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In this paper, we propose a theoretical model of the surface plasmon resonance-based optical fiber biosensor for
detecting glucose concentration. The Au/ZnO/WS; multilayer film is coated around optical fiber. Compared with the
conventional surface plasmon resonance sensor, WS, material can increase the sensitivity of the biosensor. The absorption
capacity of WS, is used to load glucose oxidase by forming a sensitive area to recognize glucose. Refractive index of the
solution is calculated and then the concentration of the glucose can be obtained by the correspondence between refractive
index and glucose concentration. The highest sensitivity of the SPR biosensor with a structure of 40-nm Au/5-nm ZnO/14
layers of WS, is 4310 nm/RIU. The proposed WS,-based SPR fiber biosensor has a unique effect on the detection of
glucose concentration. It is expected to have potential applications in future medical blood glucose concentration detection.
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1. Introduction

Diabetes is a common metabolic disease which is very
harmful for people’s health. Blood glucose detection is an im-
portant part of the diagnosis and treatment of diabetes clini-
cally. An efficient, sensitive and reliable glucose concentration
detection method is of great significance. Different methods of
detecting glucose concentration have been applied to the ex-
isting researches, such as electrochemical, surface-enhanced
fluorescence, and surface-enhanced Raman spectroscopy.!!]
Recently, surface plasmon resonance (SPR) sensor with glu-
cose oxidase (GOx) has proven that it can be another effec-
tive method. It has ability to isolate interference from other
components which are found in blood because of the speci-

n.12-4 Conven-

ficity and sensitivity to glucose concentratio
tional prism-based SPR sensors usually use angle modulation,
which has some deficiencies like large size. It is not suit-
able for long-distance applications. Moreover, the oxidation
of the metal and the poor biosorption capacity of metal sur-
face limit the performance of the traditional SPR sensors.D!
Prism sensors are gradually replaced by optical fiber in some
specific fields. Optical-fiber SPR sensors use wavelength mod-
ulation, which conduces to flexible optical design, strong anti-
electromagnetic interference capability, remote sensing appli-

cations, and real-time dynamic monitoring./%8! For these rea-
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sons, the methods of metal nanoparticles, >'% nanopores, !}
and heterostructures!!?! were proposed. Lahav e al.,!'3] Sha-
labney and Abdulhalim!'#! reported an increase of sensitivity
by adding a high refractive index (RI) layer. The adding of
materials is an excellent method , such as adding the transition
metal oxides or graphene into the metallic film.[>1%] Also,
two-dimensional nanomaterial has been greatly concerned due
to its unique applications in biosensors.17-1%]

In recent years, GOx-based reagent-free biosensor for
highly sensitive and effective detection of glucose has be-

come a hot research spots.20-20]

Zhang et al. reported
that GOx was detected by a novel glucose biosensor with
gold nanoparticles—carbon nanotube composite film.[?’! Usha
et al. proposed that the biosensor structure of Ag/ZnO
nanorods/GOx was able to detect the concentration of glucose
by electrostatically adsorbing the GOx.[*8] In the present pa-
per, we propose a theoretical model of the surface plasmon
resonance-based optical fiber biosensor for detecting glucose
concentration. The Au/ZnO/WS, multilayer films are coated
around optical fiber. WS;, a kind of two-dimensional tran-
sition metal disulfide material, has become a key research
material. It has been reported that the WS, has good ap-
plication prospects in high sensitivity sensors and biomedi-

cal fields.?3% It is a graphene-like material with fullerene
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structure, excellent optical properties, moderate carrier mo-
bility, and high density of the electronic states. Due to its
two-dimensional structure with a high surface-to-volume ra-
tio, WS, can enhance biocompatibility and act as a load.3!!

