, etc®2~>4,
, specific receptors can be immobilized on NPs and according to Fig. 8, the binding of some analyte biomarkers
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around the sensor to these receptors changes the effective RI or concentration, and these variations can be
detected through the transmittance spectrum of the TOF-LSPR sensor.

As shown in the TOF-LSPR sensor scheme in Fig. 8, the bioreceptors are immobilized on NPs. In experiments,
for selectivity of the biosensors, some bioreceptors such as antibodies, enzymes, aptamers or DNA can be used.

Although there are many parameters in human blood that can change its RI, the special bioreceptors on the
sensor that are for the specific cancer markers can deactivate other markers and hence the measured variation of
blood RI is due to the cancerous effects®>~>”. Cancer cells have a higher RI than normal cells, because they have
more protein®®. Therefore, the presence of cancer cells in human blood can be detected by changing the RI of
blood. Table 1 shows the size, RI and cell liquid concentration of skin, cervical, blood, adrenal gland, and breast
cancers compared to the normal state>-8,

When the blood is in contact with the biosensor, the difference in its RI can be recognized according to Fig.
9, in which the dip of the transmittance spectrum of the sensor at each Rl is at a different wavelength. Therefore,
each cancer can be diagnosed by its specific transmittance spectrum

It should be noted that in practice, by binding disease specific biological receptors on HAuNPs, only the
biomolecules of that disease bind to the receptors and change the effective RI*’. Other biomolecules, even if they
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Cell name Cell size | Cell type Concentration level | Refractive index

Normal cell 30-70% 1.360
Basal 30 um

Skin cancer 80% 1.380

Normal cell 30-70% 1.368
Hela 17.66 pm

Cervical cancer 80% 1.392

Normal cell 30-70% 1.376
Jurkat 13-20 um

Blood cancer 80% 1.390

Normal cell 30-70% 1.381
PC-12 30-40 um

Adrenal gland cancer | 80% 1.395

Normal cell 30-70% 1.385
MDA-MB-231 | 18.72 ym

Breast cancer I 80% 1.399

Normal cell 30-70% 1.387
MCEF-7 20 um

Breast cancer II 80% 1.401

Table 1. The size, RI and cell liquid concentration of some cancers compared to the normal state -8
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Fig. 9. The transmittance spectra of the TOF sensor with HAuNPs on its waist surrounded by blood with the
RI of some cancers and the normal state for t=2.5 nm, dOut =50 nm, and dw=10pm

have the same RI as the investigated diseases, will not bind to the receptors and will not change the effective RI.
Therefore, this structure is an RI sensor that can be useful in practical biosensors.

The comparison of the proposed TOF-LSPR sensor with some reported optical fiber sensors is provided in
Table 2. According to Table 2, the FWHM in our structure is 20% of that of the structure with Au-reinforced Ag
nanoprisms®’. In addition, it can be seen that our structure has the highest wavelength sensitivity among these
compared sensors. The wavelength sensitivity of the TOF-LSPR sensor in this work is about 1.3 to 4 times higher
than that of LSPR fiber tip sensors, slightly higher than that of LSPR fiber with removed cladding, 1.7 to 4 times
more than that of multi-tapered fiber sensors, 1.27 times more than that of TOF with Au-reinforced Ag nano
prisms, 2 times more than that of S-shaped tapered fiber sensor, and 1.3 times more than that of tapered fiber
with long-period grating sensor.

The wavelength sensitivity and RI range of each sensor based on the sensor number according to the results
of Table 2 are shown in Fig. 10. In addition to high sensitivity, it can be seen that in this work (No. 13) the range
of the analyte RI in which the sensor behaves linearly is a relatively wide range compared to other structurs
which can be useful for sensing a wide range of analytes.

Therefore, a key feature of using AuNPs instead of silver NPs is the stability and resistance to oxidation of
the AuNPs, which makes them more durable for long-term applications®. On the other hand, the results show
that the wavelength sensitivity for the TOF sensor with solid AuNPs is very low?’. While using the HAuNPs for
sensing according to the Table 2 not only increases the wavelength sensitivity, but also significantly reduces the
FWHM.
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No. | Optical fiber sensor type Nanomaterial Analyte refractive Index | FWHM (nm) | Sensitivity (nm/RIU) | Reference
1 Optical fiber tip Au nanodot arrays 1-1.377 - 196 9
2 Optical fiber with removed cladding AuNPs 1.36-1.43 - 471 70
3 Optical fiber tip AuNPs 1-1.378 - 195.72 71
4 | Optical fiber tip Au Nanostructure Pattern 1.333-1.378 - 125 72
5 Multi-tapered optical fiber - 1.33-1.38 - 226.6 7
6 Optical fiber tip AuNPs 1.33-1.37 - 387 74
7 | Multi-tapered optical fiber - 1.333-1.3737 - 261.9 75
8 Double-tapered optical fiber - 1.333-1.359 - 126.15 76
9 Double-tapered photonic crystal fiber | - 1.333-1.3737 - 281.6 77
10 | Tapered optical fiber Au-Reinforced Ag Nanoprisms | 1.333-1.383 250 385 4
11 | Tapered fiber with long-period gratings | - 1.333-1.456 - 372 78
12 | S-Shaped tapered fiber - 1.332-1.387 - 268.8 7
13 | Tapered optical fiber HAuNPs 1.333-1.403 50 489.8 This Work

Table 2. Comparison of some optical fiber sensors.
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Fig. 10. The wavelength sensitivity and RI range of each sensor based on the sensor number given in Table 2.

