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Abstract: Point-of-care and in-vivo bio-diagnostic tools are the current need for the present critical
scenarios in the healthcare industry. The past few decades have seen a surge in research activities
related to solving the challenges associated with precise on-site bio-sensing. Cutting-edge fiber optic
technology enables the interaction of light with functionalized fiber surfaces at remote locations to
develop a novel, miniaturized and cost-effective lab on fiber technology for bio-sensing applications.
The recent remarkable developments in the field of nanotechnology provide innumerable func-
tionalization methodologies to develop selective bio-recognition elements for label free biosensors.
These exceptional methods may be easily integrated with fiber surfaces to provide highly selective
light-matter interaction depending on various transduction mechanisms. In the present review, an
overview of optical fiber-based biosensors has been provided with focus on physical principles used,
along with the functionalization protocols for the detection of various biological analytes to diagnose
the disease. The design and performance of these biosensors in terms of operating range, selectivity,
response time and limit of detection have been discussed. In the concluding remarks, the challenges
associated with these biosensors and the improvement required to develop handheld devices to
enable direct target detection have been highlighted.

Keywords: fiber optic sensors; synthesis; interferometry; fluorescence; SERS; SPR; immunosensors;
enzymatic sensors; molecular imprinted polymers

1. Introduction

Recently, there has been a surge in the demand for influential analytical tools in
sectors such as environment, food security, defense, and healthcare. High capability
plug-and-play biosensors are the need of the hour in the medical sector for dynamic
disease diagnosis and development of innovative treatment drugs. Optical biosensing
systems have proven to be the most effective methods combining the efficacious photonic
components and selective functional nanomaterials [1,2]. The combination of microfluidics
with such photonic sensors has resulted in dynamic lab-on-chip (LOC) platforms. Although
these platforms provide well-established biosensing tools for point-of care diagnosis, they
suffer from certain limitations such as their integration in optical systems, which require
expensive couplers and are difficult to incorporate in small, easy-to-use devices [3–5].
These difficulties limit their use for in-vivo diagnosis systems and require a state-of-the-art
platform which integrates the properties of LOC devices and performs measurements
at precise hard to reach locations. This vision has judiciously attracted the attention of
the scientific community toward the interesting features of optical fibers. Optical fibers
are a special kind of miniaturized waveguide used to study light-matter interaction in
many interesting ways at microscopic levels. They have numerous extra-ordinary features
such as compact shape and size, high aspect ratio, robustness, inert behavior, immunity

Photonics 2022, 9, 86. https://doi.org/10.3390/photonics9020086 https://www.mdpi.com/journal/photonics

https://doi.org/10.3390/photonics9020086
https://doi.org/10.3390/photonics9020086
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/photonics
https://www.mdpi.com
https://orcid.org/0000-0002-3257-2818
https://doi.org/10.3390/photonics9020086
https://www.mdpi.com/journal/photonics
https://www.mdpi.com/article/10.3390/photonics9020086?type=check_update&version=2


Photonics 2022, 9, 86 2 of 40

to electromagnetic atmosphere and ability to transfer light to any possible distance with
negligible loss. Their biocompatibility makes them ideal candidates to couple with other
medical instruments like catheters and needles. Thus, optical fibers are emerging as an
effective microscopic platform for light coupled interactions with continuous advances
in synthesis of nanostructured materials in the sensing world and have given rise to a
new field termed Lab-on Fiber (LOF) technology [6–9]. LOF technology has proven to
be a promising tool for addressing the limitations of conventional analytical systems like
the time lapse between the detection and availability of final results due to long steps
involved in sample preparation, labelling and measurement. These properties facilitate
many opportunities to build LOF biosensor systems encompassing in-vivo point-of-care
diagnostics abilities. The field of LOF sensor systems has seen a thriving research and
industrial interest with continuous innovations in nano-functionalization methods and new
detection mechanisms. For specific healthcare applications, LOF technology essentially
envisages the integration of various functional nanomaterials on fiber surfaces, which
expedite the specific light matter interaction to realize miniaturized devices in single optical
fibers [10–12]. These multifunctional optical fibers, in a true sense, provide auto diagnostic
attributes which exchange data, in addition to providing sensorial information.

The main challenge in the realization of these multifunctional fiber sensors is the adap-
tation of micro and nanostructures on fibers with the standard nanofabrication strategies
due to their small shape and size. Therefore, even after the realization of immense potential
of LOF technology, the paradigm of LOC devices is still hard to shift on optical fibers as
most of the microelectronic industries have been designed for the fabrication on planar
surfaces. In recent years, ubiquitous developments in nanotechnology have resulted in
the publication of reports on numerous micro and nanofabrication methods on optical
fibers [13–15], and some of these are reviewed here to give readers a complete overview of
LOF technology. Further, depending on the mechanism of light matter interaction inves-
tigated for a specific medical application, LOF technology may result in various kinds of
sensors like surface plasmon resonance (SPR), surface enhanced Raman scattering (SERS),
fluorescence, lossy mode resonance (LMR), interferometric based optical fiber sensors and
so on. The present review covers the three major aspects of LOF technology; the first one is
the synthesis processes involved in the integration of functional nanomaterials on optical
fibers; the second concerns the physical principles underlying the various light matter
interaction processes involved in optical fiber sensors; and the third is the selective capture
elements involved in the specific interactions in optical fiber sensors.

2. Nanopatterning Techniques for Optical Fibers

Optical fiber patterning has a history dating back to the 90s when abrasive or self-
assembly technique was used to study SERS applications from an optical fiber [16]. Various
micro-structures have been directly printed on the tip of optical fibers by 3D µ-printing.
A CO2 gas and temperature sensor has been reported by directly printing Fabry–Perot
interferometric cavity (FPI) on a multicore fiber end face using a selective poly(ionic liquid),
poly(1-allyl-3-vinylimidazolium bromide) (PAVB) for CO2 adsorption and SU-8 epoxy for
temperature sensing [17]. A single mode fiber has been used for the purpose of refractive
index and pressure sensing using SU-8 epoxy suspended-microbeams for measuring the
reflection spectra of the micro-interferometer [18]. Similarly, a compact acoustic wave sensor
has been reported using in-situ 3D µ-printing technology forming a FPI cavity on an optical
fiber tip. These sensors may find a wide range of applications from photo-acoustic imaging,
endoscopy and sensing [19]. Further, these methods are very efficient for realizing the
microstructures on optical fiber tips; however, the need of high resolution nanopatterning
has aroused with the development of several optical techniques like plasmonics, surface
enhanced spectroscopy and fluorescence spectroscopy to realize highly sensitive biosensors
on optical fibers.

Thus, standard nanofabrication methodologies have been designed and investigated
to fabricate improved functionalities on optical fiber probes due to the continuous advance-
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ment in nanotechnology. These synthesis techniques are broadly classified as bottom-up,
top-down and nano-transfer methodologies. The bottom-up approach relies on the syn-
thesis of a desired configuration by self-assembly of nanoscopic material i.e., atoms and
molecules. The device production cost is low for mass production applications with the
trade off in precise control of shape of nanostructure. Many bottom-up approaches like
self-assembled monolayers and bio-assisted synthesis [20–22], chemical vapor deposition
(CVD) [23], physical vapor deposition (PVD) [24,25], self-guided photo-polymerization [26]
and direct 3D laser printing [27,28] have been reported for the fabrication of nanomaterials
on optical fibers. In contrast, the top-down approach involves the scaling down of a bulk
material into its component nanomaterials or nanostructures with a defined morphol-
ogy. The technique generally involves high-cost instruments but provides a well-defined
morphological characteristics of fabricated nanomaterials. The most common top-down
technologies reported for fibers are e-beam lithography (EBL) [11,29], focused ion beam
milling (FIB) [30,31], nano-imprint lithography [32,33], interference lithography [34] and
photolithography [35]. In addition to the above two approaches which involve direct
fabrication on fiber surface, there are many indirect transfer methods reported for optical
fibers. In these techniques nanostructure is created on a planar substrate with standard
nanofabrication method and is carefully transferred to the optical fiber surface [36–39]. We
discuss some of the important methods below.

2.1. Focused Ion Beam (FIB) Milling

In this method, typically, a focused ion beam is used to draw out molecules from
a bulk sample in a controlled manner and a direct patterning of a variety of substrates
ranging from metal to glass optical fiber is allowed [14]. This creates defined nanostructure
on fiber surface to realize various interaction mechanisms like plasmonic resonance. An
array of nanoholes or nanopillars was created on a gold (Au) coated tapered and cleaved
optical fiber by FIB to create a refractive index (RI) sensor [31]. This array was also tested
for SERS study using the optical fiber tip as substrate [40]. In another study, fiber glass was
directly patterned by FIB and a high RI overlayer was deposited to support the guided
resonances by Micco et al. [41]. Several other studies reported for the microcantilever
sensor [42], optical fiber-based tweezer [43], fiber microlens [44] etc. [45] have used FIB
milling. Additionally, in terms of advanced LOF technology, Principe et al. reported a novel
integration of phase-gradient plasmonic metasurfaces over the optical fiber tip, named as
optical fiber meta-tip, using FIB technology [46]. Theoretical and experimental validations
for different prototype structures using the generalized Snell’s reflection/transmission
laws were performed and demonstrated meta-surface enabled light manipulation which
was the first step toward the integration of metasurface-enabled light-manipulation in
LOF framework with providing a new path for sensing applications. FIB has inherited the
advantage of mask-less patterning but has certain limitations like time consuming for a
very small defined area and creation of patterned structures having angled sidewalls which
need to be carefully considered during design steps.

