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Abstract

This study presents an in situ growth technique to develop highly sensitive plasmonic fiber optic sensors with an excellent control
over the plasmonic properties of gold (AuNPs) and silver nanoparticles (AgNPs). Here, we exploit the dual functionality of the U-
bent fiber optic sensor (FOS) probes, where the probe acts as, firstly, the substrate for nanoparticles’ growth and, secondly, an
invaluable tool to monitor as well as control the gold and silver seed binding to the surface amine groups and subsequently their
growth in real time by means of the evanescent wave absorbance (EWA) spectral response. Au and Ag seeds (< 5 nm) with a peak
absorbance at 510 and 390 nm, respectively, were used. The NP growth kinetics from the probes for different seed densities with a
peak EWA response of 0.05, 0.1, and 0.15 optical density (OD) were observed in the presence of the respective metal precursor,
cetyltrimethylammonium bromide (CTAB), and ascorbic acid. In comparison with AuNP grown FOS, a significant anisotropic
growth was observed for AgNP with a redshift and spectral width as high as 215 nm and 425 nm, respectively, for a peak EWA
response of 2.0 OD. The localized surface plasmon resonance (LSPR) activity of the AuNPs and AgNP grown FOS probes was
evaluated for seed density of 0.1 OD. These proof-of-the-concept studies show significantly high RI sensitivity and surface-
enhanced Raman scattering (SERS) enhancement factor for AgNP probes at 15.8 AA/RIU (for 22 AgNPs/um?) and 1.3 x 10’
respectively, in comparison with 18.9 AA/RIU (for 1424 AuNPs/um?) and 1.1 x 10°, respectively, for AuNP FOS probes. In
addition, these plasmonic probes were stable in organic solvent (hexane) but its stability was deteriorated in alkaline solution
(1 M NaOH).
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Introduction

Plasmonic nanoparticle decorated waveguides act as an
excellent platform for bio-/chemical sensing based on lo-
calized surface plasmon resonance (LSPR) or surface-
enhanced Raman scattering (SERS) phenomena [1].
Optical fibers are one among the most preferred
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waveguides as they are reliable, portable, affordable, and
capable of providing in situ monitoring in real time [2—4].
LSPR-based plasmonic fiber optic sensors (FOS) have
been highly promising for a wide range of applications
in detecting ultra-low levels of chemical analytes such
as biomolecules, pesticides, gases, and vapors as well as
measuring quantities like humidity, pH, temperature, and
refractive index [5—10]. The recent advancements in
micro- and nanofabrication techniques and new develop-
ments in optoelectronics have enabled the concept of “lab
on fiber” [11]. This concept offers advantages such as low
sample volume requirement and cost-effective point of
care testing and also eliminates the need for any bulk
instrumentation. The performance, adaptability, and de-
ployment of plasmonic FOS is governed mainly by the
simplicity of deposition of the nanostructures and control
over their size and shape to tailor their plasmonic proper-
ties for a specific application of interest [12, 13]. While
the top-down approaches (e.g., lithographic techniques)
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offer advantage to fabricate a desired plasmonic nano-
structure with high repeatability for planar waveguides,
the bottom-up approaches are more cost-effective and
suitable for cylindrical fiber optic waveguides to chemi-
sorb nanostructures of a desired size and shape obtained
by wet-chemical synthetic means [14].

Anisotropic nanoparticles are the ideal choice for fab-
ricating a highly sensitive plasmonic FOS [15]. In many
instances, anisotropic noble metal nanoparticles such as
nanorods, stars, and bipyramids are synthesized by a
seed-mediated technique using the metal precursors, site-
specific surfactants, and reducing agents in aqueous solu-
tion [16, 17]. Cationic surfactant like CTAB is well
known to preferentially adhere to certain crystalline
planes and direct the shape of anisotropic nanoparticle
[18]. In aqueous solution phase, dense CTAB bilayer on
the nanoparticle surface is known to impede their chemi-
sorption to a functionalized optical fiber surface and
hence poses a key challenge in developing a highly sen-
sitive plasmonic FOS [19]. Prolonged incubation time
(more than 24 h) of a substrate in the colloidal solution
and low nanoparticle loading density make this immobi-
lization procedure less attractive [20, 21]. Moreover, the
excess CTAB in the solution phase has to be removed by
laborious centrifugation procedures for effective immobi-
lization [22].