Furthermore, obtained results in Fig. 3e indicated that the resonance amplitude of the solid AuNPs in
comparison with the HAuNPs is very low, and to compensate for this, a much larger number of solid AuNPs
must be immobilized on the sensor.

Experimental challenges

However, it is important to study some experimental challenges that may cause the response to deviate from the
simulation result. Some fabrication parameters such as the diameter and length of the TOF and the diameter
and number of NPs can affect to experimental results. The results show that for a TOF with a taper diameter of
10 pm and a taper length of 1 mm, a deviation of 2 um in diameter and 0.25 mm in length is acceptable, and
this range of variation does not significantly affect the sensing result?>. However, it is recommended to use more
precise fabrication based on heat pulling methods. In general, the TOF with a taper diameter of at least 3 ym and
a taper length of 0.95 to 7.5 mm can be fabricated'”. The sensitivity of the RI sensor increases with increasing
taper length and decreasing taper diameter. However, if these changes are large, the robustness of the sensor
decreases™. Therefore, a trade-off between sensitivity and robustness is required, so the designed structure in
this work with a taper diameter of 10 um and a taper length of 1 mm would have the appropriate characteristics
of sensitivity and robustness.

In addition, to produce high-quality TOFs, it should be considered some properties such as high adiabaticity,
uniform waist diameter, and low surface roughness®!. The surface roughness of the fiber is an effective factor in
the sensor response®2. However, the results show that the silica TOFs can be fabricated with very smooth surfaces
(with surface roughness less than 1 nm) and minimizing the surface roughness reduces the surface scattering®

Changes in the number of NPs also cause small changes in the response that can be neglected***!. However,
variations in the size of the HAuNPs will have a more effect on the response. Therefore, it is important to prepare
them in a precise manner so that the average diameter of the fabricated NPs is equal to that in the simulation
The citrate reduction route is a suitable method for the synthesis of AuNPs. The formation of NPs can be
confirmed by ultraviolet-visible and high-resolution transmission electron microscopy (HRTEM) data®. The
absorption spectra of AuNPs at different days after synthesis show that the absorption wavelength peak remains
unchanged, indicating its stability®!. The coverage of AuNPs on the TOF surface will influence the sensitivity of
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the LSPR-TOF sensor. In experimental studies some attempts have been made to achieve uniform deposition
of AuNPs®¥, but completely uniform deposition of AuNPs on the fiber is not easily possible. Therefore, in this
simulation, the distribution of AuNPs was not uniform and the distance between Au NPs was not important.
According to Eq. (1), only the extinction cross-section of the NP and the total number of NPs affect the output
power. However, the aggregation of NPs can change the wavelength sensitivity. The results show that the
aggregation of NPs increases the wavelength sensitivity by at least 50 nm/RIU%.

The calibration process, ambient temperature variation, and sensitivity to movement are some other
experimental challenges®. Packaging the sensor in a glass tube using UV adhesive helps to minimize
environmental impacts®. In this method, special chambers are provided on the glass tube to hold the sensor and
allow the analyte to enter and contact the sensor and exit3!. The results show that pressure changes up to 0.1 MPa
do not have much effect on the sensor response®®. However, in label free fiber biosensors based on RI sensing,
temperature variation may affect the sensor response. Typically in blood samples, it should be considered that the
temperature does not change by more than 10 °C°*°1. Therefore, the effect of temperature on the LSPR-TOF RI
sensor must be considered. In general, the LSPR-TOF sensors show excellent repeatability and reversibility*>®.

Conclusion

A tapered optical fiber (TOF) with hollow gold nanoparticles (HAuNPs) on its waist region as the localized
surface plasmon resonance (LSPR) sensor was simulated using finite difference time domain (FDTD) method
and the finite element method (FEM). The range of the HAuNP thickness values was determined according to
the skin depth. In addition, the variations of the thickness, the diameter of the HAuNPs, and the waist diameter
of the TOF on the transmission spectrum were demonstrated. For the structure with HAuNPs thickness and
diameter of 2.5 nm and 50 nm respectively and the fiber waist diameter of 10 um, the ability of the structure
for refractive index (RI) sensing was examined. The wavelength sensitivity and full width at half maximum
(FWHM) of the proposed TOF-LSPR sensor using HAuNPs in the analyte RI range of 1.333 to 1.403 were
obtained 489.8 nm per refractive index unit (nm/RIU) and 50 nm, respectively. The results were compared to
some similar sensors, and it was observed that in this work the sensitivity was about two to four times that of
the several sensors of multi-tapered fiber, LSPR fiber tip, and S-shaped tapered fiber. On the other hand, the
obtained results showed the ability of the sensor to detect the RIs of skin, cervical, blood, adrenal gland and
breast cancer cells with cell liquid concentration of 80%. Therefore, this structure can be useful in practical
biosensors for label-free and early detection of different types of cancer based on specific receptors.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained
from the corresponding author upon reasonable request.
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