2.2. Lithography

Lithographic techniques have progressed with the developments in nanotechnology
ranging from conventional photolithography to using radiation sources like ion beams,
focused lasers and e-beams to create patterned surfaces with precise morphology. The
most challenging task in such methods remains to coat the uniform resist layer on small
fiber surfaces. The most common method to coat resist layer in lithographic methods is
spin coating which is very difficult to realize for high aspect ratio optical fibers due to
difficulty in their holding process [8,13]. Thus, certain groups have proposed specific holder
designs for spin coating of resist layers on optical fibers [11]. A triangular groove holder
in brass was reported where the fiber was glued, and a large flat surface was obtained
by polishing for spin coating [29]. Several techniques like e-beam lithography (EBL),
photolithography (PL), nanoimprint lithography (NIL) and interference lithography have
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been proposed to fabricate interesting nano features on resist coated optical fibers. NIL is
the most cost effective and high yield technique and utilizes the modification in mechanical
properties of the material. In a study, a nanoimprint or a predesigned pattern was directly
transferred on the softened fiber tip by heating [8,13]. Due to thermal distortions suffered
by the fiber surface during molding and the challenging fiber alignment with smaller
patterned molds, this technique has limited applications. Hence, NIL is first applied to
a pre-deposited polymer on the fiber and then periodic pattern with nm resolution is
imprinted on it. Kostovsky et al. [47] demonstrated a NIL based method using cicada
wings consisting of a two-dimensional array of pillars to fabricate bio-nanostructures on
optical fiber through special parallel nanoimprint arrangement and later deposited silver
(Ag) for SERS applications. The complete process is shown in Figure 1a,b. The fidelity of
the nanostructures grown is shown in Figure 1d–g. Due to the accuracy included in NIL,
patterns with subwavelength dimensions may be incurred easily on optical fibers and it is
considered a powerful technique for functional optical fiber surfaces. In the same way, EBL
is also a versatile technique to deposit nanostructures on optical fibers. Here, an electron
beam is scanned on a pre-deposited e-beam resist in a predefined manner to produce
nanostructures with sub-10 nm resolution, and the final step includes the separation or
etching out of different materials.

Figure 1. Illustration of (a) derivation of a mold from the cicada, and (b) application of mold to
imprint the end face of an optical fiber. (c) Australian greengrocer cicada. SEM images of the
(d) cicada wing nano-template, (e) inverse h-PDMS mold, (f) polymer replica on an optical fiber end
face, (g) silver coated replica, and (h) macroscopic view of the imprinted optical fiber. The scale bar is
500 nm. Reprinted with permission from Ref. [47]. Copyright 2009 Elsevier.

The patterned e-beam resist may act as active part of fabricated structure or may be
used as a sacrificial layer which is lifted off later [14]. A reflection based LSPR sensor was
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reported by Lin et al. utilizing the gold nanodots arrays on optical fiber by EBL [48]. Simi-
larly versatile nanoprobes having two-dimensional hybrid metallo(Au)-dielectric nanos-
tructures were investigated and shown for plasmonic sensing and polarization sensitive
devices [10,11,49]. The key steps involved in EBL based patterning and Au deposition are
spin coating the e-beam resistance (ZEP 520A (Zeon Chemicals, refractive index n ≈ 1.54))
with the specially designed chuck; this is shown in Figure 2, along with the SEM images
of the fiber cross-section showing the extremely ordered nanostructure arrays [10]. Typ-
ically, 100 × 100 µm area can be patterned by EBL, which is suitable for typical optical
fiber dimensions. However, like every technique, it has some inherited drawbacks like a
time-consuming process and limit to mass production capabilities.

Figure 2. (a) Schematic of the (a) steps involved in the fabrication process, (b) customized chuck and
holders for the spin coating, (c) overlay patterning, and (d) superstrate deposition. Metallo-dielectric
crystals characterized by (e) different periods, and (f) holes diameters, directly realized on the fiber
tip. Reprinted with permission from Ref. [10]. Copyright 2013 Elsevier.
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Another interesting lithography technique is photolithography where instead of elec-
tron beams, patterned light is used to create micro and nanostructures on a substrate using
a photoresist [13,14]. Although many groups have attempted to make patterned surfaces
on optical fibers using this technique, the proper alignment of vertical optical fiber with
mask limits the use of this method on optical fibers [50,51]. Another lithographic technique
is interference lithography (IL), where interference of coherent light beams is recorded on a
photoresist to form 1D, 2D and 3D ordered arrays [14]. Yang et al. [52] used interference
lithography technique to form nanopillars of photoresist on optical fiber and subsequently
etching the fiber. A thin film of silver was then coated by e-beam deposition to realize
effective SERS substrate shown in Figure 3 for the sensing of toluene. This technique is,
however, limited by diffraction limit.

Figure 3. SEM images of the Ag-coated nanopillar arrays patterned on the fiber core (tilted view: 45◦)
using IL. Reprinted with permission from Ref. [52]. Copyright 2012 Optica Publishing Group.

2.3. Self-Assembled Nanostructures

Self-assembly is a very easy, cost-effective, and mass production technology to create
micro- and nanostructures. The method is governed by the self-assembly of nanostructure
in solution phase on a substrate through non-covalent interaction. On optical fiber silica
surface, the presence of abundant hydroxyl groups is used to attract silane coupling
agents like (3-aminopropyl) triethoxysilane (APTES) or carboxyethyl silanetriol sodium
(CEOS) [53]. These agents then attract positively or negatively charge nanostructure from
the solution due to electrostatic forces to assemble on fiber surface. Numerous reports
demonstrated the deposition of Au and Ag nanoparticles on optical fiber for SPR and LSPR
based sensing through self-assembly technique [54–56]. These nanostructures, however,
are randomly distributed and a precise control over morphological arrangement is difficult
to realize by self-assembly process. Therefore, techniques like nanosphere lithography,
which include template assisted self-assembly, are proposed for the ordered self-assembled
nanostructures on optical fiber. A similar arrangement was reported by Pisco et al. [57]
by utilizing the unique breath figure method. Here, a polymeric honeycomb was first
deposited on fiber surface. With the evaporation of polymer solution, water droplets are
auto-organized in a hexagonal close packed structure at polymer/air interface. After the
evaporation of water and solvent, a hexagonal imprint was created on polymer which acted
as a template for subsequent metal film deposition. The schematic of the steps involved in
the fabrication process are shown in Figure 4 [57].
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Figure 4. Schematic of fabrication process for ordered hybrid metallo-dielectric structures on fiber sur-
face by a unique self-assembly technique known as breath figure method. Reprinted with permission
from Ref. [57]. Copyright 2014 American Chemical Society.

2.4. Nano-Transfer Methods

Another interesting fabrication methodology for patterning optical fiber is nano-
transferring. The technique is based on transferring the nanostructure from planar substrate
to optical fiber. The transferring phase of this technique decides the final performance and
yield of fabricated device.

The transferring process may be realized in two ways: for the first case, the nanos-
tructure on planar substrate is stripped and then transferred on optical fiber through
dipping in a liquid or direct micro positioning, whereas for the second case, the fiber
tip having an epoxy layer is kept in contact with the main patterned substrate and then
released [58,59]. Many reports have exploited this technique to coat optical fibers with
interesting nanomaterials for various applications. For example, a periodic Au hole array
was transferred to optical fiber from a glass slide. Here, the lifting of nanohole array was
done by NaOH reaction and the subsequent attachment on optical fiber was realized by
dipping the functionalized fiber in water as shown in Figure 5 [36].

Several other bottom-up technologies like CVD, PVD and two photon polymerizations
are also reported for multifunctional fiber probes. The description of these technologies
can be found in extensive reviews focused on nanofabrication technologies for optical
fibers [10–15].

The next important aspect of LOF technology is the interaction mechanism reported
for LOF technology. There are many optical mechanisms which can be easily realized on
optical fibers to design innovative biosensors for onsite sensing and continuous monitoring.
In the next section, we discuss the physical principles underlying the several mechanisms
associated with optical fiber sensors and direct the readers towards the extensive work
carried out in each domain over the globe.
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Figure 5. (a) Schematic of process used to fabricate fiber optic plasmonic sensor. A periodic holes
array in an Au film is fabricated on a flat glass substrate using chemical methods. Subsequently,
the holes array is lifted off from the substrate surface by immersing it in basic solution. The holes
array film detaches from the substrate surface and starts floating on the water surface. The periodic
holes array in an Au film can be picked up with an appropriately functionalized optical fiber tip.
Photographs of the resulting fiber optic plasmonic sensors are shown on the right-hand side. (b) SEM
images of a periodic hole array in a gold film on a fiber tip. Reprinted with permission from Ref. [36].
Copyright 2019 Elsevier.

3. Light Matter Interaction Mechanisms for LOF Technology
3.1. Interference Based Optical Fiber Sensors

Interferometric biosensors work on the principle of detecting the change in refractive
index of a sample due to the bio-specific interaction between the conjugate layers. Two
equivalent light paths are compared: one of them acts as a reference and the other identifies
the interaction causing the refractive index change and hence the change in optical path
length. In a fiber optic interferometer (FOI) the interference of two light beams travelling
different optical paths in a fiber or different fibers are investigated. One of these paths is
kept such that it is easily perturbed by the external parameters like temperature, pressure,
strain and refractive index so that these parameters can be quantified [60,61]. In FOI,
the bulk optical components are replaced by the fiber to miniaturize the device to the
fiber scales. The in-line FOIs are the best candidates for providing reasonable coupling
efficiency, alignment and stability. In FOI, four different types of interferometers, Michelson
interferometer (MI), Mach-Zehnder interferometer (MZI), Fabry-Perot interferometer (FPI)
and Sagnac interferometer, are considered. FPI works on the principle of multiple beam
interference inside a cavity known as etalon formed by two parallel reflecting mirrors.
The cavity may be formed inside the optical fiber or at its end, and hence FPI is divided
as extrinsic and intrinsic FPI as shown in Figure 6a,b, respectively [60]. This is the most
common interferometric design for optical fiber due to its simplicity, cost effectiveness and
high sensitivity. A FPI based fiber optic sensor has been reported to detect bovine serum
antigen (BSA) [62] and liposome [63] with high accuracy and sensitivity. Similarly, many
fiber optic biosensors have been reported based on FPI [64–66].
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Figure 6. (a) Extrinsic FPI sensor formed by an external air cavity and (b) intrinsic FPI sensor formed
by two reflecting components, R1 and R2, along a fiber. Reprinted from Ref. [60].

