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Abstract

Although the phenomenon of surface plasmon resonance (SPR) is known for more than a century now,
traditional prism-based SPR platforms have hardly escaped the research laboratories despite being
recognized for the sensitive and specific performance. Significant efforts have been made over the last
years to overcome their existing limitations by coupling the SPR phenomenon to the fiber optic (FO)
technology. While this platform has been promoted as cost-effective and simpler alternative capable of
handling label-free bioassays, quantification and real-time monitoring of biomolecular interactions,
examples of its applicability in sensing and biosensing remain to date very limited. The FO-SPR system is
still in development and requires further advancements for reaching the stability and sensitivity of the
benchmark SPR systems. Among existing strategies for device improvement, those based on modifying
the FO tips using nanomaterials are mostly studied. These small-scale objects provide a wide range of
possibilities for alternating the architecture of the FO sensitive zone, enabling also unique effects such as
localized SPR (LSPR). This mini-review summarizes the latest innovations in the fabrication procedures
which use nanoparticles or other nanomaterials, aiming at FO-SPR technology performance
improvements, as well as addition of new device features and functionalities.
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Introduction

The first proof of surface plasmon resonance (SPR) dates back in
1902 when Wood observed a pattern of dark and bright bands in
the reflected light coming from a polarized light wave incident to a
diffraction grating built on top of a mirror surface [1]. Despite
various attempts of addressing this optical occurrence [2,3], the
first complete explanation of the effect was done more than 60
years later by Otto [4] and Kretschmann [5], when they reported
the excitation of surface plasmons (SPs). Since then, the physical
phenomenon of SPR has found its way into many research areas of
biology, biochemistry and medicine, because it provides a label-
free alternative for the detection and quantification of biomolec-
ular interactions, allowing direct access to the kinetic parameters
and binding constants. Today, the SPR technology is a well-estab-
lished optical sensing technique with many proven applications in
medical diagnostics [6] and life-science research [7,8], where the
SPR sensors are mostly used to measure real-time interactions
between proteins, lipids, nucleic acids or even low molecular
weight molecules such as drugs [9].

SPs are coherent electron oscillations forming along the inter-
face between a thin metallic film (typically gold-Au or silver-Ag)
and a dielectric medium, which usually represents the analyzing
environment (typically a liquid) [10]. The SPs are excited when
guiding a polarized light toward this interface. When the energy
and momentum of both, the incident light and SPs match, a
resonance condition results in the omission of part of the reflected
light intensity, also referred to as a sharp spectral dip. This reso-
nance condition is strongly dependent on the refractive index (RI)
of the dielectric medium. Therefore, even very small changes in
the RI value (potentially associated with: metal surface modifica-
tions, slight variations in the composition and concentration of
the analyzing sample, or various biomolecular binding events
occurring at the metal/dielectric interface) will produce a measur-
able shift in the resonance dip.

In order to excite the SPs, the incident light reaching the metal/
dielectric interface has to be modulated using a light propagation
medium such as an optical prism, which generates total internal
reflection (TIR) [11]. The first prism-based system used for SPs
excitation was the Otto configuration with the dielectric medium
confined between the prism base and a thin Au layer [4]. This
configuration was rarely used in SPR biosensing due to the con-
struction difficulties related to the small gap (~1 pm) between the
prism and the metal. Few years later, the Kretschmann system
became the most famous SPR configuration, with the Au film
(between 10 and 100 nm thick) being directly deposited on the
prism base and further exposed to the dielectric medium [5].
Although these classical SPR platforms were substantially im-
proved during the last decade [12-14] (i.e. BiaCore system [15]),
they still present several shortcomings such as large sizes and the
necessity to use expensive optical equipment and precise mechan-
ical components. In addition, the target solution has to be typi-
cally handled using advanced pump-driven microfluidic schemes,
which make these platforms difficult to use outside the research
centers and unsuitable for investigation of liquid samples in small
quantities.

Many of the presented drawbacks associated with the tradition-
al SPRs have been compensated by replacing the prism with an
optical fiber, in a new family of devices called fiber optic (FO)-SPR

sensors [16]. Here, the FO serves as a waveguide for the incident
light and it is typically coated with a thin Au layer. The plasmonic
interface is then enabled when exposing such probes to the desired
dielectric environment. One important advantage is that the
entire system can be substantially miniaturized making the FO-
SPR sensors highly portable for measurements outside the labora-
tory environment [17]. Moreover, the FO-SPRs exhibit other inter-
esting features as well, such as: low-cost components, capacity for
multichannel performance required in high-throughput screening
applications and the possibility for improved sensitivity through
the incorporation of various nanomaterials into bioassays, an
approach not feasible with the classical microfluidics-based SPR
systems [18].

