
1Scientific Reports |          (2019) 9:6987  | https://doi.org/10.1038/s41598-019-43531-w

www.nature.com/scientificreports

Two-dimensional transition 
metal dichalcogenides assisted 
biofunctionalized optical fiber SPR 
biosensor for efficient and rapid 
detection of bovine serum albumin
Siddharth Kaushik1,2, Umesh K. Tiwari   1,2, Akash Deep1,2 & Ravindra K. Sinha1,3

The present study reports an alternative method of functionalizing the optical fiber Surface Plasmon 
Resonance (SPR) sensing probe with antibodies for label-free detection of bovine serum albumin 
(BSA) protein. In this novel approach, the gold coated fiber was first modified with Molybdenum 
disulfide (MoS2) nanosheets followed by its bio-functionalization with Anti-BSA antibodies. The 
developed technique not only allowed the amplification of the SPR signals by synergic effects of MoS2 
and gold metallic thin film but also enabled a direct and chemical-free attachment of representative 
antibodies through hydrophobic interactions. The sensitivity of the MoS2 modified sensing probe with 
detection limit of 0.29 µg/mL was improved as compared to the fiber optic SPR biosensor without MoS2 
overlayer (Detection limit  for BSA was 0.45 μg/mL). The developed biosensor has good specificity, and 
environmental stability. Accordingly, the proposed design of the MoS2 based SPR optical biosensor 
can offer the development of a simplified optical device for the monitoring of various biomedical and 
environmental parameters.

Biosensors have been the focus of cutting-edge research in recent years as they possess desirable properties of 
high sensitivity, excellent specificity, good stability, easy operation, fast response and cost-effective analysis1. 
Considering these imperative features, a plethora of biosensing platforms including photoelectrochemical2–5, 
impedance-based6–8 and optical9,10, were reported for sensitive and specific detection of chemical compounds 
and biomolecules. As diseases caused by pathogens including diarrhea11, typhoid12 and pneumonia13,14 etc., are 
major public health concern in developing nations, a sensitive and portable biosensor is needed to rapidly detect 
the target analyte in a different matrices without delayed intermediate sample processing. SPR sensors offer a 
specific, rapid, sensitive and label-free detection method preferable for the medical diagnostics and chemical 
analyses15. For the last three decades, since its inception in 1982 as a gas sensor16, the Surface Plasmon Resonance 
(SPR) sensors have evolved as the propitious sensing platform for wide range of applications17–22. For medical and 
environmental applications different SPR based configurations had been explored which includes prism-based 
SPR sensor23,24, optical fiber SPR sensors25–28.

The prism configuration has certain limitations including large size with many optical and mechanical com-
ponents which limit their use for on-site sensing application29. The optical fiber-based sensors have the potential 
to be used for the on-site sensing of analytes as they allow the designing of devices with advantageous features 
of compactness, cost-effectiveness, robustness, and rapid response30–34. An easier tuning of the resonance wave-
length in optical fiber SPR sensors compared to the prism-based SPR sensors is also of great benefit35,36. As such, 
the resonance characteristics depend upon the core refractive index (RI) and RI of the surrounding layer, metal 
layer thickness, and the length of the sensing probe37–40. Additionally, the optical fiber sensors are immune to 
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electromagnetic interference and undesired influences of ionization radiation41–43. Hence the fiber optic SPR 
sensors are practically advantageous as compared to the other optical sensors in different fields of sensing.

The electromagnetic waves excited by the charge density oscillations that exist along the metal–dielectric 
interface is known as surface plasmon polaritons (SPPs)44. SPR is the quantum of these oscillations and the wave 
associated with it is called surface plasmon wave (SPW). The SPWs which propagates along the interface are 
transverse in nature and exponentially decay in both the dielectric and metal medium. TM polarized light excite 
the surface plasmon at the phase matching condition. As the propagation constant of the TM polarized light 
matches with the SP wave propagation constant, it results in the generation of surface plasmon resonance (SPR). 
The normalized transmission power of the fiber optic SPR sensor is presented in eq. (1)45
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Where n1 is the RI of the core and ∅ is the angle of the incidence of the light with the normal at the core-cladding 
interface in the sensing region. The total reflection by the incident light is denoted by N (ø). The field intensity 
decays exponentially with the formation of SPR exhibiting a sharp dip of SP wave in the spectral response of the 
transmitted light. Hence, the variations in the RI at the surface of the sensing platform within the evanescent wave 
region due to the interaction between immobilized bioreceptor (e.g., aptamers, antibodies, lectins, etc.) and target 
molecules in samples may shift the resonant wavelength significantly46.

The optical fiber SPR sensing technology is also beneficial for the detection of biomolecules. To frame the opti-
cal fiber biosensor specific towards desired analytes, they must be functionalized by bio-recognition molecules, 
such as proteins, RNA, DNA, cells, etc. This adherence of the biomolecules over the optical fiber surface is gener-
ally achieved via some chemical linkers ((3-Aminopropyl) triethoxysilane, N-Succinimidyl 4-Maleimidobutyrate, 
etc47–49. Most of the above-mentioned surface modifications approaches are tedious and do not necessarily pro-
vide a homogenous bio coating.

Recently, the 2D transition metal dichalcogenides (TMDs), particularly MoS2, have attracted significant atten-
tion of researchers in different scientific fields, due to their high electron conductivity, tuneable band gap, and 
high optical absorption efficiency50–53. The hydrophobic nature, large surface area and presence of free sulphur 
atoms are distinctive features of MoS2 which makes it a potential material to develop biosensing interfaces54,55. 
Moreover, the MoS2 layers have been employed to inhibit the oxidation of metallic layers such as aluminium in 
SPR sensors56.

The present research outlines a novel method for biofunctionalization and sensitivity enhancement of the 
optical fiber SPR sensor for biosensing applications. The interfacing of MoS2 sheets facilitates simple and rapid 
antibodies immobilization on transducer’s surface via a convenient method of hydrophobic interaction57. In this 
way, the developed sensor avoids the requirement of any harsh chemical or muti-step treatments to the fiber 
which affects the sensitivity of the sensor by forming additional layer between antibodies and sensing probe.

Materials and Methods
Reagents.  Sodium sulfide (Na2S), Poly (ethylene glycol) (PEG), Fluorescein isothiocyanate (FITC), 3-mer-
captopropionic acid, n-methyl pyrrolidone (NMP) was purchased from Sigma-Aldrich, India. Umicore, India 
supplied molybdenum sheets (99.5% purity), Hydrofluoric acid (48% w/w), Anti-Bovine serum albumin (mono-
clonal), Bovine serum albumin and 10 mM Phosphate buffer saline (pH 7.4 at 25 °C) were obtained from Merck, 
India. All the other chemicals used were of the analytical grade. All the solutions were prepared in double deion-
ized water >18 mΩ.cm (specific resistivity) at 25 °C, Millipore.

