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A B S T R A C T

A simple and low-cost fabrication method via polydopamine accelerated electroless plating (ELP) for an optical 
fiber surface plasmon resonance (SPR) sensor with molybdenum disulfide nanosheets (MoS2 NSs) and gold 
nanoparticles (AuNPs) hybrid structure was proposed. The MoS2 NSs were prepared by ultrasonic-assisted mixed- 
solvent liquid-phase exfoliation method. MoS2 NSs and AuNPs were sequentially immobilized on the optical fiber 
by electrostatic interaction and Au-S bond supported by polydopamine and 1,2-ethanedithiol respectively, and a 
gold film supporting SPR was fabricated by ELP to form the optical fiber SPR sensor. The synthesized nano-
structures and optical fiber sensors were characterized for their structural, morphological and optical properties. 
Some key experimental parameters, including dopamine concentration, dopamine polymerization temperature, 
dopamine polymerization time, pH of MoS2 NSs solution and plating time, were investigated in detail. The 
refractive index sensitivity of sensor with the fiber/MoS2/AuNPs/Au structure achieved 678.85–7231.64 nm/ 
RIU in the range of 1.3329–1.3638, which was approximately 52.35 % and 16.37 % higher than that of con-
ventional sensors in the low refractive index range and high refractive index range respectively. This work 
proposed a facile, rapid and effective method to fabricate optical fiber SPR sensor to enhance its sensitivity, 
which indicates the potential application of the fabricated sensor in optical sensing field.

1. Introduction

Surface plasmon resonance (SPR) is the collective oscillations of free 
electrons that is optically excited at the metal-dielectric interface. The 
surface plasmon resonance is strongly sensitive to the change of 
refractive index of surrounding environment adjacent to the metal layer 
[1]. Thus, this technique of SPR is widely used as an optical biosensor for 
analyte detection. SPR sensors have been found popular in wide 

applications for fundamental biological studies, health science research, 
clinical diagnosis, environmental and agricultural monitoring [2,3]. The 
conventional Kretschmann configuration is extensively utilized in 
commercial SPR sensors, but this prism configuration has certain limi-
tations, including large size and complication of optical and mechanical 
components, which limit their use for miniaturized applications and 
remote sensing, and reduce its competitiveness in term of cost [1,4]. 
Compared to the prism based SPR sensor, optical fiber SPR sensors 
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exhibit numerous excellent benefits, such as simple optical design, 
portability, cost-effectiveness, and potential for remote sensing, and 
they are promising biosensing platform for protein and DNA based- 
assays [5–8]. However, the contents of protein and DNA in bodily 
fluids are extremely low in early-stage diagnostics. Thus, developing 
optical fiber SPR sensors with high sensitivity is highly desirable for 
quantitative analysis.

Modification of the optical fiber structure is a conventional strategy 
to amplify SPR signal. By using micro/nano processing, such as fused 
tapering, side polishing, bending into U-shape, more light leaks from 
fiber core to the external medium, and could enhance the coupling be-
tween surface plasmon wave and evanescent field, which is more 
conducive to the realization of SPR [9,10]. However, these additional 
fiber processing make the fiber probes extremely fragile and limits their 
applicability [11]. Recently, due to the advancement of nanomaterial, 
diverse two-dimensional (2D) atomic layer materials, such as graphene 
[12], molybdenum disulfide (MoS2) [13], Mxene [14], have been eval-
uated as sensing layers to improve the sensitivity of optical fiber SPR 
sensor. The difference in the work functions between gold and 2D ma-
terials layers results in the electrons transfer from 2D material to gold 
(Au) film under light illumination, which could produce a great 
enhancement of the electric filed at metal-dielectric interface and 
improve the detection sensitivity [15]. Wei et al. introduced monolayer 
graphene synthesized by chemical vapor deposition method on Au 
coated optical fiber. The refractive index sensitivity of optical fiber 
sensor with graphene/Au hybrid structure exhibited approximate 2.27- 
fold improvement compared to traditional optical fiber SPR sensor only 
coated with Au film [16]. Transition-metal dichalcogenides (TMDC) 
materials emerge as a promising supplement of graphene have also 
attracted wide attention in the field of biosensors due to their unique 
chemical and physical properties. Liu et al. immobilized molybdenum 
diselenide (MoSe2) layer on Au film coated optical fiber by solution 
evaporation and demonstrated roughly 98.7 % improvement in the 
refractive index sensitivity of 2821.81 nm/RIU compared to conven-
tional SPR sensor with Au film only [17]. In comparison to other TMDCs 
and graphene, MoS2 has a stronger ability to absorb light and less 
imaginary part of dielectric constant, which lead it to possess enhanced 
refractive index sensitivity [18]. Kaushik et al. designed Au coated op-
tical fiber SPR sensor modified with MoS2 nanosheets (MoS2 NSs) by dip 
coating method. The refractive index sensitivity of this developed sensor 
was improved nearly 2 times compared to conventional one [19]. Wang 
et al. proposed 4-Amionthiophenol as bridges to connect carboxyl- 
modified MoS2 NSs on silver/gold film fabricated on optical fiber 
[20]. The refractive index sensitivity of the bimetallic optical fiber SPR 
sensor increased with the increase of MoS2 layer from one to three 
layers, and approached maximum sensitivity of 3061 nm/RIU at three 
layers of MoS2. Song et al. immobilized MoS2 NSs on optical fiber core 
via electrostatic self-assembly before the fabrication of Au film. The 
refractive index sensitivity of fiber-MoS2-gold film U-shaped sensor was 
6184.4 nm/RIU, which was 25 percent higher than that of sensor with 
the structure of MoS2 NSs immobilized on the surface of Au film [21].