Despite all these advantages, the FO-SPR setup still requires
some improvements in order to reach the stability, sensitivity
and limit of detection (LOD) of the traditional prism-based SPRs
[19]. Since the mid-nineties when Villuendas and Palayo were
among the first proposing a FO-SPR sensor design [20], a wide
range of strategies were constantly employed by the researchers,
aiming to improve the overall performance of the FO-SPR sensing
platform [21]. Among others, it has been shown that by: (i)
accurately controlling the chemical interactions at the sensor
surface [22], (ii) improving the adhesion of the Au thin film
deposited on the FO substrate [23], (iii) implementing signal
amplification protocols using Au or magnetic nanoparticles
(NPs) [24], (iv) structuring the sensor surface using various nano-
materials [25] or (v) well-controlled nanostructuring techniques
[26], the stability, specificity and/or sensitivity of the FO-SPR
device can be further improved. While the first two approaches
are well covered within previous interesting reviews on this topic
[11,27], the latter ones involving the use of NPs or other nano-
materials are still in the early stages of development, challenging
continuously the scientific community. Besides their use for in-
creasing the overall performance of the FO-SPR sensors, these
nano-scale objects enable also unique effects such as localized
surface plasmon resonance (LSPR), where the localized SPs (LSPs)
are excited on the sub-wavelength-sized metallic nanostructures.
In this context, the strong electromagnetic (EM) field confinement
of LSPs reduces the penetration depth of the evanescent field into
the surrounding dielectric medium. As a direct consequence, the
biomolecules attached to the nanostructure surface take a much
larger fraction of the evanescent field, determining an exceptional
sensitivity for the detection of tiny biomolecules in low amounts
[12], but possibly compromising it for larger biomolecules. While
the LSPR biosensing with classical planar substrates recently found
its way on the market (i.e. Insplorion XNano [28]), its implemen-
tation onto the curved FO geometry has not yet escaped the
research laboratories with many new construction possibilities
left to be further explored.

This mini-review provides a brief overview of the most com-
monly used FO-SPR architectures with the focus on recent
approaches for improving both SPR and LSPR biosensing technol-
ogy. First, specific aspects related to the physical construction of
the FO-SPR probes are discussed in relation to the expected per-
formance and/or achieved functionality of the final device. The
second part reviews several strategies for further modifying the FO
tips of the traditional FO-SPR probes. Most of the presented
approaches are based on decorating the classical FO tips with
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various NPs or other nanomaterials, targeting on one hand addi-
tion of new device functionalities, and on the other hand perfor-
mance improvements and/or LSPR sensing capabilities.

Fiber optic (FO)-SPR configurations

Forward and backward scattering detection modes

Whereas the FO-SPR probes can be prepared using different
approaches, they are mainly manufactured either (i) by etching
the intermediate cladding to expose the FO core or (ii) by surface
modification of one of the FO ends [29].

The first approach entails an etching step of the FO cladding in
order to expose its core at an intermediate point between the two
ends. In this configuration, one FO end is used for propagating the
exciting light wave while the reflected light is then collected by the
other FO end. This detection scheme is known as “forward scat-
tering” mode (Fig. 1A). The first report on this type of probe dates
back to 1988 where, after the cladding etching, a thin Au layer
(~50 nm) was deposited on the FO core exposed area [29]. The
modified portion of the FO was immersed in the target solution
while the changes in the RI of the reflected light were monitored
during the sensing event. Although this fabrication method was
extensively used for several years to create various FO-based plas-
monic sensors and biosensors, it was reported later as relatively
difficult to implement in a reproducible manner, due to the
necessity of localized polishing and/or dissolution of the FO
cladding, which substantially decreases the FO mechanical elas-
ticity and strength [30,31].

In contrast, the second fabrication method relies on the com-
plete removal of the FO jacket and cladding at one end of the FO,
followed by the deposition of a thin (~50 nm) metallic layer,
typically Au [32] or Ag [33]. In this case, the modified tip of the

resulted FO-SPR probe is immersed in the sample solution while
both, the excitation and detection of the reflected light occur at
the FO distal end. This detection mode is called “backward scat-
tering’’ (Fig. 1B). The first FO-SPR design based on a modified FO
tip was developed in 1993 [34]. Since then, this configuration has
been widely implemented and numerous similar FO-SPR devices
have been introduced in an attempt to enhance the performance
of the entire sensing platform [35,36]. The FO-SPR probes fabricat-
ed in this manner are extremely versatile, more suitable for in-situ
sensing and more reliable because the exposed FO section is
guaranteed to be strain and/or bend free, and thus much less
susceptible to stress-induced break.

Moreover, the sensors with ‘‘backward scattering” detection
mode are particularly promising because their special configura-
tion allows application of an extremely wide range of techniques
for moditying the FO tips. This review will therefore mainly focus
on these FO-SPR probes, summarizing the most reliable strategies
currently used to modify their tips in order to obtain sensors with
new functionalities or simply with improved performance.