Analytical instruments.  The optical absorbance spectrum of the MoS2 functionalized optical fiber sensor 
was recorded at a scan rate of 600 nm min−1 over a wavelength range of 200–800 nm by a UV-Vis spectrophotom-
eter (Varian Cary 5000, Agilent Technologies, U.S.A). The X-Ray diffraction analysis was achieved with a Bruker 
D8 diffractometer using Cu Kα radiation (wavelength = 1.546 Å) at the scan rate of 4° min−1. The morphologi-
cal characterization of the fabricated biosensor was performed by field-emission scanning electron microscope 
(Hitachi S4800; accelerating voltage 2–4 KV). The Raman analysis was performed using a Raman spectrophotom-
eter (excitation wavelength: 514 nm) (Renishaw, UK). The confocal laser scanning microscopic (LSM 510) (Zeiss, 
Germany) was used for morphological analysis of the bio functionalized sensing probe. The exfoliated MoS2 
nanosheets were analysed using a transmission electron microscope (TEM) (Applied voltage: 200 kV) (JEOL 
2010, Japan).

Experimental setup.  The experimental setup employed to study the SPR biosensor performance is pre-
sented in Fig. 1. The developed sensor (Anti-BSA/MoS2/Au optical fiber) was positioned in a glass flow cell having 
definite inlet and outlet passages. Non-polarized polychromatic light from broadband source (wavelength range: 
360–2400 nm; output power: 6.7 mW; Ocean Optics, HL-2000,) was launched at one end of the fiber optic sensor. 
The transmission spectra were recorded through charge-coupled device (CCD) spectrometer (λ: 200–1160 nm; 
resolution: 0.09–20 nm; Avantes, ULS2048XL-EVO) connected to another end of the sensor. The computer was 
interfaced with the spectrometer to record the spectral response at different concentrations of the BSA.

Synthesis of MoS2 nanosheets.  MoS2 nanosheets were synthesized by the electro-dissolution method. 
Briefly, the cathode having molybdenum sheet was intercalated with Na+ ions. The Ag/AgCl, molybdenum sheets 
and Pt wire were forgathered in an electrochemical cell as the reference, cathode (working) and anode (counter) 
electrodes respectively. 1 M sodium sulfide (Na2S) solution was taken as the electrolyte. The chrono-amperometry 
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mode was applied, keeping the potential constant at 1 V. The electrolysis process was repeated for multiple cycles 
to obtain better product yield. The hydroxyl and oxygen radicals generated by the oxidation of water react with 
the grain boundaries and edge sites of the molybdenum sheets creating defective sites. The Na+ ions intercalate in 
these defective sites causing interlayer separation. The Na+ intercalated MoS2 sheets dissolution was clear, as the 
colorless electrolyte organic solution transformed primarily to pale yellow and ultimately to dark yellow colour 
with the trickling of MoS2 sheets into the solution. The extracted material was separated by centrifugation at 
20000 rpm for 30 min. After washing three times with DI water followed by centrifugation, the supernatant was 
suspended in DI water and ultrasonicated for 2 hours resulting in the exfoliation of Mo into few-layered MoS2 
nanosheets. This method is rapid and highly efficient for producing MoS2 nanosheets.

Fabrication of the sensing probe.  Chemical etching of multimode optical fiber.  The optical fiber SPR 
sensor was fabricated in a plastic cladded multimode step-index fiber (core diameter: 400 μm). For developing the 
sensing region, cladding layer was initially removed by thermal process to expose a 1 cm uncladded fiber length. 
After depletion of the cladding layer, the core region of the optical fiber was subjected to the chemical etching 
process. It was performed by exposing the fiber to Hydrofluoric acid (HF) for 38 minutes at room temperature 
(25 °C ± 2 °C). The acid solution was intermittently agitated to allow a uniform etching. The etching reaction 
proceeded at an etch rate of 3 microns/minute. Subsequently, the etched fiber was washed with methanol and DI 
water. The tapered optical fibers were stored in glass desiccator under dry conditions.

DC Magnetron sputtering unit assisted gold thin film deposition on the optical fiber (PVD method).  The gold thin 
film coating on the tapered optical fiber was achieved through a DC Magnetron Sputtering deposition instrument 
which consisted of a DC sputter source (Excel Instruments, India). The optical fiber was placed at a distance of 
10 cm in front of the target. A glow discharge was created by applying high voltage. The acceleration of argon 
ions to a pre-mounted gold target surface led to the ejection of gold particles, which subsequently got adhered 
as a sputtered coating layer onto the optical fiber. During the above experiment, the sputtering gas (Argon) was 
introduced in the chamber with a flow rate of 30 standard cubic centimetre per minute (SCCM) at a pressure of 
2.1 Pa. To achieve good sensitivity, the gold layer thickness is considered as an important parameter. The fiber 
was rotated for different cycles (4, 5, 6, 7, 8, 9) to optimize the gold layer deposition to achieve best results and 
it was observed that after 7 cycles, the sensitivity of the fabricated sensor towards 6% w/v sucrose solution (RI: 
1.3420 at 25 °C) was highest as compared to the other rotations of certain time interval as presented in Fig. S1(a) 
(Supplementary Information). To introduce a uniform coating, 7 cycles of rotation was done under the inert 
conditions. The chromium (~5 nm) was initially coated on the optical fiber for good adhesion of gold on optical 
fiber. The DC power of 40 W was used during the total deposition time. The thickness of the coated gold was 
50 nm ± 4 nm which is comparable to the thickness reported in preceding studies58.

Functionalizing the MoS2 nanosheets on the gold coated optical fiber.  The MoS2 overlayer were 
deposited on the gold coated fiber optic SPR sensor via dip coating technique. The gold coated fiber was incu-
bated with 1 mL solution of the MoS2 nanosheets. To optimize the nanosheets functionalization process the dip 
coating was done for 2, 3, 4, 5, 6, 7 cycles. Each cycle was accomplished by dipping the optical fiber in the MoS2 
nanosheets solution for 30 seconds and subsequently drying for 120 seconds. After different cycles, the MoS2 
functionalized sensing probe was annealed for 1 hour at 60 °C to confirm the proper robustness of the MoS2 inter-
facing with the gold layer. The MoS2 functionalized sensing probes were further treated with Anti-BSA antibodies 
and the biofunctionalized sensing probes were tested for detection of BSA (10 µg/mL). The dip coating process of 
05 cycles was selected for the development of proposed sensor as best resonance wavelength shift was obtained 
at this optimal thickness of MoS2 layers as depicted in Fig. S1(b) (Supplementary Information). The Raman spec-
troscopy and scanning electron microscopy characterization confirmed the uniform interfacing of the MoS2 on 
the gold coated fiber.