Although 2D nanomaterials have proved that they can improve the 
sensitivity of optical fiber SPR sensor, all essential Au film in the afore- 
mentioned studies were prepared by vacuum evaporation or sputtering 
methods. A uniform thin metal film is necessary to support the excitation 
of surface plasmon. The existing physical deposition technique requires 
a specific rotation mechanism tool installed in the chamber to deposit 
thin metal film on cylindrical fiber core, which increases the fabrication 
cost of optical fiber sensors and complicates the operation procedure. 
Electroless plating (ELP) involving the chemical reduction of metal ions 
in an aqueous solution permits deposition of metals from solution onto 
surfaces without the need to apply an external electrical potential [22]. 
This method has been successfully used for the deposition of metals in 
electronic, aerospace and automotive industries, and the deposition of 
metals, such as copper, silver, gold and nickel, on solid surfaces to 
produce fine metallic structure, which is not constrained by shape, size, 

or conductivity of the supporting substrate [23,24]. Thus, ELP is an 
appealing method to deposit metal film on the cylindrical surface of 
fiber core without specific rotation device. The optical fiber SPR sensor 
using ELP prepared Au films have been reported recently, which shows 
its high flexibility, cost-effective, relative ease of implementation, 
compared with Au films prepared by conventional film fabrication 
technologies [25–27].

Polydopamine (PDA), produced by self-polymerization of its mono-
mer dopamine (DA), is a synthetic melanin analogue with prominent 
chemical and structural similarities to the native biopolymer [28]. PDA 
composed of diverse functional groups, such as basic side chain amino 
groups, the acidic pyrrolecarboxylic functions and the indolic/cat-
echolic π − systems, exhibits excellent adhesion capacity [29]. The 
strong adhesion property that PDA possess has shown a better efficiency 
to adsorb gold nanoparticles (AuNPs) on bare optical fiber core in 
comparison to commonly used 3-aminopropyltrimethoxysilane 
(APTMS) as the functional adsorption material in ELP [30]. The amion 
and imion groups of PDA can interact with negatively charged AuNPs 
via electrostatic interaction, and reduce the time of relative process. 
Therefore, PDA is more appropriate than APTMS to functionalize the 
substrate of optical fiber core for the facile, rapid and effective prepa-
ration of optical fiber SPR sensors through ELP method.

In this study, we used ELP method to prepare a hybrid structure 
consisting of MoS2 NSs and AuNPs (MoS2/AuNPs structure) interfaced 
optical fiber SPR sensor. The versatile PDA coating demonstrated a rapid 
and efficient adsorption capability for MoS2 NSs and AuNPs via the 
electrostatic interaction between the amion and imion groups of PDA 
coating and these negatively charged nanomaterials. The DA polymer-
ization temperature, DA polymerization time, DA concentrations, pH of 
MoS2 NSs solvent, plating time were optimized in order to obtain optical 
fiber SPR sensor with high sensitivity and stability. The experimental 
results demonstrated that MoS2/AuNPs structure are able to improve the 
refractive index sensitivity of optical fiber SPR sensor at least 16 % 
compared to the conventional counterpart without using this hybrid 
structure, which show broad application prospects in fields of biosensor.

2. Experimental section

2.1. Material and reagents

Dopamine hydrochloride, 1,2-ethanedithiol, ethanol and MoS2 
powder (98 %) were purchased from Aladdin (Shanghai, China).Tri-
chlorogold hydrate hydrochloride (HAuCl4⋅3H2O) came from Sigma- 
Aldrich (Merck, Darmstadt, Germany). Sodium citrate tribasic hydrate, 
hydroxylammonium chloride (98.5 %) and Tris (hydroxymethyl) ami-
nomethane were ordered from Macklin (Shanghai, China). Other re-
agents used in this study were obtained as analytical reagent grade. All 
solutions were prepared using ultrapure water (18.25 MΩ⋅cm). Multi-
mode optical fiber with a 600 μm core diameter and 0.37 numerical 
aperture were purchased from Nanjing Chunhui Science Technology 
Industrial Co., Ltd.

