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Abstract

This study shows development of highly sensitive and stable localized surface plasmon resonance (LSPR)-active U-bent 
glass and polymeric optical fiber (GOF and POF) sensor probes by a seed-mediated in situ growth technique. Here, the 
nickel/nickel oxide seeds (Ni/NiO, 3 to 5 nm size) were formed on the U-region of the fiber probe by sputter coating nickel 
under a low vacuum (3 Pa), and then, gold nanostructures (AuNSs) were grown over the Ni/NiO seeds. The evanescent 
wave absorbance (EWA) phenomenon in the U-bent fiber probe was exploited to monitor the growth kinetics of AuNSs 
in real-time. Experimental observations point to a potential galvanic replacement of Ni by Au. The newly formed AuNSs 
on U-bent GOF and POF probes gave rise to a LSPR-based refractive index sensitivity of 27.66 and 25.65 ΔA/ΔRIU  
with plasmonic peak at 600 and 570 nm, respectively. These plasmonic probes show an excellent chemical and mechanical 
stability, in addition to high surface enhanced Raman scattering (SERS) activity. This quick and facile technique is highly 
suitable for large-scale manufacture of reliable plasmonic fiber optic sensor probes for chemical and bio sensing applications.

Keywords U-bent glass and polymeric optical fiber · Plasmonic sensors · Evanescent wave absorbance · Ni sputtered 
seeds · Seed-mediated growth · Stable gold nanostructures

Introduction

Over the past two decades, plasmonic fiber optic  sensors  
have  emerged as an important tool to detect ultra-low 
concentrations of analytes such as proteins, DNA, biomarkers, 
toxins, pathogens, as well as toxic vapors [1–3]. Plasmonic 
fiber optic sensors typically employ either continuous or 
discrete noble metal nanostructures for sensing that rely on 
the surface plasmon resonance (SPR) or localized surface 
plasmon resonance (LSPR) phenomena, respectively [4, 5]. 
In particular, LSPR sensing techniques provide high refractive 
index (RI) sensitivity and high-end device miniaturization with 
multiplexing capabilities [6, 7]. The fiber optic sensor probe 
(transducer) allows an efficient excitation of the fiber core 
surface-bound noble metal nanostructures by the evanescent 

field at the fiber core-medium interface and real-time monitoring 
of their LSPR spectral characteristics. By the virtue of LSPR 
phenomenon, the characteristic optical absorption spectrum 
of the noble metal nanostructures depends on their shape, 
size, inter-particle spacing and the dielectric properties of 
the surrounding medium. In a plasmonic fiber optic sensor, 
nanostructures contribute to the improvement in sensitivity, 
selectivity, and detection limits [8].

Glass (fused silica) and polymeric (or plastic, mainly polym-
ethylmethacrylate—PMMA) optical fiber (GOF and POF, respec-
tively) probes have been the most widely utilized optical wave-
guides in evanescence wave absorbance (EWA)-based plasmonic 
fiber optic sensors for sensing biochemicals, gases, explosives, and 
heavy metals [9–11]. The fiber core region decorated with metallic 
nanostructures has also been employed for measuring temperature, 
pH, refractive index, salinity, humidity, and micro-displacement 
[12–16]. While gold as well as silver nanostructures have been rou-
tinely used for plasmonic sensor [17], gold nanostructures (AuNSs) 
are the preferred choice due to their chemical inertness and have 
established facile synthesis and functionalization protocols [18]. 
In addition, robustness of the nanostructures and a rugged sensor 
design to withstand and tolerate harsh environmental conditions 
are also important for the practical applications [19].
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The conventional techniques for the fabrication of plasmonic 
fiber optic sensor probes involve either sputtering of gold [20, 21] 
over a decladded fiber or chemisorption of gold nanostructures 
to thiol or amine-functionalized fiber core surface [22]. Both 
of these techniques have their own advantages and limitations. 
For example, sputter coating of gold or silver or any other lesser 
known plasmonic materials such as copper is an easily scalable 
fabrication process, however, with a limited control over the size 
and shape of the nanostructures. Additionally, a thin buffer layer 
of Cr, Ti, or Ni is pre-coated on the fiber probe surface, mainly 
to improve the adhesion [23, 24]. This buffer layer impedes the 
optical properties of the newly sputtered gold films [25]. Further, 
sputtering technique has been extensively used for fabricating SPR 
rather than LSPR sensors. On the other hand, the self-assembly of 
chemically synthesized AuNSs on fiber probe surface mediated 
by chemisorption and electrostatic interactions allows freedom to 
utilize the AuNSs of desired size, shape, and thus LSPR spectral 
characteristics  can be precisely controlled by the solution-phase 
synthesis. However, the stability of the such nanostructured layers 
is poor and multilayer formation and particle aggregation cannot 
be ruled out [26, 27]. Therefore, a combination of physical sputter 
deposition for seed formation and a chemical synthesis route 
for AuNSs growth is anticipated to be a favorable approach to 
achieve a robust and highly sensitive plasmonic-LSPR sensors. A 
seed-mediated growth-based fabrication of plasmonic fiber optic 
sensors, demonstrated elsewhere by our group [28], could be a 
highly suitable strategy to explore the combination of physico-
chemical process for this purpose.