As an alternative to these less-efficient chemisorption-
based techniques, an in situ growth of seed nanoparticles
immobilized on an optical fiber surface is adopted in this
study. Here, the seed nanoparticles are chemically synthe-
sized without any addition of CTAB in aqueous solution
and chemisorbed to an amine-functionalized optical fiber.
Subsequently, the seeded fiber probe is immersed in a
“growth solution” which promotes the deposition of
metals directly on the seed particles with CTAB as cap-
ping agent. Growth solution used in this study was mod-
ified from the established protocol developed by Jana and
co-workers [23, 24]. Using this method, the final nano-
structures that are grown can be precisely controlled by
seed concentration, incubation time and by modulating
the growth conditions [25].

In this study, we utilize U-shaped optical fiber for re-
alizing the plasmonic FOS. The U-bent probes are known
to exhibit higher evanescent wave absorbance (EWA) and
superior refractive index (RI) sensitivities compared with
straight fiber probes [26—29]. This study demonstrates the
dual functionality of the U-bent probes where the probe
acts as the substrate for nanoparticle’s growth as well as a
valuable tool to real-time monitor the growth by measur-
ing the evanescent wave-based absorbance spectral mea-
surements. Further, the LSPR-based refractive index sen-
sitivity, SERS activity, and chemical stability of the newly
fabricated plasmonic FOS were evaluated.
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Experimental Methods
Materials

For nanoparticle synthesis, gold (III) chloride trihydrate
(HAuCly3H,0) was procured from Sigma. Silver nitrate
(AgNO3), sodium borohydride (NaBH,), trisodium citrate,
and ascorbic acid were procured from Merck, and
cetyltrimethylammonium bromide (CTAB) from SRL
chemicals, India. All experiments were carried out using de-
ionized (DI) water (Milli-Q, resistivity = 18.2 M{2 cm).

Multimode optical fibers (FT200UMT, numerical aperture
=0.39) with silica core (diameter 200 pm) and polymer clad-
ding were procured from Thorlabs Inc., USA. Fiber optic
spectrometer, USB 4000, with a CCD array detector (200 to
1100 nm wavelength range), and halogen light source, HL-
2000, from Ocean Optics were used.

U-Bent Fiber Probe Preparation

Silica fibers were cut to a length of 30 cm using a fiber cleaver,
and the distal ends were polished using a polishing disc. The
buffer and the cladding layers were removed (decladding)
over a length of 1 cm in the middle of fiber with the help of
a sharp blade. U-shaped fiber probes were fabricated by ex-
posing the decladded region (straight fiber) to a butane flame
and manually bending it at ~ 1000 °C. Subsequently, the U-
region (sensor surface) was washed with excess acetone and
ethanol followed by DI water. The fiber bend diameter was
1.0£0.2 mm. Fiber probes were examined under an optical
microscope to select probes of a desired geometry and confirm
complete decladding (Fig. S1, supplementary information).
From here on, we refer this newly constructed U-bent fiber
as the sensor probe. To generate silanol groups on the silica
fiber core surface of the U-bent region, the probes were dipped
in piranha solution (70% sulfuric acid + 30% hydrogen per-
oxide) for 30 min and washed with excess DI water. The
cleaned probes were dried at 100 °C for 30 min. Then, the
probes were incubated in 1% solution of 3-aminopropyl-
triethoxysilane (APTES, prepared in absolute ethanol) for
15 min followed by excess ethanol wash. Loosely bound si-
lane molecules were removed by sonicating the probes in
ethanol for 15 min. Later, it was kept in hot air oven for
100 °C (60 min) for curing. Subsequently, the amine-
functionalized probes were stored in nitrogen ambience till
further use.

Optical Setup

The schematic of the experimental setup is shown in Fig. 1a.
Here, one end of the probe was illuminated using a broadband
light source (halogen light), and the other end was connected
to a fiber optic spectrometer. The data was acquired in real
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Fig. 1 a The experimental setup. b Schematic diagram of seed-mediated growth of NPs (silver and gold seeds) on the surface of U-bent fiber probe

time using SpectraSuite software (version 1.6.0_11) with scan
averaging between 100 and 200 spectra. The sensing U-region
was immersed in a sample holder which contains either seed
or growth solution (volume of 500 pl). At the end of measure-
ment, the probe was washed with excess DI water to remove
loosely bound particles.