2.2. Apparatus

The optical fiber SPR sensor platform had been used previously as 
shown in Fig. S1. A bifurcated optical fiber coupler was used to deliver 
light from the tungsten halogen lamp to the optical fiber SPR sensor, and 
then collected the reflected light from the fiber probe to the spectrom-
eter (EQ2000, Choptics Co., Ltd, Shanghai, China). The ultrasonic ho-
mogenizer (Ymnl-1000 T, Nanjing YMNL Instrument and Equipment 
Co., Ltd, China) was employed to fabricate MoS2 NSs. Absorbance 
measurement was carried out using a custom-made absorption spec-
trometer [31]. Raman spectroscopy was performed using an InVia 
Raman microscope (Renishaw) at excitation laser wavelength of 532 
nm. The morphologies of MoS2 NSs and AuNPs were observed using a T- 
20 transmission electron microscope (TEM, FEI, USA). Hydrodynamic 
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size distribution and zeta potential were measured on a Malvern Zeta-
sizer Nano ZS analyzer. The surface of optical fiber SPR sensor and its 
cross-section were characterized by scanning electron microscopy 
(Hitachi SU8010) equipped with a Horiba EX 350i energy dispersion 
spectrometer (EDS) operated at 3.0 kV at a 3.2–4.8 mm working distance 
under the vacuum less than 1 × 10-3 Pa. The surface profile of the optical 
fiber SPR sensor was also characterized by a AFM (Bruker, Dimension 
FastScan/Icon, Germany) in an intelligent image mode at a 0.98 HZ scan 
rate with the type of scanasyst-air probe and a 256 × 256 pixel resolu-
tion under conditions of relative humidity of 65 % at temperature of 25 
℃. An Abbe’s refractometer (Shanghai Optical Instrument Plant, China) 
was used to measure the refractive index of solutions.

2.3. Synthesis of gold nanoparticles

AuNPs with diameter of approximately 12 nm were synthesized 
based on the standard citrate reduction procedure. In brief, 100 mL of 1 
mM hydrate hydrochloride was heated to boiling. Then, 15 mL of 1 % 
trisodium citrate solution was rapidly added to HAuCl4 solution quickly 
under vigorous stirring. The solution was kept boiling for 20 min and 
was then allowed to cool down naturally to room temperature. The 
product was filtered by 0.22 μm PES Syringe Filers and stored in a dark 
glass bottle cleaned by aqua regia at 4 ℃. The concentration of AuNPs 
was spectrometrically estimated as 8 nM based on the Lambert-Beer Law 
[32].

2.4. Synthesis of MoS2 nanosheets

MoS2 NSs were prepared by ultrasonic-assisted mixed-solvent liquid- 
phase exfoliation method referring to the previous work [33]. MoS2 
powder of 1500 mg was added to 250 mL ethanol/water mixture with 
ethanol volume fraction of 45 % (v/v, denoting as 45 %). Then, the 
sealed beaker containing the above mixture was ultrasonicated at 40 % 
amplitude for 20 h with 5 s/5 s on/off pulse ratio at 15 ℃. The produced 
dark green suspension was centrifuged at 8000 rpm for 30 min at three 
times in order to remove bulk MoS2. The yellow-green supernatant 
containing MoS2 NSs was collected and stored at 4 ℃ as the stock so-
lution. The concentration of MoS2 NSs in the dispersion was estimated 
as ~ 200 mg/L.

2.5. ELP preparation of optical fiber SPR sensor with fiber/MoS2/AuNPs/ 
Au structure

The optical fibers were cut to a length of 20 cm, and the jacket and 
polymer-cladding were removed over an area of 5 mm for sensing. The 
MoS2/AuNPs hybrid structure was assembled and Au film was formed 
on the optical fiber in the following steps. Step 1: Cleaning. The 
uncladded core of the optical fiber was treated with a piranha solution 
(7:3 mixture of concentrated H2SO4 and 30 % H2O2) for 30 min at 90 ℃. 
The piranha-cleaned fiber was thoroughly rinsed with ultrapure water 
and subsequently dried at 70 ◦C oven for 1 h. Step 2: Polymerizaition of 
the first PDA layer. The cleaned optical fiber core was functionalized 
through a DA polymerization reaction by immersion in freshly prepared 
DA solution (5 mg/mL in 10 mM Tris-HCl, pH 8.5) under stirring of 450 
rpm at 10 ℃ for 15 min. DA was spontaneously polymerized to PDA in 
this oxidative environment and the PDA was formed as a layer (denoted 
as PDA-1) at the optical fiber core surface. After rinsing with ultrapure 
water, the optical fiber was placed inside the oven for 30 min at 70 ◦C 
again. Step 3: Adsorption of the MoS2 NSs. This PDA-functionalized 
optical fiber was immersed in the MoS2 NSs solution (pH 3) for 5 h to 
absorb MoS2 NSs onto the PDA-1 surface due to the electrostatic effect 
between the positively charged amino and imino groups of PDA and 
negatively charged MoS2 NSs, and dried in an oven at 60 ◦C for 30 min. 
Step 4: Thiol-functionalization of MoS2 NSs. To attach AuNPs on MoS2 
NSs, the surfaces of MoS2 NSs were modified with thiols. The optical 
fiber immobilized with MoS2 NSs was immersed in 1,2-ethanedithiol 

