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ABSTRACT Surface Plasmon resonance (SPR) provides an efficacious and label-free detection method for
optical fiber bio-sensing. MoSe2 is one of the transition metal dichalcogenides (TMDCs) which has broad
applications in detecting specific reactions. Cysteamine hydrochloride with enriched groups can generate
self-assemble films for tight attachment. In this study we aimed to combine the rapid response of optical
fiber SPR sensors with the enhanced sensitivity of MoSe2 nano-films. An optical fiber SPR biosensor
with MoSe2-Au nanostructure was proposed and implemented, and a sensitivity of 2821.81 nm/RIU was
achieved, which was approximately 98.7% higher than that of conventional SPR sensor without usingMoSe2
nanostructure. Furthermore, Bovine Serum Albumin (BSA) was utilized as the target molecule to test the
bioaffinity of the biosensor with MoSe2 deposition cycles from 0 to 8. Weighing the sensitivity and the
figure of merit (FOM), the best deposition cycle of MoSe2 was 4 with the sensitivity of 2793.36 nm/RIU and
FOM of 37.24 RIU−1. At last, immunization experiments were carried out using Goat-anti-Rabbit IgG and
a detection limit of 0.33 µg/mL was achieved. The rapid response and the high bioaffinity showed a strong
applicability of the proposed MoSe2-Au SPR immune-sensor in specific interactions and immunization
therapy.

INDEX TERMS Surface plasmon resonance, optical fiber, MoSe2, biosensor, Goat-anti-Rabbit IgG.

I. INTRODUCTION
Surface Plasmon resonance (SPR) sensors have attracted
much attention due to their real-time and rapid response
for the detection of specific molecular interactions and
the clinical diagnosis of disease [1]–[3]. In contrast to
the traditional prism structures with large size and com-
plex operation, optical fibers exhibit superiorities in the
miniaturization, the cost efficiency and the immunity to
electromagnetic interferences. Optical fiber SPR biosen-
sors obtained wide applications including the new dual-
core D-shaped photonic crystal fiber SPR biosensor for the
detection of human blood [4], CFCs (Chlorofluorocarbons),
HCFCs (Hydro-Chlorofluorocarbons) [5], salinity and tem-
perature of water substances [6]. The D-type optical fiber
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SPR biosensor was designed and simulated with a high sen-
sitivity of 66666.67 nm/RIU [7]. Nevertheless, the existing
optical fiber SPR sensors face a big challenge in sensitiv-
ity. Effective methods for enhancing the sensitivity can be
divided into two categories [8], [9]: one is to optimize the
internal structure of optical fiber, the other is to involve
various sensitivity-improved materials.

The transition-metal dichalcogenides (TMDCs), regarded
as another type of super materials after graphene, have drawn
considerable attention due to their distinctive optical and
electrical characteristics [10]. The TMDCs family includes
the compounds e.g. the transition metal elements from group
IV to group VII and the chalcogen such as S, Se and Te [11].
Some prism-structure SPR sensors modified using TMDCs
materials have been reported. Rahman et al. proposed a sen-
sitivity enhanced sensor structure by adding MoS2 material
in the middle of the Graphene-Au layer on the K9 glass [12].
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A sensitivity of 2524.8 nm/RIU was achieved with MoSe2
suspension on the Kretschmann structure. Compared to the
case without using any MoSe2 overlayer, the result showed a
sensitivity enhancement of 36.3% [13]. Most TMDCs modi-
fied SPR sensors were implemented with sophisticated prism
structures and handled by angle-interrogation [14], [15].
There are few practical bio-sensing applications using optical
fiber structures and wavelength-interrogation reported. Com-
pared to other TMDCs materials, MoSe2 has a larger layer
spacing and a smaller energy band gap which will lead to
better sensing performance [16]. It has been reported that the
absorption capability is wavelength-dependent and the level
of that for typical TMDCs materials is: MoSe2 < MoS2.
Lower photon absorption is more beneficial to real-time sens-
ing [17]. Therefore, the ability of materials aforementioned to
enhance the detection sensitivity should be: MoSe2 >MoS2.
In another word, MoSe2 will perform better for enhancing the
sensitivity of the sensor.

