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A nanoparticle-based few-mode multi-core fiber (FM-MCF) localized surface plasmon
resonance (LSPR) biosensor is proposed and analyzed using the finite element method
(FEM). It’s critical to narrow the loss spectrum and improve the coupling efficiency, which
makes it have high resolution and high sensitivity. With the aid of open air holes, the gold
nanoparticles are easily assembled on the surface of this FM-MCF LSPR biosensor.
Through multiple investigations, the performance of the sensor can be improved by
properly setting gold nanoparticle configurations, such as radius, positions, shapes, and
nanoparticle arrays. The simulation results show that when three circular gold
nanoparticles with a radius of 150 nm are placed symmetrically in the open air hole
and the angle between adjacent nanoparticles is 5°, the maximum sensitivity of 7,351.6
nm/RIU (LP02y mode na � 1.38) can be obtained in the sensing range of 1.33–1.38, which
covers the refractive index (RI) of biological fluids, such as bovine serum albumin (BSA)
solution and human Immunoglobulin G.

Keywords: biosensor, nanoparticle, localized surface plasmon resonance, few-mode multicore fiber sensor, open
air-hole

INTRODUCTION

Optical biosensors have shown good performance in detecting biological systems and have promoted
major advances in clinical diagnosis, drug discovery, food safety, and environmental monitoring
(Chiavaioli et al., 2017a; Zanchetta et al., 2017; Sinibaldi et al., 2018; Min Y, 2020) This is due to the
high sensitivity, anti-interference, stability, low noise, and other advantages of optical signals.
Localized surface plasmon resonance (LSPR) biosensors are extensively employed because they show
many significant advantages over conventional optical biosensors, including high refractive index
(RI) sensitivity, fast sensor response, real-time detection, and a label-free technique (Chen andMing,
2012; Cao et al., 2014). With the development of nanotechnology, biosensors based on LSPR have
attracted more attention from researchers (Chen et al., 2020; Li et al., 2020; Wang et al., 2020), LSPR
phenomenon exists in metal nanoparticles (MNP) rather than bulk metals, the collective oscillation
occurs when the conduction electrons in the nanoparticles have the same frequency as the incident
photons. When LSPR is excited, the absorption and scattering of photons are greatly enhanced, and a
resonance peak appears in the wide spectral range.

Nanoparticles play a vital role in LSPR excitation, when metal particles are in nanoscale size and
smaller than the light wavelength, their physical properties change dramatically (Willets and Van
Duyne, 2007). Because of the high specific surface area, nanoparticles can be used to overcome the
limitations of SPR sensor performance. Moreover, the localized surface plasmon is distributed in a
small region near the particle surface, so the LSPR can be controlled by changing the particle
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properties, such as particle size, shape, and composition (Chen
et al., 2008). Size and shape dependence allows the resonance
peak to be adjusted along the entire visible and near-infrared
spectrum, meanwhile, it is useful for optimizing surface
enhancement, heat treatment, and enhancing the biosensor
response of nanoparticles. In addition, LSPR is highly
responsive to RI variation around the MNPs, and the
resonance peak shift can be used to monitor the local RI
changes caused by the interactions of biomolecules around
nanoparticles, so LSPR biosensors are suitable for observing
very low concentration of biological liquid analytes and
molecules of small weight (Cottat et al., 2013).

Optical fiber offers great advantages for LSPR sensor design. It has
been confirmed that expanding the area of LSPR is the key to designing
efficient biosensors since the size of the LSPR area is directly
proportional to sensing abilities of RI variations in the biological
liquid analyte (He, 2019). Therefore, fiber sensor with open
structure is more feasible, in which the groove channels can be
easily covered or coated with nanoparticles. In such design, the
LSPR region is enlarged and the contact of the biological liquid
analyte with the nanoparticles is unimpeded. Several open structure
sensors have been developed. Liu et al. proposed a mid-infrared SPR
sensor with two open-ring channels based on PCF, a thin gold film is
deposited on the wall of the open-rings and the liquid analyte can
penetrate the channels (Liu et al., 2017). Since the core mode
simultaneously activates the SPR at two open-ring channels, the
sensing channel cannot be selected. Yang et al. presented a concave-
shaped PCF combined with square-channel using indium tin oxide
(ITO) for SPR sensing (Yang et al., 2019). Although the role of the
groove sensing channel is not mentioned and emphasized in the two
papers, the distribution of sensing channels provides useful insight for
addressing the problems in the detection of liquid biological substances.