The other FOIs are two-beam interferometers, where a light beam is split into two
beams by a fiber splitter and then recombined to study the interference of these two beams.
MI and MZI have essentially the same designs. The only difference is that the light split by
the fiber splitter is combined by a fiber coupler in MZI whereas the two beams are reflected
by a mirror and combined by the same fiber splitter in MI. A fiber optic MZI is shown in
Figure 7 [60]. Here, a beam is split into two arms, one called the reference and the other
sensing arms. These are recombined by using two fiber couplers to observe interference.
An MZI can also be designed by tapering the single mode fiber (SMF) [67]. The tapering of
the fiber causes the modulation of fundamental mode of the light for excitation of higher
order modes as the fiber core diameter decreases. The evanescent field associated with
the cladding mode becomes highly influenced by the medium surrounding the taper and
causes a phase shift. A biosensor has been developed based on MZI through the tapered
fiber by the coatings of specific layer over the tapered region of SMF [68]. Additionally,
the splicing of several specially designed optical fibers with SMF, also produces MZI like
SMF-multimode fiber (MMF)-SMF [69], SMF-photonic crystal fiber (PCF)-SMF [70], and
SMF-hollow core fiber (HCF)-SMF structure [71]. The biosensing using these structures
can be achieved by immobilizing target-specific sensing medium over the special optical
fiber region.

Figure 7. Schematic of an MZI. A beam is split into two arms, the reference and the sensing arms,
and then recombined by using two fiber couplers. Reprinted from Ref. [60].

Another transmission type FOI has been reported by merging two SMFs and one
MMF [72]. Here, the MMF was used as a cavity for interference process. The shift in
interference wavelength was observed with changing the concentration of anti-IgG analyte
to obtain a quite low limit of detection (LOD) of 200 ng/mL. In spite of MMF, a noncore
fiber may also be used to create an interferometric structure, as reported for the sensing
of specific proteins using nickel ions [73]. A record low LOD of 0.125 ng/mL was found
for a probe designed with high affinity towards specific proteins. In Sagnac interferometer,
a fiber loop is utilized for the propagation of two beams split by a 3 dB fiber coupler in
opposite directions depending on their polarization states and recombine at the same
coupler. The interference depends on the optical path difference of the beams propagating
along slow and fast axis depending on the polarization states. Figure 8 shows a fiber loop
based Sagnac interferometer [60,74].
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Figure 8. Schematic of the sensor based on Sagnac interferometer. Reprinted from Ref. [60].

The other type of FOI sensors is based on optical fiber gratings which use the periodic
pattern in the fiber core to realize phase matching conditions by coupling the core and
cladding modes. The most famous type of optical fiber gratings are long period fiber
gratings (LPFGs) and fiber Bragg gratings (FBGs) [12,75,76]. The 2-D schematics of possible
LPFG and FBG configurations and their transmission spectra in response to change in the
outside refractive index are shown in Figure 9. A very sensitive biosensor has been reported
by coating a layer of graphene oxide (GO) on an LPFG. The selective capture mechanism of
streptavidin (SA) and biotin was utilized for the sensing of bovine serum albumin (BSA)
with the LOD as low as 0.2 aM [77].

Figure 9. Basic configurations of fiber gratings. (a) Standard FBG which cannot be used as refractive
index (RI) sensor. (b) Standard LPFG without any coating. (c) Tilted FBG. (d) Etched FBG. The arrows
show the interaction of light coupled into the fiber with the outside medium. The plot on the right
shows the transmission spectrum in the presence of a broadband source shown on the left. The red
curves in these plots are the transmission spectra due to the increase in RI of outside medium.
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A label-free detection of vitamin D3 based on optical fiber supported LPG has been
reported by Esposito et al. [78]. Dual cladding fiber (DCF) with W-shape RI profile was
used for LPG inscription, which enhanced the sensitivity and visibility to improve the LPG
dip (around 10 dB) along with higher mechanical stability in comparison to conventional
fiber. Vitamin D3 specific antibodies were immobilized over graphene oxide (GO) coated
LPG platform as recognition ligand. The sensor was able to detect the clinically relevant
range of 1–1000 ng/mL with minimum detection limit of 1 ng/mL. Similar DCF based LPG
was utilized for C-reactive protein (CRP) in serum [79]. This study has also used anti-CRP
antibodies as sensing layer, immobilized over GO coated LPG based fiber substrate. The
sensing demonstrated large range of CRP from 1 ng/mL to 100 µg/mL along with LOD
value of 0.15 ng/mL.

In the same way, a microstructured optical fiber (MOF) was used to inscribe Bragg
grating for the sensitive detection of DNA with a minimal sample requirement. These
fibers integrate simultaneously the microfluidic platforms and optical readout capabilities
in nanolitres sample volume. A peptide nucleic acid and gold nanoparticles (AuNPs)
enhanced detection scheme based on MOFs based Bragg grating is shown in Figure 10 [80].

Figure 10. Biosensing with modified LMA-10 fiber. (A) Schematic of the optical setup: analytes are
infiltrated from one end into the channels surrounding the fiber core. Light is coupled at the opposite
end to the fiber core and the reflected light is collected from the same side. (B) Sequences of PNA, tar-
get DNA tract and oligonucleotide loaded on the AuNPs, and scheme of hybridization on the surface
of the fiber channels: capture of streptavidin-coated AuNP bearing a biotinylated oligonucleotide tail
on the captured genomic DNA. Reprinted with permission from Ref. [80]. Copyright 2015 Elsevier.

Recently, an FBG based biosensor for the early diagnosis of prostate cancer screening
has been reported by Iele et al. [81]. The miniaturized sensor probe was fabricated by
integrating a customized FBG within metallic cannula and moved to various places of the
prostate using an automated arm. The setup used as a force sensor applied to find the
mechanical strength of prostate up to sub millimeter resolution, leading to identification
of cancer tissue. A similar needle type of structure with inside a customized FBG system
was employed to place the needle within the epidural space for loco-regional anesthe-
sia [82]. The FBG fixed within the needle worked to monitor stress during the needle
insertion, which enhances the procedure effectiveness. The biocompatibility and versatility
of the proposed configuration opened a new path of such type of FBG based sensors for
force/stress/strain measurements employing into biomedical applications.

A huge momentum of research has been focused on the gratings based optical fiber
sensors due to their low cost, ease of use and high sensitivity. The interested readers may
find numerous excellent research articles in the literature that utilize fiber gratings for
sensing research [75,76].
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3.2. Fluorescence Based Optical Fiber Sensors

A fluorescence sensor is a device which measures the response of an analyte specific
fluorophore molecule through an appropriate light detection scheme. The fluorophore
may show two types of responses: it can undergo fluorescence quenching upon binding
of analyte, or it can reversibly bind the analyte molecule through charge transfer, energy
transfer or formation of excimer.

A molecularly imprinted fluorescent hydrogel on an optical fiber probe for the sens-
ing of antibiotics in environmental water has been reported [83]. Molecularly imprinted
nanoparticles and polyethyleneglycol diacrylate (PEGDA) composite were used to synthe-
size an optical fiber detector, which was connected to a Y-shape optical fiber arrangement
to record fluorescence, as shown in Figure 11 [83].

Figure 11. (a) Schematic of set up of molecularly imprinted fluorescence based optical fiber sensor,
and (b) fabrication of molecularly imprinted nanoparticles and PEGDA composite (MINs@PEGDA)
probe. Reprinted with permission from Ref. [83]. Copyright 2021 Elsevier.

Figure 12a shows the fluorescence intensity spectra recorded for different concentra-
tions of ciprofloxacin (10–500 µM). A linear relationship between the fluorescence intensity
and concentration was observed for the probe as shown in Figure 12b. The sensor possesses
LOD of 6.86 µM.
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Figure 12. (a) Fluorescence response of MINs@PEGDA sensor for different concentrations of
ciprofloxacin solutions, and (b) linear relationship between fluorescence intensity at 468 nm and CIP
concentration. Reprinted with permission from Ref. [83]. Copyright 2021 Elsevier.

Another fluorescent optical fiber probe has been reported as pH sensor for determining
the acidity in lung tumor tissue [84]. The probe shows a very rapid response to pH changes
(t < 30 s) with linear behavior in physiological pH range (5.5 to 8.0) by utilizing a hydrogel
embedded with porphyrin and 5(6)-carboxyfluorescein (5(6)-FAM) as fluorescence reporters.
The detection scheme and the observed fluorescence spectra are summarized in Figure 13.
Thus, optical fiber-based fluorescence sensors have immense potential for quick and in-vivo
bio-diagnosis for a wide range of analytes.

Figure 13. Schematic of optical fiber-based fluorescence sensor for the detection of lung tumor and
the emission spectra of the hydrogel-based pH sensor. Reprinted with permission from Ref. [84].
Copyright 2020 Elsevier.