In SPR based sensing, temperature is an important parameter which affects metal properties through 
phonon-electron scattering and electron-electron scattering, signal-to-noise ratio (SNR) and sensitivity of the 
sensor59. The metal dielectric function is also related with temperature variation. It has been reported that plasma 
frequency and collision frequency of metal layer is related to temperature, the RI of core and RI of the sensing 
layer are also affected by temperature through thermo-optic coefficient. The blue shift in resonance wavelength 
and broadening of SPR curve was noted with increase in temperature in previous studies60. We have performed 

Figure 1.  Diagrammatic representation of the SPR biosensor experimental system for the detection of BSA. The 
time of interaction between Anti-BSA antibodies and BSA sample was 15 minutes.
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our experiments at room temperature (25 °C ± 2 °C) to eliminate the temperature effect on spectral response of 
the proposed sensing platform.

Biofunctionalization of Anti-BSA on MoS2/gold/optical fiber.  The MoS2 functionalized surface of 
the optical fiber was incubated with the 80 µg/mL solution of anti-BSA (monoclonal antibodies) in PBS solution 
(pH 7.4) for two hours at room temperature. After immobilization of anti-BSA antibodies, the sensing platform 
was incubated for 20 minutes with 35 μL of 1-mM polyethylene glycol solution as a blocking agent to occlude the 
non-specific sites of the sensing probe. After an incubation, the fiber was washed three times with DI water for 
removal of unbound molecules.

Sample preparation for characterization of the bio functionalized sensing probe.  We have 
immobilized the FITC conjugated anti-bovine serum albumin antibodies on MoS2/Au/optical fiber through sim-
ple physical adsorption route. Briefly, 500 µL of FITC (0.2 mg/mL prepared in DMF) and 80 µg/mL of anti-BSA 
antibodies were mixed together. The mixed solution was incubated for 1 hour in dark at 25 °C. Desalting spin 
column was used to remove excess FITC molecules. The 1 mg/mL solution of FITC/anti-BSA in PBS solution (pH 
7.4) was prepared and then left to incubate with the MoS2 functionalized surface of the optical fiber for 40 min 
at room temperature. For the Raman spectroscopic analysis, the MoS2/Au/optical fiber was first carefully diced 
using a surgical blade, then mounted on the glass slide. A 50X objective was employed to focus the laser beam 
(514 nm) and collect Raman signal at room temperature.

Quantitative analysis of Bovine serum albumin (BSA).  The performance of the antibody immobi-
lized optical fiber sensor with MoS2 overlayer was collated with antibody immobilized gold coated optical fiber 
sensor without MoS2 overlayer. In this conventional design, the gold coated optical fiber was modified with 
3-mercaptopropionic acid (3-MPA) by immersing the gold coated fiber in 10 mM ethanolic solution of 3-MPA for 
6 hours. It was then incubated with 1 mL of PBS solution having 1 mM EDC and 2 mM NHS to activate –COOH 
groups of the sensing probe. Incubation of the anti-BSA antibodies was finally performed at 37 °C for an hour. 
The remaining binding sites on the sensing probe were blocked by treating the developed sensor with with 1 M 
ethanolamine hydrochloride (pH 8.6) for 45 min. The developed biosensor was then thoroughly washed with 
distilled water three times, dried by nitrogen gas, and stored at 4 °C before using for the BSA detection. The com-
plete process for fabrication of SPR biosensor without MoS2 overlayer and MoS2 assisted biofunctionalized SPR 
sensing probe is presented in Fig. 2. Different concentration of BSA, ranging from 10 μg/mL to 50 μg/mL in PBS 
solution was prepared. These samples were then inserted through flow cell to interact with the antibody immo-
bilized MoS2/gold/optical fiber sensor for 15 minutes and then the resulting transmission spectra were recorded. 
The spectral response in terms of shift in resonance wavelength of the sensor was then correlated with the defined 
concentrations of BSA.

Results and Discussion
Structural analysis of exfoliated MoS2 nanosheets and developed optical fiber SPR sensor.  
The exfoliated MoS2 nanosheets have been characterized by well-established microscopic and spectroscopic tech-
niques. In UV-Vis absorption spectrum [Fig. 3(a)], the exfoliated MoS2 nanosheets have shown the absorption 
peaks at 617 nm and 672 nm, due to direct transitions at the K point of the Brillion zone61. The broad peak at 395 

Figure 2.  Schematic delineation of the development process of optical fiber SPR biosensor without MoS2 
overlayer and the MoS2 modified optical fiber SPR biosensor.
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around 453 nm originating after the linear transition of electrons from deep valence band to the conduction band 
are noted as mentioned in the reported studies62.

In XRD analysis of the bulk MoS2 powder many peaks are evident owing to the lattice plane reflections from 
the multiple layers of MoS2 [Fig. 3(b)]. However, the XRD spectra of  exfoliated MoS2 nanosheets shows the strong 
distinctive (002) peak of bulk MoS2 (at around 14° was shifted to 9°) signifying lattice expansion. The shift is due 
to an increased lattice strain and reduction in crystallite size. The exfoliation causes increase in the interlayer dis-
tance of the (002) lattice plane thereby changing the diffraction at a lower angle. The manifestation of XRD peaks 
at 33° corresponds with planes of (100) as per the typical hexagonal MoS2 structure. The broadening of these 
peaks are correlated with the reduction of particle size in the corresponding planes63.

To determine the hydrophobicity of the exfoliated MoS2 nanosheets, drop shape analysis (DSA) was per-
formed. The contact angle was measured by the image of sessile water drop at the points of contact with the target 
surface as shown in Fig. 3(c–e). The glass substrate is hydrophilic in nature with mean contact angle of 32.55°. The 
mean contact angle of gold coated surface (71.95°) is relatively less hydrophobic as compared to MoS2 nanosheets 
functionalized surface (73.85°). The higher hydrophobicity of MoS2 nanosheets helps in proper adsorption of 
proteins and antibodies without any cross likers. Hence, MoS2 nanosheets are potential 2 D nanomaterials for 
rapid and simple immobilization of antibodies.

Raman spectroscopy is an important technique used to determine the layers of the 2D materials. The peak 
position and intensity of in-plane (E1

2g) and out-of-plane (A1g) modes offers specific identification of discrete and 
few layers of MoS2

64,65. The E1
2g (384 cm−1) peaks and A1g (404 cm−1) peaks were observed in Fig. 4, in accordance 

with the previous studies66. The red shift in the E1
2g peaks and the blue shift in the A1g peaks were observed indi-

cating decrease in layer thickness from bulk MoS2 to exfoliated MoS2.
The microscopic analysis as shown in Fig. 5(a,b) signifies morphological changes on the surface of sensing 

probe after MoS2 functionalization. It can be observed that the dip coating method explored for the nanosheets 
functionalization aid in uniform deposition of MoS2 on the optical fiber. The FESEM images confirm the homog-
enous interfacing of MoS2 nanosheets, thereby providing higher antibodies binding sites as compared to the fiber 
optic SPR sensor without MoS2 nanosheets.