solution in ethanol (10 mM) for 5 min followed by rinsing with abun-
dant ethanol and drying in oven. Step 5: Adsorption of AuNPs. The 1,2- 
ethanedithiol-covered optical fiber was then submerged in AuNPs col-
loids (8 nM) for 5 min followed by rinsed by ultrapure water. The citrate- 
capped AuNPs were bound to the thiol-functionalized MoS2 NSs, form-
ing the MoS2/AuNPs hybrid structure. By repeating the above steps in 5 
cycles, a layer of AuNPs was formed on the surface of MoS2 NSs. Step 6: 
Polymerizaition of the second PDA layer. Subsequently, this optical fiber 
was immersed in an aqueous solution of DA (0.5 mg/mL in 10 mM Tris- 
HCl, pH 8.5) under stirring at 450 rpm for 15 min at 10 ℃ to form a 
second PDA layer (denoted as PDA-2), and then rinsed with ultrapure 
water and placed in an over at 70 ℃ for 30 min. Step 7: Adsorption of 
AuNPs as seeds. Afterward, AuNPs were adsorbed onto the PDA-2 layer 
functionalized surface by immersing the optical fiber in the AuNPs 
colloid for 3 h. The optical fiber with immobilized AuNPs was rinsed 
with ultrapure water, dried in oven, and immediately used in the ELP. 
Step 8: ELP. Finally, the optical fiber core adsorbed with AuNPs was 
immersed in a mixture of 0.05 % HAuCl4 and 0.2 mM NH2OH⋅HCl at 
540 rpm for 10 min to form a continuous Au film at the cylindrical and 
end surface of optical fiber core simultaneously. After washing by ul-
trapure water and drying, the optical fiber SPR probe was ready for use. 
The sensing performance of these fabricated optical fiber probes were 
determined using the custom-made optical fiber SPR sensor platform. 
The preparation process of the electroless-plated Au film for optical fiber 
SPR sensor with this structure is shown in Fig. 1.

2.6. ELP preparation of optical fiber SPR sensor with fiber/Au structure

The procedure to fabricate the optical fiber SPR sensor with fiber/Au 
structure is adapted and simplified from that of sensor with fiber/MoS2/ 
AuNPs/Au structure. Briefly, the multimode optical fiber with unclad 
portion was cleaned with piranha solution and dried in oven. This 
processed fiber was then vertically dipped in freshly prepared DA so-
lution (5 mg/mL in 10 mM Tris-HCl, pH 8.5) under stirring of 450 rpm at 
10 ℃ for 15 min to coat PDA layer on the fiber core and placed into 
AuNPs solution for 3 h to adsorb AuNPs on this PDA layer sequentially. 
Finally, the fiber probe was kept in the mixture of 0.05 % HAuCl4 and 
0.2 mM NH2OH⋅HCl at 540 rpm for 7.5 min to form Au film on its 
surface. After being rinsed with a large amount of ultrapure water, the 
fiber probe was dried at 70 ℃ before use.

2.7. Refractive index sensitivity of the optical fiber SPR sensor

The ethanol/water mixture with ethanol volume fraction of 0 %, 10 
%, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, with corresponding 
refractive index of 1.3329、1.3381、1.3442、1.3501、1.3552、 
1.3588、1.3613、1.3629、1.3638, were prepared. The optical fiber 
sensor probe was immersed in the solution with different refractive 
index during each measurement. The refractive index sensitivity is 
defined as: 

Sn res = δλres/δn (1) 

where δλres represents the shift in corresponding resonance wavelength 
and δn is the change in the refractive index of ethanol/water mixture.

3. Results and discussion

3.1. Characterization of gold nanoparticles and MoS2 nanosheets

The absorbance spectra of AuNPs and MoS2 NSs were measured as 
shown in Fig. 2a and b. The AuNPs exhibited a characteristic resonance 
peak at ~ 520 nm due to their localized surface plasmon resonance. The 
spectrum obtained from exfoliated MoS2 NSs showed prominent peaks 
at 667 nm (A-exciton) and 610 nm (B-exciton) respectively, which are 
assigned to the direct excitonic transitions of MoS2 at the K point of the 
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Brillouin zone [34]. TEM characterizations were performed on AuNPs 
and MoS2 NSs to analyze their quality and dimensions. As exhibited in 
Fig. 2c, the AuNPs synthesized by this citrate reduction method had the 
spherical shape with about 12 nm diameter and well monodispersed. 
The exfoliated MoS2 NSs displayed a typical layered nanostructure with 
the wrinkle and crumple (Fig. 2d). Dynamic light scattering (DLS) 
measurements were also performed to determine the hydrodynamic 
radius of AuNPs and MoS2 NSs (Fig. 2e). The size distribution of AuNPs 
showed only one peak, which means the hydrodynamic diameter of 
AuNPs was about 12 nm. The layered MoS2 NSs prepared from the 
sonication-assisted exfoliation technique had various plane sizes in the 
range from 45 nm to 950 nm, with a majority at 340 nm. Moreover, 
Raman spectroscopy was applied to further confirm the nature of MoS2 
NSs. Fig. 1f shows Raman spectra of MoS2 NSs excited at 532 nm. There 
were two characteristic peaks of 379.7 and 404.3 cm− 1, which are 
assigned to the in-plane (E2g) and out-of-plane (A1g) lattice vibrations 
respectively [35]. The A1g-E2g Raman shift can be used to distinguish 
layered MoS2 NSs and its counterpart of bulk MoS2 [36]. A frequency 
difference of 26.5 cm− 1 was observed for bulk MoS2, while this value 
was decreased to 24.6 cm− 1 for MoS2 NSs, which is consistent with 
previous literature reports [19,36]. All these physicochemical charac-
terization results confirm the successful preparation of AuNPs and 
layered MoS2 NSs.

