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Abstract: In the last years, optical fiber sensors have proven to be a reliable and versatile biosensing
tool. Optical fiber biosensors (OFBs) are analytical devices that use optical fibers as transducers,
with the advantages of being easily coated and biofunctionalized, allowing the monitorization of all
functionalization and detection in real-time, as well as being small in size and geometrically flexible,
thus allowing device miniaturization and portability for point-of-care (POC) testing. Knowing
the potential of such biosensing tools, this paper reviews the reported OFBs which are, at the
moment, the most cost-effective. Different fiber configurations are highlighted, namely, end-face
reflected, unclad, D- and U-shaped, tips, ball resonators, tapered, light-diffusing, and specialty fibers.
Packaging techniques to enhance OFBs’ application in the medical field, namely for implementing
in subcutaneous, percutaneous, and endoscopic operations as well as in wearable structures, are
presented and discussed. Interrogation approaches of OFBs using smartphones” hardware are a great
way to obtain cost-effective sensing approaches. In this review paper, different architectures of such
interrogation methods and their respective applications are presented. Finally, the application of
OFBs in monitoring three crucial fields of human life and wellbeing are reported: detection of cancer

biomarkers, detection of cardiovascular biomarkers, and environmental monitoring.

Keywords: POC monitoring; smartphone optical biosensors; optical interrogation methods; cancer

biomarkers; cardiovascular biomarkers; environmental monitoring

1. Introduction

Biosensors are devices that quantify (or semi-quantify) a biological or chemical analyte
by generating a measurable signal proportional to its concentration [1]. They are usually
applied in different fields, from biomedical to environmental, allowing monitoring of
specific disease biomarkers in body fluids (blood, urine, saliva, and sweat) [2] and detection
of micro-organisms [3] and pollutants [4] in the environment, among other things. In
the case of optical biosensors, the signal generated can be coded in wavelength, phase,
and signal intensity, among other optical features [5]. Optical absorbance, fluorescence,
bioluminescence, interferometry, ellipsometry, reflectometric interference spectroscopy, and
surface-enhanced Raman scattering are also examples of highly applied optical techniques
to biosensing [6].

In relation optical fiber biosensors, usually, the biosensing process relies on the interac-
tion of the evanescent wave with the fiber’s surroundings. Therefore, in order to turn the
fiber sensitive to the environmental refractive index (RI) changes, fibers can have gratings
inscribed or can be altered in different geometries. Moreover, noble metal coatings with
thicknesses around 30-70 nm, enabling the surface plasmon resonance (SPR) phenomena,
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or nanoparticles, and thus generating a localized SPR (LSPR), can be applied. The use of
optical fibers brings important advantages, namely: small dimensions—allowing them to
be used in biomedical applications in invasive and non-invasively approaches; dielectric
nature—making them electrically safe; and low signal attenuation [7]. The main disadvan-
tages to optical fiber biosensors are the fragility and high-cost interrogation approaches [8].
However, as research on optical fiber sensors (OFS) has been evolving, a large number
of studies reporting robust and cost-effective optical fiber biosensing (OFB) approaches
has been published in the past few years. The sensing principles that will be described
are mainly based on interrogation in the visible spectrum due to the well-known cost-
effectiveness of such an approach. However, it should not be forgotten that, in the last
few years, efforts that have been made in improving interrogation costs of infrared and
gratings spectral analysis. Currently, this is a hot topic in this research field with excellent
outputs [9-11].

This review focuses on the use of OFB approaches that are cost-effective. As can be
verified in Figure 1, different fiber geometries and structures will be addressed, namely,
U-bent, D-shaped, unclad fibers, tapered fibers, ball resonators, end-face reflection, and
light-diffusing fibers (LDFs). Different OFB packaging methods for robustness improve-
ment will be also presented, as well as examples of sensors coupled with smartphones.
Cost-effective biofunctionalization methods, mainly based on aptamers and molecularly
imprinted polymers (MIPs), will also be discussed. Different applications on cancer and
cardiovascular biomarkers’ detection and environmental monitoring will be presented, and
finally, a critical analysis of the state-of-the-art and prospects will be made.

— Cost-effective optical fiber sensing
Applications

Sensing approaches Point-of-care monitoring for quality of life

and life-expectancy improvement by:
= U-bent

* Tapered, D-shape and unclad
= End-face reflection (fiber tips) Cardiovascular

= Ball resonators biomarkers detection
= Planar optical sensors
= Special fibers

Cancer
biomarkers detection

= Visible spectrum and low cost devices
(photodetectors and LEDs) )

L. . Environmental

- Smartphone sensors’ interrogation monitoring

Figure 1. Schematic illustration of the main contents of this review.