The formation of the nanostructures with uniform dimensions is evident from the TEM images is presented 
in Fig. 5(c). The sheets like morphology of the exfoliated MoS2 are well demonstrated by the TEM image. The uni-
form fluorescence signals originating from the FITC/anti-BSA antibodies/MoS2/Au/optical fiber as depicted in 
Fig. 5(d) of confocal laser scanning microscope (CLSM) study affirm the successful immobilization of anti-BSA 
antibodies over MoS2/Au/optical fiber. As a control experiment, sensing platform without bioreceptors (antibod-
ies) under the similar conditions was also observed by CLSM and no fluorescent signals were detected. Thus, the 
fluorescence perceived in the sensing probe can be attributed to the immobilization of Anti-BSA monoclonal 
antibodies.

Comparative study of spectral response characteristics.  To investigate the output characteristics of 
the developed SPR biosensor, spectral response was measured for known concentrations of BSA in buffer solution 
with an Ab/Au/optical fiber (SPR biosensor without MoS2 overlayer) and Ab/MoS2/Au/optical fiber (developed 

Figure 3.  (a) UV-Vis spectra of exfoliated MoS2; (b) XRD analysis of exfoliated MoS2 nanosheets; The water 
contact angle of (c) silicon substrate (SiO2) (d) gold (Au) and (e) MoS2 layer to determine the hydrophobic 
characteristics of different substrates. The mean water contact angle of MoS2, Au, and SiO2 substrate are 32.55°, 
71.95°, and 73.85° respectively.
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SPR biosensor). The resonance wavelength observed after the immobilization of the antibodies was regarded as 
reference peak. The SPR spectra attained with SPR biosensor without MoS2 overlayer for different concentration 
of BSA ranging from 10 µg/mL to 50 µg/mL in PBS solution is depicted in Fig. 6(a). The transmission spectra 
were measured after 15 minutes of analyte addition in the glass flow cell. For each sample with certain concen-
tration, resonance wavelength was measured. As the concentration of the BSA increases, red shift in the reso-
nance wavelength can be observed. Figure 6(c) shows the respective shift in the resonance wavelength with each 
sample (BSA) by developed biosensor. The error bar graph shown in Fig. 6(b,d) clearly shows the increase in the 

Figure 4.  Raman analysis of the MoS2 nanosheets functionalized sensing probe (a) Characteristic in-plane 
E1

2g (∼384 cm−1) and out-of-plane A1g (∼404 cm−1) Raman vibrational modes of exfoliated MoS2; (b) Point of 
analysis on sensing probe.

Figure 5.  FESEM analysis of (a) developed SPR sensor scratched at different points to show the functionalized 
layers of MoS2 nanosheets on the gold coated optical fiber; (b) Enlarged view of functionalized MoS2 
nanosheets; (c) TEM analysis of the exfoliated MoS2 nanosheets; (d) Confocal image of the Anti-BSA 
monoclonal antibodies immobilized MoS2/Au/optical fiber.
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resonance wavelength increases linearly with the BSA concentration in PBS solution by Ab/Au/fiber, in PBS solu-
tion by Ab/MoS2/Au/ fiber. Experiment for the analysis of individual sample was done in triplicates. The probe 
was treated with DI water for removal of bonded molecules after each experiment. The shift in the resonance 
wavelength was because BSA and Anti-BSA antibodies interaction results in the formation of immune-complex 
which changes the surrounding refractive index and modifies the properties of the interacting evanescent wave. 
The concentration of the BSA protein is directly proportional to the change in the refractive index and the dif-
ference in refractive index is marked by the shift in resonance wavelength of the transmission spectra. The level 
of wavelength shift is higher in the proposed Ab/MoS2/Au/optical fiber demonstrating better sensor sensitivity 
as shown in Fig. S2 (Supplementary Information). Due to high surface to volume ratio of functionalized MoS2 
nanosheets, the density of functionalized antibodies increases leading to binding of large number of target ana-
lytes (BSA). It is also important to note that the MoS2 single layer has higher refractive index (4.49 @ λ = 651 nm) 
as compared to gold layer67. Due to large RI, the MoS2 nanosheets can sustain evanescent waves even at smaller 
thicknesses. Accordingly, high proportion of evanescent field can be propagated in the sensing region by thin 
layers (8 ± 2 µm) of these nanosheets. Similarly, as the sensitivity is related to the electrical intensity’s overlap 
integral in the surrounding medium which depends on the interaction between analytes and guided wave, the 
greater interaction of analytes and guided waves increases the sensitivity of the immunosensor. It was noted that 
the proposed SPR biosensor provide better sensitivity with LOD of 0.29 µg/mL [(calculated by the slope of the 
regression line equation) with R2 = 0.9933] than conventional fiber optic SPR biosensor without MoS2 overlayer 
(0.45 µg/mL with R2 = 0.9829).

Researchers have reported graphene oxide (GO) functionalized biosensor for the selective detection of BSA 
(detection limit: 265 μg/mL). This aggregation-induced emission (AIE) based sensing platform utilizes disul-
fonated tetraphenylethene (TPE-SO3Na) and GO for the detection of BSA molecules68. Similarly, quantum dots 
based fluorescent probes were studied for BSA detection. The binding of BSA to the sensing probe resulted in 
photoluminescence quenching. The limit of detection of this sensing method was 100 μg/mL69. In recent years, 
the fiber optic sensing platforms have been studied for the detection of BSA. A fiber optic Mach-Zehnder inter-
ferometer based BSA detection has been reported with the detection limit of 0.257 μg/mL. The sensing platform 
was highly sensitive nevertheless, the specificity of the developed sensor was not reported70. Nayak et al., 2017 
have studied the fiber optic biosensor coated with gold nanoparticles and graphene oxide (GO) for BSA detection. 

Figure 6.  Spectral characteristics towards BSA in PBS solution of the (a) optical fiber SPR biosensor without 
MoS2 overlayer and (c) developed SPR biosensor; Standard calibration plot of (b) Ab/gold/fiber; (d) Ab/MoS2/
gold/fiber against varying concentration of BSA in PBS solution (pH 7.4); The error bars represent the standard 
deviation, Experiment for each sample was repeated three times (n = 3).
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This sensing probe functionalized with nanoparticles was studied for detection of 10 μg/mL of BSA71. In com-
parison to the previous studies for the BSA detection, the present work encompassing MoS2 nanosheets provide 
label-free, specific and rapid detection of BSA with comparable sensitivity (detection limit: 0.29 µg/mL). The 
addition of MoS2 nanosheets in the transducer layer increases the light absorption in the sensing medium leading 
to enhancement of the evanescent field, thereby improving the performance of fiber optic SPR sensor. Though the 
sensor has better sensitivity towards target analyte (BSA) as compared to the reported fiber optics biosensors, the 
sensitivity of electrochemical biosensor72, differential pulse voltammogram73, cyclic voltammetry based sensor74, 
Fluorescence based assay and resonance light scattering spectra (RLS) based assay75 is higher as compared to the 
developed sensor reported in the present study.