Besides the sensitivity, immobilizing biomolecules on
the optical fiber for specific immunity is also significant.
Methods of N-(3-Dimethylaminopropyl)-N’-Ethyl carbodi-
imide hydrochloride (EDC), N-Hydroxysuccinimide (NHS)
and cross-linking agent have been applied to improve the
immobilization efficiency [18]–[20]. However, these various
chemical regents are time-consuming and can decrease the
activity of biological recognition layer in the immunologi-
cal reactions. One of the typical applications of the MoS2
modified optical fiber biosensor was to detect the Escherichia
coli [21]. Themonoclonal antibodies and the optical fiber sur-
face were connected by hydrophobic interactions, which was
far behind the binding of functional groups. Consequently,
developing an effective immobilization method remains a
challenge. Cysteamine hydrochloride with abundant amino
and sulfydryl groups can be employed to facilitate the
immobilization [22]. Applying the functional groups in
molecules or modifying the molecules to produce the
self-assembled films should be investigated for further
research.

In this work, the MoSe2-Au based sensitivity enhanced
optical fiber SPR biosensor was proposed, where the Cys-
teamine hydrochloride was employed as the linker to form the
self-assemble film. Taking account of both the sensitivity and
the figure of merit (FOM), we obtained the best deposition
cycle of MoSe2 layer. Simulations, biological affinity detec-
tion and immunization experiments with MoSe2-Au optical
fiber SPR biosensor were carried out. The performance and
specificities of the fabricated biosensor were further evalu-
ated and compared with other reported SPR biosensors. The
results demonstrated a bright prospect of our developed opti-
cal fiber SPR biosensor for the protein detection and clinical
diagnosis.

II. EXPERIMENTAL SETUP AND METHOD
A. EXPERIMENTAL SETUP
Optical fiber rotating magnetron sputtering coating
instrument was applied to ensure the uniformity of

FIGURE 1. The experimental setup for optical fiber SPR sensing system.

FIGURE 2. Physical map of home-made optical fiber SPR sensor.

deposited film. The experimental setup for SPR bio-sensing
was illustrated in Fig. 1. The sensing system consisted of a
tungsten halogen light source, the SPR biosensor with a glass
tube, a spectrophotometer (HR 4000 from Ocean Optics Co.)
with a range of 200-1100 nm and a resolution of 20 pm.

A glass tube with upper and lower openings was used to
prevent the evaporation of the solution and to ensure the
coating time. The optical fiber was inserted into the glass
tube and the two ends were blocked by self-made stoppers
to prevent the leakage as Fig. 2.

B. MODEL OF THE SPR SENSING PLATFORM
The electromagnetic wave propagating in the optical waveg-
uide enters the metal layer in the form of evanescent field
and will excite the surface Plasmon wave. As the transverse
component of the incident light kx equals the propagation
constant of the surface Plasmon wave βsp, the SPR coupling
condition is satisfied [23]:

βsp = kx ⇒
√

εmεs

εm + εs
=
√
ε0
ω

c
sin θ (1)

where ω, c and θ characterize the angle frequency, the light
speed in the vacuum and the incident angle, respectively.
εm, εs and ε0 represent the dielectric functions of the metal
layer, the dielectric medium and the fiber core, respectively.
Therefore, the basic elements of our SPR sensing platform
consist of the metal layer and the sensing medium.

According to simulation results in our previous work,
a larger diameter of optical fiber corresponded to a narrower
resonance peak and a higher sensitivity [24]. However, the use
of an overlarge core diameter will increase the cost of fiber
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FIGURE 3. A schematic configuration of coated optical fiber SPR sensor.

and the difficulty of fiber to be connected to other optical
components. Generally, the plastic multi-mode fiber with a
core diameter of 600 µm was commonly used due to its easy
accessibility and large contact reaction area. Its coating and
cladding with the length of 1 cm in the middle region was
removed using a sharp blade. The layer of chromium (5 nm)
and gold (50 nm) were successively deposited on the sensing
region using the vacuum sputtering coating instrument. The
vacuum degree of deposition environment was 2 × 10−4

Pa. The sputtering angle was set to 80◦ and the working
electric current was set to 100 mA. The thickness of each
layer was calibrated by a crystal film thickness detector and
the deposition rate of metal was experimentally determined.