2. Cost-Effective Optical Fiber Configurations for Biosensing

Starting from the optical fibers that are usually applied in cost-effective biosensing
approaches, different kinds of fibers can be used, from regular silica single-mode fibers
(SMFs) [12] to multimode fibers (MMFs) such as plastic-clad silica (PCS) [13] and plastic
optical fibers (POFs) [14]. The different kinds of optical fibers, conventional silica-based,
microstructured, or specialty fibers in terms of materials and designs offer several useful
advantages in developing sensors/biosensors. For instance, when telecommunication
wavelength range and setups are used, the silica-based fibers are more appropriate, such
as to exploit the monomodal characteristic for several sensing approaches. In contrast,
POFs are especially advantageous due to their excellent flexibility, lower attenuation in
the visible range, easy handling, multimodal characteristic, and the fact that plastic can
withstand smaller bend radii than glass [15].



Biosensors 2022, 12, 575

3 0f 35

White
light source

i

Taper

U-bént

As regards the optical signal trajectory, as shown in Figure 2, the different sensing
configurations, which will be described as follows, can work on transmission (a) or in
reflection (b). Additionally, OFBs can be used as intrinsic and extrinsic OFS. In particular,
when the optical fiber interacts with the analyzed medium directly, it is defined as an
intrinsic OFS, whereas, when it is used as an optical waveguide allowing the launch of the
light to the sensing region and its collection, it is defined as an extrinsic OFS.
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Figure 2. Schematics of OFB working in (a) transmission and (b) reflection.

The interrogation methods in the scope of this review are mainly based on the analysis
of the visible spectrum, with data codification in wavelength, especially when using SPR
and LSPR, and in intensity variations. Although both SMF and MMF can be suitable
for wavelength interrogation, as concerns intensity-based approaches, OFBs find great
advantage in the use of fibers, having a large core, which implies a high numerical aperture
and strongly multimodal operation. The possibility of applying MMFs enables the use of
inexpensive light-emitting diodes (LEDs) [16] and simple photodetectors such as charge-
coupled devices (CCDs) or photodetectors (PDs) [17], as light can be easily coupled into the
fibers using basic optics and cheap interconnections. In contrast, SMFs require hardware
with higher complexity and costs.

While the use of a large numerical aperture and strongly multicore fibers is typically a
disadvantage in the design of physical sensors, several biosensing structures exploit the
favorable properties of MMFs as part of the detection systems. From a light propagation
standpoint, in a multimode fiber, modes with a lower index are strongly guided, while
higher-order modes are weakly guided and become more sensitive to geometrical modifica-
tions of the fiber, such as thinning the fiber core [17], removing the cladding in a D-shaped
form [18] or completely, through an etching [19,20] or mechanical [21] process, or bending
the fiber in curved shapes [22]. The two most notable approaches for low-cost biosensors
based on geometrically modified MMFs are based on U-bent fibers [22,23] and tapered
fibers [24].

2.1. U-Bent Biosensors

The U-bent fiber is a transmission device operating in the visible spectral range that
can be made of a SMF [25] or MMF [15], in which the fiber is curved with a specific bend
radius, as highlighted in Figure 3a. During the bending process to obtain the U-shape,
the fiber experiences mechanical stress, which causes a variation in its optical properties
due to the photoelastic effect. The induced stress will yield a non-uniform RI of the core,
with a higher RI at the inner bend and lower at the outer bend of the core. As the bend
radius decreases, the RI profile changes more significantly due to the increased stress.
Lower order modes are well confined within the fiber and propagate through with minimal
losses; higher-order modes, due to the increased angle of incidence at the interface between
core and cladding, do not satisfy the total internal condition anymore and are strongly
attenuated. Consequently, the intensity of the field increases at the outer region of the core
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and, at the core-cladding interface, the Fresnel transmission coefficient approximates 1,
leading to greater radiation loss. As regards the inner interface of the bent region, more
light satisfies the total internal reflection principle, with less light lost in that region. In
U-shape fibers, there is a critical radius of curvature, below which the fiber no longer
transmits light. The critical radius of curvature decreases for a large difference of RI or
large NA values. Larger NA fibers can bend with a smaller bend radius without significant
loss of light given the same wavelength of light [26].
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Figure 3. Schematic and implementation of U-shape fiber biosensors: schematic of a U-bent fiber
section with light propagation within the curved portion of the fiber (a) with inset showing the
surface-penetrating meridional rays providing RI sensitivity, and functionalization of the biosensor
for glucose detection (b) (ARS—Alizarin Red S) (images reproduced from [27]); (c) U-bent LSPR
sensor proposed by Yang et al. with the respective production steps, namely, U-shape production and
photographs, and formation of ITO coating for plasmonic-based sensing, with results of the change in
transmission spectrum for three different values of RI (d) and the response of the sensor, measuring
the wavelength shift over time, for different DNA concentrations (e) (images adapted from [28]).