3.2. Optimization of optical fiber SPR sensor with fiber/Au structure 
fabrication procedure

The thickness of Au film coated on optical fiber core is important 
since the approximately 40–60 nm thickness is able to excite the surface 
plasmon resonance [25]. Furthermore, in the PDA accelerated ELP 
process, three factors including DA concentration, DA polymerization 
time and DA polymerization temperature are assumed to affect the 
polymerization rate and polymerization degree, and govern the 

formation of PDA layer, which are important to adsorb AuNPs as seeds 
to prepare the ELP. Thus, the effects of DA concentration, DA poly-
merization time and DA polymerization temperature were first evalu-
ated followed by plating time to optimize the fabrication of optical fiber 
SPR sensor with fiber/Au structure, at a certain concentration of 0.05 % 
HAuCl4 and 0.2 mM NH2OH⋅HCl to form Au film on the fiber core, which 
had been determined by our group previously [27]. DA polymerization 
temperature, DA polymerization time and plating time were maintained 
as 15 ℃, 15 min and 7.5 min respectively here. To evaluate the sensi-
tivity of the prepared sensor to the surrounding refractive index, the 
sensor was immersed in various ethanol/water mixture with varying 
refractive indices ranging from 1.3329 to 1.3638. The reflection spectra 
of sensors prepared under DA concentration of 1, 3, 5, 7, 9 mg/mL in 
solvents with different refractive indices were determined as shown in 
Fig. 3. The resonance wavelength of sensors generated by DA concen-
tration of 3, 5, 7, 9 mg/mL measured at the solvent with the refractive 
index of 1.3329 were at 659.05 nm, 665.54 nm, 660.15 nm and 670.59 
nm respectively. All reflection spectra shown red shifts of approximately 
57.98–64.77 nm as the refractive index of solution increased to be 
1.3638. Notably, the reflection spectra of sensor prepared by 1 mg/mL of 
DA concentration was broad and tortuous, its refractive index sensitivity 
and FWHM were not evaluated. The resonance wavelength λres of these 
sensors had a nonlinear relationship with refractive index n, which can 
be expressed as follows: 

λres = a × e(b×n) (2) 

where a and b represent the fitting parameters.
The relationship between the resonance wavelength of sensors pre-

pared by DA concentration of 3, 5, 7, 9 mg/mL and the refractive index 
of solutions is shown in Fig. 4. A comparison of their refractive index 
sensitivities and full width at half maximum (FWHM) is presented in 
Table S1. Increasing DA concentration would decrease the refractive 

Fig. 1. Schematic illustration of the ELP fabrication of optical fiber sensor with fiber/MoS2/AuNPs/Au structure.
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index sensitivity at low refractive index range but reverse this trend at 
high refractive index range. The sensor fabricated by DA concentration 
of 5 mg/mL had a comparable refractive index sensitivity in all refrac-
tive index range while maintained a smallest FWHM and largest shift of 
resonance wavelength in this refractive index range. These results 
shown that 5 mg/mL was the optimal DA concentration for the prepa-
ration of optical fiber SPR sensors.

To evaluate the effect of DA polymerization time, DA concentration, 
DA polymerization temperature and plating time were maintained as 5 
mg/mL, 15 ℃ and 7.5 min respectively. DA polymerization time of 10, 
15 and 20 min were used to fabricate the optical fiber sensor. The SEM 
images of PDA surface prepared at these polymerization time, the plot of 
resonance wavelength changed with refractive index, and the refractive 
index sensitivity and FWHM of these sensors prepared under these 
conditions are shown in Fig. S2 and Table S2. As shown in Fig. S2 a, 
d and g, the thickness of PDA layer increased with the DA polymeriza-
tion time from 8.71 to 17.74 nm. The color of reaction solution produced 

by different DA polymerization time became darker with the increase of 
polymerization time, which confirms that longer polymerization time 
would produce larger particle (Fig. S3). The corresponding refractive 
index sensitivity and FWHM of these prepared sensors increased first 
and then decreased with the increase of DA polymerization time. Thus, 
the sensor prepared with DA polymerization time of 15 min was deter-
mined as the optimal time for the preparation of PDA layer.

DA polymerization temperature is another parameter needed to be 
determined since the proper reaction temperature could also affect the 
deposition of PDA layer [25]. 5,10,15 and 20 ℃ were used as the tem-
perature to polymerize DA while the DA polymerization time, DA con-
centration and plating time were maintained as 15 min, 5 mg/mL and 
7.5 min respectively. The photographs of solutions after polymerization 
were obtained as shown in Fig. S4. The solution experienced higher 
temperature shown darker color, which indicates that higher DA poly-
merization temperature resulted in larger particles in the reaction sys-
tem. As illustrated in Fig. S5, the resonance wavelength of all optical 

Fig. 2. Absorption spectra of (a) AuNPs and (b) layered MoS2 NSs. TEM micrographs of (c) AuNPs and (d) MoS2 NSs. (e) DLS spectra of AuNPs and MoS2 NSs. (f) 
Raman spectra of bulk MoS2 and MoS2 NSs.
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fiber probes produced by DA polymerization temperature of 5, 10, 15 
and 20 ℃ redshifted with the ascending refractive index of solution. 
Their refractive index sensitivity was evaluated and illustrated in Fig. S5
b, d, f and h. The spectral analysis showed that the relationship between 
resonance wavelength shift and solution refractive index was consistent 
with an exponential fit, and in the range between 329.89 and 5977.4 
nm/RIU. The refractive index sensitivity at low refractive index range 
exhibited an increase with an increasing refractive index while it 
approached the highest point at 10 ℃ (Table S3). Moreover, taking the 
FWHM and Δλ_max into consideration, optical fiber probes produced by 
DA polymerization temperature of 10 and 15 ℃ had a better value in 
comparison to two other counterparts, while the sensor produced at 10 
℃ had the narrowest FWHM and largest shift in resonance wavelength, 
the polymerization temperature of 10 ℃ was then chosen in the 
following sensor fabrication process.