3.3. SERS Based Optical Fiber Sensors

Raman spectroscopy is most widely used for material characterization, especially
for structural and vibrational analysis. As Raman scattering is an inelastic scattering
phenomenon with a very weak signal, it is difficult to use in the case of very low analyte
concentration or a very poor Raman scatter analyte molecule. Therefore, its application
was limited in the early days. After the discovery of surface enhanced Raman scattering
(SERS) in 1974 by Fleischmann et al. [85] and a proper explanation by Jeanmaire and
Van Duyne [86], Raman spectroscopy found its wide-ranging applications in various
fields. In SERS, plasmonic nanoparticles or metal roughened surfaces are exploited to
greatly enhance the conventional Raman signal of a target molecule even in its trace
amount. The enhancement has been reported up to 1010-fold and researchers have reached
single molecule detection limit through this tool. In amplification of Raman signal, the
major role is played by plasmonic nanomaterials as SERS active substrates. After an
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extensive experimental as well as theoretical modeling to understand the amplification
phenomenon, it has been concluded that the overall enhancement factor is a combination of
an electromagnetic enhancement associated with plasmon excitation in metal nanoparticles
and a chemical enhancement due to the target molecules absorbed onto the surface, being
able to transfer electrons to/from the metal particles in both ground and excited states,
sometimes in the process of forming the metal-molecule bond. In the present article, we
shall keep our focus on the fiber optic-based SERS biosensors. Initially, optical fibers were
frequently used to carry the beam (excitation or collection) in Raman spectroscopy. In 1990,
Bello et al. [87] demonstrated the use of optical fibers for SERS based in-situ detection of an
analyte in solution. However, in view of LOF technology, we shall only discuss here the
studies where the fiber itself has been deployed as a SERS substrate along with the light
propagation. In other words, plasmonic nanostructures are fabricated or deposited on the
fiber as a SERS substrate and the scattered light is collected. The design of optical fiber
SERS sensors are classified in two categories discussed below.

3.3.1. Forward/Transmission Scattering Mode

In a study utilizing forward scattering mode, a fast femtosecond laser scanning process
was used to etch uniform pattern on the tip of a fused silica fiber, which was then coated
with a thin film of Ag by thermal evaporation technique [88]. Rhodamine 6G up to 10-7
M concentration in DI water was used as an analyte molecule for SERS. In another study,
silver nanorods array was fabricated on the tip of one fiber carrying the laser beam using
glancing angle deposition technique [89]. The AgNRs array was optimized to achieve the
maximum light transmission in the forward scattering configuration. The SERS spectra of
trans-bis(4-pyridyl)-ethane (BPE) in methanol and adenine-1/2H2SO4 in tris-hydrochloride
were recorded by the spectrometer through another piece of optical fiber as shown in
Figure 14.

Figure 14. Schematic of the fiber-based SERS probe in forward scattering mode. The fiber was coated
by AgNRs array on the tip. BP: Bandpass and NF: Notch filter. Reprinted with permission from
Ref. [89]. Copyright 2011 Elsevier.

3.3.2. Reflection/Back Scattering Mode

In the back scattered mode, the SERS active nanostructures are fabricated on the tip of
a fiber which carries the laser excitation light and collects the back scattered light [90,91].
Basically, this mode of detection has more applicability in remote sensing or in-vivo diag-
nostics. Laser induced silver nanoparticles were deposited on the fiber tip to demonstrate
the detection of intracellular and extracellular pH in living cells [92]. Quero et al. [93] used
nanosphere lithography for SERS based optical fiber optrode. A monolayer of polystyrene
nanospheres was deposited, followed by a thin film of gold on the silica core fiber tip to
detect biphenyl-4-thiol (BPT). The schematic of the experimental sensing scheme is shown
in Figure 15 [93]. In another study, a template guided self-assembly of gold nanoparticles
on optical fiber was investigated as efficient SERS substrate to provide a high enhancement
factor of about 107 [94].
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Figure 15. Schematic of the experimental setup of the SERS optical fiber sensor based on back
scattering mode. The optical fiber probe is immersed in the BFT solution. Reprinted from Ref. [93].

Recently, Gu et al. [95] proposed a seed mediated growth of AuNPs monolayer on a
fiber facet for ultrasensitive in-situ SERS detection of methylene blue (MB), CV and R6G up
to 10-9 M with the experimental set up shown in Figure 16 [95].

Figure 16. Schematic of experimental set up of SERS sensor based on reflection mode. Reprinted
with permission from Ref. [95]. Copyright 2021 Optica Publishing Group.

These optrodes geometry can render a reliable and promising in-situ SERS detection
platform that can efficiently cater to the ever-increasing need for sensitive and remote
monitoring of various biological and chemical analytes. However, repeatability, excita-
tion/collection efficiency and fluorescence noise are some of the concerns to be taken care
of in this type of sensing platform.

3.4. SPR Based Fiber Optic Biosensors

Among various sensing methodologies applied on optical fibers, plasmonics has
gained remarkable attention in the past few decades due to its incredible advantages like
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real time kinetic measurement of surface interactions with high sensitivity and specificity
with suitably engineered recognition layer [96–100]. The field of plasmonics underlies the
famous phenomenon of charge density oscillations in a conductor which may be regarded
as bulk plasmons, surface plasmons or localized surface plasmons depending on the
conductor geometry as shown in Figure 17a–c. For sensing applications plasmonics sensors
are divided into two categories: surface plasmon resonance (SPR) and localized surface
plasmon resonance (LSPR) based sensors depending on the thin film or nanoparticles used
for plasmons excitation. SPR deals with the excitation of coupled modes of incident light
and coherent charge density oscillations at a metal-dielectric interface (surface plasmons)
or on a metal nanoparticle surface (localized surface plasmons). This interaction modulates
the properties of incident light depending on a particular resonance condition which is
highly susceptible to the surface interaction near the metal and forms the basis of SPR
and LSPR based sensors. The SPR based sensors were initially reported on a prism-based
configuration famously known as Krestchmann configuration, shown in Figure 17d. Here,
a metal film is deposited at the base of a prism to realize SP modes on metal-dielectric
interface, which are very sensitive to modulation in the refractive index of the dielectric
layer. Later, due to the interesting properties of optical fibers, the same configuration was
proposed for optical fibers due to the inherited limitations of conventional prism-based
configuration like mechanical movement of source to change the angle of incidence and
difficulty for the applications requiring on-site detection. The basic geometry of fiber
configuration for SPR based sensor is shown in Figure 17e.

Figure 17. Schematic of excitation of (a) bulk plasmons, (b) surface plasmons, and (c) localized surface
plasmons. (d) Prism, and (e) optical fiber based Kretschmann configuration for surface plasmon
resonance sensors.

Due to the versatility of fiber optic (FO) SPR sensors, numerous research articles, re-
views and books have been focused to summarize the vast field in the last decade [96–100].
Recently, an FOSPR sensor has been reported for the detection of dengue virus by care-
fully designing the antibody and self-assembled monolayer based selective recognition
layer [101]. NS1 protein is targeted as a biomarker for dengue virus and its quantification is
reported in terms of shift in resonance wavelength of SPR curves. The main steps involved
in the design of fiber optic probe, experimental set-up and the final SPR curves showing
the shift in resonance wavelength with change in NS1 antigen concentration are shown in
Figure 18a,b, respectively.
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Figure 18. (a) Fabrication steps of fiber optic SPR probe for NS1 antigen based dengue detection,
and (b) schematic of experimental set-up. Reprinted with permission from Ref. [101]. Copyright
2022 Elsevier.

The calibration curves and dynamic sensitivities with different antibody concentra-
tions are shown in Figure 19a–d [101]. The sensor reported possesses the LOD value of
0.066 µg/mL, which is suitable for early detection of dengue virus along with its fea-
sibility for the detection of viruses in human serum samples, making it very useful for
fast clinical diagnosis. Similarly, many sensors have been reported for the biological and
environmental monitoring like ascorbic acid [102], dopamine [103,104], glutamate [105],
erythromycin [106], creatinine [107], and ammonia [108,109] and H2S gas [110].

More applications related to each type of sensing mechanism are discussed in the
applications section of this article. Since another very important parameter for any sensor is
the selective recognition layer which imparts its feasibility for real sample analysis, the next
section of this review is devoted to the types of sensing layers or recognition units used
in fiber optic sensors. Many types of nanomaterials, bio-elements, biomimetic elements
are discussed in the next section with the examples of optical fiber sensors reported in
the literature.
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Figure 19. (a) SPR spectra with increasing concentration of NS1 antigen for antibody concentration
(a) 1:100 and (b) 1:10 used in the fabrication of sensing recognition layer. Corresponding (c) calibration,
and (d) sensitivity curves. Reprinted with permission from Ref. [101]. Copyright 2022 Elsevier.

4. Recognition Elements for Bio-Sensing

A biosensor is generally comprised of three main components: (i) target molecule,
(ii) recognition element and (iii) transducing element. The basic mechanism of a tradi-
tional biosensor is that when the target molecule (the molecule to be detected) is identified
and captured by the recognition unit via some unique molecular interaction, the binding
between the target molecule and the recognition unit results in some changes in its physi-
cal/chemical properties such as pH, mass, refractive index (RI), conductivity etc. These
changes are then transferred to some readable signal such as current, resistance, absorption,
etc. with the help of a certain transducing mechanism based on sensing application. In
view of recognition elements, these sensors can be divided into the following categories.