Specificity studies.  The specificity towards target analyte is an essential feature of good biosensor. To study 
the specificity of both the SPR biosensor without MoS2 overlayer and the developed MoS2 modified SPR biosen-
sor, the spectral analysis was done for cross-reactants like glucose (10 µg/mL) and urea (10 µg/mL). The measured 
response of both the sensing probes expressed as shift in resonance wavelength towards each compound is shown 
in Fig. 7(a,b). Comparison of the performance of the developed biosensor with the SPR biosensor without MoS2 
overlayer indicates that the MoS2 based developed biosensor is more sensitive and specific towards the detection 
of BSA.

Statistical analysis.  To study the significant difference in the mean wavelengths statistically, One-way anal-
ysis of variance (ANOVA) was used. The ANOVA test indicate a statistically substantial difference in the resonant 
wavelength across at least one of the analyte sample (F 3, 8 = 1662.612, p < 0.001), obtained using the MoS2 modi-
fied sensor. To perform pair-wise comparisons while controlling the family-wise alpha to 0.05 the Tukey’s Honest 
Significant Difference (HSD) post hoc test was used. Mean wavelength in the detection of BSA observed to be 
significantly different from that of other analyte including glucose (p < 0.001), urea (p < 0.001), and blank sample 
(p < 0.001). When compared to the blank sample, no significant difference in mean wavelength in the detection 
of glucose (p = 0.095) and urea (p = 0.547) was observed. Table S1 (Supplementary Information) presents the pair 
wise comparison of mean resonance wavelength across different samples. The statistical test was performed by 
SPSS software version 15.0 (SPSS South Asia, Bangalore). The results confirm the high specificity of the developed 
biosensor for BSA detection.

Conclusion
In summary, MoS2 nanosheets assisted biofunctionalized optical fiber SPR sensor has been successfully demon-
strated for specific detection of BSA protein. The sensing probe functionalization with nanosheets and antibodies 
was characterized by different analytical techniques including Raman spectroscopy, TEM, UV-Vis spectroscopy, 
FESEM, confocal imaging and XRD analysis. The optimization of the parameters in the development of sensing 
probe was performed to attain the good analytical performance. The probe was introduced for the concentration 
range of 10 µg/mL to 50 µg/mL. The sensing capabilities of the developed biosensor was compared with the fiber 
optic SPR biosensor without MoS2 overlayer. The senstivity of the designed probe (LOD: 0.29 µg/mL) was better as 
compared to the optical fiber SPR biosensor without MoS2 overlayer (LOD: 0.45 µg/mL). The developed sensing 
probe was highly specific towards target analyte (BSA) even in the presence of cross-reactive compounds. Though 
the present study has presented some promising results, few limitations require attention including fragile nature 
of optical fiber and time consuming gold coating process. The alternative method of simple biofunctionalization 
may open new horizons towards the development of new generation optical fiber sensor with advantage of fabri-
cation simplicity while offering real time monitoring and ultra-low quantitative analysis.

Figure 7.  Comparison of specificity (a) optical fiber SPR biosensor without MoS2 overlayer and (b) developed 
optical fiber SPR biosensor with MoS2 overlayer for different compounds in PBS solution.
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Data Availability
All data analyzed during this study are included in form of graphs in this article (and its Supplementary Infor-
mation).

References
	 1.	 Yu, Z., Tang, Y., Cai, G., Ren, R. & Tang, D. Paper Electrode-Based Flexible Pressure Sensor for Point-of-Care Immunoassay with 

Digital Multimeter. Analytical Chemistry 91, 1222–1226, https://doi.org/10.1021/acs.analchem.8b04635 (2019).
	 2.	 Qiu, Z., Shu, J., Liu, J. & Tang, D. Dual-Channel Photoelectrochemical Ratiometric Aptasensor with up-Converting Nanocrystals 

Using Spatial-Resolved Technique on Homemade 3D Printed Device. Analytical Chemistry 91, 1260–1268, https://doi.org/10.1021/
acs.analchem.8b05455 (2019).

	 3.	 Zeng, R. et al. Photoelectrochemical bioanalysis of antibiotics on rGO-Bi2WO6-Au based on branched hybridization chain reaction. 
Biosensors and Bioelectronics 133, 100–106, https://doi.org/10.1016/j.bios.2019.02.067 (2019).

	 4.	 Qiu, Z., Shu, J. & Tang, D. Plasmonic resonance enhanced photoelectrochemical aptasensors based on gC 3 N 4/Bi 2 MoO 6. 
Chemical Communications 54, 7199–7202 (2018).

	 5.	 Da, H., Liu, H., Zheng, Y., Yuan, R. & Chai, Y. A highly sensitive VEGF165 photoelectrochemical biosensor fabricated by assembly 
of aptamer bridged DNA networks. Biosensors and Bioelectronics 101, 213–218 (2018).

	 6.	 Lin, J. et al. An impedance immunosensor based on low-cost microelectrodes and specific monoclonal antibodies for rapid detection 
of avian influenza virus H5N1 in chicken swabs. Biosensors and Bioelectronics 67, 546–552 (2015).

	 7.	 Tang, J., Lu, M. & Tang, D. Target-initiated impedimetric proximity ligation assay with DNAzyme design for in situ amplified 
biocatalytic precipitation. Analyst 139, 2998–3001, https://doi.org/10.1039/C4AN00523F (2014).

	 8.	 Tang, J., Tang, D., Zhou, J., Yang, H. & Chen, G. Nuclease cleavage-assisted target recycling for signal amplification of free-label 
impedimetric aptasensors. Chemical Communications 48, 2627–2629, https://doi.org/10.1039/C2CC17536C (2012).

	 9.	 Dash, J. N. & Jha, R. Highly sensitive side-polished birefringent PCF-based SPR sensor in near IR. Plasmonics 11, 1505–1509 (2016).
	10.	 Srinivasan, R., Umesh, S., Murali, S., Asokan, S. & Siva Gorthi, S. Bare fiber Bragg grating immunosensor for real‐time detection of 

Escherichia coli bacteria. Journal of biophotonics 10, 224–230 (2017).
	11.	 Nilima et al. Prevalence, patterns, and predictors of diarrhea: a spatial-temporal comprehensive evaluation in India. BMC public 

health 18, 1288–1288, https://doi.org/10.1186/s12889-018-6213-z (2018).
	12.	 Crump, J. A. Progress in typhoid fever epidemiology. Clinical Infectious Diseases 68, S4–S9 (2019).
	13.	 Shi, T. et al. Global and Regional Burden of Hospital Admissions for Pneumonia in Older Adults: A Systematic Review and Meta-

Analysis. The Journal of infectious diseases (2019).
	14.	 Pradhan, S. M., Rao, A. P., Pattanshetty, S. M. & Nilima, A. R. Knowledge and perception regarding childhood pneumonia among 

mothers of under-five children in rural areas of Udupi Taluk, Karnataka: A cross-sectional study. Indian Journal of Health Sciences 
9(1), 35 (2016).