After the step of the metal layer coating, the last step before
the test experiment was the immobilization of the MoSe2
layer. The completed sensor was immersed in the ultrasound-
treated MoSe2 isopropanol nano-dispersion (0.5 mg/mL)
until the solution fully evaporated. The full evaporation of the
nano-dispersion indicated the completion of one deposition
cycle. The procedure of annealing at 50 ◦C for 5 hours was
necessary to ensure the adhesion strength between the gold
film and the MoSe2 layer. Deposition cycles from 0 to 8 were
all carried out by repeating the above evaporation process.
Thus the model of optical fiber SPR sensing platform was
composed of four layers including fiber core, metal layer,
MoSe2 layer and the analyte, where the latter two were
regarded as the sensing medium. The configuration of the
SPR sensor was schematically illustrated in Fig. 3.

C. SIMULATION RESULTS OF SPR SENSOR
The SPR sensor is sensitive to the refractive index (RI) of
the surrounding environment. When the SPR phenomenon
occurs, the resonance will absorb the energy and will cause
the great losses of the signal intensity at the resonance
wavelength, forming a trough in the transmission spectrum.
To evaluate the RI sensitivity after addingMoSe2, the transfer
matrix method (TMM) of the multi-layer model [25] was
employed and the corresponding simulations were carried
out. The spectrum got broadened in the simulation results.
It is found in Fig. 4(a) that the resonance wavelength had a red
shift and the resonance peak became shallow, which demon-
strated the transmission losses and the response changes after
coating MoSe2 layer. Fig. 4(b) shows the increase in the RI
sensitivity of the sensor due to the use of MoSe2. This can be

FIGURE 4. (a) Simulation results of spectral response, (b) Simulation
results of RI sensitivity without and with MoSe2 (For easy observation,
the red dotted line is the curve after translation).

explained using the characteristics of the dielectric function,
described as:

ε = ε′ + ε′′i (2)

where the real part ε′ indicates the retained energy and the
imaginary part ε′′ represents the attenuation of the energy in
the dielectric medium. The dielectric function of the metal
layer is calculated using the Drude-Lorentz model, and the
wavelength dependent dielectric function of the additional
MoSe2 material can be extracted accordingly [26]. The vari-
ation of the dielectric function in terms of the wavelength
leads to the asymmetry of the SPR spectrum. In addition,
the existence of MoSe2 with a large real part ε′ will absorb
strong energy from the incident light and dramatically influ-
ence the sensor sensitivity. A large imaginary part ε′′ will
cause a significant attenuation of the electronic energy and
will result in the broadening of the spectrum.

D. FUNCTIONALIZATION OF THE MOSE2-AU
BASED SPR BIOSENSOR
The 2 mM Cysteamine hydrochloride with an optimal
concentration was functionalized on the optical fiber SPR
sensor and was stored for 12 hours. In addition to gen-
erating the self-assemble film, the aminos ionized from
the ammonium chloride in Cysteamine aggregated to form
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FIGURE 5. Schematic illustration of MoSe2-Au film fabrication and
modification for IgG immunoassay: (a) Gold film coated, (b) MoSe2
deposition, (c) Formation of Cysteamine, (d) Rabbit IgG antigen
modification, (e) Block of unbonded sites, (f) Binding interaction between
Rabbit IgG and Goat-anti-Rabbit IgG.