4.1. Immunosensors

Immunosensors are based on the antigen-antibody interactions where one is the target
molecule, while the other works as the sensing element. Usually, the antibodies are syn-
thesized naturally within a host human/animal’s immune system in response to inserting
the corresponding target molecule in the body [111]. The prepared antibodies can interact
against the target antigens with high specificity. Due to their high specificity, immuno-
sensing is still one of the widely used methods to develop biosensors. Aptamer based
biosensing is also categorized in the immuno-sensing-based method. Single-stranded oligo-
nucleic acids (ssDNA or ssRNA), or peptide molecules corresponding to each biomolecule
bind with the target guest analytes with high affinity and specificity. The binding kinet-
ics with DNA aptamer and the target analyte depend upon their preferred orientation
according to target analyte [112,113].
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4.2. Enzymatic Biosensors

Enzymes are basically the analytical reagents or catalysts which play a crucial role
in the chemical transformation during a specific interaction with target analyte. There
exist several enzymes including glucose oxidase (GOx), urease and horseradish peroxide
(HRP) which provide highly specific detection of the target molecule. The immunoassay
using the enzymes are usually termed as enzyme-linked immunoassay (ELISA) [114]. The
catalytic activity and specificity of enzyme-based sensor can also be enhanced by selecting
an optimum method for immobilizing it over the sensor surface. The techniques include
absorption, sol-gel, covalent binding and polymeric films [115]. Absorption is one of the
easiest methods to immobilize enzymes over the sensing surface, just by dipping the optical
fiber surface in the enzyme solution. Although this is a very simple method, in this case,
enzymes are placed in very unordered fashion over the sensing surface. Sol–gel method is
also an easy immobilization technique, where during the sol-gel formation, the enzyme is
entrapped within the sol-gel during its synthesis and then prepared sol-gel is immobilized
over the transducing surface [116]. In this method, the enzymatic activity is preserved,
resulting in the enhanced sensitivity of the sensor. At present, sol-gel process, along with
nanotechnology, has proven itself a promising candidate for biosensing applications [117].
Enzyme immobilization can also be performed over certain sensing surfaces using the
covalent bonding by water-insoluble linkers. Amino acids, which do not participate actively
in sensing, are used to form covalent linkage for enzymes. This approach has proven itself
to increase the lifetime of a biosensor significantly [118].

4.3. Cell Based Biosensors

Cell based biosensors are fabricated using genetically modified living cells for highly
specific and sensitive detection of biological analytes with cost-effective and non-invasive
applications. In principle, living cells are able to react with respect to the change in
the ambient environment through adaptation and survival. This reaction of the cells
can be translated to a fluorescent, colorimetric or any other labelling to achieve sens-
ing [119]. Using these sensors, one can easily obtain the collective information of cell
attachment/detachment, their morphological changes and eventually cell death [120].

4.4. Molecular Imprinted Polymer (MIP) Based Biosensors

Molecular imprinted polymers (MIPs) basically consist of synthetically prepared
active imprints of the target molecule in a polymeric medium. These polymers are basically
prepared by mixing an optimum amount of template molecules with the special monomer
complex. The solution is then left for polymerization in the presence of a certain cross-
linker and initiator. After polymerization, the polymer has template molecules freeze
within its vicinity. The polymer is then washed with a subsequent remover to detach
the template from the polymeric medium, leading to a highly specific three-dimensional
voids within the polymer. These voids are called the imprints and work as the receptors
for the template molecule sensing. MIP based sensors are successfully demonstrated to
have comparable affinity and selectivity with respect to previously mentioned biological
elements for sensing. MIP has stability in harsh environments, reusability, cost-effectiveness
etc. [121,122]. Figure 20 shows a schematic of the biosensors based on above-discussed
recognition elements.
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Figure 20. Biosensors based on various recognition elements.

5. Fiber Optic Biosensors for Various Analytes

In this section we shall discuss some of the notable applications of optical fiber sensors
relating to various analytes of high biological interest. The section deals with the LOF
sensors for the popular analytes based on various optical transduction mechanisms reported
in Section 3. The properties of the sensors are tabulated for better understanding in the
case of each analyte.

5.1. Glucose Sensor

Maintaining the normal range of glucose in the human body is an inevitable require-
ment. The diagnosis of glucose in the human body is usually done through the analysis
of blood serum, blood plasma and urine samples. The regular blood range of glucose in
the human body is 3 mM to 8 mM. There are prevailing conditions which constitute a
lower range of glucose called hypoglycaemia as well as a higher range of glucose, called
hyperglycaemia. Both are due to the variation in the insulin produced by pancreatic β

cells. Nowadays millions of people suffer from diabetes mellitus. The patients who are
highly diabetic/have higher blood glucose levels use insulin to live normal lives while
the change in diets also helps in controlling the glucose level in blood. The condition of
hypoglycaemia is equally important, which can lead to insulinoma, in which the serum
glucose level can even fall beyond 2.2 mM [123]. The maintenance of glucose level in rec-
ommended physiological range is very important to slow down the progress of long-term
complications in the body which are associated with diabetes. Therefore, the determina-
tion/monitoring of glucose level is essential for clinical diagnostics [124]. Different kinds
of techniques/methods have been proposed in the literature to develop glucose sensors
based on fluorescence, potentiometry, Raman scattering, electrochemical transductions, etc.
Moreno-Bondi et al. [125] reported a fiber optic glucose biosensor using oxygen optrode
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for urine samples. In the probe designed, glucose oxidase (GOx) was attached to the
fiber optic probe. The oxidation of glucose in the presence of GOx reduces the oxygen
partial pressure. An optical fiber glucose sensor based on fluorescence lifetime utilizing
glucose/galactose binding protein (GBP) was reported by Saxl et al. [126] in which the
sensing probe was prepared by the immobilization of glucose/GBP over the Ni–NTA func-
tionalized Polystyrene or Agarose beads via an attachment layer of oligohistidine. These
beads were kept over the core of the fiber using a glass chamber. The sensing part was
dipped in glucose solutions of varying concentration. The sensor operates for the glucose
concentration range of 0–100 mM. However, the realization of the sensor requires in-vivo
demonstration, reversibility, biocompatibility, miniaturized probe and lack of interference.

Singh and Gupta [127] developed a fiber optic SPR based glucose biosensor utilizing
GOx enzyme entrapped hydrogel. To prepare the probe, a thin film of Ag was coated over
an unclad core of the fiber, followed by a few nm thick film of silicon and a thin film of
enzyme entrapped hydrogel layer. The probe was fixed in a flow cell used for the glucose
samples. Figure 21a shows the experimental setup of the sensor while the SPR spectra
recorded for different concentrations of glucose samples prepared in phosphate buffer are
shown in Figure 21b. The spectra/resonance wavelengths move towards the blue side
with the increase in glucose concentration. The variation of resonance wavelength with the
concentration of glucose is depicted quantitatively in Figure 21c. The shift in resonance
wavelength occurs due to the following enzymatic reaction in gel layer:

Glucose + O2
GOx→ Gluconic acid + H2O2 (1)

Figure 21. (a) Experimental set-up, (b) characteristic response and (c) calibration curve for SPR based
glucose sensor utilizing enzyme entrapment technique Reprinted with permission from Ref. [127].
Copyright 2013 Elsevier.
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The above reaction changes the refractive index of the gel layer. The variation of
resonance wavelength with glucose concentration is nonlinear and saturates at higher
concentrations of glucose. The reason behind the saturation is the limited amount of
enzyme entrapped in the gel film. The variation of sensitivity and detection accuracy of the
sensor probe for the selected glucose range shows a linear decrement in sensitivity and a
slight increment in detection accuracy with increment in glucose concentration.

An LSPR based fiber optic glucose sensor based on enzymatic reaction with high
sensitivity and point sensing probe was also reported using a U-shaped probe by Srivas-
tava et al. [128]. The unclad bent region of the fiber was immobilized with spherical gold
nanoparticles of 20 nm diameter. The gold nanoparticle-coated probe was functionalized by
glucose oxidase enzyme via a thin SAM layer. A change in the LSPR absorbance intensity
at 540 nm was observed as the glucose concentration increased from 0–250 mg/dL. The
study showed the glucose biosensor having bending radius around 0.982 mm gives the best
performance. Li et al. [129] reported a four-layer fiber optic SPR based glucose sensor with
PAA-ran-PAAPBA, having ability to associate and dissociate glucose molecules dynami-
cally, thus providing non-assimilation measurement of glucose mainly in the concentration
range of 1–10 mg/dL. The sensor reported possesses a lower detection limit of 1 mg/dL but
with intricate steps of probe fabrication utilizing self-assembled technique. Usha et al. [123]
reported a glucose/dextrose sensor for insulinoma diagnosis using nanostructures of silver
and zinc oxide implementing FO-SPR with a limit of detection of 0.012 mM. The work
reported uses semiconductor metal oxide nanostructure along with metal film with various
optimizations to provide better results. Yu et al. [130] reported a fiber optic tip sensor
for glucose detection using fluorescent carbon quantum dots (CQDs)-glucose oxidase
(GOx)/cellulose acetate (CA) complex sensitive film. The study showed a linear relation
between the fluorescence intensity with glucose concentration solutions of broad ranges.
Using the modified Stern-Volmer equation, the detection limit of the sensor was found
as 6.43 µM for 10–200 µmol/L glucose concentrations and 25.79 nM for 10–100 nmol/L
glucose concentrations. Heo et al. [131] reported a transdermal minimally invasive sen-
sor for continuous glucose detection with a long-term stability of 140 days. The sensing
mechanism of the proposed method was based on fluorescent optical fiber fabricated using
polyethylene glycol (PEG)-bonded polyacrylamide (PAM) hydrogel. A comparison of
various optical fiber-based glucose sensors is given in Table 1.

Table 1. Optical fiber sensors reported for glucose detection.

Substrate Method Technique Conc. Range LOD Ref.

Attachment Layer Direct/Indirect
Means

Optical fibers

Polyster film/silicone
matrix with suspended
dyed kieselgel
particles/Carb-on
black surface

GOx:
320 units/mg
200 units/mg

Luminescence 0–12 mM
0–24 mM

0.06–1 mM

[125]

Polyster/silico-ne matrix
with suspended dyed
kieselgel particles/
nylon membrane

Cross-linked with
glutaraldehyde
320 units/mg &
200 units/mg

0.1–1 mM 0.3–5 mM

Optic fiber Intensity of reflected light proportional to the
displacement of probe was modulated

Intensity
modulation 0–25 wt % _ [132]

Optical fiber Ag/Si film Gel entrapment
for GOx

SPR 0–260 mg/dL _ [127]
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Table 1. Cont.