Ni/NiO nanostructures are known for their excellent electrical 
and optical properties with high durability and affinity towards 
dielectric surface [29–31]. Sputtered Ni/NiO films have been 
widely used in the fabrication of solar cells, photoanodes in water 
oxidation, and gas sensors [32–34]. In our approach, the Ni/NiO-
sputtered seed layer on the U-bent GOF and POF probes was 
used as a sacrificial template for gold nanostructure (AuNSs) 
synthesis mediated by galvanic replacement [35]. The seed layer 
and the AuNSs on the fiber probe were characterized by atomic 
force and electron microscopic techniques. The LSPR activity 
and sensor performance of the newly fabricated plasmonic fiber 
probes were evaluated based on their refractive index sensitivity. 
Additionally, their chemical and mechanical stability was studied 
by subjecting the probes to highly acidic or basic solution. 
Further, the surface enhanced Raman scattering (SERS) activity 
of the plasmonic POF probes was also investigated.

Materials and Methods

Materials

Multimode polymer clad-fused silica optical fibers 
(FT200UMT) and fluoropolymer clad polymethylmethacrylate 
(PMMA) optical fibers (Super ESKA SK10) were procured 

from Thorlabs Inc., USA and Mitsubishi Chemical 
Corporation, Japan, respectively. The core diameter, cladding 
thickness, and numerical aperture of the GOF and POF were 
200 μm, 15 μm, 0.39 and 240 μm, 10 μm, 0.5, respectively. 
Gold chloride trihydrate  (HAuCl4·3H2O, ≥ 99.9%) from Alfa 
Aesar, silver nitrate  (AgNO3) from Merck, ascorbic acid, and 
cetyltrimethylammonium bromide (CTAB) from SRL chemicals 
were used for synthesis. All the chemicals including the organic 
solvents used for cleaning and buffer preparation were of 
analytical grade. Deionized water (Millipore water, 18 MΩ cm) 
was used in the experiments.

Fabrication of U‑Bent Optical Fiber Probes

U-bent GOF probe was fabricated by following a procedure 
as depicted in Fig. S1 (in Supplementary Information) and 
described elsewhere [36]. Briefly, straight silica fiber of length 
30 cm was cut using a fiber scribe and the fiber ends were 
polished. The buffer and the cladding layers in the middle of 
fiber over a length of 1 cm were removed (decladding) using 
a sharp stainless-steel razor. The decladded region of the silica 
fiber was exposed to a butane flame (at ~ 700 °C) and manually 
bent to obtain U-bent probe. Subsequently, the U-region (sensor 
surface) was washed with acetone, piranha solution (70% 
sulfuric acid + 30% hydrogen peroxide; caution: piranha solution 
is highly corrosive), and excess DI water.