FIGURE 6. Roman spectrum of MoSe2-Au optical fiber SPR sensor.

amino groups, which were positively charged to adsorb pro-
tein molecules. In order to investigate the bioaffinity of
biosensor, the BSA solution (10 mg/mL) was used as the test
protein and the best deposition cycles of MoSe2 has been
acquired. The manufactured MoSe2-Au-Cystaemine based
sensor was further modified using Rabbit IgG (1 mg/mL)
for more than 20 hours at 4 ◦C (to prevent the protein inac-
tivation). After the blocking of the unbound sites using the
BSA, the MoSe2-Au-Cystaemine-Rabbit IgG SPR biosensor
was successfully produced for immunoassay. The diagram of
immobilization procedures on the surface of the optical fiber
was schematically shown in Fig. 5.

III. RESULTS AND DISCUSSION
A. CHARACTERIZATION
Raman spectroscopy is a practical tool to describe the
properties of materials. The Raman spectrum of the MoSe2-
Au based optical fiber SPR sensor was shown in Fig. 6.
An obvious peak was observed at the location of 237.8 cm−1,
indicating that the A1g mode was derived from Se atoms
oscillating around Mo atom [27].

Field-emission scanning electron microscopy (FESEM)
was applied to characterize the surface morphology. Images
and cross-sections of the optical fiber SPR sensor with pure

FIGURE 7. (a) SEM images of gold film optical fiber SPR sensor with
magnification of 5000x, (b) SEM images of four layers of MoSe2
functionalized optical fiber SPR sensor with magnification of 5000x,
(c) 50000x, and (d) the thickness of four layers of MoSe2.

gold film and four layers of MoSe2 nano-film in different
magnifications were shown in from Fig. 7(a) to Fig. 7(d).

The surface of the gold filmed optical fiber was smooth
whereas the MoSe2 coated surface observed visible nano-
sheets structure. These characterization results demonstrate
that the MoSe2 material has been uniformly deposited on
the surface of optical fiber and has provided a larger surface
area for binding biological molecules and improving the
performance of the sensor.

B. SENSITIVITY OF MOSE2-AU BASED SPR SENSOR
The Au-based and the MoSe2-Au based optical fiber
SPR sensors were totally immersed in the RI solution
in the range of 1.333-1.358 with an interval of 0.005.
The normalized transmission spectra were shown in from
Fig. 8(a) to Fig. 8(b).

When MoSe2 was applied, the valley position of the
spectrum shifted to a larger wavelength, accompanied with
an obvious broadening in the full width at half minimum
(FWHM). The resonance wavelength of theMoSe2-Au based
sensor has a red shift of 60.05 nm, which was double of that
for the gold filmed sensor with a red shift of 30.51 nm. The
sensitivity of refractive index is expressed as S:

S = δλ/δn (3)

where δn describes the change of RI, and δλ represents the
corresponding shift of the resonance wavelength. To quan-
titatively analyze the performance of the sensors with and
without the use of MoSe2, the linear relationships between
RI and the resonance wavelength were fitted in Fig. 9(a). The
maximum sensitivity was 2821.81 nm/RIU, roughly 98.7%
higher than that of the previous SPR sensor with gold film
only (1420.44 nm/RIU). It can be seen that the RI sensitivity
enhances with the introduction of MoSe2, which is in accor-
dance with the simulation results.
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FIGURE 8. Real-time spectral response to the refractive index change of
optical fiber SPR sensor (a) without MoSe2 and (b) with MoSe2.

In order to obtain the impact of the thickness, we tested the
RI sensitivity ofMoSe2-Au based sensors with the deposition
cycles from 0 to 8. The RI sensitivity increased significantly
from 0 to 5 and then decreased gradually from 5 to 8, as shown
in Fig. 9(b).