Substrate Method Technique Conc. Range LOD Ref.

Attachment Layer Direct/Indirect
Means

Optical fiber Cr/Au/PDDA/PSS
PAA-ran-PAAPBA
attachment on
SAM layers

SPR 1–10 mg/dL
10–300 mg/dL 1 mg/dL [129]

Optical fiber
(U shaped)

Au nanospheres/
SAM layer

GOx modified
with sodium
meta-periodate

LSPR 0–250 mg/dL [128]

Core of
optical fiber

Ni–NTA functionalized
Polystyrene beads attached with
Glucose/Galactose binding protein

Fluorescence
life time based 0–100 mM - [126]

Optical fiber Cu/SnO2/gel
entrapment

GOx by gel
entrapment SPR 0–260 mg/dL - [133]

Optical fiber Ag/ZnO nanorods GOx SPR 0–10 mM 0.012 mM [123]

Optical fiber Dextran
glucose-binding
lectin concanavalin
A

fluorescence
resonance
energy transfer

50–450 mg/dL - [134]

Optical fiber Glucose sensitive membrane (GSM) prepared by
GOx immobilized over SiO2 nanoparticles SPR 0–500 mg/dL 0.142 mg/dL [135]

Optical fiber Carbon quantum dots-glucose
oxidase/cellulose acetate complex sensitive film Fluorescence 0–200 µM 6.43 µM [130]

U-shaped
optical fiber Ag Nanoparticles GOx LSPR 0.1–0.5 wt%

aqueous sol. 0.16 mg/dL [136]

Polymer fiber Fluorescence fiber using Glucose
responsive monomer Fluorescence 0–500 mg/dL [131]

Optical fiber High index dielectric film (ITO) LMR 0–50 wt%
aqueous sol. [137]

Optical fiber Tip coated with Au
thin film

GOx encapsulated
in hydrogel SPR 0–16 mM Tunable LOD [138]

5.2. Urea Sensor

Similar to glucose, urea is also one of the very important analytes to be detected
regularly in blood and urine. Its quantity in blood and urine is used to measure the
working of kidneys. Urea is produced by a liver in the human body and goes to the kidney
through blood for excretion. The normal urea level in humans covers the range from 2.5 to
6.7 mM, which increases up to 30–150 mM in the pathophysiological situations [139]. It has
been reported that around 10% of the world population is affected by the kidney failures
due to the excessive amount of urea in the blood. Hence, for better prevention from the
diseases due to urea level, the regular monitoring of urea level in human body becomes
essential. Apart from the human body, urea is also used in industries for manufacturing the
cleaning products and detergents that cause harmful effects on environment and ground
water. Bhatia and Gupta [140] reported a fiber optic SPR based urea sensor using Ag/silicon
coatings over the unclad core of optical fiber followed by the immobilization of urease
enzyme entrapped in hydrogel layer as shown in Figure 22a. The SPR response obtained
for different concentrations of urea ranging from 1 mM to 160 mM in sodium phosphate
buffer solution is shown in Figure 22b. A blue shift of SPR spectrum was observed as the
concentration of urea increased. The decrement in resonance wavelength determined from
SPR spectra with the concentration of urea, shown in Figure 22c, implies a decrease in the
refractive index of the immobilized layer due to the formation of complex between urease
and urea. The operating range of the sensor is in the physiological range and hence can
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be used for biomedical applications. An enzyme-based optical fiber urea sensor utilizing
both SPR and LSPR phenomena was also reported [141]. The sensor probe was prepared
by coating a thin film of Au to realize SPR phenomenon, while an additional layer of Au
nanoparticles was immobilized to achieve LSPR. Immobilization of urease enzyme over
the SPR-LSPR layer was performed to obtain specific urea detection. The sensor was tested
for a broad urea concentration range of 50 to 800 mM.

Figure 22. (a) Experimental setup of the fiber optic urea sensor. (b) SPR spectra, and (c) variation of
resonance wavelength for different concentrations of urea. Reprinted with permission from Ref. [140].
Copyright 2012 Elsevier.

Verma and Gupta [133] reported a multi-analyte sensor based on SPR technique which
can sense both glucose and urea in an aqueous sample. Two different sensing segments
on a single optical fiber platform were prepared using Ag/silicon/urease gel and Cu/tin
oxide/glucose oxidase gel thin films for urea and glucose detection, respectively. Figure 23a
shows the schematics of experimental setup and the proposed probe for multi-analyte
sensing. The SPR curves obtained for samples of a mixture of urea and glucose of different
concentrations are shown in Figure 23b. The SPR dips obtained are well separated and the
shift in wavelength can be seen with the change in the concentrations of analytes.

An evanescent field-based intensity modulated fiber optic Polypyrrole-polyvinyl
sulfonate (PPy-PVS) biosensor for urea detection was also reported [142]. The porosity
of PPy-PVS matrix provides the easy immobilization of urease enzyme over the unclad
core of optical fiber. The proposed sensing method claimed linear behaviour for varying
urea concentration in the range 1–100 mM, along with high selectivity and high shelf
life of 24 days. A fiber-optic biosensor for urea detection using urease immobilized to a
fluorescence ammonia sensor was reported by Xie et al. [143]. In the study, target urea
sample interacts with the urease enzyme producing ammonia which diffuses through
the membrane into a solution of the fluorescent pH indicator resulting in the change in
the fluorescence signal. An in-fiber opto-fluidic SERS based sensor for uremia (urea and
creatinine) detection was proposed by Gao et al. [144].
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Figure 23. (a) Schematic representation of experimental set-up along with designed probe, and
(b) SPR response for different concentrations of urea and glucose in the samples. Reprinted with
permission from Ref. [133]. Copyright 2014 Royal Society of Chemistry.

The sensor was designed by incorporating a thin microfluidic channel inside micro-
structured hollow-core fiber, while GO/Ag nanoparticles were immobilized inside the
hollow core to achieve plasmonic SERS enhancement. The sensor was able to detect urea
concentration of 10−4–10−2 M with the lower detection limit of 10−4 M. A comparison of
various optical fiber-based urea sensors is given in Table 2.

Table 2. Comparison of fiber optic urea sensors reported in the literature.

Substrate Method Technique Conc. Range LOD Ref.

Attachment Layer Direct/Indirect
Means

Optical fiber Ag/Si/gel
layers entrapment

Urease by
gel entrapment SPR 1–160 mM [140]

Optical fiber Ag/Si/gel
layers entrapment

Urease by
gel entrapment SPR 0–180 mM [133]

Optical fiber Biotin-avidin-biotin
interaction Urease Fluorescence 1 × 10−4–5 × 10−2 M 0.1 mM [145]
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Table 2. Cont.

Substrate Method Technique Conc. Range LOD Ref.

Attachment Layer Direct/Indirect
Means

Optical fiber

Ammonia gas permeable
teflon membrane/BSA
-glutaraldehyde
cross linker

Urease Fluorescence 0–2.50 mM [146]

Optical fiber Ammonia permeable
membra./HPTS Urease Fluorescence 1 × 10−4–5 × 10−3 M [143]

Tapered optical
fiber

Embedding urease enzyme in zeolitic
imidazolate framework Interferometry 1–10 mM 0.1 mM [147]

Optical fiber Urease enzyme embedded in
PANI-ZnO composite

Evanescent
absorption 10 nM–1 M 10 nM [148]

Optical fiber Au film/Au NPs Urease SPR/LSPR 50–800 mM [141]

PMMA
multimode
optical fiber

Polypyrrole doped
polyvinyl sulfonate film
over cladding

Urease Evanescent
absorption 1–100 mM 1–100 mM [142]

Optical fiber Urease Enzymatic thin film in
Agarose-Gum media

Evanescent
absorption 0.025–1 mM [149]

Hollow core
fiber

Ag NPs embedded on the poly diallyl
dimethyl ammonium chloride–modified
graphene oxide sheet inside the fiber

SERS 10−4 to 10−2 M 10−4 M [144]

5.3. Cholesterol Sensor

Cholesterol, a small lipid molecule, is also a constituent of human blood. In a person
its content in blood lies in the range 20 mg/dL to 200 mg/dL while for a healthy person its
concentration should be within a certain range. The following four kinds of lipoproteins
constitute the total blood cholesterol: very low-density lipoprotein (VLDL), intermediate
density lipoprotein (IDL), low density lipoprotein (LDL) and high-density lipoprotein
(HDL). The molecules of LDL, a fatty acid and cholesterol rich lipoprotein, bind with LDL
receptor apolipoprotein B-100 (AAB) during its flow through the artery and result in its
accumulation on the artery walls which consequently become atherosclerotic plaques and
the main cause of heart diseases. Due to this reason, LDL is called bad cholesterol. A person
having LDL concentration greater than 130 mg/dL in blood is termed as unhealthy and is
prone to the risk of heart attack. Hence, cholesterol level monitoring is a parameter used for
the diagnosis of severe diseases such as cardiovascular disease, myxoedema, hypertension,
coronary artery illness, anemia, and hyperthyroidism. A fiber optic SPR sensor was
reported for the detection of LDL in physiological range [150]. The sensor was prepared by
immobilization of self-assembled monolayers (SAMs) of 4-ATP and anti-apolipoprotein
B (AAB) over the gold coated unclad core of the fiber where AAB antibody works as
biomolecule recognition element for LDL. The SPR Spectra were recorded for various
concentrations of LDL prepared in phosphate buffer saline (PBS) of pH 7.4. Resonance
wavelengths were determined from the SPR spectra recorded in the range 0–190 mg/dL.
Increase in resonance wavelength with the increase in LDL concentration was observed
giving the sensitivity of the sensor as 0.184 nm per mg/dL. An LSPR based tapered fiber
optic sensor for cholesterol detection was also reported [151]. In this study, AuNPs over the
tapered region of fiber were used to realize LSPR, while the specific sensing was achieved
using cholesterol oxidase (COx). The sensor was reported to cover cholesterol concentration
range of 0–10 mM along with the LOD value of 53.1 nM.