Flat, tapered and Bragg grating-type FO-SPR probes
A standard FO-SPR sensing probe with ‘“‘backward scattering”
detection mode can be manufactured by cutting first a small FO
piece, with a consistent length of several centimeters. Then, a
sensitive zone is constructed by mechanically removing the FO
jacket at one side and chemically etching the polymer cladding to
expose the FO silica core. The latter is finally coated with the
desired thin plasmonic film.

Jorgenson and Yee proposed one of the first fabrication meth-
odologies, by dissolving the cladding around the tip of a multi-
mode FO and depositing a thin Au film (~55nm) just on the
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FIG. 1

Two common FO-SPR sensing probe configurations: (A) FO with an intermediate sensitive zone, where the detection is based on monitoring the transmitted light
through the FO (“forward scattering” mode); (B) FO with a sensitive zone prepared by tip modification, where the detection occurs by monitoring the light
reflected back by the FO “mirror-like” prepared tip (“backward scattering” mode).
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circular side of the etched FO tip by electron-beam evaporation
[37]. This step was followed by a second deposition of a 300 nm Ag
mirror on the flat FO tip. The authors demonstrated that the
dynamic range of this sensor could be extended between 1.00
and 1.40 refractive index units (RIU) by the deposition of a high RI
material on top of the Au layer, like zirconium dioxide (ZrO,).
Furthermore, they reached even 1.70 RIU when replacing the FO
standard silica core with a sapphire one. Pollet et al. proposed later
amuch simpler FO-SPR design, by coating the tip (witha 1 cm long
SPR sensitive zone) of a multi-mode FO (400 pm in diameter) with
a thin and consistent Au layer (~50 nm) using the sputtering
technology [32]. The sensitivity of this sensor was 1722 nm/RIU
[38]. This simplified design was reported as the first one used for
label-free measuring of both DNA hybridization and DNA-protein
interactions, with demonstrated LODs in the high nM range.
Furthermore, the same authors demonstrated improvements in
the LOD of this particular device when implementing labeling
approaches as discussed in Section 3.1. Using the same configura-
tion, Suzuki and co-workers studied the dependence of the device
performance on the Au layer thickness. The results showed a
maximum sensitivity of 1557 nm/RIU (in the RI range of
1.3330-1.3469) achieved for an optimized Au thickness of
~65 nm [39].

An interesting approach currently explored by the researchers is
to replace the classical flat tip FO with a tapered FO (TFO) where
the tip shape is modified prior to the metal deposition. By reshap-
ing the FO tip, additional optimizations of the EM field distribu-
tion across the plasmonic interface are feasible [40], possibly
bringing further improvements in the working wavelength range
of these FO-SPR sensors. However, FO tips polished at a defined
angle relative to the FO longitudinal axis and then covered with
either a thin Ag [41] or Au [16] film did not give a spectacular
increase in performance. Only when selectively tapering the FO
distal end at different angles and in several forms (i.e. trapezoid or
pyramidal shapes), the resonance wavelength was either red-
shifted for more than 100 nm or blue-shifted for more than
30 nm, increasing thus the dynamic range of accessible RI values
[42]. The size of the red-shift was positively correlated to the
tapering angle, whilst the blue-shift was mainly influenced by
the tapering form. The authors demonstrated in this way that an
optimized shape and a carefully prepared FO tip could increase the
sensitivity by a factor of 4 [36]. Furthermore, a conically tapered FO
with a tip of 100 nm showed a 4000 times higher sensitivity when
used with a fixed excitation laser (650 nm) for exciting the SPs [43].
Following the same idea, a near-infrared excited FO-SPR sensor was
designed [44]. Among several tested relative angles of FO tip
tapering, the best performating device exhibited a sensitivity of
2.4 x 10* nm/RIU, about one order of magnitude higher compared
to the 1.9 x 10® nm/RIU obtained for the flat (non-tapered) FO tip.

A promising fabrication strategy was also elaborated by Shev-
chenko and co-workers [45,46]. They inscribed a tilted Bragg
grating inside the core of a single-mode FO using the phase-mask
technique [47]. After jacket removal, the FO was directly exposed
to intense ultraviolet (UV) laser light (248 nm) through a grooved
glass plate, before covering the surface of the FO’s cladding with a
thin Au film of 50 nm (Fig. 2) [48]. In such a configuration, the
sensor generated a ‘““comb-like” spectrum of SPR resonances, due
to an individual coupling of the core mode light to a multitude of

Gold film

A

5

FO'core

Surrounding medium

FIG. 2

Schematic design of a tilted Bragg grating-based FO-SPR sensing probe.
Adapted with permission from [45]. Copyright (2011) American Chemical
Society.