The U-bent POF probe was prepared by following a procedure 
as depicted in Fig. S2 (in Supplementary Information) and 
described elsewhere [37]. Briefly, a straight PMMA fiber of 
length 30 cm was cut using a POF cutter tool. The central region 
of the straight PMMA fiber was folded in the form of U-shape 
and pushed into a glass capillary tube with 1.2 mm inner diameter. 
Next, the glass capillary containing the fiber was kept in a hot air 
oven at 80 °C for 15 min, in order to subject the fibers to a thermal 
deformation to obtain a U-shape. The probe was taken out from 
the glass capillary and the U-region was dipped in ethyl acetate 
(3 min) to remove the cladding. Finally, the U-region was cleaned 
with fiber wipes and washed with excess deionized (DI) water. 
Using an optical microscope, bend diameter at the U-region was 
found to be 1.0 ± 0.2 mm and 1.0 ± 0.3 mm for POF and GOF 
probes, respectively.

Nickel Sputter Deposition

To obtain the seeds over the U-bent region of the probe, Ni 
sputtering was carried out using Hitachi E-1010 ion sputter 
coater unit. Inside the sputtering chamber, U-bent probes 
were placed vertically on a customized mechanical stage 
as shown in Fig. 1a. The distance between the tip of U-bent 
probe and the Nickel target (99% pure, purchased from a 
local vendor) was maintained at 7 cm. Ni sputtering was 
carried out for a duration of 10 s at 3 Pa pressure, 25 mA 
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current, 123 W discharge power. Further, the Ni-sputtered 
probes were stored in a vacuum desiccator and used within 
2 days (Fig. 1c).

Growth Solution and in Situ Synthesis of AuNSs

An aqueous solution consisting of  HAuCl4, CTAB 
(surfactant), and ascorbic acid (reducing agent) was 
used as the growth solution for synthesizing AuNSs on 
U-bent probes. The Ni-sputtered U-region of the probe 
was immersed in a sample holder and thoroughly washed 
with DI water (Fig. 1b). Subsequently, the probes were 
incubated in a growth solution prepared based on a protocol 
described elsewhere [38]. Detailed role of each chemical 
constituents in the growth solution is extensively discussed 
by C. J. Murphy et  al. [39]. Briefly, 10 μL of  HAuCl4 
(33 mM) and 6 μL of  AgNO3 (20 mM) were added to 964-
μL CTAB solution (0.1 M) and mixed gently in a plastic vial 
(Eppendorf tube). Next, 20 μL of freshly prepared ascorbic 
acid (0.1 M) was added to this mixture which resulted in a 
color change from yellow to colorless.

Experimental Setup

The optical setup mainly consists of a halogen light source 
(HL2000 with a wavelength range 360 to 2400 nm) and a fiber 
optic spectrometer (USB 4000) with wavelength range between 
200 and 1000 nm that were procured from Ocean Optics Inc, USA.

After sputter deposition, one end of the Ni-seeded 
U-bend fiber was connected to the halogen light source 
(using SMA 905 connector) and the other end was 
connected to a fiber optic spectrometer with the help 
of bare fiber adapters (BFT1, Thorlabs Inc., USA) and 
compatible SMA connectors as depicted in Fig. 1b. The 
UV-visible absorption spectra were recorded in real-time 
using Spectrasuite software.

Sucrose Solutions

Different refractive index (RI) solutions were prepared by adding 
various amount of sucrose in DI water and their RI (1.333 to 
1.348) was verified using a standard bench-top refractometer 
(J357. Rudolph Research, USA). The probes were dipped into 
the sucrose solutions of increasing RI values and absorbance 
spectral response were recorded with DI water as reference.

Chemical and Mechanical Stability Tests

The chemical stability of the plasmonic GOF and POF probe 
was evaluated by dipping them in 1 M  H2SO4, 1 M NaOH, 
 H2O2, or PBS (1×) solutions for 1 h and monitoring the 
plasmonic peak absorbance. The mechanical stability test 
was carried out using a scotch tape (3 M scotch tape 810 
magic). First, the probe was connected to a light source and a 
spectrometer and its U-region was placed on a clean glass slide. 
Next, the adhesive side of a scotch tape was pressed against the 
U-region of the AuNSs-probe and pulled off manually, while 
observing the changes in the plasmonic EWA peak in real-time. 
This procedure was repeated twice which was indicated as three 
cycles. For stability studies, a highly stable white LED light 
source (built in-house) was used.