	15.	 Shrivastav, A. M., Mishra, S. K. & Gupta, B. D. Fiber optic SPR sensor for the detection of melamine using molecular imprinting. 
Sensors and Actuators B: Chemical 212, 404–410 (2015).

	16.	 Liedberg, B., Nylander, C. & Lunström, I. Surface plasmon resonance for gas detection and biosensing. Sensors and Actuators 4, 
299–304, https://doi.org/10.1016/0250-6874(83)85036-7 (1983).

	17.	 Abdulhalim, I., Zourob, M. & Lakhtakia, A. Surface plasmon resonance for biosensing: a mini-review. Electromagnetics 28, 214–242 
(2008).

	18.	 Singh, P. SPR Biosensors: Historical Perspectives and Current Challenges. Sensors and Actuators B: Chemical 229, 110–130, https://
doi.org/10.1016/j.snb.2016.01.118 (2016).

	19.	 Mishra, A. K., Mishra, S. K. & Singh, A. P. Giant Infrared Sensitivity of Surface Plasmon Resonance-Based Refractive Index Sensor. 
Plasmonics, 1–8 (2017).

	20.	 Gupta, B. D., Srivastava, S. K. & Verma, R. Fiber optic sensors based on plasmonics. (World Scientific, 2015).
	21.	 Rehman, S.-u., Rahmouni, A., Mahfoud, T., Nesterenko, D. V. & Sekkat, Z. Determination of the optical thickness of sub 10-nm thin 

metal films by SPR experiments. Plasmonics 9, 381–387 (2014).
	22.	 Penezic, A. et al. Carbohydrate–lectin interaction on graphene-coated surface plasmon resonance (SPR) interfaces. Plasmonics 9, 

677–683 (2014).
	23.	 Jha, R. & Sharma, A. K. Chalcogenide glass prism based SPR sensor with Ag–Au bimetallic nanoparticle alloy in infrared wavelength 

region. Journal of Optics A: Pure and Applied Optics 11, 045502 (2009).
	24.	 Homola, J., Koudela, I. & Yee, S. S. Surface plasmon resonance sensors based on diffraction gratings and prism couplers: sensitivity 

comparison. Sensors and Actuators B: Chemical 54, 16–24 (1999).
	25.	 Slavı́k, R., Homola, J., Čtyroký, J. & Brynda, E. Novel spectral fiber optic sensor based on surface plasmon resonance. Sensors and 

Actuators B: Chemical 74, 106–111 (2001).
	26.	 Kim, Y.-C., Peng, W., Banerji, S. & Booksh, K. S. Tapered fiber optic surface plasmon resonance sensor for analyses of vapor and 

liquid phases. Optics letters 30, 2218–2220 (2005).
	27.	 Srivastava, S. K., Verma, R. & Gupta, B. D. Surface plasmon resonance based fiber optic sensor for the detection of low water content 

in ethanol. Sensors and Actuators B: Chemical 153, 194–198 (2011).
	28.	 Baliyan, A. et al. Surface plasmon resonance based fiber optic sensor for the detection of triacylglycerides using gel entrapment 

technique. Sensors and Actuators B: Chemical 188, 917–922 (2013).
	29.	 Sharma, A. K., Jha, R. & Gupta, B. Fiber-optic sensors based on surface plasmon resonance: a comprehensive review. IEEE Sensors 

Journal 7, 1118–1129 (2007).
	30.	 Mishra, S. K., Tripathi, S. N., Choudhary, V. & Gupta, B. D. SPR based fibre optic ammonia gas sensor utilizing nanocomposite film 

of PMMA/reduced graphene oxide prepared by in situ polymerization. Sensors and Actuators B: Chemical 199, 190–200 (2014).
	31.	 Cennamo, N. et al. Sensors based on surface plasmon resonance in a plastic optical fiber for the detection of trinitrotoluene. Sensors 

and Actuators B: Chemical 188, 221–226 (2013).
	32.	 Kaushik, S., Pandey, A., Tiwari, U. K. & Sinha, R. K. A label-free fiber optic biosensor for Salmonella Typhimurium detection. 

Optical Fiber Technology 46, 95–103 (2018).
	33.	 Dwivedi, Y. S., Sharma, A. K. & Gupta, B. Influence of design parameters on the performance of a surface plasmon sensor based fiber 

optic sensor. Plasmonics 3, 79–86 (2008).
	34.	 Christopher, C., Subrahmanyam, A. & Sai, V. Gold sputtered U-bent plastic optical fiber probes as SPR-and LSPR-based compact 

plasmonic sensors. Plasmonics 13, 493–502 (2018).
	35.	 Klantsataya, E., Jia, P., Ebendorff-Heidepriem, H., Monro, T. M. & François, A. Plasmonic fiber optic refractometric sensors: From 

conventional architectures to recent design trends. Sensors 17, 12 (2016).
	36.	 Nayak, J. K., Maharana, P. K. & Jha, R. Dielectric over-layer assisted graphene, its oxide and MoS2-based fibre optic sensor with high 

field enhancement. Journal of Physics D: Applied Physics 50, 405112 (2017).
	37.	 Ong, B. H., Yuan, X., Tjin, S. C., Zhang, J. & Ng, H. M. Optimised film thickness for maximum evanescent field enhancement of a 

bimetallic film surface plasmon resonance biosensor. Sensors and Actuators B: Chemical 114, 1028–1034 (2006).
	38.	 Kanso, M., Cuenot, S. & Louarn, G. Sensitivity of optical fiber sensor based on surface plasmon resonance: modeling and 

experiments. Plasmonics 3, 49–57 (2008).

https://doi.org/10.1038/s41598-019-43531-w
https://doi.org/10.1021/acs.analchem.8b04635
https://doi.org/10.1021/acs.analchem.8b05455
https://doi.org/10.1021/acs.analchem.8b05455
https://doi.org/10.1016/j.bios.2019.02.067
https://doi.org/10.1039/C4AN00523F
https://doi.org/10.1039/C2CC17536C
https://doi.org/10.1186/s12889-018-6213-z
https://doi.org/10.1016/0250-6874(83)85036-7
https://doi.org/10.1016/j.snb.2016.01.118
https://doi.org/10.1016/j.snb.2016.01.118


1 0Scientific Reports |          (2019) 9:6987  | https://doi.org/10.1038/s41598-019-43531-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

	39.	 Maharana, P. K., Srivastava, T. & Jha, R. On the performance of highly sensitive and accurate graphene-on-aluminum and silicon-
based SPR biosensor for visible and near infrared. Plasmonics 9, 1113–1120 (2014).