cladding modes, providing as well a mechanism to eliminate the
effect of temperature cross-sensitivity from the system’s readout.
Those resonances that were phase-matched to the SPR might
provide sensitivities up to 1000 nm/RIU. Gratings as long as
15 mm, with linewidths of 0.1 nm, could thus yield impressive
figures of merit (FOM-defined as the ratio between the sensitivity
and the corresponding full width at half maximum-FWHM), close
to 10,000. The device was used for real-time monitoring of apta-
mers (synthetic DNA sequences) implementation on the FO sur-
face, as well as for the detection of target proteins (i.e. thrombin) in
different solutions including serum [45]. Theoretical simulations
were also carried out on a similar device architecture by systemati-
cally varying both, the grating length and the Au layer thickness,
targeting optimizations of SPR line width, absorption depth and
sensitivity [49]. The optimized values were 2 mm for the grating
length and 50 nm for the thin Au film [49].

Other existing reviews provide already a comprehensive over-
view of the currently investigated geometries in the FO-SPR probes
fabrication [11,27]. One evident overall conclusion is that an
optimized FO-SPR configuration leads to an enhanced EM field
and spectral resolution, which are both desired, as they promote a
better LOD and sensitivity of the sensor. Nevertheless, certain
design limitations prevent these traditional configurations to be
additionally improved or to complete the way toward LSPR sens-
ing, and other technological approaches are necessary, some of
them being presented further in this review.

Nanomaterials for emerging FO-SPR technology
Nanoparticles as amplification labels in the FO-SPR bioassays
Although there are several important advantages of the so far
presented FO-SPR sensor configurations, these systems still offer
lower sensitivities with relatively modest LODs, when compared
with the classical SPR devices. Both parameters can be improved by
amplifying the SPR response with smart labeling techniques using
Au, silica and/or magnetic NPs [50].

Au NPs have great potential as transducers and signal amplifi-
cation labels in biosensors design due to their plasmonic, catalytic,
scattering or quenching properties [51]. When used as SPR signal
amplification labels, they improve the sensitivity not only due to
the increased binding mass, but also due to the increased pertur-
bation of the evanescent field [52], generating strong LSPR effects.
Au NPs of different sizes and shapes, functionalized with various
bioreceptors [19], being commonly antibodies [50] or lately also
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aptamers [52,53], could be successfully utilized in “‘sandwich-like”
bioassays subsequently implemented onto the traditional FO-SPR
probes (presented in Section 2.2). Furthermore, they have proven
to be very efficient labeling agents for SPR-based studies of oligo-
nucleotide interactions, allowing real-time monitoring of DNA
hybridization and melting, thus paving the way toward specific
applications like fast DNA quantification or genomic screening. In
this context, Pollet et al. [54] reported for the first time the FO-SPR
signal enhancement using Au NPs, being followed later by Knez
et al. [55,56]. They proposed an ultra-sensitive genetic screening
tool using DNA-functionalized Au NPs bound to the sensor surface
in the presence of a single-stranded DNA target. Moreover, using
the same system, fast and direct detection of single-point muta-
tions (SNPs) in the target DNA was possible, by monitoring the
changes in the melting temperature of NPs-DNA complexes
(Fig. 3). In their studies, the authors used a set of bacterial and
other DNA targets with different SNPs demonstrating a good
accuracy of the Au NPs-enhanced FO-SPR sensor, with observed
LODs in the nM range, three orders of magnitude below the
classical high-resolution melting-based screening. Following a
similar strategy, the same FO-SPR platform was used also in com-
bination with silica NPs as signal enhancers [57]. The sensor was
placed inside a standard polymerase chain reaction (PCR) thermo-
cycler to accurately monitor the hybridization reactions between
the DNA immobilized on the sensor surface and the DNA strands
of different lengths linked to the silica NPs. A novel FO-SPR sensing
platform was proposed by Hsieh et al. using the Au NPs as fluo-
rescent labels [58]. A photomultiplier was used to collect the
fluorescence signal for guiding it through the FO with high effi-
ciency. This FO-SPR system could detect mouse immunoglobulin
G (IgG) from buffer solutions with concentrations as low as 1 pg/
mL (7 fM), providing thus a very sensitive platform.

Excellent FO-SPR signal amplification has been obtained as well
with magnetic NPs, as they can pre-concentrate the target from the

FO-SPR solid phase melting
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FIG. 3

The concept of genetic screening using FO-SPR technology, where DNA-
functionalized Au NPs are bound first to the sensor surface in the presence of
a target and then changes in the melting temperature of DNA-Au NPs
complexes are monitored, being associated with the variations in the target
DNA sequences. Reprinted with permission from [56]. Copyright (2013)
American Chemical Society.

sample matrix and thereby further improve the SPR response not
only by increasing the sensitivity but also by increasing the
specificity of the sensor. Such an approach was first tested, by
implementing a ““sandwich-like”” assay for the detection of Ara h1
peanut allergen in a complex food matrix (i.e. chocolate) [59]. The
authors have shown that by using magnetic NPs as a secondary
label, the LOD was substantially improved with at least two orders
of magnitude (from 9 to 0.09 pg/mL, Fig. 4). When the results were
compared with a commercially available ELISA kit, the NPs-en-
hanced FO-SPR sensor demonstrated similar performance in terms
of LOD, but a superior dynamic range and a much faster analysis
time.