An approximately thickness of Au film is important to excite SPR. 

Therefore, the control of the thickness of Au film by governing the 
plating time was carried out. Varying the plating time is the most 
effective strategy to control the thickness of Au thin film deposited on 
the core of an optical fiber. To assess the effect of plating time on the 
sensing performance, DA concentration of 5 mg/mL, DA polymerization 
time of 15 min, DA polymerization temperature of 10 ℃ were main-
tained while the plating time was varied as 5, 7.5, 10, 12.5 min 
respectively. Fig. S6 a, c, e and g shown that the resonance wavelength 
of optical fiber gradually increased with increasing plating time because 
the Au film became thicker. As shown in Fig. S6 b, d, f, h and Table S4, 
the refractive index sensitivity and maximum change of resonance 
wavelength monotonically increased as the plating time increased, and 
the FWHM decreased first and then increased dramatically. The 
refractive index sensitivity and maximum change of resonance wave-
length were relatively high and the FWHM was relatively narrow for the 
optical fiber sensor when the plating time was 10 min. Then, 10 min was 

Fig. 3. Reflection spectra of optical fibers with fiber/Au structure fabricated by DA concentration of (a) 1, (b) 3, (c) 5, (d) 7 and (e) 9 mg/mL in solvents with 
different refractive index (RI) values.
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the optimized plating time for the preparation of optical fiber SPR sensor 
with fiber/Au structure.

3.3. Characterization of optical fiber SPR sensor with fiber/Au structure

Surface, cross-sectional SEM images, AFM images were acquired to 
characterize the morphology and thickness of Au film of optical fiber 
sensors produced by the above-mentioned optimal parameters. Fig. 5a, b 
and c show the surface and cross-section SEM images of the electroless- 
plated Au film. A relatively continuous and uniform Au film were 
absorbed on the optical fiber with a thickness of 54.03 ± 3.19 nm. The 
EDS measurement of this Au-coated optical fiber indicates that this 
probe was composed of the element Au, Si and O (Fig. 5d). The AFM 
testing was selected to observe the surface morphology of Au film 
(Fig. 5e and f). The Au film showed a relatively flat surface with a surface 
roughness of 5.00 nm.

3.4. Optimization of optical fiber SPR sensor with fiber/MoS2/AuNPs/Au 
structure fabrication procedure

The fabrication procedure of optical fiber SPR sensor only with Au 
film has been optimized as mentioned-above. The immobilization of 
additional MoS2 NSs and AuNPs is expected to improve the performance 
of optical fiber SPR sensor. A PDA-1 layer is designed to form on the fiber 
core to absorb MoS2 NSs due its excellent adhesion capability. Sulfur 
vacancies presented in these liquid exfoliated MoS2 NSs could be func-
tionalized via thiol conjugation[37]. Then, 1,2-ethanedithiol acts as 
bridges to link MoS2 NSs absorbed on the fiber core through their edged 
site or defective sites at its one end and AuNPs by Au-S chemical bond at 
its other end. When the MoS2 NSs and AuNPs have been sequentially 
immobilized on optical fiber, the PDA-2 layer is formed on the basis of 

MoS2/AuNPs structure to absorb additional AuNPs on its surface and 
perform ELP. PDA has abundant pH-dependent amion and imine groups 
of poly(catecholamine), which are positively charged under acidic 
condition and suitable to absorb negatively charged nanomaterials. The 
parameters to fabricate PDA layers of sensor with fiber/Au structure 
could be used here for fabrication of PDA-1 layer. Due to more signifi-
cant influence of DA concentration on the formation of PDA layer than 
other parameters related to the PDA layer fabrication, thus, the pH of 
MoS2 NSs solution, DA concentration for fabrication of PDA-2 layer, and 
plating time were evaluated to optimize the fabrication of optical fiber 
SPR sensor with fiber/MoS2/AuNPs/Au structure. DA polymerization 
time of 15 min and DA polymerization temperature of 10 ℃ were 
maintained for fabrication of PDA-2 layer.