2. Design consideration and theoretical model

Figure 1 shows the schematic diagram of the struc-
ture of the sensing system. The fiber core is coated by
Au/ZnO/WS,/sensing multilayer film to form an SPR optical
fiber sensor. The SPR sensing mechanism is based on the prin-
ciple of attenuated total reflection with Kretschmann’s config-
uration with wavelength interrogation mode.*?! When a cer-
tain wavelength of p-polarized light propagates in the fiber,

sensing region/

total internal reflection occurs. Due to the peculiarity of p-
polarized light, it is not reflected immediately but will enter
into the Au film in the form of evanescent wave in the hori-
zontal direction and continue to propagate. On the surface of
the Au film, the free electrons are stimulated. Then, the sur-
face plasmon waves which propagate along the interface are
generated. Surface plasmon wave is exponentially decayed.
Once the wave vector matches with the surface plasmon wave,
the surface plasmon resonance occurs and the reflected light
energy drops sharply. This resonance is observed as a sharp
dip in the output spectrum. When the glucose solution flows
through the sensor surface, the RI of glucose solution can be
measured by fitting the SPR resonance wavelength and then
further confirm the glucose concentration.

tput displa;

Fig. 1. Schematic diagram of SPR fiber biosensor.

The following dispersion determines the relationship be-
tween the RI of the fiber and the wavelength, and it is ex-
pressed as

AA? AA? A3A2
nl(ﬂL):\/1—&—12_3%4-12_3%—#12_3%, (1)

where A is the wavelength, Aj, A», A3, By, By, and Bj are
33]

coefficients.!
The dielectric constant of Au is determined by the Drude
model as follows:

A% e

Sm(l)=1—m7 2

where A, and A, are the plasma and the collision wave-
length, respectively. For Au, A, = 1.6826x 107" mand A, =
8.9342x 1076 m.134

The dielectric function of ZnO is defined as follows:

2 2
(Dp : ’)/(Dp

£ (0) =&~ o+ 7? +la)(a)?—Hfz)’

3

where €., @, and y are the high frequency dielectric constant,
the plasma frequency, and the damping frequency. Here, €., =
3.40, @y =2x 10" Hz, and y = 1.5x 10'* Hz respectively. !>’
The RI of WS, is given in Ref. [12], which is 4.9 4+ 0.31241.
The thickness of WS; is 0.8 nm.

Considering the reflection coefficient of p-polarized light,
its expression is determined by the N-layer transfer matrix
method.*>) The angular power distribution of the light is
shown as follows:

2 .
4P o nlsmecosezd& @
(1—n}cos?6)

Hence, when all guided light is emitted from the fiber, the
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normalized transmit power of the fiber is determined by

/E/ZR]l;Jref(g) n%sinﬂcosezde
er (1—n}cos?6)
/”/2 n?sin@cos O 46
2

o (1—n2cos?0)’

Ptrans =

Here, Nf(60) and 6. are defined as L/Dtan6 and
arcsin(ng/ny ), respectively: Ns represents the total value of
the reflections produced by the light and 6, is the critical an-
gle when the fiber is totally reflected. And n represents the
RI of the cladding of the fiber.

For the SPR-based fiber optic biosensor with wavelength
interrogation, when the RI of the sensing medium changes by
Ons, the resonance wavelength changes by 8 ., the sensitivity
is defined as

_ 5lres
Sy = G (6)

Sensitivity is a standard parameter for evaluating the perfor-
mance. That the resonance spectrum is deep and narrow means
that the detection accuracy is high.

3. Results and discussion

The numerical simulations of the SPR-based optical fiber
biosensor with Au/ZnO/WS; layer are studied in this paper.
Not only is the MATLAB software used to analyze the SPR,
but also COMSOL Multiphysics is applied to the optical SPR
sensing model research. The analysis of the perspective of
energy distribution provides a basis for the design and opti-
mization.

The sensitivity of the structure of Au/ZnO/WS; is simu-
lated by calculating the transmission output power of the sen-
sor. In our work, the middle portion (L = 15 mm) of the mul-
timode plastic clad silica fiber (numerical aperture NA = 0.24
and core diameter D = 600 pum) is selected to remove the
cladding layer and then coated with Au/ZnO/WS, layer. This
multilayer eventually contacts the sensing medium. The vari-
ation in RI of sensing medium will cause the resonance wave-
length to change. The sensitivity is defined by Eq. (6). When
the RI changes are the same, the sensitivity increases with
wavelength drift increasing.