	40.	 Du, B., Yang, Y., Zhang, Y. & Yang, D. SPR Label-Free Biosensor with Oxide-Metal-Oxide-Coated D-Typed Optical Fiber: a 
Theoretical Study. Plasmonics, 1–7 (2018).

	41.	 Kaushik, S. et al. In AIP Conference Proceedings. 020110 (AIP Publishing).
	42.	 Ju, S. et al. Fabrication and Optical Characteristics of a Novel Optical Fiber Doped with the Au Nanoparticles. Journal of Nanoscience 

and Nanotechnology 6, 3555–3558, https://doi.org/10.1166/jnn.2006.055 (2006).
	43.	 Hao, T. & Chiang, K. S. Graphene-Based Ammonia-Gas Sensor Using In-Fiber Mach-Zehnder Interferometer. IEEE Photonics 

Technology Letters 29, 2035–2038, https://doi.org/10.1109/LPT.2017.2761981 (2017).
	44.	 Mishra, S. K., Zou, B. & Chiang, K. S. Surface-Plasmon-Resonance Refractive-Index Sensor With Cu-Coated Polymer Waveguide. 

IEEE Photonics Technology Letters 28, 1835–1838, https://doi.org/10.1109/LPT.2016.2573322 (2016).
	45.	 Shukla, S., Sharma, N. K. & Sajal, V. Sensitivity enhancement of a surface plasmon resonance based fiber optic sensor using ZnO thin 

film: a theoretical study. Sensors and Actuators B: Chemical 206, 463–470 (2015).
	46.	 Mariani, S. & Minunni, M. Surface plasmon resonance applications in clinical analysis. Analytical and bioanalytical chemistry 406, 

2303–2323 (2014).
	47.	 Liu, C. et al. Graphene oxide functionalized long period grating for ultrasensitive label-free immunosensing. Biosensors and 

Bioelectronics 94, 200–206 (2017).
	48.	 Kaushik, S. et al. In International Conference on Fibre Optics and Photonics. Th3A. 59 (Optical Society of America) (2016).
	49.	 Kaushik, S. et al. Label-free detection of E scherichia coli bacteria by cascaded chirped long period gratings immunosensor. Review 

of Scientific Instruments 90, 025003 (2019).
	50.	 Singh, E., Kim, K. S., Yeom, G. Y. & Nalwa, H. S. Two-dimensional transition metal dichalcogenide-based counter electrodes for 

dye-sensitized solar cells. RSC Advances 7, 28234–28290 (2017).
	51.	 Mishra, A. K., Mishra, S. K. & Verma, R. K. Graphene and beyond graphene MoS2: a new window in surface-plasmon-resonance-

based fiber optic sensing. The Journal of Physical Chemistry C 120, 2893–2900 (2016).
	52.	 Sharma, A. K. & Kaur, B. Chalcogenide fiber-optic SPR chemical sensor with MoS2 monolayer, polymer clad, and polythiophene 

layer in NIR using selective ray launching. Optical Fiber Technology 43, 163–168, https://doi.org/10.1016/j.yofte.2018.05.003 (2018).
	53.	 Sridhar, S., Sebastian, S. & Asokan, S. Temperature sensor based on multi-layer MoS2 coated etched fiber Bragg grating. Applied 

optics 58, 535–539 (2019).
	54.	 Tuteja, S. K., Duffield, T. & Neethirajan, S. Liquid exfoliation of 2D MoS2 nanosheets and their utilization as a label-free 

electrochemical immunoassay for subclinical ketosis. Nanoscale 9, 10886–10896 (2017).
	55.	 Lee, J. et al. Two-dimensional layered MoS2 biosensors enable highly sensitive detection of biomolecules. Scientific reports 4, 7352 (2014).
	56.	 Xu, Y., Wu, L. & Ang, L. K. Based Highly Sensitive Near-Infrared Surface Plasmon Resonance Refractive Index Sensor. IEEE Journal 

of Selected Topics in Quantum Electronics 25, 1–7, https://doi.org/10.1109/JSTQE.2018.2868795 (2019).
	57.	 Kaushik, S., Tiwari, U. K., Pal, S. S. & Sinha, R. K. Rapid detection of Escherichia coli using fiber optic surface plasmon resonance 

immunosensor based on biofunctionalized Molybdenum disulfide (MoS2) nanosheets. Biosensors and Bioelectronics 126, 501–509 
(2019).

	58.	 Iga, M., Seki, A. & Watanabe, K. Gold thickness dependence of SPR-based hetero-core structured optical fiber sensor. Sensors and 
Actuators B: Chemical 106, 363–368 (2005).

	59.	 Chiang, H. P., Wang, Y. C., Leung, P. T. & Tse, W. S. A theoretical model for the temperature-dependent sensitivity of the optical 
sensor based on surface plasmon resonance. Optics Communications 188, 283–289, https://doi.org/10.1016/S0030-4018(00)01175-5 
(2001).

	60.	 Sharma, A. K. & Gupta, B. D. Influence of temperature on the sensitivity and signal-to-noise ratio of a fiber-optic surface-plasmon 
resonance sensor. Applied Optics 45, 151–161, https://doi.org/10.1364/AO.45.000151 (2006).

	61.	 Xu, S., Li, D. & Wu, P. One‐pot, facile, and versatile synthesis of monolayer MoS2/WS2 quantum dots as bioimaging probes and 
efficient electrocatalysts for hydrogen evolution reaction. Advanced Functional Materials 25, 1127–1136 (2015).

	62.	 Kukkar, M. et al. Molybdenum disulfide quantum dot based highly sensitive impedimetric immunoassay for prostate specific 
antigen. Microchimica Acta 184, 4647–4654 (2017).

	63.	 Joensen, P., Crozier, E., Alberding, N. & Frindt, R. A study of single-layer and restacked MoS2 by X-ray diffraction and X-ray 
absorption spectroscopy. Journal of Physics C: Solid State Physics 20, 4043 (1987).