The pH of synthesized MoS2 NSs solution was approximately 3, 
which is significantly lower than the pKa values of amion and imine 
groups (10.6 and 17 respectively) of the PDA layer [30]. The amion and 
imine groups supplied by the PDA layers were protonated and positively 
charged in this MoS2 NSs solution, which is preferred to interact with 
negatively charged MoS2 NSs via the electrostatic interaction. The op-
tical fiber immobilized with MoS2 NSs exhibited light yellow as shown in 
Fig. 6a. The use of 1,2-ethanedithiol is able to link both MoS2 NSs and 
AuNPs via thiol conjugation to produce MoS2/AuNPs hybrid structure 
on the optical fiber, which exhibited red color as shown in Fig. 6b. 
Fig. 6c displays the Raman spectra of MoS2 NSs and Au decorated MoS2 
NSs. After AuNPs incorporation, the downshift of both the A1g and E2g 
suggests that the Au NPs acts as n-type dopant and the result is consis-
tent with previous reports [38,39]. Upon decoration of pristine MoS2 
NSs with AuNPs, the increase in Raman mode intensity is due to the 
enhanced localized electromagnetic field in the vicinity of AuNPs. The 
morphological characterization of optical fiber with immobilization of 
MoS2 NSs and MoS2/AuNPs structure was studied by TEM analysis as 

Fig. 4. Fitting curves of relationship between resonance wavelength shift (compared with RI:1.3329) of sensors fabricated by DA concentration of (a) 3, (b) 5, (c) 7 
and (d) 9 mg/mL and refractive index.
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depicted in Fig. 6d and e respectively. The surface modification was 
apparent. Then the effect of pH in MoS2 NSs solution to fabricate the 
optical fiber SPR sensor with fiber/MoS2/AuNPs/Au structure was first 
evaluated for optimization while the DA concentration and plating time 
were maintained as 5 mg/mL and 10 min respectively. As illustrated in 
Table S5, the zeta potential of MoS2 NSs were all negatively charged 

within a pH range of 2–5. Apparent zeta potential of MoS2 NSs measured 
at pH of 2–4 were similar to each other, but the zeta potential of MoS2 
NSs at pH of 5 was significantly reduced, indicating good colloidal sta-
bility in aqueous dispersion. As shown in Fig. S7 and Table S5, the 
corresponding refractive index sensitivity of sensors in the low and high 
refractive index range, Δλ_max, increased first and then descended with 

Fig. 5. SEM images of (a) top view, (b) surface morphology, (c) cross section of electroless-plated Au film coated optical fiber probe with fiber/Au structure. The 
inset in (a) is the photograph of the optical fiber SPR sensor. (d) The EDS spectrum of optical fiber probe with fiber/Au structure. (e, f) AFM images of electroless- 
plated Au film. Two profile roughness parameters, including roughness average (Ra), RMS roughness (Rq), were labeled at the bottom.
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ascending pH of MoS2 NSs solution while the FWHM had a reversed 
trend. From the data obtained in this study, MoS2 NSs solution with pH 
of 3 was selected as the optimal pH in solution.

The parameters of DA concentration to fabricate the PDA-2 layer and 
plating time to implement ELP to form Au film were optimized succes-
sively to fabricate the sensor with fiber/MoS2/AuNPs/Au structure. As 
shown in Fig. S8 and Table S6, the refractive index sensitivity and 
maximum change in resonance wavelength monotonically decreased 
but the FWHM increased with increasing DA concentration, so 0.5 mg/ 
mL of DA concentration was selected for fabrication of PDA-2 layer. The 
plating time dependent of the performance of sensor was shown in 
Fig. S9 and Table S7. The refractive index sensitivity in low refractive 
index range first increased and then decreased with the plating time 
increasing from 5 to 12.5 min. However, the refractive index sensitivity 
in high refractive index range had a reversed trend. The FWHM of sensor 
produced by 10 min had the narrowest while others were larger than 
150. Therefore, the optimal plating time was 10 min. Then, DA con-
centration of 0.5 mg/mL, DA polymerization time of 15 min, DA poly-
merization temperature of 10 ℃ were determined to fabricate the PDA-2 
layer and the plating time was selected as 10 min.

3.5. Characterization of optical fiber SPR sensor with fiber/MoS2/ 
AuNPs/Au structure

SEM and AFM measurement were performed to analyze the surface 
and cross section of Au film of optical fiber sensors with fiber/MoS2/ 
AuNPs/Au structure produced by optimized parameters. As shown in 
Fig. 7a, b and c, a compact and uniform Au film with a thickness of about 
62.13 nm was produced on the surface of optical fiber. MoS2 NSs and 
AuNPs were integrated well in Au film and cannot be distinguished 
separately. To probe the elemental composition, EDS elemental analysis 

of probe with characteristics peaks of Au, Mo and S is shown in Fig. 7d. 
AFM analysis illustrated in Fig. 7e and f clearly depicts a relatively flat 
surface of Au film with a surface roughness of 4.58 nm presented on the 
optical fiber.