To solve the above problems, we propose nanoparticle-based
few-mode multi-core fiber (FM-MCF) LSPR biosensor with open
air holes. Due to the air holes distribution of the FM-MCF, the six
outer open air holes allow the gold nanoparticles to be easily
assembled on the surface of the sensor and enlarge the LSPR area.
FM-MCF combines the advantages of multi-core fibers (MCFs)
and few-mode fibers (FMFs) that aims to narrow the loss
spectrum and improve the coupling efficiency (Dong et al.,
2019). which make the sensors have high resolution and high
sensitivity (Mollah and Islam, 2020; Singh et al., 2020).
Furthermore, MCFs are beneficial to realize multi-channel
sensing (Wei et al., 2017). Although FM-MCF sensors have
been studied (Yang et al., 2017; Wang et al., 2018; Yao et al.,
2019), the application in biochemical has been rarely reported.
The LSPR biosensor we propose exhibits high sensitivity in liquid
analyte detection, and therefore has potential in chemical and
biological sensing (Chiavaioli et al., 2018; Zheng et al., 2018;
Zubiate et al., 2019).

PREPARATION SENSING MODEL AND
SIMULATION

Figure 1A is a schematic diagram of the FM-MCF LSPR
sensor system device; the entire system includes light

source (Ocean Optics HL-2000), seven-core fiber fan-in/
fan-out modules (FAN 7–42,YOFC), FM-MCF sensor,
glass tank and spectrometer (Ocean Optics HR4000CG-
UV-NIR). The FM-MCF is connected to the light source
and the spectrometer through single-mode seven-core optical
fibers (SM-SCF). It’s a part of a fan-in/fan-out module as
shown in Figure 1B, and the other end of this module is
composed of seven single mode fibers (SMFs). The area with a
length of 1cm in the middle of the FM-MCF is made as the
sensing area, Figure 1C is the cross section of the sensing
area, where the seven cores are arranged in a hexagonal shape
and each core is surrounded by six air holes to form a
hexagon. As seen in Figure 1D, the cladding diameter of
the FM-MCF without the coating layer is 192 μm, the core
diameter is 13.1 μm, the air hole diameter is 9.4 μm, the core
pitch is 40 μm, and the air hole pitch is 13.3 μm. In order to
fabricate the groove sensing channels which can be seen in
Figure 1C, the six outermost air holes of FM-MCF are etched
to be tangent to the cores using hydrofluoric acid. Then, the
six open air holes are used to assemble nanoparticles and hold
biological liquid analytes. When gold nanoparticles are filled
into these groove sensing channels, our biosensor can detect
many kinds of biological liquid analytes.

In order to find the optimized parameters for the FM-MCF
LSPR sensor, the finite element method (FEM) software
COMSOL Multiphysics is used to numerically simulate the
performance. In the model wizard window, we select
Frequency Domain (ewfd) in Electromagnetic Waves
module and Mode Analysis in Select Study. The simulation
model in COMSOL is illustrated in Figure 2A. Due to the
geometric symmetry and low core-to-core crosstalk (Van
Uden et al., 2014), each fiber core is considered to
transmit light independently. Hence, only one-sixth of the
whole fiber needs to be calculated. As FEM mesh shows,
orange lines are periodic boundary conditions, and perfectly
matched layer (PML) is set on the outmost layer. Besides, the
free triangular mesh is used to segment the computation area.
The computational region contains 22,161 domain elements
and the number of degrees of freedom is 155,738. Figure 2B is
the zoom-in of the red square which depicts a gold
nanoparticle with a radius of 150 nm attached to the
etched open air-hole.