Figure 2 shows the transmission spectra of SPR biosen-
sors with different coating materials: Au, Au/ZnO, and
Au/ZnO/WS, (see Figs. 2(a)-2(c)). The thickness of the Au
film is 40 nm and the thickness of ZnO is 5 nm. Figure 2(a)
displays a transmission spectrum of conventional biosensor
with only Au film, the resonance wavelength shift is about
58nm when the RI of the sensing medium is between 1.33 and
1.35. When a layer of ZnO is a coated Au film, the resonance
wavelength shift is about 61 nm as shown in Fig. 2(b). As
can be seen in Fig. 2(c), the wavelength shift of SPR sensor is

74 nm. It indicates that the sensor with the WS, sensing layer
has a highest sensitivity.
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Fig. 2. Transmission spectra of SPR biosensors with different coating mate-
rials: (a) Au, (b) Au/ZnO, and (c) Au/ZnO/WS;.

Next, the thickness values of the three layers of Au, ZnO,
and WS, are optimized and then the sensor structure with
higher sensitivity is designed theoretically. At first, the thick-
ness of ZnO is tentatively to be 5 nm, WS, is of 2 layers and
the RI of the sensing medium is set to be 1.33. By changing the
thickness of the Au film (d;) from 20 nm to 60 nm, the trans-
mission spectra calculated theoretically are shown in Fig. 3.
When the Au film is thin, the film thickness has a great influ-
ence on the position of the resonance peak and the full width at
half maximum (FWHM). As the film thickness increases, the
peak width narrows gradually. When the thickness exceeds
40 nm, the resonance peak becomes shallow. Also, the reso-
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nance wavelength does not change significantly from 680 nm
to 720 nm. The performance of the SPR sensor is evaluated
in the quality of the formant. The ratio of depth of the res-
onance peak to FWHM is used to judge the formant. High-
performance SPR sensors are more prone to choose structures
with smaller FWHM and larger peak amplitudes. It is prefer-
able to select 40 nm.

1.0

0.8

0.6

0.4

Transmission

0.2

,—d2=40 nm

9100 500 600 700 800 900
Wavelength /nm

Fig. 3. Variations of tranmission with resonance wavelength for different
values of Au film thickness.

After determining the thickness of Au film, thickness of
ZnO layer and the number of layers of WS, are changed to op-
timize the structure. The resonance wavelengths of SPR fiber
sensors with different thickness values of ZnO and WS, sens-
ing layers are simulated. We calculate the sensitivity when the
WS, changes from 2 layers to 18 layers with ZnO thickness
being 5 nm, 10 nm, 15 nm, and 20 nm, respectively. The value
of the sensitivity is the slope of the fitted line of the resonance
wavelength versus RI of the SPR sensor. Figure 4(a) shows the
transmittance versus wavelength curve for sensing structure of
40-nm Au/5-nm ZnO /14 layers WS, for the RI of the analyte
varying from 1.33 to 1.37 (in steps of 0.01). In Fig. 4(b), the
fitting relationships between the resonance wavelength of the
SPR sensor with different WS, layers at different RI numbers
are shown and the slope of the fitted line is the value of the

sensitivity. With the increase of the number of WS, layers,
it has an optimal value. The corresponding resonance wave-
lengths and the sensitivities of the fiber optic biosensor for dif-
ferent thickness values of ZnO and WS, are listed in Table 1.
Obviously, the proposed SPR biosensor with 14 layers of WS,
and 5-nm-thick ZnO has a highest sensitivity of 4310 nm/RIU.
The sensor with Au/ZnO structure has been reported to have a
sensitivity of 3161 nm/RIUin Ref. [33].