In order to transform this structure into an efficient RI sensor capable of sensing the
surrounding environment, the design [22] makes the use of fiber with an exposed core
(hence, with no cladding or depleted cladding) in U-shape. This sensing structure is shown
in Figure 3a and was optimized for biosensing according to Azkune et al. [27]. The bent
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portion of the fiber has no cladding, depleted through wet-etching, dry etching, or by
simply fabricating a cladding-less fiber. POF fibers in this regard have been substantially
used in U-bent fiber sensors [27,29-31] as they are more stretchable, having a lower Young’s
modulus, and millions of modes are propagated, hence, guaranteeing a measurable change
of transmission when the Rl in the surrounding medium changes.

In addition, the U-bent fiber structure shows the best versatility when packaging the
device, as the fiber can be tightly folded within a narrow space. Chen et al. [32], among
others, reported a U-bent fiber sensor folded in a 1.1 mm tube structure, which is compatible
with most medical needles, to fabricate a device with a high level of miniaturization.

The possible functionalization of a U-bent fiber section, as reported in Figure 3b [27],
relies on immobilization of bioreceptors on the bent portion of the fiber, in correspondence
with the region with the maximum sensitivity. The authors propose a glucose detection
system based on the release of ARS (Alizarin Red S) occurring when glucose is bound
through competitive binding to phenylboronic acid.

U-bent fibers are often used in conjunction with SPR effects to improve detection.
While a U-bent fiber provides a significant transmission change, the wavelength shift
observed due to the plasmonic resonance can be detected in a more robust way. This
principle was implemented by Yang et al. [28], who reported a DNA biosensor by a thin-
film U-bent plasmonic graphene/ITO (indium tin oxide) biosensor. The main achievements
reported by Yang et al. are also shown in Figure 3. The Figure 3c shows the graphene/ITO
layer deposition around the core-exposed section of a POF, folded around a 1.3 mm bending
diameter in the inner region. The transmission spectrum through the bent section of the
fiber shows both an intensity change and a wavelength shift due to the combined effect
of the fiber losses of meridional rays and localized SPR at the outer interface (Figure 3d.
By measuring the wavelength shift, Yang et al. estimated the sensor response to different
full complementary DNA and non-complementary DNA at 0.1-100 nM concentrations, as
displayed in Figure 3e.

Several biosensors have been reported as U-bent fiber probes based on MMFs and inex-
pensive spectrometers and hardware based on these principles. George et al. [29] reported
an immunobiosensor for the detection of chikungunya (an infectious disease) through the
non-structural protein 3 (CHIKV-nsP3) biomarker, achieving a limit-of-detection (LOD)
of 0.52 ng/mL. Bandaru et al. [33] reported the production of a plasmonic U-bent fiber
biosensor capable of detecting human immunoglobulin G with ultra-low LOD (~7 aM).
Manoharan et al. [34] described a similar architecture for detecting bacterial endotoxins
such as lipopolysaccharides with a LOD of 0.4 ng/mL.