It can be explained from the aspects of the effective
refractive index and the evanescent field. The introduction of
the MoSe2 actually transforms the sensing medium into the
synthetic structure using theMoSe2 nano-film and the analyte
layer. The relationship between the increment of the refractive
index 1nd and the layer thickness h can be written as [28]:

1nd = (dn/dc)ν 10/h (4)

where (dn/dc)ν represents the RI to the concentration of
analyte, 10 indicates the relative concentration of the com-
bination. MoSe2 is regarded as the target combination in this
case and the constant deposition will increase 10 with a
higher proportion of MoSe2, the given RI solution makes the
fixed value of (dn/dc)ν . Then1nd increases correspondingly
according to (4), which leads to a larger shift of resonance
wavelength and improvement of RI sensitivity. However,
the deposition increases the thickness of the layer and also
reduces the overlap between the analyte layer and the evanes-
cent field. When the second factor occupies, the SPR phe-
nomenon becomesweak and the sensitivitywill decreasewith

FIGURE 9. (a) Linear fitting of optical fiber SPR sensor without and with
MoSe2, (b) RI Sensitivity of MoSe2-Au optical fiber SPR sensor with
different deposition cycles from 0 to 8.

TABLE 1. The FOM and the RSD of RI sensitivity with different deposition
cycles.

the increase of the thickness of MoSe2. Therefore, the sen-
sitivity climbs first and then decreases. This can be clearly
analyzed by the interactions between the two above effects,
which is consistent with the experimental results.

Considering the fact that the MoSe2 layer improved the
sensitivity while increased the FWHM, the detection accu-
racy of the sensor could be reduced. Therefore, the figure of
merit defined as FOM = S/FWHM is employed to investi-
gate the performance of sensor comprehensively. The FWHM
was calculated by Matlab with the process of scanning spec-
trum data, extracting the baseline and achieving the half
peak value. The relative standard deviation (RSD) of the RI
sensitivity with different deposition cycles and the averaged
FOM of the MoSe2-Au based optical fiber SPR sensor were
given in Table 1. Therefore, the best deposition cycle was
found to be 4 with the RI sensitivity of 2793.36 nm/RIU and
the FOM of 37.24 RIU−1. Furthermore, the FOM value can
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FIGURE 10. The wavelength shift of optical fiber SPR biosensor
(deposition cycles from 0 to 8) with a concentration of 10 mg/mL BSA
solution.

be increased by introducing the modulation layer. Adding Si
material with high real part and low imaginary part of the
dielectric function has been reported to modify the sensitivity
and FWHM [29], further enhances the FOM value of the
traditional gold filmed SPR sensor.

C. BIOAFFINITY EVALUATION OF MOSE2-AU
BASED SPR BIOSENSOR
BSA, also known as the fifth component, is a kind of albu-
min in bovine serum with an appropriate molecular weight.
It is widely used in biochemical experiments and it can
effectively prevent non-specific adsorptions. The bioaffinity
detection was performed using BSA (10 mg/mL), to make
preparations for next immunization experiments. To ensure
the repeatability of experiments, several groups of repetitive
experiments were carried out and the wavelength shifts with
MoSe2 deposition cycles from 0 to 8 were plotted in Fig. 10.

TheMoSe2-Au based SPR biosensor provided a maximum
shift of 5.8 nm at the deposition cycle of 4. The sensitivity
increases first and then decreases. This can also be explained
using (4), where the BSA is the analyte with a fixed concen-
tration. In other words, as BSA accumulates and the thickness
of MoSe2 increases, the ionization intensity of the evanes-
cent field is not strong enough to break down the dielectric
medium and to excite the SPR phenomenon.

D. DETERMINATION OF ANTIBODY-ANTIGEN
SPECIFIC BINDING
The above sensitivity and the bioaffinity experiments have
determined the optimum deposition cycle of MoSe2, so we
chose four layers to carry out the immunization experiment.
After the procedure of coating Cysteamine hydrochloride
(2 mM) and Rabbit IgG (1 mg/mL), the modified SPR
biosensor was exposed to Goat-anti-Rabbit IgG solutions
with different concentrations (0.01, 0.025, 0.05, 0.1, 0.2, 0.5,
1 mg/mL at 37◦C) to detect specific binding. The compar-
ative experiments were performed using the Au-based SPR
biosensor by the same strategy and measurement data were
recorded in Fig. 11.

FIGURE 11. Response curve with different concentrations of
Goat-anti-Rabbit IgG (Inside the dotted area is the linear region).