	64.	 Zhao, Y. et al. Interlayer breathing and shear modes in few-trilayer MoS2 and WSe2. Nano letters 13, 1007–1015 (2013).
	65.	 Gopalakrishnan, D., Damien, D. & Shaijumon, M. M. MoS2 quantum dot-interspersed exfoliated MoS2 nanosheets. ACS nano 8, 

5297–5303 (2014).
	66.	 Lee, C. et al. Anomalous lattice vibrations of single-and few-layer MoS2. ACS nano 4, 2695–2700 (2010).
	67.	 Zhang, H. et al. Measuring the refractive index of highly crystalline monolayer MoS2 with high confidence. Scientific reports 5, 8440 

(2015).
	68.	 Xu, X., Huang, J., Li, J., Yan, J. Qin, J. & Li, Z. A graphene oxide-based AIE biosensor with high selectivity toward bovine serum 

albumin. Chem. Commun. 47, 12385e12387 (2011).
	69.	 Kumar, P., Deep, A., Sharma, S. C. & Bharadwaj, L. M. Bioconjugation of InGaP quantum dots for molecular sensing. Analytical 

Biochemistry 421, 285–290, https://doi.org/10.1016/j.ab.2011.10.037 (2012).
	70.	 Li, Z. et al. Label-free detection of bovine serum albumin based on an in-fiber Mach-Zehnder interferometric biosensor. Optics 

Express 25, 17105–17113, https://doi.org/10.1364/OE.25.017105 (2017).
	71.	 Nayak, J. K. & Jha, R. In Frontiers in Optics 2017. FTh3A.6 (Optical Society of America) (2017).
	72.	 Pinwattana, K. et al. CdSe/ZnS quantum dots based electrochemical immunoassay for the detection of phosphorylated bovine 

serum albumin. Biosensors and Bioelectronics 26, 1109–1113, https://doi.org/10.1016/j.bios.2010.08.021 (2010).
	73.	 Chen, H.-J., Zhang, Z.-H., Luo, L.-J. & Yao, S.-Z. Surface-imprinted chitosan-coated magnetic nanoparticles modified multi-walled 

carbon nanotubes biosensor for detection of bovine serum albumin. Sensors and Actuators B: Chemical 163, 76–83, https://doi.
org/10.1016/j.snb.2012.01.010 (2012).

	74.	 Kukkar, M., Sharma, A., Kumar, P., Kim, K.-H. & Deep, A. Application of MoS2 modified screen-printed electrodes for highly 
sensitive detection of bovine serum albumin. Analytica Chimica Acta 939, 101–107, https://doi.org/10.1016/j.aca.2016.08.010 
(2016).

	75.	 Pan, H., Tao, X., Mao, C., Zhu, J.-J. & Liang, F. Aminopolycarboxyl-modified Ag2S nanoparticles: Synthesis, characterization and 
resonance light scattering sensing for bovine serum albumin. Talanta 71, 276–281, https://doi.org/10.1016/j.talanta.2006.03.057 
(2007).

Acknowledgements
This research was supported by Council of Scientific and Industrial Research, India (EMR 0001), (MLP 0059) and 
University Grant Commission, New Delhi (P-90807). The authors sincerely express gratitude to Ms. Nilima at the 
Indian Institute of Public Health-Delhi for helping in statistical analysis. The authors are gratified to Dr. A.K. Paul, 
Dr. Praveen Kaushik and Kamalpreet Singh of CSIO for prolific discussions. The authors are thankful to Dr. Amit 
L. Sharma, CSIO for XRD analysis.

https://doi.org/10.1038/s41598-019-43531-w
https://doi.org/10.1166/jnn.2006.055
https://doi.org/10.1109/LPT.2017.2761981
https://doi.org/10.1109/LPT.2016.2573322
https://doi.org/10.1016/j.yofte.2018.05.003
https://doi.org/10.1109/JSTQE.2018.2868795
https://doi.org/10.1016/S0030-4018(00)01175-5
https://doi.org/10.1364/AO.45.000151
https://doi.org/10.1016/j.ab.2011.10.037
https://doi.org/10.1364/OE.25.017105
https://doi.org/10.1016/j.bios.2010.08.021
https://doi.org/10.1016/j.snb.2012.01.010
https://doi.org/10.1016/j.snb.2012.01.010
https://doi.org/10.1016/j.aca.2016.08.010
https://doi.org/10.1016/j.talanta.2006.03.057


1 1Scientific Reports |          (2019) 9:6987  | https://doi.org/10.1038/s41598-019-43531-w

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author Contributions
S.K., U.K.T. and A.D. designed the study, S.K. and U.K.T. performed the experiments, S.K., U.K.T. and R.K.S. 
interpreted data, S.K. wrote the manuscript, all authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-43531-w.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-43531-w
https://doi.org/10.1038/s41598-019-43531-w
http://creativecommons.org/licenses/by/4.0/

	Two-dimensional transition metal dichalcogenides assisted biofunctionalized optical fiber SPR biosensor for efficient and r ...
	Materials and Methods

	Reagents. 
	Analytical instruments. 
	Experimental setup. 
	Synthesis of MoS2 nanosheets. 
	Fabrication of the sensing probe. 
	Chemical etching of multimode optical fiber. 
	DC Magnetron sputtering unit assisted gold thin film deposition on the optical fiber (PVD method). 

	Functionalizing the MoS2 nanosheets on the gold coated optical fiber. 
	Biofunctionalization of Anti-BSA on MoS2/gold/optical fiber. 
	Sample preparation for characterization of the bio functionalized sensing probe. 
	Quantitative analysis of Bovine serum albumin (BSA). 

	Results and Discussion

	Structural analysis of exfoliated MoS2 nanosheets and developed optical fiber SPR sensor. 
	Comparative study of spectral response characteristics. 
	Specificity studies. 
	Statistical analysis. 

	Conclusion

	Acknowledgements

	Figure 1 Diagrammatic representation of the SPR biosensor experimental system for the detection of BSA.
	Figure 2 Schematic delineation of the development process of optical fiber SPR biosensor without MoS2 overlayer and the MoS2 modified optical fiber SPR biosensor.
	Figure 3 (a) UV-Vis spectra of exfoliated MoS2 (b) XRD analysis of exfoliated MoS2 nanosheets The water contact angle of (c) silicon substrate (SiO2) (d) gold (Au) and (e) MoS2 layer to determine the hydrophobic characteristics of different substrates.
	Figure 4 Raman analysis of the MoS2 nanosheets functionalized sensing probe (a) Characteristic in-plane E12g (∼384 cm−1) and out-of-plane A1g (∼404 cm−1) Raman vibrational modes of exfoliated MoS2 (b) Point of analysis on sensing probe.
	Figure 5 FESEM analysis of (a) developed SPR sensor scratched at different points to show the functionalized layers of MoS2 nanosheets on the gold coated optical fiber (b) Enlarged view of functionalized MoS2 nanosheets (c) TEM analysis of the exfoliated 
	Figure 6 Spectral characteristics towards BSA in PBS solution of the (a) optical fiber SPR biosensor without MoS2 overlayer and (c) developed SPR biosensor Standard calibration plot of (b) Ab/gold/fiber (d) Ab/MoS2/gold/fiber against varying concentration
	Figure 7 Comparison of specificity (a) optical fiber SPR biosensor without MoS2 overlayer and (b) developed optical fiber SPR biosensor with MoS2 overlayer for different compounds in PBS solution.