2.2. Tapered Fiber Biosensors

Tapered fibers have been used to implement fiber-optic interferometers [35] or multi-
parametric sensors [36] in SMFs. In MMFs, tapers are used to induce losses in the fiber
without the need for bending, which allows for easier packaging of the sensor in medical
devices [37]. The fabrication of fiber tapers is implemented by modern CO; or fiber laser
splicers [38] as a rapid process; it is, therefore, compatible with large volume manufac-
turing. Figure 4 shows a tapered silica SMF with LSPR for biosensing, developed by C.
Huang et al. [39]. As can be seen, in a tapered fiber, the diameter of the fiber is progressively
thinned until it reaches a minimum diameter in the so-called waist region, that corresponds
to the minimum thickness (region A), with an intermediate region with variable diameter
(region B). Unlike the etching process, tapering maintains the proportion between core
and cladding diameter. When exposed to a thickness change, the lower radius of the core
filters out the higher-order modes as the V number of the fiber decreases, reaching its
minimum in the waist region [37]. For the case of an LSPR-based taper, it can be seen in
Figure 4d e that its response changes in wavelength and relative intensity/transmittance in
the visible region.
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Figure 4. Schematic and implementation of tapered OFB: (a) taper production highlighting the
respective fiber taper regions and (b) optical microscopy image of the tapered fiber showing the three
regions; (c) taper coated with Au NPs and respective interrogation scheme, and (d) results showing
the variation in wavelength and transmittance with RI variation with respective linear fittings
(e) (images reproduced from [39]).

POF are also good candidates for low-cost tapered fiber structures, as the fiber has
very thin cladding and, therefore, allows the core to be exposed to the outer environment.
Dash et al. [38] reported a fiber taper in a POF having an initial diameter of 250 um tapered
to 175 um and coated with a layer of gold nanoparticles (Au NPs) over a 4 mm length.
By measuring the output power after the tapered section, a drop is observed when the
outer RI increases; a power change of about 5% has been observed when measuring up to
0.2 mM of bovine serum albumin (BSA) concentration. A similar system was reported by
Rahman et al. [40] for water salinity detection.

2.3. D-Shaped and Unclad Biosensors

As U-bent and tapered OF sensing structures, D-shaping or uncladding an optical
fiber aims to increase the interaction of the evanescent field with the surrounding medium.
The D-shaped OFS, or side-polished, can be made in SMF and MMF, usually by polishing.
As can be seen in Figure 5, the polishing is made until the core surface is exposed [41], but,
in other cases, the core can be completely removed in that region [42]. The distance from
the polished surface to the fiber surface is usually referred to as the residual thickness and
is of utmost importance in the strength of the interaction of the evanescent wave fields
with the external medium. For this specific sensor, developed by Zheng et al. [42] and
represented in Figure 5a, the optimal RI sensitivity was achieved by a residual thickness
of 34.09 um, attaining a value of 10,243 nm/RIU (RI units). In this kind of structure, the
surface roughness also seems to have a crucial impact on the sensor’s response [43]. A
great feature that D-shaped OFS have is the flat surface that can be achieved, facilitating
deposition of different materials [44] and, also, biosensing testing with only a sample
drop [45].
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Figure 5. Schematics of D-shaped OFBs: (a) core-less D-shape in different perspectives (images
adapted from [42]); (b) SPR-POF D-shaped biosensing platform (image adapted from [46]. Copy-
right ©2021, with permission from Elsevier); (¢) LSPR D-shaped tapered-POF biosensor based on
gold nanostars (GNS) and MIPs (image reprinted from [47]. Copyright ©2015, with permission
from Elsevier).

Cennamo et al. [14,18] have presented SPR sensors produced by side removing the
cladding and part of the core of the POF, spinning a thin layer on the exposed core with a
RI major of the core, and finally sputtering a gold nano-film. The buffer layer under the
gold nano-film improves the performance of the SPR sensor and the gold film’s adhesion
on the platform. Figure 5b outlines these SPR-POF platforms, in which the gold layer can
be functionalized with different bioreceptors, namely MIPs [48], aptamers [18], and/or
antibodies [49]. Moreover, D-shaped tapered-POFs have also been used to accomplish
different kinds of plasmonic bio/chemical sensor configurations, as depicted in Figure 5c,
for the detection of trinitrotoluene (TNT) [47]. On the other hand, unclad OFBs have the
advantage of a higher interaction of the evanescent wave with the surrounding environment.
The removal of the cladding can be achieved by polishing using sandpapers in rotative
movements [21] or, in the case of silica fibers, by chemical etching [19].

2.4. End-Face Reflection/Optical Fiber Tips

Optical fiber tips are sensors that work on reflection, usually by having the fiber end
coated with a reflective/plasmonic material such as silver or gold. In its simpler form, fiber
tips are flat at the end and are usually created in MMFs, for instance, PCSs [50], which are
interrogated using bifurcated optical fibers connected to the sensor by means of a bare fiber
terminator, such as the BFT1 from Thorlabs. To produce flat tips, the fibers are usually
cleaved by precision cutters, since a flat surface is crucial for assuring the collected signal
spectra reflectivity [51]. Nevertheless, a wide range of tip forms and functionalities can
be achieved employing different fabrication technologies, such as mechanical processing,
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chemical etching, laser processing, self-assembly, and chemical or physical vapor deposition
processing, as well as material transfer methods [52].