Seed Particle Synthesis

Gold and silver seed nanoparticles were separately synthesized
using NaBH, as strong reducing agent and sodium citrate as
capping agent as described below [23, 24]. Firstly, gold seed
particles were synthesized taking a 20 ml aqueous mixture con-
taining 0.25 mM HAuCly (gold precursor), and 0.25 mM
trisodium citrate. To this solution, 0.6 ml of freshly prepared
0.1 M NaBHy, (ice-cold) was added under vigorous stirring con-
ditions. Similarly, for silver seed particle synthesis, HAuCl, was
replaced by AgNO; (silver precursor) in the abovementioned
protocol. The seed particles were used after 5 h.

Seed Immobilization and Nanoparticle Growth

The nanoparticles were grown on amine-functionalized U-
bent fiber probes as shown in Fig. S1c (supplementary infor-
mation). The U-bent fiber probes were incubated in the aque-
ous seed solution (Au and Ag seeds) diluted by 5 times, which
was done mainly to avoid aggregation of the seeds on the
probe surface. The seed particles were allowed to chemisorb
to the probes until a desired absorbance response is obtained.
Subsequently, the probes were taken out of the seed solution
and immediately washed thrice with DI water by introducing
them into three different vials containing DI water.
Concentration of seeds on the fiber probes were controlled
by tuning the incubation time. The probes immobilized with

gold or silver seeds were dipped in gold or silver growth
solution, respectively. Gold growth solution contained 25 pl
HAuCl, (50 mM), 2.25 ml CTAB (100 mM), and 20 pl ascor-
bic acid (100 mM), whereas silver growth solution consisted
of 32 ul AgNO3 (20 mM), 2.25 ml CTAB (100 mM), 125 ul
ascorbic acid (100 mM), and 25 pl NaOH (1 M). The depo-
sition of gold or silver on seed nanoparticles was monitored in
real time using a fiber optic spectrometer. The nanoparticles
were allowed to grow till the absorbance plasmonic peak
wavelength reaches a value of 2.0. Then, the growth of nano-
particles was arrested by taking the probes out of growth so-
lution and washing it with excess of DI water.

Refractive Index Measurements

Sucrose solutions with refractive index (RI) values ranging
from 1.333 to 1.348 RI units (RIU) were prepared by dissolv-
ing sucrose of different weights in DI water. The final concen-
trations of these solutions were verified in terms of brix value
using a handheld digital refractometer, PAL1 (Atago, Japan) at
room temperature.

Raman Scattering Spectroscopy

Nanoparticle grown fiber probes were dipped in 10 mM
thiophenol solution prepared in ethanol for 3 h. Then, the
probes were washed with excess ethanol and dried under a
nitrogen atmosphere. Raman scattering spectra were recorded
using a Raman spectrometer (WP 785L, Wasatch Photonics,
USA) fitted with /1.3 collection aperture and a 785-nm laser
source under free-space coupling configuration as shown in
Fig. 6a. The laser optical power was 100 mW over a spot size
of 70 um on the fiber probe. Raman scattering spectra were
recorded using Enlighten™ software.
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Chemical Stability Assessment

Freshly prepared plasmonic fiber probes were separately in-
cubated in hexane, HCI (1 M), and NaOH (1 M). The stability
was quantified by monitoring the surface plasmon peak of
AuNPs and AgNPs for 1 h. For this study, a highly stable
white LED light source built in-house was used.

Characterization

For cuvette-based UV-visible spectral measurements, Cary-60
spectrophotometer was used. The size of seeds was deter-
mined using FEI Tecnai T20 transmission electron microsco-
py (TEM). The surface plasmon peak from absorbance graphs
was obtained by calculating minimum dA/d) using OriginPro
software (edition: b9.5.5.409). The surface morphology was
characterized using scanning electron microscopy (SEM,
Hitachi 4800), and the energy dispersive X-ray (EDX) tech-
nique was used for elemental analysis of the fiber probe sur-
face. Surface coverage of the nanoparticles on the fiber was
estimated from SEM images using ImagelJ software. Atomic
force microscopy (AFM, NX10 Park system) was used to
analyze the surface topography and height of the nanoparticles
on the FOS.