During the simulation, The refractive index of pure silica can
be described by Sellmeier equation (Sellmeier, 1871). The
dielectric constant of gold in the visible and near-IR region is
given by the Drude-Lorentz model and written as follows (Rakić
et al., 1998)

ε(ω) � 1 − Ω2
p

ω(ω − iΓ0) + Σ
k

j�1
fjω2

p

(ω2
j − ω2) + iωΓ j

where ωp is the plasma frequency, k is the number of
oscillators with frequency ωj, strength fj, and lifetime 1/Γj,
while Ωp �

��
f0

√
ωp.

Similarly, confinement loss is a crucial parameter for the FM-
MCF LSPR sensor, which expresses the excitation of the LSPR.
Confinement loss is mainly determined by the imaginary part of
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the core mode effective RI (Im(neff)) and it can be calculated by
(Yang et al., 2021)

αloss(dB/cm) � 8.686 × 2π
λ
× Im(neff )

where λ is the incident wavelength. Therefore, we can discover
and discuss the LSPR effect in some loss spectrums and the
electric field of Au nano-particles.

The resonant wavelength of FM-MCF LSPR sensor will shift when
the biological liquid analyte RI changes slightly. In consequence, the
shift of the resonant wavelength can be used for the detection of the RI
change of biological liquid analytes. Sensitivity is an important
parameter to measure sensor performance. Spectral sensitivity is
described as (Yang et al., 2021)

S(λ) � Δλpeak
Δna

(nm/RIU)

where is the resonant wavelength shift of the loss peak, is the
change of the biological liquid analyte RI.

RESULTS AND DISCUSSION

Our FM-MCF is originally designed to use for transmission of
optical signals in telecommunication, so it only supports LP01 and
LP11 two modes in each core at the communication band. Loss
spectra of the FM-MCF LSPR sensor excited by fundamental
mode (LP01y and LP01x) are presented in Figure 3, while
biological liquid analyte RI (na) is 1.33 and the radius of the
gold nanoparticle is 110 nm. Optical field distribution of LP01y
and LP01x (two polarization direction of LP01) and corresponding
plasmon mode are illustrated in insets (a), (b), (c), and (d),
respectively, where the red arrows in the insets (a) and (b)
indicate the direction of the electric field. As shown in

FIGURE 1 | (A) Schematic diagram of the FM-MCF LSPR sensor system device; (B) Connection between the seven-core fiber fan-in/fan-out module and the FM-
MCF; (C) Geometric model of the FM-MCF LSPR sensor’s sensing area and the structure of gold nanoparticles; (D) Cross-section of the FM-MCF. Inset in Figure 1
depicts the placement of gold nanoparticles.

FIGURE 2 | (A) Simulation model in COMSOL; (B) Gold nanoparticle is
attached to the etched air hole which is the zoom-in of the red square.

FIGURE 3 | Loss spectra excited by LP01y and LP01x mode and
corresponding optical field distribution while na � 1.33. Insets (a), (b), (c) and (d)
show the optical field distribution of the core modes and plasmon modes at
different resonant wavelengths.
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Figure 3, not only LP01x but also LP01y mode in the FM-MCF core
can excite the LSPR effect. Besides, the resonant wavelength of
LP01y is shorter than LP01x, though the spectral loss is higher than
it. Since the resonant wavelength of plasmon mode is around
700 nm, there are many modes transmitted in the optical fiber
core. Similar to LP01 mode, two polarization directions (x and y)
of LP11, LP21, and LP02 mode are also able to excite LSPR.
Consequently, the influence of transmission modes in the fiber
on our biosensor is analyzed in detail, as well as the radius of gold
nanoparticle, nanoparticle positions, shapes of nanoparticle, and
nanoparticle arrays.