Fiber tips-based biosensors are expected to be an important tool in POC monitoring
due to their high RI sensitivity, compactness, and ease of operation. For example, for flat
fiber tips coated with gold by sputtering, it is possible to achieve RI sensitivities between
700 and 2000 nm/RIU depending on the gold film thickness [50]. An alternative approach
was reported by Lee et al. [53], who developed a tip aptasensor based on LSPR created with
gold nanorods (GNR). The sensor structure and response in the detection of ochratoxin A
(OTA) can be seen in Figure 6.
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Figure 6. Schematic of a tip OFB: (a) components and measurement procedure; (b) magnifica-
tion of the sensor surface biofunctionalized with aptamer-modified GNR; (c) schematization of
LSPR wavelength shift when the analyte, in this case, OTA, is recognized by the specific aptamer;
(d) GNR-coated tip OFS response to RI; (e) LSPR wavelength shift with different concentrations
of OTA, and (f) experimental response of the biosensor to different concentrations of OTA with
respective linear fitting (images adapted with permission from ref. [53]. Copyright ©2018, with
permission from Elsevier).

2.5. Ball Resonators

A ball resonator is a device where a circularly shaped microsphere is fabricated on
the tip of an optical fiber of approximately a hundred micrometers in diameter. The RI
inside the ball resonator is higher than the environment around the spherical structure. In
this case, the light that goes through optical fiber and reaches the edges of the microsphere
is reflected inside the ball by total internal reflection and, therefore, cannot escape to the
surrounding environment [54]. Nevertheless, due to the fact that the surface of the ball
resonator has a curved interface, its total internal reflection is never complete; therefore,
bending losses could occur, which can lead to the light leakage out of the ball resonator. This
leads to an enhanced interaction of samples outside the ball resonator with light thanks to
the confinement and rebounding of light inside the circular cavity [55,56]. These evanescent
waves are able to interact with both the surface of the microsphere and the environment
that surrounds it. Each waveguide of optical field circulation allows it to contact the
surrounding environment, which subsequently increases the sensitivity as the amount of
circulating rounds rises. The photon lifetime in the microspheric cavity is able to measure
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it, which is called the quality (Q) factor. The higher the lifetime of the photon, the lower
the limit of detection. As previously stated, evanescent waves enable some of the light
inside the ball resonator to escape into the outer environment. This allows a microsphere to
acquire an increased sensitivity, which makes it useful for a host of applications. Interaction
of the surface of the ball resonator with an analyte outside it results in changes in the
effective RI. The experience of the analytes of various refractive indexes results in spectral
changes such as wavelength and frequency shift. These favorable properties make ball
resonators promising as biosensors for the detection of various analytes.

The advantage of microspheres is that they can be easily fabricated in the laboratory
from various materials, organic and inorganic; they are simple in handling and have a
high-quality factor [56]. The ball resonator is a device that requires a quick manufacturing
process. A CO, laser splicer allows it to be manufactured in a controllable way in a single
step by fusing two single-mode fibers and then tearing them off to make a spherical tip
(Figure 7) [57]. Fabrication of ball resonators is advantageous over the fabrication of other
optical devices thanks to its duration, which takes from ~60 s up to a couple of minutes
depending on the speed of the motors within the machine. Moreover, the fabricated device
demonstrates robustness, stability, accuracy in measurements, and higher tensile strength
compared to etched fibers, which easily break [57-59].

\

(a) (b)

Figure 7. Image of the ball resonator: (a) 3D picture of optical ball resonator; (b) photographs taken
by X and Y cameras of CO; laser splicer. Image reproduced from [57].

In comparison to previously studied optical fiber-based biosensors such as etched Fiber
Bragg grating (eFBG), etched tilted Fiber Bragg grating (eTFBG), and etched MgO nanopar-
ticles (NPs) doped fiber, ball resonators show a rather pronounced cost-effectiveness [58-60].
The use of a CO; laser splicer enables the achievement of ball resonators with an accu-
rate diameter and low alignment error in a highly repeatable and fast manner within a
few seconds. However, there are some limitations in the use of optical ball resonators.
Low reflectivity is one of them, requiring the use of an optical backscatter reflectometer
which has excellent sensitivity. Moreover, the weak interference phenomenon occurring
in the micro-sphere between the multiple reflective paths results in poor visibility of the
spectral fringes.