3.6. Bulk refractive index test

The refractive index test explored the sensing properties of the op-
tical fiber SPR sensor with fiber/Au structure and fiber/MoS2/AuNPs/ 
Au structure respectively. The refractive index experimental resonance 
spectra and their sensitivity fitting curves are shown in Fig. 8. The 
refractive index range of ethanol/water mixture used in the experiment 
was 1.3329–1.3638. The sensitivity of sensor with fiber/Au structure is 
445.38–6214.31 nm/RIU and linearity 0.9915. The sensitivity of sensor 
with fiber/MoS2/AuNPs/Au structure is 678.85–7231.64 nm/RIU and 
linearity 0.9883. The fiber probe with MoS2/AuNPs structure on its 
surface exhibited significant improvement in the sensitivity. Further-
more, the sensitivity of these sensors in high refractive index range is 
obviously higher than that in the low refractive index range, which is 
ascribed to an increase in the electric field penetration depth and a long 
propagation distance of surface plasmon polaritons. When the refractive 
index of the surrounding environment is increased to nearly match that 
of the optical fiber core, a symmetric plasmonic resonance excitation 
configuration is generated on both sides of the Au film, which produces a 
lower attenuation of surface plasmon polaritons and enhances their 
electric filed intensity [40,41]. From the experimental data, it is 
observed that the resonance wavelength of sensor with fiber/MoS2/ 
AuNPs/Au structure is red-shifted compared to that sensor without 
MoS2 /AuNPs structure, and the sensitivity is improved by at least 200 
nm/RIU with respect to its counterpart. The performance of these sen-
sors proposed in this work is compared with previous work. As 

Fig. 6. Fabrication of MoS2/AuNPs structure. Photographs of optical fiber immobilized with (a) MoS2 NSs and (b) MoS2/AuNPs structure respectively. (c) Raman 
spectra of layered MoS2 and MoS2/AuNPs structure. TEM images of optical fiber immobilized with (d) MoS2 NSs and (e) MoS2/AuNPs structure.
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illustrated in Table 1, this optical fiber SPR probes established in this 
study had a comparable sensitivity, simple structure and low-cost in 
fabrication.

3.7. Repeatability of the optical fiber sensors

The repeatability of the optical fiber SPR sensors with fiber/Au 
structure and fiber/MoS2/AuNPs/Au structure was measured via the 
consistency of the results obtained from detecting the pure water. 
Tables S8 and S9 compared the resonance wavelength, the maximum 

Fig. 7. SEM images of (a) top view, (b) surface morphology, (c) cross section of electroless-plated Au film coated optical fiber probe with fiber/MoS2/AuNPs/Au 
structure. The inset in (a) is the photograph of the optical fiber SPR sensor. (d) The EDS spectrum of optical fiber probe with fiber/MoS2/AuNPs/Au structure. (e, f) 
AFM images of electroless-plated Au film. Two profile roughness parameters, including roughness average (Ra), RMS roughness (Rq), were labeled at the bottom.
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change in resonance wavelength and the maximum change in reflec-
tance of optical fiber SPR sensors with fiber/Au structure and fiber/ 
MoS2/AuNPs/Au structure prepared in the same and different batches 
respectively. Compared with six sensors prepared in the same batch, the 
resonance wavelength, the maximum change in resonance wavelength 
and reflectance were almost consistent, and the coefficients of variation 
of these values were in the range between 0.16 % and 4.22 %. Compared 
with these twelve sensors with the same structure and prepared in two 
batches, these values were also almost consistent.

4. Conclusions

An optical fiber SPR sensor with the MoS2/AuNPs structure fabri-
cated using ELP was developed in this study. A first PDA layer was 

deposited on the fiber core to absorb MoS2 NSs via electrostatic inter-
action between the amion and imion groups of PDA and MoS2 NSs. 1,2- 
ethanedithiol performed as linker to form MoS2/AuNPs hybrid structure 
via thiol conjugation. A second PDA layer deposition on the optical fiber 
was used to absorb AuNPs as gold seeds to form an Au film using the ELP 
technique. The prepared sensor had refractive index sensitivity of 
678.85–7231.64 nm/RIU in the range of 1.3329–1.3638, which was 
approximately 52.35 % and 16.37 % higher than that of conventional 
sensors without using MoS2/AuNPs structure in the low refractive index 
range and high refractive index range respectively. The proposed ELP 
has proved useful for rapid, simple and economical fabrication of MoS2/ 
AuNPs hybrid structure enhanced optical fiber SPR sensor. Furthermore, 
this proposed sensor has huge potential in biomedical and chemical 
fields for accurate and precise detection.

Fig. 8. Spectra of optical fiber SPR senor with fiber/Au structure in solvents with different RI values (a) and refractive index sensitivity fitting curve (b). Spectra of 
optical fiber SPR senor with fiber/MoS2/AuNPs/Au structure in solvents with different RI values (c) and refractive index sensitivity fitting curve (d).

Table 1 
Comparison of sensor performance.

Sensing structure Sensing materials Refractive index range Sensitivity (nm/RIU) Metal film fabrication method use Ref.

D-shape 
plastic optical fiber

Ag/MoS2/Au film 1.35–1.3638 2473.37 vacuum thermal evaporation coating [42]

Cylindrical coating Ag/Au film/MoS2 NSs 1.3318–1.3701 3061 magnetron sputtering coating [20]
U-shape MoS2/Au film 1.3314–1.3623 6184.4 magnetron sputtering coating [21]
Cylindrical coating Ag film/MoS2 1.333–1.373 3593 Magnetron Sputtering coating [43]
Cylindrical coating Au film/ MoSe2 1.333–1.358 2793.36 vacuum sputtering coating [17]
Cylindrical coating Au film/BaTiO3 1.3332–1.3710 2543 magnetron sputtering coating [44]
Cylindrical coating Au film 1.3329–1.3638 445.38–6214.31 ELP this work
Cylindrical coating MoS2/AuNPs/Au film 1.3329–1.3638 678.85–7231.64 ELP this work
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