Although the labeling techniques using NPs are extremely
promising, either for adding new functionalities to the FO-SPR
sensor or just for amplifying the sensor output signal, the strategies
are not so extensively applied yet in FO-SPR technology. Besides,
these approaches tend to be superseded by the much more ad-
vanced methods for precisely localizing the NPs and controlling
their aspect and size, as discussed further.

Texturing the FO-SPR surfaces with metallic nanoparticles

One possibility for boosting the FO-SPR performance is to modify
the FO tip by directly texturing its surface with various nanoma-
terials (i.e. NPs, nanorods), an approach well-established for the
traditional SPR systems with planar substrates [12]. This strategy
can potentially enable LSPR sensing capacity and may be achieved
in two ways: (i) by coating the FO tips with the desired thin metal
film and then performing special surface treatments for altering its
morphology or (ii) by directly coating metallic nanostructures on
the FO sensitive area.

The first report about modifying a FO tip by surface pre-treat-
ment was written by Mullen and Carron, although the obtained
device was used at that time only for surface-enhanced Raman
scattering (SERS) measurements [60]. The configuration consisted
of a mechanically roughened 600 pm core FO tip, which was first
treated with ammonium hydroxide (NH,OH) solution followed by
depositing Ag nano-islands on the tip by thermal evaporation.
Only later, the potential to use such a device as LSPR sensor was
demonstrated. The Ag islands were replaced with a thin Au film,
which was subsequently annealed in controlled conditions in
order to reshape its morphology and to get randomly distributed
Au NPs on the sensor surface [61]. The authors obtained in this way
a spectral resonance dip around 535 nm in air, which was further
shifted when the probe was immersed in other media, generating a
sensitivity of 110 nm/RIU.

In the second approach, the Au NPs were directly deposited on
the FO-SPR surface [62]. The method was based on the pre-silani-
zation of the FO tip in order to directly attract chemically synthe-
sized Au NPs. This procedure resulted in 20% coverage of the FO tip
and a resolution of 2 x 107> RIU. Jeong et al. demonstrated further
improvements in the sensor’s sensitivity by controlling the Au NPs
density on the surface (Fig. 5) [25]. They tested this device for
detecting the antibody-antigen reaction of interferon-gamma
(IFN-y), reporting first a LOD of 10 pg/mL, and later even 2 pg/
mL for the same immunoassay, as a consequence of improved
synthesizing protocol for the Au NPs and the subsequent immo-
bilization step on the FO surface. Furthermore, they reached 1 pg/
mL when using this FO-LSPR sensor for the detection of the
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FIG. 4

Typical FO-SPR sensorgrams showing first the direct binding of different concentrations of Ara h1 peanut allergen to the sensor surface, followed by considerable
signal amplification when using the magnetic NPs functionalized with polyclonal antibodies against Ara h1. The inset: schematic drawing of the corresponding
“sandwich-like” bioassay implemented on the FO-SPR sensor surface. Reprinted with permission from [59]. Copyright (2011) Elsevier B.V.

prostate-specific antigen (PSA). Therefore, the authors concluded
that such FO-LSPR probes can be successfully used in real-time
label-free immunosensing potentially allowing for fast detection,
high resolution and/or high sensitivity.

In a similar manner, the Ag mirror-coated tip of a FO (fabricated
based on the Jorgenson model [37]) was modified by immobilizing
Au NPs through interaction with the thiol groups generated
during the surface silanization with (3-mercaptopropyl)tri-
methoxysilane (MPTMS) [63]. The SPR sensing capability was
demonstrated in high-pressure environments with a sensor reso-
lution of 1.2 x 10 3 RIU, which decreased considerably with

increasing the working pressure, although the sensor generated
a linear response to RI changes. The same device could detect
streptavidin and IgG, with a LOD in the pM range.

More recently, a positively charged polyelectrolyte (PAH) was
absorbed on the negatively charged FO silica core, introducing
thus amine groups for electrostatically linking metallic NPs to the
FO tip [64]. This method allowed dual immobilization of both Au
and Ag spherical NPs on the FO surface. By employing NPs with
different SPR signatures and selectively functionalizing the two NP
types with different antibodies, the authors demonstrated the
multiplexing capability of the sensor. In this way, distinct LSPR

‘Core : 105 ym
- Cladding :125 ym -~

FIG. 5

(A) Schematic design of a FO tip textured with Au NPs randomly distributed on a surface pre-silanized using 3-aminopropyldimetylethoxysilane (APMES). (B)
Corresponding SEM micrographs of the textured FO tip at two different magnifications. Reprinted with permission from [25]. Copyright (2011) SPIE.