TABLE 2. Comparison among proposed SPR sensor with other existing
sensors.

The curves rose in the linear region within the range of
0.01-0.1 mg/mL, then reached the optimum concentration
and finally got saturated. The wavelength shift illustrated
better biological characteristics of MoSe2, leading to the
improvement of the sensing performance. The limit of detec-
tion (LOD) is also applied to evaluate the properties of
biosensor. The LOD can be defined as:

LOD = 1λ/Sb (5)

where 1λ represents the resolution of the
spectrophotometer (20 pm) and Sb is the sensitivity of
bio-sensing. Noticeably, Sb corresponds to the slope of
the biological interaction curve in our experiment. After
the calculation, the LOD of MoSe2-Au based optical fiber
SPR biosensor was 0.33 µg/mL which was roughly 18.2%
better compared to the sensor without the use of MoSe2
(0.39 µg/mL). Table 2 listed the comparison of the LOD
values between the proposed sensor and other reported
SPR biosensors. The Polydopamine-modified SPR biosen-
sor was developed to detect IgG solution and LOD value
of 0.625 µg/mL was obtained. Moreover, various nanos-
tructures including gold nanoparticles and gold nanocubes
were reported for enhancing the sensitivity of SPR biosensor,
which demonstrated the good bio-sensing properties and
obtained the LOD of 1.6 µg/mL. By contrast, the MoSe2-Au
optical fiber SPR biosensor developed in our study exhibited
a better performance.
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FIGURE 12. Shift of the resonance wavelength measured with different
solution of 100µg/mL based on the MoSe2-Au optical fiber SPR biosensor.

On the one hand, the large surface area of MoSe2 increases
the binding density of antibodies, and its high carrier mobility
results in the capture of more target analyte. On the other
hand, the Cysteamine hydrochloride with abundant amino
groups are enabled to gather considerable protein molecules.
Furthermore, it can form a self-assembled film to link the
optical fiber tightly. Our design demonstrated that the combi-
nation of MoSe2 and Cysteamine hydrochloride can signifi-
cantly improve the properties of conjugates and enhance the
performance of the optical fiber biosensor.

E. SPECIFICITY OF MOSE2-AU BASED SPR BIOSENSOR
To evaluate the specificity of the MoSe2-Au based optical
fiber SPR biosensor, various solutions (Human IgG, Horse
IgG, Rabbit-anti-Mouse IgG and Goat-anti-Rabbit IgG) were
applied to detect the binding efficiency. The Rabbit IgG was
also adopted as the immobilized antigen and the protein solu-
tion with a concentration of 100µg/mLwere dripped sequen-
tially as the comparative experiments. As shown in Fig. 12,
only the Goat-anti-Rabbit IgG one obtained the distinct shift,
and this demonstrated the optimum specificity of MoSe2-Au
based biosensor. Most cancer markers for immunoreac-
tion such as carcinoembryonic antigen (CEA) and prostate
specific antigen (PSA) are mostly protein molecules, and
they can be specifically detected by our proposed label-
free biosensor. This shows a strong applicability of the pro-
posed optical fiber SPR biosensor for disease diagnosis and
immunization therapy.

IV. CONCLUSION
In this paper, the optical fiber SPR biosensor with the
MoSe2-Au structure was developed and experimentally
investigated. The refractive index sensitivity of MoSe2-Au
modified optical fiber SPR sensor reached 2821.81 nm/RIU,
which was nearly 98.7% higher than that of conventional sen-
sors without using MoSe2. Meanwhile, a maximum redshift
was acquired at the best deposition cycle of 4 in the BSA
bioaffinity experiment. The limit detection of 0.33 µg/mL
was also obtained in antigen-antibody interactions, which
was 18.2% better than the gold filmed biosensor. The results
demonstrated the feasibility and specificity of our proposed

MoSe2-Au optical fiber SPR biosensor. Furthermore, this
work provided a bio-analytical miniaturized platform for bio-
sensingwith the real-time detection, high sensitivity and great
applicability in immunoassay.
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