2.6. Planar Optical Sensor Chips Monitored via POFs

POFs can be used to implement simple and highly sensitive optical fiber sensors by
exploiting their advantages, such as the excellent flexibility, the easy manipulation and
modification, the large diameter, the fact that plastic can withstand smaller bend radii
than glass, and the great numerical aperture (NA). In particular, this last characteristic is
very useful in comprising extrinsic optical fiber sensor configurations, for instance, for
light injection in plasmonic thin bacterial cellulose slab waveguides [61] and Ink]Jet-printed
optical waveguides [62].

Figure 8 shows several plasmonic schemes based on extrinsic POF sensors. A sensing
approach based on a nano-plasmonic sensor chip monitored via a custom 3D-printed
holder combined with POFs is reported in Figure 8a. The nano-plasmonic chip is based
on a gold nanograting (GNG) fabricated on a poly(methyl methacrylate) (PMMA) sub-
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patches used to collect the transmitted light and send it into two similar spectrometers. In
this configuration, the PMMA substrate is considered a transparent substrate.

Plain sensor White Light Source
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Figure 8. Plasmonic sensor configurations based on extrinsic POF sensors: (a) PMMA-based
nanoplasmonic sensor chip monitored by exploiting the transparency of the substrate (image adapted
from [63]); (b) PMMA-based plasmonic chips monitored by a custom setup produced to excite the
plasmonic phenomena via the multimode slab waveguide (image adapted from [64]); (c) 3D printed
SPR sensor chip with the respective setup (image adapted from [62]).

Alternatively, the PMMA substrate can be regarded as a multimode slab waveguide,
as shown in Figure 8b, similar to other plasmonic sensor chips [65,66]. In particular, a
gold nano-film can be deposited on the PMMA chip, obtaining an SPR sensor chip [67,68]
or producing a gold nanograting on the PMMA chip surface via EBL, generating a nano-
plasmonic sensor chip [69]. By using the sensor setup illustrated in Figure 8b, when a
gold nano-film is present, the sensor’s performance is similar to that obtained by an SPR
D-shaped POF sensor [64], whereas, when a nano-plasmonic chip is used, the orientation
of the nanostripes forming the grating pattern, with respect to the direction of the input
light (longitudinal or orthogonal), influences the biosensing performances [69].

Figure 8c shows another low-cost 3D printed SPR sensor chip monitored via POFs.
This SPR sensor chip has been designed as a disassembled component composed of four
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different parts by using Autodesk® Fusion 360, and then the STL files were generated [62].
The sensor’s production was performed by a 3D printing method. The material used was
a liquid photopolymer ink. Once the SPR sensor parts’ construction was completed, the
waveguide core of the 3D printed optical device was fabricated. Thus, a UV photopolymer
adhesive was microinjected into the sensor channel and cured for 10 min by means of a
lamp bulb with UVA emission at 365 nm. Finally, on the cured core, a gold nanofilm was
deposited by a sputtering. The thickness of the sputtered gold was about 60 nm.

2.7. Special Fibers
LDF-Based SPR Sensors

Recently, an attractive kind of special optical fibers, named Light-Diffusing Fibers
(LDEF), has been used to generate highly sensitive SPR sensors. In LDEF, the light is not
confined to the core; on the contrary, it is diffused on the external medium all along their
length. Thus, Cennamo et al. have used this aspect to excite the plasmonic phenomenon
on metal nano-films deposited on the LDF [70-74]. In particular, this type of SPR sen-
sor can be produced using silica [70,71] or polymer [72] by coating the fiber with metal
nano-films, such as gold [70,72] or silver [71], by sputtering. This aspect allows an easier
fabrication procedure since only a metal deposition step is required to build the SPR sensor.
Moreover, SPR sensors based on silica LDF have already demonstrated high performances
in bio/chemical sensing applications, as reported in [73], when the SPR-LDF probe is
combined with a bioreceptor (e.g., antibody). For instance, Figure 9a shows an outline
of a SPR sensor system based on a silica LDF covered by gold nano-film connected to a
white light source and a spectrometer [70]. SPR spectra obtained studying the sensor RI
sensitivity, using different concentrations of water-glycerin solutions, are represented in
Figure 9b. The experimental results reveal a high sensitivity of the SPR wavelength to
the outer medium’s refractive index (bulk sensitivity), with values ranging from 1500 to
about 4000 nm/RIU in the analyzed range. Moreover, it was seen in [71] that these bulk
sensitivity values can be improved by using silver nano-films instead of the gold.
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Figure 9. Silica LDF-based SPR sensor system: (a) data acquisition and working scheme; (b) SPR
spectra obtained at different refractive indices from 1.332 to 1.394. Image reproduced from [70].