Results and Discussion

Immobilization of Seed Particles on Fiber Probe
Surface

The main objective of this study was to fabricate plasmonic
FOS probes using seed-mediated growth of gold (AuNPs) or
silver nanoparticles (AgNPs) on the probes’ surface. Firstly,
colloidal gold (Au) and silver (Ag) seed nanoparticle solutions
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Fig. 2 Binding response of Au or Ag seeds (OD=0.1) to the amine-
functionalized probe was monitored in real time using a fiber optic spec-
trometer. a Au seed binding was recorded at 510 nm and b Ag seed
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were prepared separately by reducing HAuCl, or AgNOs with
NaBHy, in the presence of sodium citrate. From the cuvette-
based UV-visible absorption spectral measurements, a plas-
mon peak at 510 and 390 nm was observed for Au and Ag
colloidal seed suspensions, respectively (Fig. S2,
supplementary information). TEM images confirmed pres-
ence of the seed particles with mean diameter less than 5 nm
(Fig. S3, supplementary information). The amine-
functionalized (APTES) U-bent fiber probes were dipped sep-
arately in either Au or Ag seed solution (Fig. 1b). The seed
particles were bound to the amine surface through chemisorp-
tion. Evanescent wave absorbance (EWA) technique was uti-
lized to monitor the binding of the seeds at 510 nm and
390 nm for gold and silver nanoparticles, respectively
(Fig. 2a,b). During the binding process (within 1 min), absor-
bance was found to increase with time. When the optical den-
sity (OD) reached a value of 0.1, the fiber probe was thorough-
ly washed with excess DI water to restrict seed binding and
remove the loosely bound particles on the probe’s surface.
This technique enabled us to monitor and control the concen-
tration of seeds on the fiber surface. At OD 0.1, the concen-
tration of Ag seeds will be lower than that of Au seeds because
extinction coefficient of silver particles is at least four times
higher than that of gold particles at any fixed size [30]. As the
seed size was less than 5 nm, we were unable to directly
capture the surface coverage of seeds using SEM imaging
(Fig. S4, supplementary information).

Seed-Mediated Growth on the FOS Probes

Au- or Ag-seeded fiber probes were subsequently immersed
in their respective growth solutions to yield gold (AuNPs) or
silver nanoparticles (AgNPs). The immobilized seeds act as
the template for nucleation and growth of nanoparticles (NPs).
Growth kinetics of NPs was studied by recording EWA-based
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binding was recorded at 390 nm. The insets show the EWA-based UV-
vis spectra, where absorbance increased with seed binding
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UV-vis spectra and monitoring the shifts in surface plasmon
peaks in real time. EWA response at the respective character-
istic peaks for Au and Ag seeds and the subsequently grown
nanoparticles was taken as a measure, in order to be able to
compare the plasmonic characteristics of probes obtained with
various seed densities after seed immobilization (OD 0.05,
0.1, and 0.15). Similarly, the nanoparticles were allowed to
grow until the peak absorbance response reaches 2.0. This
absorbance value was chosen mainly due to the constraints
on intensity of the light sources used in this study.

Growth of Gold Nanoparticles Au-seeded fiber probes (OD =
0.1 at 510 nm) were dipped in gold growth solution. Figure 3 a
shows a steady increase in the EWA spectral response as a
result of a rapid AuNP growth over the seed particles.
Within 300 s, the peak absorbance response reached a value
close to 2.0, and the growth was stopped by washing the fiber
with excess DI water. This resulted in a marginal reduction in
absorbance as well as a blueshift in the plasmonic peak (from
540 to 535 nm). A resultant redshift of ~25 nm (510 to
535 nm) in the LSPR peak was observed. Figure 3 b shows
a uniform and proportional rise in the absorbance value at 510,
535, and 600 nm during the AuNP growth, where 535-nm
peak remained as the dominant one indicating no considerable
shift in the LSPR characteristic peak and thus an isotropic
growth in the AuNP. Larger AuNP formation followed by
smaller ones was evident from temporal response. AFM im-
age (Fig. S6a, supplementary information) shows that AuNPs

ofaverage height 26 + 8 nm were formed on the probe surface.
Further, from the SEM image (Fig. 3e), the surface coverage
of the nanoparticles was found to be 1424 + 187 particles/
um?®. A dense and uniform distribution of AuNPs was ob-
served throughout the probe surface (Fig. SS5a,
supplementary information).