Effects of the Gold Nanoparticle’s Radius
The radius of the nanoparticle plays an important role in the
performance of the biosensor. Figure 4 shows the effect of the
nanoparticle’s radius rg on the resonant wavelength, spectral loss,
and spectral sensitivity. Figure 4A shows the relationship between the
resonantwavelength and rgwhenna is 1.33.With the increase of rg, the
resonant wavelength of the FM-MCF LSPR sensor exhibits a red shift,
this is because the nanoparticle’s radius affects the maximum light
coupling between the fiber mode and gold nanoparticle. Although
resonant wavelength has a red shift, the change of adjacent resonance
peaks gradually decreases. The relationship between rg and spectral
loss when na � 1.33 is shown in Figure 4B. In Figure 4B, the peak loss
of LP01x mode increases with the radius of the nanoparticle initially,
when rg � 90 nm, at this moment LP01x has the maximum loss, and
then peak loss begins to decrease. However, the peak loss of LP01y
mode always increases as the radius increases, when rg � 150 nm,
LP01y has the maximum loss. When na varies from 1.33 to 1.34, the
spectral sensitivity of FM-MCF LSPR biosensor for different
nanoparticle’s radius is presented in Figure 4C. As the radius
increases, the sensitivity continues to increase, reaching its
maximum when the radius is 150 nm. Therefore, by changing the
radius of the gold nanoparticle, we can adjust the resonantwavelength,
spectral loss, and the spectral sensitivity of the biosensor.

The Influence of Nanoparticle Positions
Meanwhile, the influence of nanoparticle positions on FM-MCF
LSPR biosensor performance is also analyzed in this paper. The
gold nanoparticle is initially placed tangent to the core, as

illustrated in Figure 1A. When the nanoparticle rotates
clockwise around the center of the open air-hole to the next
position, the angle between the original position and the next
position is described by θ.

Figure 5 depicts fundamental mode loss spectra of na � 1.33
when θ is 0°, 5°, 10°, and 15°, respectively. We found that as θ
increases, the peak losses of the two polarizations gradually
decrease but the resonant wavelength remains almost the
same. The reason is that the evanescent wave has a certain
penetration depth, and its amplitude decreases exponentially
with the increase of the distance from the interface so peak
loss varies when the nanoparticle is placed at different angles
(Chiavaioli et al., 2017b).

Effect of Transmission Modes
The FM-MCF we use only supports twomodes (LP01 and LP11) at
the communication band. At visible wavelengths, plenty of high
order modes can be transmitted in the fiber core. Transmission
mode in the fiber is also a significant factor that affects the
performance of the presented biosensor. As mentioned above, we
fix the radius of the gold nanoparticle to 150 nm and the best
position to θ � 0°. Loss spectra of different modes when biological
liquid analyte RI ranges from 1.33 to 1.39 with a step of 0.01 is
shown in Figure 6, where the dash lines represent the loss spectra
of the x polarization while the solid lines represent the y
polarization. It can be seen that loss spectra excited by y
polarization have higher losses than x polarization in the same
mode and the resonant wavelength of x polarization is also longer
than that of y. When using high order modes to excite LSPR, high
order modes usually have higher losses than the fundamental
mode, and hence their LSPR loss curves are steeper than that of
the fundamental mode, the narrower the loss curve, the better the
resolution of the sensor. Therefore, the performance of LSPR
biosensor excited by the high order mode is better than the
fundamental mode.

Figure 7 shows the relations between na and the resonant
wavelength. The average sensitivity and highest sensitivity can be
obtained according to (3). The average sensitivity of the LP01x,
LP01y, LP11x, LP11y, LP21x, LP21y, LP02x, and LP02y mode is 2467.9,
2257.9, 2528.2, 2310, 2640, 2428.6, 2557.1, and 2313.9 nm/RIU,

FIGURE 4 | (A) Relationship between rg and resonant wavelength when na � 1.33; (B) Effect of rg on spectral loss when na � 1.33; (C) spectral sensitivity of the FM-
MCF LSPR biosensor at different rg when na is from 1.33 to 1.34.
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respectively. The LP21x mode has the maximum highest
sensitivity of 3478.28 nm/RIU among all modes when na �
1.39. It can be seen that x polarization has a higher sensitivity
than y polarization in the same mode. In addition, high order
modes have higher sensitivity than fundamental mode in the
same polarization state. Therefore, using high order mode to
excite LSPR can improve the sensitivity of the sensor.