6 www.elsevier.com/locate/nbt

jnbt.2015.03.012

Please cite this article in press as: Arghir, I. et al., Smart design of fiber optic surfaces for improved plasmonic biosensing, New Biotechnol. (2015), http://dx.doi.org/10.1016/



http://dx.doi.org/10.1016/j.nbt.2015.03.012
http://dx.doi.org/10.1016/j.nbt.2015.03.012

NBT-777; No of Pages 12

New Biotechnology * Volume 00, Number 00« April 2015

REVIEW

dips corresponding to two specific targets were separately moni-
tored.

An interesting research showed that not only the morphology
and size of the NPs immobilized on the FO-SPR surface may affect
the sensor’s sensitivity, but also the exact composition of the
plasmonic nanomaterials used [65]. While immobilizing Au-Ag
alloy NPs of different sizes and with two different Au/Ag ratios, the
authors observed that the Ag-rich alloy (75% Ag and 25% Au) NPs
of 34 nm resulted in the highest sensitivity of 611 nm/RIU.

Concluding, the FO-LSPR sensors prepared by the methods
presented in this section may be of great interest due to several
unique characteristics [66], one being the multiplexing capability.
The research field is still very active and many other types of
nanostructures are expected to be tested for LSPR sensing in the
future [67,68]. Nevertheless, a reproducible immobilization of NPs
with uniform size distribution and regular arrangement is still
challenging using any of the presented approaches, and these
requirements can only be achieved using more sophisticated pro-
tocols as presented in Section 3.3.

FO-SPR probes with lithographically patterned nanostructures

The unconventional three-dimensional (3D) FO platform contin-
uously challenges the well-established nanostructuring techni-
ques, generally engineered and optimized to operate with
planar substrates, such as the low-cost colloidal lithographic pro-
tocols [69] or the more complex top-down nanofabrication meth-
ods [70]. The nanopatterning of FO-SPR surfaces using such
lithographic techniques is among the latest development in nano-
technology, particularly promising due to the versatility in the

nanostructures design and functionality, paving the way toward
high-performance LSPR sensing. Nanoimprinting, ‘““nanoskiving”’,
electron beam lithography (EBL) and focus ion beam (FIB) milling
are only a few examples of advanced surface structuring methods.

The nanoimprinting is a mechanical low-cost patterning tech-
nique, which directly generates surface 3D profiles by physically
displacing material from the substrate with the help of a compres-
sing mold [71]. This technique was first applied to a FO tip by Kim
et al. in 2001, to prepare probes for near-field scanning optical
microscopy (NSOM) [72]. The authors spin-coated a polymer film
onto a flat silicon (Si) wafer to create the mold by photolithogra-
phy, which was then transferred to the FO tip. Following a similar
approach, arrays of metallic nanostructures were fabricated and
transferred to the FO tip and its circular sides using a process called
“nanoskiving’ [73]. Here, a block with Au-coated epoxy nanos-
tructures was prepared for sectioning it into slabs by using a
diamond-based high resolution microtome. These slabs were then
transferred manually to the FO tips. In the end, the nanostructures
on the FO surface were revealed by selectively etching the epoxy
matrix (Fig. 6A). The technique was found extremely versatile in
tuning the nanostructures geometry with demonstrated capacity
for producing Au nanodots, rings, high aspect-ratio concentric
cylinders or gratings of parallel nanowires onto the flat FO tip
(Fig. 6B and C). Despite the spectacular results obtained, such
probes were not tested as optical sensors, until the research group
of Yang demonstrated recently the potential of the mold transfer-
ring method to design highly-performant FO-SPR sensors [74,75].
They were able to prepare periodic arrays of either 2D nanoholes or
one-dimensional (1D) nanoslits. By accurately controlling the

vd— FO jacket
A \ <«+—TFO cladding

Press FO into slab Dry and etch

FIG. 6

(A) Overview of the “nanoskiving” method for producing and transferring metallic nanostructures on both FO tip and corresponding cylindrical sides. (B and C)
SEM micrographs showing two examples of prepared nanostructures: Au split rings (B) and an array of concentric Au rings (C). The insets are closed-up
magnifications. Adapted with permission from [73]. Copyright (2011) American Chemical Society.
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preparation conditions, diverse surface topographies of these me-
tallic structures were realized. The researchers designed further a
special plasmonic FO with RI sensing capability (401 nm/RIU),
coupled with a remarkably narrow resonance dip (6.6 nm). This
resulted in a FOM of 60.7, which was four times higher than other
reported values for planar plasmonic substrates patterned with Au
nanohole arrays [76]. In addition, the authors also demonstrated
the potential of this FO-SPR device for real-time immunosensing.