A similar growth pattern was observed in the case of the
other seed densities (Fig. 3c). However, after the completion
of growth, the plasmonic peak at 546, 535, and 540 nm with a
full width at half maximum (FWHM) value of 207, 226, and
252 nm was observed for seed densities of 0.05, 0.10, and
0.15 OD, respectively. The FWHM was found to widen with
increase in the seed density, indicating a widening size distri-
bution of the AuNPs after growth. The SEM images (Fig. 3d, f)
show the formation of larger nanoparticles with uniform size for
0.05 OD of seed density, while a wider AuNP size distribution
in the case of the probes with seed density of 0.15 OD.

Growth of Silver Nanoparticles Similar to AuNP grown FOS,
AgNPs were formed on the fiber probe by immersing Ag-
seeded probe (OD = 0.1 at 390 nm) in silver growth solution.
Under the given experimental conditions, it took about 620 s
for silver deposition to reach a peak absorbance of 2.0. The
growth was stopped by washing the probe with excess DI
water (Fig. 4a). EWA spectra show a significant redshift in
the peak wavelength from 390 to 520 nm upon growth of the
AgNPs as also depicted in the temporal response (Fig. 4b).
AFM image (Fig. S6b, supplementary information) revealed
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Fig. 3 Au seed—mediated growth of AuNPs on a U-bent FOS probe. a
EWA-based spectra obtained at different time intervals during the AuNP
growth (Au seed OD = 0.1). b Continuous real-time monitoring of absor-
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spectra of the AuNP grown over the probes immobilized with seed at
different densities measured in terms of peak absorbance as 0.05, 0.10,
and 0.15 OD. d—f The respective SEM images of AuNPs (scale bar
500 nm)
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formation of relatively large AgNPs with a height of 91 +
9 nm. Form SEM images (Fig. 4d), the surface coverage of
AgNPs was found to be 22+6 particles/um”. A less dense
AgNP packing with uniform distribution was observed (Fig.
S5b, supplementary information).

A different growth pattern was observed in the case of the
other seed densities (Fig. 4c). A plasmonic peak at 605, 520,
and 475 nm with a FWHM value 0f 425, 247, and 160 nm was
observed for seed densities of 0.05, 0.10, and 0.15 OD, re-
spectively. The plasmonic peak redshift and the FWHM
values were inversely proportional to the seed density. The
anisotropic growth is more evident from the SEM images
(Fig. 4d—f) of the probes with seed density 0.05 OD, where
the AgNPs are also significantly larger in comparison with the
other two seed densities (given that the peak absorbance re-
sponse of 2.0 after growth was taken as reference).

A comparison between the fiber optic probes with AuNPs
and AgNPs shows a significantly lower density of NPs in the
case of AgNPs, which is attributed to the higher extinction
coefficient of Ag seeds. EDX analysis (Fig. S7 and
Table S1, supplementary information) of AuNP- and AgNP-
coated fiber surface showed the presence of bromine,
confirming the CTAB capping over the NPs. Interestingly,
the growth solutions at the end of each experiment were clear
and transparent indicating that seeds were firmly attached on
the surface without leaching from the probe surface. No NP
growth was observed in the absence of seeds, confirming that
seeds were essential to initiate the NP formation. Studies on

@ Springer

Wavelength (nm)

(f) Seed OD = 0.15

spectra of the AgNP grown over the probes immobilized with seed at
different densities measured in terms of peak absorbance as 0.05, 0.10,
and 0.15 OD. d—f The respective SEM images of AgNPs (scale bar
500 nm)

the seed density variation show larger NPs with lesser surface
coverage and smaller NPs with higher surface coverage for
lower and higher seed densities, respectively (attributed to the
limited supply of precursors). Additionally, to evaluate the
influence of the light either propagating through or refracted
out of the bend portion of the fiber on NP growth kinetics, the
same experiments were performed (initial seed OD =0.1) in
the absence of light (offline), and the spectra were recorded
only at the end of 300 and 620 s for AuNP and AgNP probes,
respectively. No considerable deviation in the spectral charac-
teristics (Fig. S8, supplementary information) was observed,
indicating that visible light had minimal or no effect on the NP
growth kinetics. FOS probes with a seed density 0.1 OD were
used in all subsequent studies.