Effect of Nanoparticle Shapes
It has been shown experimentally that the shape of the gold
nanoparticle plays a vital role in determining the sensitivity
(Mayer and Hafner, 2011). Several gold nanoparticles with
different geometric shapes are illustrated in Figures 8A–D, all
the nanoparticles are filled in the air hole of the FM-MCF and are

tangent to the core. From the previous discussion, when the
radius of the circumferential circle is 150 nm, the LSPR excited by
gold nanoparticles has the highest sensitivity. When biological
liquid analyte RI is set as 1.33, the loss spectra of LSPR excited by
four different shapes of gold nanoparticle are shown in Figure 8E.

It can be seen that the loss spectra exhibit a red shift as
nanoparticle gets sharper in Figure 8E. The resonant wavelength
of hexagon nanoparticle is close to that of the circular
nanoparticle, and the triangle nanoparticle’s resonant
wavelength is in the near-infrared while circular is in the
visible light range. By using different shapes of nanoparticle,
we can adjust the resonant wavelength of the FM-MCF LSPR
biosensor. Figure 8 shows the optical field distribution of LSPR
excited by different shapes of nanoparticle at the peak of a, b, c, d,

FIGURE 5 | Loss spectra excited by gold nanoparticle at different positions. (A) LP01x; (B) LP01y.

FIGURE 6 | Loss spectra excited by different modes: (A) LP01x and LP01y; (B) LP11x and LP11y; (C) LP21x and LP21y; (D) LP02x and LP02y.
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FIGURE 7 | Relations between na and resonant wavelength. (A) LP01x and LP01y; (B) LP11x and LP11y; (C) LP21x and LP21y; (D) LP02x and LP02y.

FIGURE 8 | Several gold nanoparticles with different geometric shapes. (A) triangle nanoparticle; (B) square nanoparticle; (C) hexagon nanoparticle; (D) circular
nanoparticle. Optical field distribution of LSPR excited by different shapes of nanoparticle. (A-y) triangle nanoparticle excited by LP01y mode; (A-x) triangle nanoparticle
excited by LP01x mode; (B-y) and (B-x) square nanoparticle excited by LP01y mode, LP01x mode, respectively; (C-y) and (C-x) hexagon nanoparticle excited by LP01y

mode, LP01x mode, respectively; (E) Loss spectra excited by nanoparticle in different shapes for LP01x and LP01y mode.
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e and f in Figure 8E, the red arrows represent the direction of the
electric field. When nanoparticles have sharp tips or features, the
LSPR energy is mainly concentrated at the tip position. The
coupling between LP01 mode and SP mode excited by triangle
nanoparticle is the best, then square, and finally hexagon
nanoparticles. This is because of the sharper the angle, the
greater the density of the free electrons at the tip, and the
stronger the electric field that can be excited. The strong
electric field enhancement at the sharp tips makes it possible
to excite surface plasmon resonance with only a small amount of
incident light energy, so the sharper the nanoparticle, the longer
the resonant wavelength.

In the arrangement shown in Figures 8A–D, only one corner
of the nanoparticle is in contact with the air hole. For the first
three shapes in Figures 8A–D, we rotate the nanoparticles 60°,
45°, and 30° counterclockwise along the center as shown in
Figures 9A–C such that two corners of these nanoparticles are
in contact with the air hole. Loss spectra of LP01x and LP01y when
different shapes of gold nanoparticles excite LSPR after rotation
and moving are shown in Figure 9D.