The nanoimprinting can be implemented also in a more
straightforward manner by dispensing first a suitable polymer
directly on the FO tip (i.e. by dip coating) and then using a hard
mold to imprint the desired patterns into the polymer film directly
on the FO surface, eliminating thus the need for a transferring step.
This approach has the advantage that a pre-designed hard mold
can be repeatedly used to imprint patterns on the FO substrate. The
method was successfully implemented to produce Au grating
diffraction elements of 20 nm thickness with a line periodicity
of 630nm, by using a pre-designed 10 x 10 pm? hard mold
[77,78]. Further reductions in the size of the imprinted features
were realized when employing the self-assembled nanoporous
anodic aluminum oxide (AAO) as mold to design dens arrays of
Ag-coated nanopillars with diameters of 70 nm and sub-15 nm
interspacing [79]. Despite all these advancements of the nanoim-
print methods in the last years, the methodology has not been yet
extensively used to produce FO-SPR/LSPR biosensors. The existing
reports in the literature on modifying the FO tip in this way are
mostly focused on applications either in photonic integrated
circuits [78] or for SERS measurements [79].

The ultimate control over the resolution, shapes, ordering and
reproducibility of the obtained nanostructures is accomplished by
advanced lithographic methods, such as EBL or FIB. Initially, Chen
et al. made a simulation in which the authors proposed a ‘“‘chess-
board-like” Au pattern with nanogaps in the 6-15nm range,
lithographically drawn on a FO tip to act as a high-performance
substrate for LSPR excitation [80]. Their results predicted that the
local EM field of the pattern will be strongly dependent on several
structural parameters of the micro-squares (i.e. length, thickness,
nanogap), motivating the need of well-controlling the design of
the resulted nanostructures. This interesting study challenged Lin
and co-workers to use for the first time the EBL to directly pattern

periodic Au nanodot arrays on the FO tips for potential applica-
tions in LSPR biochemical sensing [81]. The FO tip was first coated
with a thin Au layer and then with an electron-sensitive resist.
After exposing the resist surface to well-controlled electron irradi-
ation and subsequent developing, the patterned resist was used as
amask for Au etching. In the end, the remaining resist was stripped
out, exposing a nicely ordered array of Au nanodots on the FO
surface (Fig. 7A). Such a FO-SPR probe was first exposed to RI
measurements in various dielectric environments (i.e. air, water,
acetone, etc.), demonstrating a sensitivity of ~196 nm/RIU. More
promising was however the employment of this probe as LSPR
biosensor when implementing a bioassay based on a biotin/strep-
tavidin model. In this case, the authors established a LOD for
streptavidin of 6 pM. In a similar manner, Dhawan et al. used a FIB
equipment to pattern Au nanohole arrays on a FO tip previously
coated by 100-250 nm Au layer (Fig. 7B) [82-85]. The FO-SPR
probes decorated with these interesting Au patterns were also
tested by performing RI measurements in different solutions of
alcohols, demonstrating a sensitivity of 533 nm/RIU. Further-
more, the authors clearly concluded that the sensitivity brought
by these Au nanohole arrays was considerably improved compared
with other FO-LSPR sensor types (i.e. based on Au NPs).

Concluding so far, the curved FO substrate can be a versatile
platform for micro- and nanotechnology. However, a lot of dedi-
cated work remains to be done, in order to develop reproducible,
less complex and cheaper fabrication procedures comparable with
the already established wafer-scale methods in semiconductor
industry and mass-production. Furthermore, some of the achieved
performance quantifiers (i.e. sensitivity) might be still modest,
since the FO-LSPR systems are in a much earlier stage of develop-
ment. Nevertheless, they are considered the next generation of FO-
based plasmonic sensors, offering tremendous possibilities for
miniaturization, multiplexing and/or small molecules detection
in low concentrations.

Nanoparticles coupled into microstructured FO-SPR probes

The microstructured FOs (MFOs) are the latest achievements in the
FO-SPR sensing field and generally in photonics research. These
types of FOs have a set of hollow channels running throughout the
FO core, making the light guiding mechanism different compared