SERS‑Based Sensing

Feasibility of plasmonic POF probes as a SERS substrate was 
examined. Here, AuNSs-coated POF probes were dipped (for 
3 h) in varying concentrations of aqueous Rhodamine B dye 
solution (Raman label). SERS signals were acquired using a 
benchtop Raman spectrometer (TEC cooled WP 785L, Wasatch 
Photonics, USA) in a conventional backscattering configuration. 
Here, 785-nm laser source was operated at 40 mW power. 
Integration time was kept at 1 s with average of 5 scans. Raman 
scattering spectra were acquired using Enlighten software.

Fig. 1  Experimental setup. (a) Schematic presentation of Ni-coating inside a sputtering chamber. (b) Illustration of the optical setup for fabricating 
plasmonic fiber optic probes. (c) Actual photographic image of (1,4) bare-(2,5) Ni-sputtered-(3,6) AuNPs grown-GOF and POF probes
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Characterization

The plasmon peak in EWA-based UV-visible spectrum 
was obtained by calculating minimum dA/dλ using Origin 
software. Roughness measurements were made using atomic 
force microscope (AFM, NX10 Park system) in a non-contact 
mode at a scan rate of 0.5 Hz. Scanning electron microscopy 
(SEM) imaging and the energy dispersive X-ray (EDX) analysis 
were performed using Hitachi S-4800 attached with an Oxford 
instrument X-Max 80 mm2 detector. SEM imaging was carried 
out with an accelerating voltage of 5.0 kV and working distance 
of 8.1 mm.

Results and Discussion

Seed Deposition on the U‑Bent Probes

Sensitivity of plasmonic U-bent fiber optic probes depends 
on the effective interaction of metal nanostructures with 
evanescence field at the core-medium interface [40]. 

Simulation studies show that maximum light is confined at 
the outer curvature of the U-region of the probe (Fig. S3, 
in Supplementary Information) [41]. Therefore, we aim 
to grow AuNSs by seeding Ni at the outer U-bent region 
for sensor probe. To achieve this, the probes were held 
vertically close to the center of the ring target in the sputter-
deposition unit. For both GOF and POF probes, Ni was 
sputter coated on the decladded U-region for a deposition 
time of 10 s. After sputtering, the EWA spectra of Ni-coated 
probes were obtained by dipping them in DI water while 
bare U-bent probe was taken as reference (Fig. 2a). These 
spectra consistently revealed the presence of an absorbance 
peak at ~ 390 and 385 nm for Ni-sputtered GOF and POF 
probes, respectively (n = 5). The AFM images obtained 
from Ni-coated GOF and POF probes (Fig. 2b) sputtered 
for 10 s substantiate the formation of nano-islands on the 
probe surface. The RMS roughness (in nm) of the bare 
and Ni-sputtered fiber surfaces was (5, 9) and (4, 7) for 
GOF and POF, respectively. This considerable increase 
in the roughness indicates the formation of Ni seeds of 

Fig. 2  (a) EWA-based UV-visible spectra recorded from Ni/NiO 
coated U-bent GOF and POF probe (10 s sputtered) using a fiberoptic 
spectrometer and broadband halogen light source. (b) AFM images of 

bare and sputtered GOF and POF probes (near the outer curvature). 
(c) EDX spectrum of Ni-sputtered silicon wafer with a  Si3N4 surface 
showing nickel (2.67 wt%) and oxygen (1.14 wt%) peaks
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dimensions around 3 to 5 nm. To investigate the elemental 
composition, Ni-sputtered silicon wafer (under same 
experimental conditions) was subjected to EDX analysis. 
Presence of nickel with oxygen on the sputtered silicon 
wafers was confirmed using EDX spectra (Fig. 2c). This 
points a potential formation of Ni/NiO layer on the U-bent 
probes, which could be attributed to the presence of oxygen 
ambience due to the low vacuum conditions (3 Pa) as well as 
oxidized Ni on the target surface (Fig. S4, in Supplementary 
Information) [42, 43]. The optical absorption spectral 
characteristics with a peak around 390 nm  obtained from 
the Ni-sputtered U-bent probes  is  similar to those of 
freely suspended NiO nanoparticles in the size range of 
3 to 5 nm reported elsewhere [44, 45]. Interestingly, the 
EWA spectra of the probes sputter coated for 50 s were 
significantly broader over 400 to 1000 nm, with a peak 
beyond 500 nm wavelength, pointing towards formation of 
a continuous Ni/NiO film over the probe surface (Fig. S5, in  
Supplementary Information).