1.0

(a) —1.33
0.8
e
5
‘w 0.6
2
=
12}
Z 04
=
0.2
0 1 1 1 1 1
800 900 1000 1100 1200 1300 1400
Wavelength/nm
4400
b
L (b) /o—o\o
~ - AN
D 4200F o ‘
3 /
g B P4007°L =2
G ﬁ =%
< 4000t & = 0o J%i’“”;////
= S
E - 0/ 2 1000 /
o 3800F < 800 /
n
-/ & 6004
y ~ 1.33 1.34 1.35 1.36 1.37
Refractive index/RIU
3600 1 1 1 1 1 1 1 1 1

0 4 8 12 16 20
Number of WS, layer

Fig. 4. (a) SPR transmission spectra of proposed fiber-optic biosensor at
different RI values of the analyte, and (b) variation of sensitivity with the
number of WS, layers, with inset showing the linear fits between the res-
onance wavelength and the RI of the analyte for various numbers of WS,
sensing layers.

Table 1. Sensitivities of fiber-optic SPR biosensor with various thickness values of ZnO and WS,.

Sensitivity/(nm/RIU)
Thickness of ZnO layer/nm Number of WS, layer
2 4 6 8 10 12 14 16 18
5 3750 3870 3980 4100 4180 4230 4310 4310 4290
10 3680 3710 3760 3760 3740 3680 3640 3600 3500
15 3560 3540 3490 3450 3340 3230 3150 3090 2970
20 3410 3340 3250 3160 3000 2860 2780 2720 2590

To further determine the method of improving the per-
formance and explain the excitation of SPR, the electric field
distribution of Au/ZnO/WS; structure is studied by COMSOL
Multiphysics. For verifying that WS, enhances surface plas-

mon resonance, the finite element simulations of the tradi-
tional Au structure, Au/ZnO structure and Au/ZnO/WS, struc-
ture are conducted, respectively. When the structure is of 40-

nm Au/5-nm ZnO/14 layers of WS», the electric field intensity
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distribution of the TM polarization is described in Fig. 5(a)
with RI fixed at 1.33. It can be found that the electric field
is locally enhanced compared with the case for the sensors of
conventional construction due to the presence of ZnO and WS,
layers. A enlarged view for part of the electric field distribu-
tion of the structure is shown. When the SPR phenomenon
occurs near the Au film, the electric field is enhanced again

\*\.\

on the surface of WS,. The surface plasmon waves propa-
gate along the interface because of the combination of the SPR
phenomenon and the guided-wave surface-plasmon-resonance
configuration. Due to the high refractive index material (ZnO
and WS,), the sensitivity is increased by increasing the trans-

mission depth of the evanescent wave.

1.36 1.37 20

Fig. 5. (a) Mode field distribution of Au, Au/ZnO, and proposed Au/ZnO/WS; SPR biosensor at sensing medium RI of 1.33, respectively, and
(b) mode field distribution of proposed biosensor at the analyte RI from1.33 to 1.37 (in steps of 0.01), respectively.
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Fig. 6. Comparison of normalized electric field versus distance curve
between (a) SPR sensor with Au/ZnO structure and (b) that with
Au/ZnO/WS, structure.

Figure 5(b) shows the electric field distributions of SPR
mode of the biosensor with Au/ZnO/WS; structure having dif-
ferent RI numbers of the sensing medium. With the increase
of the analyte RI number, the guided mode inside the fiber

becomes weaker and the electric field intensity is stronger on
the surface of the Au film. With the RI of the analyte vary-
ing from 1.33 to 1.37, the effective RI value of the SPR mode
increases and the resonance wavelength shifts toward the long
wave. When resonance occurs, the surface of metal medium
will couple more energy, which enhances the resonance inten-
sity. Therefore, the electric field near the metal is enhanced.
It clearly shows that a little change in RI of sensing medium
will lead to a dramatic change in the characteristics of surface
wave.