[0) Da1=185.4nm

Da1

FIG. 7

SEM micrographs of a FO tip, subsequently patterned by: (A) EBL, resulting in an array of Au nanodots and (B) FIB, resulting in a film with periodic Au nanoholes.
Reprinted with permissions from [81] (A) and [83] (B). Copyrights (2010) MDPI and (2008) IEEE, respectively.
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to the conventional FOs. In addition to the modified TIR mecha-
nism, the photonic band gap created by the regular arrangement of
the holes has to be carefully taken into account when considering
the light guiding through a MFO [86]. In this way, very interesting
applications could be revealed, especially in the field of chemical
sensing and biosensing. Among the advantages of this platform are
the ultra-low sample volume required and the possibility for inte-
grating ultra-small microfluidic systems through the MFO channels,
capable of transporting few nanoliters of liquid per each MFO
centimeter (a preferable advantage in biosensing) [87]. The first
demonstration for the detection of biomolecules using such a MFO-
SPR was made by Rindorf et al., when they achieved a sensitivity of
1500 nm/RIU (at an RI value of 1.33) [88]. More recently, a special
type of MFO (called “‘silica exposed-core MFO”’) was used with a
small core (10 pm diameter) physically exposed along the whole FO
length [89]. This feature allowed deposition of a thin plasmonic
Ag film directly onto the FO core using a conventional thermal
evaporation technique. Although the sensitivity of the obtained
MFO-SPR device (~2500 nm/RIU) was in the same range as for a
conventional SPR sensor prepared by the authors with a large core
FO (140 pm diameter), the MFO-SPR dip was three times narrower
(FWHM ~ 50 nm), possibly demonstrating a better LOD, especially
for detection in smaller sample volumes.

However, due to the obvious difficulties of coating uniform and
consistent plasmonic films on the inner walls of MFOs channels,
their coupling with metallic nanomaterials (i.e. Au NPs) is highly
desirable. In this new research field, the first experiment of insert-
ing NPs into a solid core MFO was reported by Amezcua-Correa

-5 ]
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FIG. 8

SPR dip obtained when measuring a suspension containing Ag NPs (red) and
the one corresponding to the Ag NPs immobilization on the MFO internal
walls (black). The inset represents a SEM image of the MFO used. Reprinted
with permission from [91]. Copyright (2008) IET.

etal. [90]. The authors used a special precursor containing Ag* ions
and they pumped the solution through the MFO channels. The
precursor was then heat-decomposed on the internal walls, result-
ing in Ag NP:s filling the channels. Such MFO probe (see the inset of
Fig. 8) was at first used only for SERS measurements, until demon-
strated by de Matos et al. that it can be used for SPR sensing [91].
The researchers immobilized Au and Ag NPs inside a hollow core

channel/air
core/fused silica

cladding/fused silica

gold nanoparticles attached
to capillary wall

FIG. 9

(A) The MFO schematic design (showing the structure of a SCF) with Au NPs attached to the inner walls. (B and C) SEM images (at different magnifications) of the
MFO inner walls coated with Au NPs (spheres with diameters of 30 nm). Reprinted with permission from [92]. Copyright (2010) John Wiley & Sons, Inc.
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TABLE 1

Performance comparison data between different FO-SPR sensing probes.

FO-SPR probe fabrication procedures Refractive index Sensitivity Figure of
measurements (nm/RIV) merit (RIU”)

Au-coated multi-mode FO with Ag mirror on the FO tip [39] Ethanol dilutions 1557 ca. 194

Tilted Bragg grating imprinted on the core of a Au-coated FO [47] Solutions of different 351 ca. 8775
refractive index values

FO-LSPR sensor with the FO tip coated by both, Au and Ag NPs [64] Glycerol dilutions 390 ca. 6.5

Au nanoholes patterned by template transfer method on the FO tip [74] Sodium chloride dilutions 401 ca. 60.7

Au and Ag NPs coupled into the MFO channels [89] Glycerol dilutions 2500 ca. 50

MFO and they observed that the SPR dip shifted when solutions of
different RI values were inserted into the MFO (Fig. 8), although no
surface binding results were reported.

An innovative ‘‘nanoparticle layer deposition (NLD)"” technique
has been also described for depositing well-defined plasmonic
layers of specifically selected NPs inside the channels of a special
MFO, known as ““suspended core fiber (SCF)” (Fig. 9A) [92]. The
method was a combination between microfluidic and self-assem-
bled monolayer (SAM) techniques [79], and the authors demon-
strated its effectiveness for obtaining a longitudinal homogeneous
NPs density of several meters along the MFO (Fig. 9). This device
was used as LSPR sensor, exhibiting a sensitivity of 78 nm/RIU
when carrying out RI measurements.

In conclusion, making a reliable biosensor by coupling NPs into
MFOs, capable of detecting biomolecular binding events (i.e.
antibody-antigen or DNA-antigen) looks like the next challenge.
This exciting research field is currently fueled by many theoretical
models and simulations [93-95], pointing out to the possibility of
driving the SPR and LSPR sensing schemes toward new levels of
miniaturization, performance, portability and applications.

Conclusions

As reflected in this short review, impressive scientific efforts were
carried out lately in order to modify the FO surfaces, aiming at
improved FO-SPR devices with new functionalities. Most of these
efforts involve the use of nanomaterials, mainly due to the fact
that their small sizes may enhance the overall performance or may
enable unique effects such as LSPR, while maintaining the initial
device dimensions. Table 1 gives a brief performance comparison
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