Since the primary goal of the study was to fabricate 
LSPR-active plasmonic fiber optic probes, the sputtering 
time was kept low (t = 10 s) in order to obtain discrete seed 
particles. It may be noted that after sputter deposition, the 
probes were used as-such without any thermal treatment.

Seed‑Mediated Growth of Gold Nanostructures

The seed-mediated growth strategy adopted in this study 
has been well-established to synthesize anisotropic AuNSs 
using metal seeds such as Fe, Ru, Cd, Cu, Hg, In, Au, or Sb 
in colloidal solutions [46]. In our case, AuNSs were grown 
on Ni/NiO-seeded GOF and POF probes by dipping them 
into an aqueous growth solution containing CTAB,  HAuCl4, 
 AgNO3, and ascorbic acid. The formation of the AuNSs on 
the U-bent probes was monitored in real-time and the EWA 
spectra were recorded at regular intervals during the growth 
process. Figure 3 shows a very interesting phenomenon, 
where, as soon as the Ni-sputtered GOF probe was dipped 
in the growth solution, the optical absorption characteristics 
of Ni/NiO seeds were found to rapidly diminish from 0.16 
to almost 0.015 units within the first 30 s with a blue-shift 
in the peak from 390 to ~ 360 nm.

Soon after, a plasmonic characteristic peak at 550 nm 
was observed at 60 s indicating the deposition of gold over 
the probe surface. Within 11 min, a remarkable 2-orders of 
increase in the plasmonic absorbance with a red-shift in its 
plasmon peak (50 nm) was observed  (Fig. 4a), indicating 
the growth phase with a continued deposition of gold over 
the nucleation sites and leading to the formation of AuNSs. 
When the absorbance response reached a value of 2.0 units, 
the growth of AuNSs were arrested by removing GOF probe 
from growth solution and rinsing the probe surface with 
DI water. Newly formed AuNSs contributed to a plasmon 

peak at 600 nm for GOF probe. SEM images confirmed 
the presence of discrete AuNSs formation with irregular 
shape on silica surface (Fig. 4b, c). The packing density 
of AuNSs on the outer region was much higher compared 
with the inner region on the U-bend portion of GOF probes 
(Fig.  S6, in Supplementary Information). This result 
confirms that higher AuNSs packing on the outer curvature 
could lead to effective interaction of nanostructures with 
evanescent field. On the other hand, AuNSs were formed on 
Ni-sputtered POF probe and exhibited a plasmonic peak at 
570 nm (Fig. 4d). The shape and size of AuNSs on PMMA 
surface of POF probes were also found to be irregular with 
polydispersity (Fig. 4e, f). In both GOF and POF probes, 
it was interesting to observe the colorless growth solution 
turning into pink color during AuNSs formation. In control 
experiments, no AuNSs were grown on the probes nor the 
growth solution turned pink in the case of bare U-bent 
probes without Ni sputtered seeds.

To the best of our knowledge, this study is the first 
report that demonstrates the use of Ni/NiO for the seed-
mediated AuNSs synthesis on an optical fiber sensor 
probe. While an established scientific explanation for the 
growth of AuNSs over Ni/NiO is limited in the literature, 
we anticipate the following plausible explanation based 
on the experimental evidence. We anticipate AuNSs 
growth over the Ni/NiO seeds as a consequence of 
reducing agent-assisted galvanic replacement (ascorbic 
acid in growth solution) of Ni with Au [47, 48]. During 
AuNSs formation, Ni ions would partially dissolve into 
the growth solution followed by metallic Au deposition 
on the seed layer [49, 50]. The dissolved Ni ions in the 
growth solution also act as nucleation sites and initiate the 

Fig. 3  EWA spectra recorded from GOF U-bent probe during the 
AuNSs growth phase showing sacrificial deposition of Au on Ni/NiO 
seeds by reducing agent-assisted galvanic replacement
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growth of gold nanoparticles, suggesting it as a potential 
reason for the pink coloration of growth solution. In 
absence of Ni/NiO seeds, no AuNSs were formed on the 
bare fiber probes when immersed in growth solution. The 
results indicate that Ni seeds are essential for AuNSs 

synthesis. Thus, it may be concluded that the Ni/NiO 
seeds act as a sacrificial template that serve as nucleation, 
growth, and anchoring sites for AuNSs. This in situ seed-
mediated growth technique led to the synthesis of discrete 
nanostructures on the fiber probes.