Furthermore, figure 6 shows the normalized electric field
direction diagram of the radial energy distribution of the SPR
biosensor with Au/ZnO and that with Au/ZnO/WS,. As
shown in Fig. 6(a), the Au layer can enhance the electric field
intensity and present a peak value at the surface of Au film,
which means the excitation of SPR. In Fig. 6(b), the presence
of WS, layer reinforces the electric field again, resulting in the
enhancement of SPR excitation because of the high mobility
of electrons.

In addition, WS, with the pore-like structure shortens the
electron transport distance of the active center of the surface,
Also,
it is significant to mention here that Au/ZnO nanostructure

thereny improving the ability to transport electrons.

has good optical response*®37! and ZnO-WS, heterostruc-
ture has good photoresponsivity and excellent photocatalytic
activity.38) This structure can increase the carrier mobility of
WS, and the photocarrier transport which contributes to the
enhancement of SPR and then improves the performance. Ta-
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ble 2 shows the comparison of performance between our pro-
posed Au/ZnO/WS;-coated SPR sensor and other sensors re-
ported in the literature.

Table 2. Comparison of performance between proposed sensor and
other sensors.

Structure RIrange Sensitivity/(nm/RIU) ~ Reference
Ag/graphene 1.46-1.49 300 [40]
Au/ZnO 1.30-1.37 3161 [33]
Au/TiOy 1.333-1.403 1015.15 [41]
Au/WS; 1.333-1.360 2459.3 [30]
Au/ZnO/WS; 1.33-1.37 4310 this work

The simulation results of Au/ZnO/WS, structure SPR op-
tical fiber sensor for measuring the concentration of glucose
are discussed. In Ref. [39] the relationship between average
refractive index and glucose concentration was studied. The
linear relationship is represented by the following linear ex-
pression:

ng; = 0.00011889C + 1.33230545, )

where C represents the glucose concentration (in units g/1) and
ng /) denotes the average refractive index.

Since the SPR absorption peak is related to the RI of the
solution, the change in RI of the glucose solution can be mea-
sured. When obtaining the position of the SPR formant, RI of
the solution can be known and it can be in one-to-one corre-
spondence to the glucose concentration. The correspondences
among the glucose concentration, the refractive index and the
resonance wavelength of two structures are shown in Table 3.

Table 3. Correspondence among glucose concentration, refractive in-
dex, and resonance wavelength.

Glucose Refraction Resonance wavelength/nm
concentration/(g/l) index/(RIU) Au/ZnO Au/ZnO/WS,
1.33 603 1047
65 1.34 631 1080
149 1.35 664 1119
233 1.36 703 1165
317 1.37 750 1220
60
[ JAu/ZnO
g 50f I Au/ZnO/WS,
£
£ 40t
<
0
£ 30t
=
2
% 20
=
10+
ok
65 149 233 317

Glucose concentration/(g/1)

Fig. 7. Comparison of measurement of glucose concentration between
two structures.

The sensitivity of the biosensor is proportional to the de-
gree of the drift of the resonance wavelength. As shown in
Fig. 7, the wavelength red-shift increases significantly in the
structure of the proposed. Applying this theory to practice, we
may find that the sensitivity and accuracy of measuring glu-
cose concentration can both be improved.

4. Conclusions

In this paper, an SPR-based optical fiber biosensor with
Au/ZnO/WS; structure for detecting glucose concentration is
proposed and analyzed theoretically. It is verified that the addi-
tion of WS, can significantly enhance the sensitivity. For glu-
cose concentration detection, WS, material has advantages of
strong adsorption capacity for GOx. By analyzing resonance
wavelength, the RI of the solution can be calculated. The glu-
cose concentration can be obtained by the correspondence be-
tween RI and glucose concentration. The highest enhanced
sensitivity of SPR-based optical fiber biosensor is achieved at
4310 nm/RIU with the structure of 40-nm Au/5-nm ZnO/14
layers of WS,. The proposed WS,-based SPR fiber biosensor
has a unique effect on the detection of glucose concentration.
It is expected to have potential applications in future medical
blood glucose concentration detection.
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