LSPR Activity of the Plasmonic FOS Probes

The LSPR spectral characteristics of the plasmonic NPs
grown on the FOS probes depend on their size, shape, com-
position, and inter-particle distance of NPs on the surface.
More importantly, any change in the dielectric medium sur-
rounding the NPs induces a shift in the extinction properties of
the NPs [31]. This property of NPs is extremely useful in
sensing the local refractive index changes in the microenvi-
ronment of the NPs. To evaluate the RI sensitivity, AuNP and
AgNP grown FOS probes were dipped in sucrose solutions
with increasing RI values ranging from 1.333 to 1.348 RIU
with a step increase of 3 milli-RIU. Figure 5a and b represent
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Fig. 5 LSPR-based RI sensitivity 0.3
measurements. Absorbance
spectral response from a AuNP
and b AgNP grown FOS probes
in the presence of sucrose
solutions of increasing RI value. ¢
Plasmon peak absorbance
response from bare and plasmonic
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medium from 1.333 to 1.348 RIU.
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the LSPR spectral response obtained from AuNP and AgNP
grown FOS probes, respectively. A significant increase in the
absorbance spectral response was observed with the RI of the
medium with a plasmon peak at 535 nm and 520 nm for
AuNPs and AgNPs, respectively. RI sensitivity was defined
as the ratio of absorbance response (AA at peak wavelength)
to change in RIU surrounding the nanoparticles. Figure 5 ¢
shows the peak absorbance response obtained from bare
(without nanoparticles), AuNP (1424 particles/umz), and
AgNP (22 particles/um?) grown FOS probes against the re-
fractive index values. RI sensitivity was estimated from the
slope of a linear regression fit. The RI sensitivity was found to
be 18.9, 15.8, and 4.7 AA/RIU for AuNPs (R*=0.999),
AgNPs (R*=0.997), and bare (R*> = 0.999) probes, respective-
ly (Fig. 5d). The RI sensitivity of AuNP probes was at least 7
to 9 times higher than nanopatterned gold-coated fiber probes
fabricated using focused ion beam deposition technique re-
ported elsewhere [32]. This RI sensitivity result obtained in
this study was for probes with initial seed density of 0.1 OD.
Additionally, the RI sensitivity can be improved by fine tuning
the size, shape, and the number of AuNPs and AgNPs by
identifying the optimum seed density and growth conditions.

SERS Activity of the Plasmonic FOS Probes

U-bent FOS probes coated with plasmonic nanostructures of-
fer a significant advantage of evanescent wave-based

LSPR FOS Probes

excitation of all the SERS active sites simultaneously unlike
the conventional point-based measurements [33]. In addition,
sampling issues can be minimized by simply dipping the tip of
the probe into a small sample volume to allow adsorption of
the analytes of interest rather than drop-casting of samples on
conventional flat SERS substrates. With an appropriate optical
instrumentation for efficient collection of Raman scattered
photons from the fiber probes, the simultaneous excitation of
the entire SERS-active substrate as well as the ease in han-
dling of samples, the SERS-active U-bent FOS probes could
be invaluable for chemical and biosensing applications [34].
In this study, however, a simple setup consisting of a
Raman spectrometer integrated with a 785-nm laser was used
to evaluate the SERS activity and estimate the enhancement
factors of AuNP and AgNP FOS probes. Thiophenol was used
as Raman label and a self-assembled monolayer was obtained
on the NP surface. The fiber surface was brought to the focal
point of the laser and spectrometer (Fig. 6a) to acquire the
Raman scattering spectra from neat thiophenol, AuNP, and
AgNP grown probes. SERS spectra from the thiophenol mol-
ecules adsorbed to the plasmonic probes were obtained as
shown in Fig. 6b. Raman scattering spectral characteristic
peaks at 422, 698, 998, 1022, 1077, and 1575 cm ! were
observed corresponding to C—S stretching; C—H out of plane
deformation; S—H bending with in-plane ring deformation, in-
plane deformation; C—S stretching with in-plane deformation;
and C—C stretching modes, respectively [35]. Enhancement
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Fig.6 a Schematic representation
of SERS measurements using a
Raman spectrometer. b
Characteristic SERS spectra
(intensity) of thiophenol that was
adsorbed on AuNPs, AgNP fiber
probes, and neat thiophenol
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factors (EF) for the SERS activity of plasmonic probes were
estimated by using the following equation:

EF = (Isgrs X NRraman)/ (IRaman X NsErs)

where Isgrs and Ipman are the Raman scattering intensities at
a characteristic Raman shift of thiophenol on nanoparticles
and Raman intensity from bulk solution (neat), respectively,
normalized with respect to the laser optical power incident
over a unit area and the spectral acquisition time. Nggrg and
NRaman are the corresponding number of thiophenol molecules
bound to the plasmonic probe and a neat thiophenol solution,
respectively, excited by the laser over the cross-sectional area
of'the laser spot. EFs for AuNP and AgNP grown FOS probes
were estimated from the respective Raman scattering spectral
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Nraman, calculated from a thiophenol droplet on a cover slip
exposed to 70-pm laser spot at the center, was 1.1 x 10~® mol.
Nsgrs for AuUNP and AgNP grown fiber probes was calculated
by assuming a self-assembled monolayer of thiophenol mole-
cules with a density of 0.71 and 0.5 nmol/cm? over the gold and
silver surface, respectively [36, 37]. The NP size and density
over the probes with a seed density of 0.1 OD were taken as
mentioned previously. EF with respect to 1575 cm ™' was cal-
culated to be 1.1 x 10° and 1.3 x 10" for AuNP and AgNP
grown fiber probes, respectively. Detailed calculations for EF
are described in supplementary information. The enhancement
factor for AUNP grown probes is comparable with that of gold
optical antennas on optical fibers fabricated by focused ion
beam method [38]. Further, in an optrode configuration, using
evanescent wave excitation, these plasmonic fiber probes can

Fig. 7 Stability of AuNPs (a) and — —
AgNPs (b) grown over the fibers E i TMNaOH  (a) 0 251 ] - 1MNaoH (b) I'
evaluated by subjecting them to ——— ' 12.0 E 0.25] | 2.0
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be used for remote SERS detection [39]. Hence, these seed-
mediated plasmonic FOS probes can be a potential alternative
for a cost-effective SERS platform.

Chemical Stability of Nanostructures

Plasmonic nanoparticles immobilized on a substrate are prone
to desorption under harsh chemical conditions, and hence, it
imposes a severe constraint on their utility in LSPR- and
SERS-based applications [40—42]. To evaluate the chemical
stability, freshly prepared AuNP and AgNP grown individual
FOS probes (amine-functionalized) were separately immersed
in DI water, hexane, HCI (1 M), or NaOH (1 M) for 1 h.
Changes in the LSPR peak (absorbance peak) of the nanopar-
ticles were monitored in real time. The temporal response
(Fig. 7a, b) shows that both AuNP and AgNP FOS probes
were stable for 1 h in DI water and hexane. In HCI solution
(acidic), AuNPs were found to be highly stable. However,
AgNP FOS probes showed 18% decrement in initial absor-
bance. Further, in NaOH solution, (alkaline), both AuNP and
AgNP probes were found to have 12.5% and 18% decrement
in their initial absorbance, respectively. UV-visible spectra and
SEM images (Fig. S9 and 10, supplementary information)
confirmed that the drop-in absorbance is due to desorption
of nanoparticles from the amine-functionalized FOS surface.
This stability studies reveal that the nanoparticle grown FOS
probes may be suitable for sensing and biosensing applica-
tions except at extreme pH conditions such as pH 0 or pH 14.

Conclusion

In this study, we demonstrated a rapid and versatile seed-
mediated technique to grow gold or silver nanoparticles on
fiber optic probes for LSPR-based sensing applications. This
in situ method of growing nanoparticles on the fiber probe
offers remarkable real-time control to precisely manipulate
the seed density and growth kinetics and thus their plasmonic
properties. Since the size and surface chemistry of seeds and
the composition of growth solution play a crucial role in de-
termining the final shape of nanoparticles, this in situ seed-
mediated growth technique facilitates a greater scope to syn-
thesize a wide range of anisotropic nanoparticles on the fiber
surface which may not be possible in solution phase due to
aggregation issues.
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