Later, an integration of SPR and LSPR using Ag/graphene oxide (GO)/AgNPs/COx
layers configuration over the optical fiber platform was used for the cholesterol sens-
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ing [152]. The sensor’s sensitivity and LOD were obtained as 5.14 nm/mM and 1.131 mM,
respectively. The involvement of GO nanosheets causes the large surface area for en-
zymatic interaction leading to high sensitivity as compared without GO layer in the
sensing regime. Figure 24a,b show the SPR and SPR coupled LSPR probes while their
corresponding resonance spectra for varying cholesterol concentrations are shown in
Figure 24c,d, respectively.

Figure 24. Schematic of (a) SPR, and (b) SPR-LSPR coupled probe for cholesterol detection. Response
curves for (c) SPR, and (d) SPR-LSPR probes. Reprinted with permission from Ref. [152]. Copyright
2018 IEEE.

In another study, LSPR coupled with optical fiber MZI using Ag nanoparticles and
single mode fiber (SMF)-hollow core fiber (HCF) structure was used for the cholesterol
detection [153]. The sensor possessed the linear cholesterol concentration range from 50 nM
to 1 µM cholesterol with the detection limit of 25.5 nM. The reflective SMF-HCF structure
provides the advantage of miniaturization and possibility of in-vivo application in the
human body. A comparison of various optical fiber-based cholesterol sensors is given in
Table 3.

Table 3. Various fiber optic cholesterol sensors reported in literature.

Substrate Method Technique Conc. Range LOD/LOQ Ref.

Transducing Layer Recognition Unit

Optical fiber

Silicone-entrapped
tris(4,7-diphenyl-I,10-
phenanthroline)
ruthenium(II) complex

COx immobilized on
graphite powder
entrapped on a
silicone film

Luminescence 0–3 mM [154]

Optical fiber PS/PF/I (Silicone-
decacyclene)/T/N

COx covalently
immobilized on
nylon membrane

Fluorescence 0–5 mM 0.2 mM [155]

Optical fiber Au thin film
Immobilization of
SAMs of 4-ATP and
AAB

SPR 0–190 mg/dL [150]
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Table 3. Cont.

Substrate Method Technique Conc. Range LOD/LOQ Ref.

Transducing Layer Recognition Unit

Tapered fiber Au Nanoparticles COx LSPR 0–10 mM 53.1 nM [151]

Optical fiber Ag thin film/GO/
Ag Nps COx LSPR coupled

SPR 0–10 mM 1.131 mM [152]

Hollow-Core
fiber

Ag Nps functionalized
over SMF-HCF tip COx

LSPR coupled
Fabry Perot
interferometer

0–10 mM 25.5 nM [153]

Optical fiber Au thin film Beta-cyclodextrin SPR 0–0.5 µM [156]

Plastic Optical
fiber Scratched prepared to obtain grating structure Absorbance 140–250 mg/dL [157]

5.4. Detection of Stress-Biomarkers

Stress level monitoring is becoming an essential parameter for providing better health
security in our daily life, especially for humans belonging to stressful careers, including
police, armed forces, sports persons, emergency personnel etc. There are several biomarkers
present in the human body which strongly correlate with the increased stress level. Few of
them are cortisol, dopamine etc. Since continuous measurement of stress level during the
regular activities requires sensing methodology with simple, miniature instrumentation and
fast response, several types of fiber optic sensors have been reported for the measurements
of stress-biomarkers. A few of them are discussed below.

5.4.1. Dopamine

Dopamine (DA) is one of the most important neurotransmitters and is responsible to
our peripherical system, mammalian central nervous system (CNS), neuromodulator and
limbic activities [158]. Normal range of DA in the brain refers to healthy brain functioning
such as body movements, emotions, hormone release etc. The higher concentration of DA
leads to pleasurable feelings while lower DA concentration implies body stress, muscles
and postural disorders. Hence, DA concentration in human body is usually used to
identify several neural diseases such as memory loss, drug addiction, psychiatric problems,
Parkinson’s disease etc. [103,159]. In view of this, lot of work has been done on the detection
of DA. Few of the fiber optic sensors for DA detection are discussed below.

A SPR based fiber optic sensor for DA detection using molecular imprinted polymeric
film was reported by Sharma and Gupta [104]. Molecular imprinted polymer was prepared
using coating of graphene nanoaplatelets/tin oxide (SnO2) nanocomposite, as the host
matrix for the creation of DA molecule’s templates, over a 40 nm Ag film coated core of
the fiber to achieve SPR. A step-by-step process of sensing mechanism of the probe and
corresponding response curves are shown in Figure 25a,b, respectively. The sensor was
able to detect DA as low as 0.031 µM.

The same group later reported an improved DA sensor using polypyrrole (PPy) as
host matrix for molecular imprinted polymer along with permeable nafion film to ensure
perm-selectivity [103]. The sensor worked for a broad range of DA concentration varying
from 0-10-5 M. The detection limit of the sensor was reported to be 18.9 pM. Figure 26
represents the steps and chemical interactions involved in preparation of nafion assembly
around imprinted PPy@CWNT nanocomposite for DA sensing.
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Figure 25. (a) Sensing mechanism, and (b) SPR response of fiber optic DA sensor utilizing GNP@SnO2

nanocomposite as MIP host matrix. Reprinted with permission from Ref. [104]. Copyright 2018 IEEE.

Figure 26. Steps and chemical interactions involved in the preparation of nanocomposite for the fab-
rication of SPR based optical fiber DA sensor. Reprinted with permission from Ref. [103]. Copyright
2019 Elsevier.

A fiber optic SPR sensor using SPR and tilted fiber Bragg grating (TFBG) for DA
sensing with aptamer conformational application was proposed by Hu et al. [160]. The
sensor was fabricated by the monolayer graphene immobilization over the Au coated TFBG
region of the fiber, followed by the functionalization of ssDNA aptamer for DA binding.
The proposed sensor was able to detect DA with linear range of 10−13 to 10−8 M with the
lowest detection limit of 10−13 M. A miniaturized and wireless optical neurotransmitter
sensor (MWONS) for the real-time monitoring of brain dopamine concentration using
an optical fiber tip coated by fluorescent quantum dots (QDs) for selective interaction
with the target DA was demonstrated [161]. MWONS device was based on fluorescence
principle and equipped with a micro-spectrophotometer for characterization, wireless
network for real-time data collection and a microcontroller unit for data acquisition. SERS
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based DA sensing using sol-gel substrate and a specially designed tapered fiber optic
probe was reported by Volkan et al. [162]. The fiber optic probe was tapered and coated
with polyvinyl alcohol (PVA) embedded with Ag nanoparticles, while substrate was also
prepared with sol-gel matrix encapsulated with Ag nanoparticles.

A list of several fiber optic DA sensors reported in the literature has been summarized
in Table 4.

Table 4. A comparison of optical fiber Dopamine sensors reported in literature.

Substrate Method Technique Conc. Range LOD Ref.

Transducing Layer Sensing Layer

Tapered Optical
fiber

Ag NPs functionalized
with polyethylene
glycol (PEG)

Direct detection using
Ascorbic acid LSPR 10–100 µM 50 nM [163]

Optical fiber Synthesized Ag Nps from flower extract of
Acmella oleracea/PVA LSPR 0–80 µM 0.2 µM [164]

Optical fiber L-Tyrosine capped Ag Nps LSPR 0–50 µM [165]

Optical fiber Ag thin film

permselective nafion
membrane and
surface imprinted
MWCNTs-PPy matrix

SPR 10−9–10−5 M 18.9 pM [103]

Tilted fiber
Bragg grating

Au thin film with
graphene monolayer

ssDNA aptamer
providing confirmation
transition

SPR 10−14–10−8 M 0.166 pM [160]

Optical fiber Ag thin film
Molecular imprinted
GNP/SnO2
nanocomposite

SPR 0–100 µM 0.031 µM [104]

Hydrogel
Optical fiber

NaYF4:Yb (core) Tm@NaYF4 Up
conversion Nanoparticles Luminescence 0–200 µM 83.6 nM [166]

D-shaped
Optical fiber

Au supported
graphene oxide film

Dopamine binding
aptamer SPR 100 pM–1 µM [167]

Optical fiber CdSe/ZnS QD Fluorescence 0–228 µM - [161]

Tapered Optical
fiber Dopamine specific DNA aptamer sequence Mach-Zehnder

Int. 0–10 µM 0.142 mg/dL [168]

Polymer coated
optical fiber Ag-ion capsulated sol-gel SERS 5 µM [162]

5.4.2. Cortisol

Like DA, cortisol also belongs to stress biomarker category chemicals. It is basically a
steroid hormone, which is discharged during the circumstantial trigger to the human body.
It plays a crucial role in maintaining human homeostasis, which is beneficial to human
body up to a certain extent. The higher exposure of such triggering causes an abnormal
increase in cortisol concentration affecting the human immune system, cardiovascular
system, and renal system along with glucose, carbohydrate, and blood pressure levels.
Efficient monitoring of the cortisol level is very important. Few optical fiber cortisol sensors
reported in the literature are discussed here. An optical fiber lossy mode resonance (LMR)
based sensor for cortisol detection using ZnO-PPY hosted molecular imprinted polymer
was reported [169]. The method showed the real-world application by detecting cortisol
in the artificial saliva samples with a concentration range of 0-10-6 gm/mL. The sensor
worked in a quick response time of around 20 sec with detection limit of 29.6 fg/mL. A
schematic of the fabricated LMR probe is shown in Figure 27 [169]. In another study, a
fiber optic immunosensor for cortisol detection using plasmonic titled fiber Bragg grating
(TFBG) was demonstrated [170]. Anti-cortisol antibodies were immobilized on gold coated
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TFBGs via cysteamine for probe fabrication and the probe was characterized for cortisol
concentration range of 0–10 ng/mL. The sensor possessed the linear response for the same
concentration range, with sensitivity of 0.275 ± 0.028 nm/ng·mL−1.