Fig. 4  Formation of AuNSs on Ni/NiO seeded U-bent GOF and POF probes. Monitoring the growth kinetics of AuNSs by recording EWA 
spectra (a, d). SEM images of AuNSs (b, c and e, f) formed on GOF and POF probe surface, respectively
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Refractive Index Sensitivity

Refractive index (RI) sensitivity is an important characteristic 
to evaluate the sensing performance of a LSPR sensor.  
Monitoring the absorbance based intensity modulation instead 
of wavelength shifts can be very useful for designing compact 
LSPR-based fiber optic sensors with simple photodetectors 
(eliminating optical components such as diffraction gratings 
and mirrors) [51]. In the EWA-based plasmonic U-bent 
fiber optic probes, an RI change in the vicinity of AuNSs 
on the probe surface leads to a change in the absorbance 
peak. For plasmonic POF and GOF probes, RI sensitivity 
is defined as the ratio of the change in absorbance value per 
refractive index unit (ΔA/ΔRIU). In our experiments, bare, 
Ni/NiO-seeded, and AuNSs-coated GOF or POF probes 
were dipped in varying RI solutions (1.333 to 1.351) and  

their respective LSPR spectra were recorded as shown in 
Fig. 5 a and 5c, respectively. The EWA spectral characteristics 
revealed a peak plasmonic absorbance at 600 and 570 nm 
for GOF and POF probes, respectively. The peak absorbance 
values were recorded and plotted against RI to calculate RI 
sensitivity (n = 3). For bare, Ni/NiO-seeded and AuNSs-coated 
GOF probes, the RI sensitivity values obtained after fitting a 
linear regression curve were 4.35, 8.64, and 27.66 ΔA/ΔRIU, 
respectively (Fig. 5b). On the other hand, the RI sensitivity of 
3.48, 7.13, and 25.65 ΔA/ΔRIU were obtained for bare, Ni/
NiO-seeded, and AuNSs-coated POF, respectively (Fig. 5d). 
The sensor showed excellent linearity with R2 = 0.999 for 
both GOF and POF probes. The RI sensitivities of the bare, 
Ni/NiO-seeded, and plasmonic GOF probes were slightly 
higher (8 to 20%) than that of POF. The difference is more 
pronounced in case of bare probes (20% higher), which  

Fig. 5  LSPR-based RI sensitivity measurements. EWA spectral response and RI sensitivity of plasmonic GOF (a, b) and POF (c, d) probes in 
the presence of solution with RI value from 1.333 to 1.348 RIU



 Plasmonics

1 3

could be due to a better EWA sensitivity caused by the smaller 
(20%) core diameter of the GOF. Recently, Zewei Luo et al. 
have fabricated ultrasensitive plasmonic U-shaped fiber optic 
sensor with a LSPR-based RI sensitivity of ~ 24.66 ΔA/ΔRIU 
[52]. In that report, they were able to sense cancer cells in 
a label-free format with a detection limit of 30 cells/mL. 
From our results,  plasmonic U-bent probes achieved a RI 
sensitivity of ~ 26 ΔA/ΔRIU indicating that these probes can 
be a valuable tool for label-free biomolecular detection.

Chemical and Mechanical Stability

It is important to test chemical and mechanical stability 
of the plasmonic probes, as these fiber optic sensors are 
deployable in wide range of sensing applications involving 
harsh environment. For chemical stability testing, individual 
plasmonic GOF and POF probes were dipped either in 
 H2SO4 (1 M), NaOH (1 M),  H2O2 (30%), or PBS (1 ×) 
solutions for 1 h. The time-dependent changes in the EWA 
peak at 600 nm and 570 nm were monitored for GOF and 
POF probes, respectively (Fig. 6a, b). Plasmonic GOF probe 
showed 12.5% and 3% absorbance decrement in NaOH 
and  H2O2 solution, respectively, indicating a desorption 
of AuNSs from the probe surface. In comparison, the 
plasmonic POF probes were highly stable in all solvents 
except in NaOH (2% absorbance decrement). We attribute 
the anchoring of Ni/NiO seeds with the fiber core material 
(PMMA) of the POF due to softening of the POF during the 
sputter process offering a stronger adhesion of the AuNSs 
to the probe surface [20].