Compare Figure 9D with Figure 8E, it can be seen that the
loss spectra of all shape nanoparticles have changed after rotation
and moving. Since the hexagon is closest to the circle, its loss
curve does not change significantly after rotation, however, the
difference between the triangle and the circle is the largest, so the
loss spectra vary obviously. After the triangle nanoparticle rotates
60°, the resonance peak of LP01y moves from 850 to 963 nm (red
shift), while the resonance peak of LP01x moves from 950 to
895 nm (blue shift).

Effect of Nanoparticle Arrays
Nanoparticle arrays also affect the performance of the FM-MCF
LSPR biosensor. In Figure 10 gold nanoparticles with a radius of
150 nm are filled symmetrically in the air hole, the angle between
adjacent nanoparticles is represented by δ and the minimum
value is 2.7°, which means that two adjacent nanoparticles are
tangent at this time. When δ � 2.7°, the entire air hole can be filled
with 81 gold nanoparticles.

Since the air hole range has been determined, the number
of nanoparticles n and the angle between adjacent
nanoparticles δ simultaneously affect the property of the
gold nanoparticle arrays. The influence of n has been
studied at first, the loss curves excited by LP01y mode
when δ � 2.7°, na � 1.33, and n are set as 81, 41, 21, 11, 9,
7, 5, and 3, respectively are shown in Figure 14. Because the
loss curves of n � 41 and 21 are very close to n � 81, so they are
not given in Figure 11A. It can be found that compared with
single nanoparticle, nanoparticle array has many resonance
peaks. When n � 81, the resonant wavelength locates in
680 nm, as n decreases to 11 the loss curves begin to show
two peaks, and the resonance peaks at longer wavelength have
higher confinement loss. When n � 3, there is an ultra-high
loss peak at 1042.4 nm, and the confinement loss can reach
13.5 dB/cm, far exceeding the peak loss at other nanoparticle
numbers.

In addition, the loss curves when na � 1.34 have also been
calculated, the resonant wavelength and sensitivity vary with
different n, as shown in Figure 11B. For the same na, when n
decreases from 81 to 21, the resonance wavelength remains
basically unchanged, and as n continues to decrease, the
second resonance peak begin to appear at longer
wavelength, so the resonant wavelength of n � 11 have a
significant red shift. However, as n decrease to 5, the second
resonance peak gradually blue shifts so the resonant

FIGURE 9 | Nanoparticles after rotation and moving. (A) triangle nanoparticle; (B) square nanoparticle; (C) hexagon nanoparticle. (D) Loss spectra of LP01x and
LP01y when different shapes of gold nanoparticles excite LSPR after rotation and moving.

FIGURE 10 | Gold nanoparticle arrays excited LSPR at the same time.
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wavelength decreases. The average sensitivity can be
calculated by Eq. 3, it can be found that initially when the
n decreases, the sensitivity is basically unchanged, when n �
11, the second resonance peak has higher sensitivity but as n
continues to decrease the sensitivity decreases. When n � 3,
the sensitivity can reach 2850 nm/RIU, which is higher than
the sensitivity of other number of nanoparticles. Therefore,
the number of nanoparticles n is set to 3.

Secondly, the influence of δ has been studied. The loss curves
for different δ are shown in Figure 12 where δ � 3°, 5°, 7°, 9°, and
11°. When δ varies from 11° to 3°, the resonance peaks have an
obvious red shift and the confinement loss gradually increases. It
can be interpreted as when δ is large, each gold nanoparticle can
independently excite the LSPR without coupling to each other.
With the decrease of δ, the local surface plasmon waves excited by
each gold nanoparticle begins to show weak coupling and lead to
the red shift of resonance peak. When the distance between gold
nanoparticles is close to their own size, the local surface plasmon
waves show strong coupling, so the confinement loss gradually
increases.

The variation of resonant wavelength and sensitivity with δ is
plotted in Figure 13. When na � 1.33 and δ increases from 3° to 5°,
the resonant wavelength declines from 1037.7 to 838.2 nmwhile δ
increases from 9° to 11°, the resonant wavelength declines from
728.7 to 722 nm. It can be found that although changing δ can
adjust he resonance wavelength’s position, the adjustment effect
is limited. The sensitivity change with δ can also be obtained from
Figure 13. When δ � 5°, it reaches the sensitivity of 3610 nm/RIU,
which is the largest of all δ. Therefore, the angle between adjacent
nanoparticles δ � 5°.