Figure 27. Schematic of LMR based fiber optic cortisol sensor probe using ZnO-PPY matrix as MIP
host polymer. Reprinted with permission from Ref. [169]. Copyright 2017 Elsevier.

A list of several fiber optic cortisol sensors reported in the literature has been summa-
rized in Table 5.

Table 5. A comparison of optical fiber Cortisol sensors reported in literature.

Substrate Method Technique Conc. Range LOD Ref.

Transducing Layer Sensing Layer

Optical fiber ZnO thin film Polypyrrole Molecular
imprinted film LMR 0–10−6 g/mL 25.9 fg/mL [169]

Optical fiber Ag/SiO2 Nano-gratings
Ag/SiC Nano-gratings SPR 0.36–4.50 ng/mL 22.6 fg/mL

68.17 fg/mL [171]

Tilted fiber
Bragg Grating Ag thin film anti-cortisol antibody SPR 0–10 ng/mL 0.018 ng/mL [170]

Clad removed
optical fiber AuPd Alloy anti-cortisol antibody

passivated with BSA protein SPR 0.005–10 ng/mL 1 pg/mL [172]

Along with stress biomarkers, many similar studies have been reported for several
other types of biomarkers such as thrombin (a biomarker to identify blood homeostasis
and coagulation cascade) using optical fiber sensing platform. Recently, Cennamo et al.
have reported a D-shaped fiber substrate based SPR sensor for thrombin detection [173].
A DNA functionalized specific aptamer as a recognition ligand was attached over the
gold-coated optical fiber surface to achieve selective sensing. The optimization of SAM
composition allowed immobilization of the aptamer with 112 ng/cm2 surface density. The
sensor possessed a working range from 1 to 60 nM with LOD value and response time
of 1 nM and 5 to 10 min, respectively. In a similar study, Cennamo et al. reported the
detection of cancer biomarker (Vascular endothelial growth factor (VEGF), a circulating
protein potentially associated with cancer) for the early diagnosis [174]. The sensing was
achieved by the selective binding of guest biomarker with corresponding DNA aptamer
as recognition ligand, which changes its refractive index after binding giving shift in SPR
resonance wavelength.
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5.5. Virus Detection

Emerging/re-emerging of new viruses such as influenza, Ebola, swine flu, dengue,
corona and their fast transportation have been a threat to the world health security of the
last few decades. Viruses enter the human body via organs and through some pathogenic
process. They start to degrade our immune system leading to basic symptoms such as fever,
cold and cough, which result in lung inflammation, organ failure or even death [175,176].
Additionally, the degree of dangerousness due to the virus spreading can be observed
by the heath, social and economic impacts in our life because of the current COVID-19
pandemic. Hence, to prevent all these damages, the viral diagnosis is essential to minimize
the damage due to certain viruses. Several fiber optic sensors have been reported in the
literature for virus detection. Few of them are discussed here.

An optical fiber SPR sensor for the detection of avian influenza virus H6 was reported
by Zhao et al. [177]. The sensing was achieved using EB2-B3 monoclonal antibodies to
capture A/chicken/Taiwan/2838V/00 (H6N1) virus antigens. The antibodies were im-
mobilized by EDC-NHS functionalization over the Au coated side-polished fiber optic
platform. On an average, the sensor possessed the response time of 10 min while the LOD
value of 5.14 × 105 EID50/0.1 mL. Camara et al. reported a LSPR based sensor for the
diagnosis of dengue virus using Au nanoparticles coated over the tip of the standard multi-
mode fiber [178]. Dengue anti-NS1 antibodies were immobilized over the Au nanoparticles
to realize specific sensing for Dengue NS1 antigens with different concentrations. The quan-
tification limit of sensor was found to be 0.074 µg/mL. A chemiluminescent optical fiber
immunosensor (OFIS) was developed as a diagnostic tool for anti-DENV immunoglobulin
M (IgM) in human serum samples [179]. The sensing performance of the OFIS for IgM
prepared using colorimetric MAC-ELISA and chemiluminescent MAC-ELISA techniques
were compared. The detection limit of the proposed method was 10 times lower than
the chemiluminescent MAC-ELISA, while it was 100 times lower than the colorimetric
MAC-ELISA method. Thus, the study claimed that chemiluminescent OFIS is very useful
for low concentration of the analyte. A LSPR coupled optical fiber sensor for swine-origin
influenza (H1N1) virus was reported [180]. The sensor was fabricated using a sandwich im-
munoassay and the antibodies for the detection of hemagglutinin (HA) proteins of S-OIVs.
The LOD value of the sensor was found to be 13.9 pg/mL, a thousand times lower than the
conventional ELISA method. For the clinical cases, the LOD value of the present method
was found to be 8.25 × 104 copies/mL, whereas ELISA method showed the detection limit
of 2.06 × 106 copies/mL.

Cennamo et al. has reported the detection of SARS-CoV-2 spike glycoprotein using a
SPR based sensor over D-shaped plastic optical fiber platform [181]. The specific sensing
of glycoprotein was achieved using receptor-binding domain (RBD) aptamer of the same
SARS-CoV-2 spike glycoprotein target biomolecule. The sensor was found to operate over
a wide range of spike protein from 25 to 1000 nM along with an LOD value of 37 nM. A
proof-of-concept study for the SARS-CoV-2 spike glycoprotein detection was proposed by
the same group again [182]. Although the study did not provide any experimental study
but successfully proposed MIP as a useful platform for the diagnosis of COVID-19.

A summary of various optical fiber sensors for viral diagnostics has been tabulated in
Table 6.
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Table 6. A comparison of various viral sensors using fiber optic platform.

Virus Target Method Technique Conc. Range LOD Ref.

Transducing Layer Sensing Layer

Avian Influenza
Virus H6 40 nm thick Au film EB2-B3 monoclonal

antibody SPR 0–105 CFU/mL 5.14 × 105

EID50/0.1 mL
[177]

Orchid Viruses:
Cymbidium mosaic
virus (CymMV)
Odontoglossum
ringspot virus

Au nanorods
anti-CymMV
antibody
anti-ORSV antibody

LSPR

6.25 × 10−11–
6.4 × 10−8 g/mL
6.25 × 10−11–
6.4 × 10−8 g/mL

48 pg/mL
42 pg/mL [183]

Dengue NS1 antigen Au Nanoparticles anti-Dengue NS1
antibody LSPR 0–1 µg/mL 0.074 µg/mL [178]

SARS-CoV-2 particles Capture antibody
Au Nanoparticles/Capture antibody

Absorption
LSPR

106 particles/mL
106 particles/mL

[184]

DENV II E protein Recombinant capture DENV II antibody Absorption
interferometry 0.1–1 nM 1 pM [185]

anti-Dengue
IgM antibody

Goat anti-human IgM antibody
(Human anti-DENV IgM/DENV
antigen/Mouse anti-DENV/Goat anti-mouse
IgG HRP conj as analyte)

Chemiluminescence 10–107 dilution
in saliva

[179]

SARS-CoV-2 Protein Peptide probe hydrogel Fluorescence 1–10 nM 1 pM [186]

anti-West Nile
virus IgG West Nile Virus antigen Chemiluminescence 10–106 dilution

in saliva
[187]

Rift Valley fever virus
IgG antibody Rift Valley Virus antigen sandwich assay Fluorescence 10–105 dilution

in saliva
[188]

Swine-origin
Influenza A Hemagglutinin (HA) protein LSPR coupled

fluorescence 10–106 pg/mL 8.25 × 104

copies/mL
[180]

SARS-CoV-2
spike protein

Specific Receptor binding domain aptamer over
plasmonic gold film SPR 25–1000 nM 37 nM [181]

6. Summary

This review is aimed at providing a full overview of recent developments in the field
of Lab-on-fiber technology for biomedical diagnosis applications. The most important
challenge and issue in the field of LOF technology is the integration of multifunctional
nanomaterials on the high aspect ratio fiber surfaces. Since most of the nanofabrication
techniques have been designed for the planar surfaces, the technological advancements
related to optical fiber geometry have been reviewed in this article. The next emphasis
has been given on the possible light matter interaction mechanisms like interferometry,
fluorescence, SERS and SPR for the fiber optic sensing platforms. The physical principles
and applications pertaining to these mechanisms have been discussed in detail. The next
important parameter in any sensing design is the integration of a selective recognition
layer which can sensitively probe the modulation in the local environment in terms of
concentration, temperature, refractive index etc. Thus, to provide the complete overview
of LOF technology, the recognition layers applicable to fiber sensors have been discussed.
In the end, the recent applications of optical fiber sensors related to biomedical diagnosis
like glucose, urea, cortisol, dopamine and virus sensing have been discussed. In the future,
we expect the fabrication of all fiber micro- and nano- biomedical sensors for commercial
applications by evidencing the enormous potentiality of this platform.

Although the developments in optical fiber technology have significantly demostrated
its potential towards devloping low-cost, miniature, sensitive sensors along with facilities
of online monitoring and remote sensing, the technology still requires a good amount
of progress in various domains to convert LOF sensors to industrial applications. The
factors which require improvement are specificity, reusability, reproducibility and more
specifically the intergation of optical fiber sensors with liquid flow system to achieve
sensing with a small and continuous flow sample. However, at the rate at which the
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technology is devoloping, these issues will be resolved in the very near future and we will
surely discover field usability of several optical fiber sensors in the chemical and biomedical
industry for the betterment of human health security.
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