Mechanical stability of the synthesized AuNSs on fiber 
probe surface was evaluated by peel test using a scotch tape 

(adhesive strength of 2.5 N/cm) as shown in Fig. 7a. The 
changes in absorbance were monitored in real-time using a 
fiber optic spectrometer (Fig. 7b). After each cycle, the peak 
absorbance was found to decrease (Fig. 7c). At the end of 
3rd adhesive cycle, there was about ~ 23% and ~ 27% drop in 
initial absorbance for plasmonic GOF and POF, respectively. 
This peel test confirms that the AuNSs strongly adhere to 
silica and PMMA surface.

Plasmonic POF Probes as SERS‑Active Substrates

PMMA substrates are promising candidate for SERS 
applications as they are stable, flexible, transparent, and 
inexpensive [53, 54]. As AuNSs-coated POF probes exhibited 
excellent chemical stability, they were chosen as SERS substrates 
to detect rhodamine B (RhB) dye at various concentrations 
(Fig. 8a, b). In a backscattered configuration, Raman scattering 
spectra were collected from at least three different regions on 
each plasmonic POF probe (n = 3) subjected to a given RhB 
concentration and their average was plotted as shown in Fig. 8c. 
The most prominent bands in the 1000 to 1600 cm−1 region of 
the spectrum match well with the spectral characteristics of RhB 
dye. The SERS spectral characteristic peaks at 1278, 1357, and 
1508 cm−1 indicate the vibrational modes of the aromatic C–H 
bending, aromatic C–C bending, and aromatic C–H bending, 
respectively [55]. The results showed that the SERS intensity 
increased with RhB concentrations with a detection limit of 
 10−7 RhB. Recently, Yang Ran et al. were able to detect  10−7 
to  10−8 M RhB using fiber-optrode SERS probes coated with 
plasmonic silver-coated gold nanostars [56]. These results 
indicate that plasmonic POF can be a potential SERS substrate 
for detecting chemical analytes.

Fig. 6  Chemical stability of 
plasmonic GOF (a) and POF 
(b) probes evaluated for 1 h in 
the presence of harsh chemical 
environment
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Fig. 7  Mechanical stability of the plasmonic probes. (a) Experimental 
procedure for peel test using an adhesive tape. (b) Real-time monitoring 
of absorbance change during peel test. (c) Loss in absorbance (at 

600  nm and 570  nm at their plasmonic peaks) after each cycle for 
plasmonic GOF and POF, respectively

Fig. 8  Plasmonic POF probe for SERS-based chemical sensing. (a) Photographic image of plasmonic U-bent POF and (b) SEM image of 
AuNSs. (c) SERS spectra of RhB (at various concentrations) adhered to AuNSs on the U-bent POF
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Conclusions

This study demonstrates a simpler and faster technique 
to fabricate plasmonic fiber optic sensors probes by 
combining the advantages of reproducible physical 
process of sputtering for Ni/NiO seeds and controlled 
chemical process for AuNSs growth. This technique 
is shown to be suitable for both U-bent GOF and POF 
probes. In addition, this technique allows the seeds to be 
confined to the outer curvature of the U-bent probes thus 
leading to high sensitivity due to an efficient excitation 
and measurement of the LSPR characteristics of the 
AuNSs. Excellent chemical stability,  good mechanical 
stability and reliable LSPR spectral response are the 
unique features of this technique in comparison with the 
conventional chemisorption based techniques that are 
plagued by surface fouling. This seed-mediated growth 
technique eliminates the need of thermal treatment 
processes which usually improve AuNSs adhesion. 
In addition, Ni/NiO seeds do not impede the spectral 
characteristics and sensitivity of the sensors. In summary, 
the sputter seed-mediated growth of AuNSs established 
in this study is highly promising for the large-scale  
manufacture of the fiber optic LSPR sensors.
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