The FM-MCF LSPR sensor can work in the RI range of
1.33–1.39 which covers the RI of the BSA solution and human
Immunoglobulin G. Therefore, the sensor can be used as a
biosensor to detect the biological liquid analytes. The loss
curves excited by LP01y and LP11y mode when n � 3, δ � 5°

and biological liquid analyte RI is from 1.33 to 1.39 and loss
curves excited of LP21y and LP02y mode and biological liquid
analyte RI is from 1.33 to 1.38 is shown in Figure 14. With the
increase of biological liquid analyte RI, the resonance peaks have
a red shift and at the same RI, the loss curves of LP11y have a more
obvious red shift than that of LP01y. Figure 15 illustrates the
relationships between na and resonant wavelengths for LP01y

FIGURE 11 | (A) spectra of LP01y excited by nanoparticle arrays with different n. (B) Resonant wavelength and sensitivity vary with different n.

FIGURE 12 | Loss spectra of LP01y excited by nanoparticle arrays with
different δ.

FIGURE 13 | Resonant wavelength and sensitivity vary with different δ.

Frontiers in Sensors | www.frontiersin.org September 2021 | Volume 2 | Article 7519528

Yang et al. Nanoparticle-based FM-MCF LSPR Biosensor

https://www.frontiersin.org/journals/sensors
www.frontiersin.org
https://www.frontiersin.org/journals/sensors#articles


mode and LP11ymode when na � 1.33–1.39. The average sensitivity of
LP01y and LP11y mode when na is from 1.33 to 1.39 is 4497.1 and
4704.6 nm/RIU, respectively, while the highest sensitivity for each
mode is 5732.1 nm/RIU and 6055.36 nm/RIU when na � 1.39,
respectively. In addition, when the wavelength of incident light
along the core is 800–1300 nm, LP21y and LP02y modes can also
be transmitted stably, and the RI range at this time is 1.33–1.38. In
Figures 14C,D, the loss spectra become not smooth, this is mainly
because LP21y and LP02y are more likely to resonate with the core
mode, and the energy is basically coupled to the plasmon mode.
However, when the wavelength has a slight change, the phase
matching condition is no longer satisfied. Therefore, the average
sensitivity of LP21y and LP02y mode when na � 1.33–1.38 is
4888 nm/RIU and 5114 nm/RIU, respectively, and the highest
sensitivity for each mode is 6209.6 nm/RIU and 7,351.6 nm/RIU
when na � 1.38. It is demonstrated that the FM-MCF LSPR
biosensor has high sensitivity and is ideal for real-time detection of
biological substances.

CONCLUSION

In this paper, we presented an FM-MCF LSPR biosensor filled
with gold nanoparticles in the open air holes. The effect of

nanoparticles on the performance of the FM-MCF LSPR
biosensor is investigated by using the FEM. The results show
that the performance of the sensor can be improved by changing
the nanoparticles’ configuration. When the radius of gold
nanoparticles is 150 nm, three identical gold circular
nanoparticles are placed symmetrically in the air hole, and the
angle between adjacent nanoparticles is 5°, an average wavelength
sensitivity of 4497.1 nm/RIU can be obtained in the sensing range
of 1.33–1.39, and the highest sensitivity of LP01y mode is
5732.1 nm/RIU when na � 1.39. The FM-MCF can also
transmit high order mode stably when the wavelength of
incident light is 600–1300 nm. The average sensitivity of LP02y
when RI of the biological liquid analyte is 1.33–1.38 is 5114 nm/
RIU and the highest sensitivity is 7,351.6 nm/RIU when na � 1.38,
which is higher than that of the LP01y. The proposed sensor can be
used in chemical and biological sensing for its excellent
properties.
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