Finally, concerning these types of silica SPR-LDF sensors, Cennamo et al. have
demonstrated that the tapering process produces a significant worsening of the bulk
sensitivity and a slight decrease in the full width at half maximum (FWHM) of the SPR
spectra [74]. Therefore, in this SPR-LDF sensor, a possible alternative consists in using
the tapered LDF as a modal filter (after the sensitive region) by determining a trade-off
between the loss in the sensitivity and the FWHM decrease [74], in a similar way to other
configurations, based on different modal filters [75].
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Furthermore, low-cost polymeric LDF have been also explored to produce SPR-based
sensors [72]. In particular, by sputtering a gold nano-film on the PMMA-based LDEF, the
obtained bulk sensitivity ranges from 1000 to almost 3000 nm/RIU in the refractive index
range from 1.332 to 1.392. In the same work, a novel kind of modal filter has been shown,
accomplished by covering the PMMA-based LDF with an aqueous solution to improve the
signal-to-noise ratio (SNR) of the SPR sensor, thanks to the filtering of the higher modes,
without losing its sensitivity.

3. Packaging of Optical Fiber Biosensors

In order to move from the optical biosensing system to practical devices, miniaturiza-
tion, portability, and easy handling are required. Therefore, strategies for the encapsulation
and packaging of the optical components should be considered in order to meet the
demands of the final device, namely by preserving the sensing properties. Fiber-optic
biosensors are designed to perform real-time detection in medical applications; the pos-
sibility to design packaging structures and embed the sensing elements within medical
devices allows performing subcutaneous, percutaneous, or endoscopic operations [76]. In
addition, wearable technologies designed with optical fiber biosensors embed the fibers
within fabric, forming permanent sensing structures [77]. Figure 10 displays some of the
options for packaging, targeting different in situ sensing applications.

Figure 10. Example of proposed packaging for fiber optic biosensing applications: (a) Endoscopic
packaging for in situ detection of cancer biomarkers (image reproduced from [78]); (b) Urologic
packaging, with pressure sensors embodied in a rectal catheter (left fiber) and an abdominal catheter
(right fiber) (image reproduced from [79]); (c) SencilTM (sensory cilia) packaging for subcutaneous
fluorescence sensing (image reproduced from [80]); (d) Epidural needle for percutaneous insertion
embodying a network of fiber sensors (image reproduced from [81]).

Endoscopic packaging has been proposed by Guo et al. [78] (Figure 10a) and
Loyez et al. [82] for in situ detection of cytokeratin-7 cancer biomarkers. The proposed
design integrates the plasmonic biosensor used for detection into a commercially available
endoscope that maintains its original functions and allows the precise positioning of the
device into the target zone. The work reported in [82] integrates the sensor ina 1.2/1.6 mm
(inner/outer diameter) hollow endoscope made with a thermoplastic that maintains a



Biosensors 2022, 12, 575

13 of 35

semi-rigid profile. The catheter is terminated by a conical section that allows penetration
into the tissue. The active part of the sensor is exposed to the tissue through a fence that
allows direct contact between the sensor and its coating and the detection area. The in situ
detection reported in this work allows for obtaining discrimination between healthy and
tumoral cells.

An example of packaging suited for the urologic diagnostic is shown in Figure 10b [79];
other notable packaging options have been reported by Poeggel et al. [83] and Guo et al. [84].
Urologic diagnostic requires the measurement of biological [84] or biophysical [83] pa-
rameters within the bladder and requires additional elements to compensate for external
factors, usually requiring a rectal catheter. Urologic devices are flexible silicon rubber
hollow catheters that are positioned by the surgeon within the bladder through the urinary
tract. The sensors can detect the surrounding environment through a set of side holes in
the proximity of the tip.

A form of less invasive packaging, suitable for subcutaneous sensing (underneath
the skin), has been reported by Liao et al. in [80] (as shown in Figure 10c) and [85]. The
packaging form proposed in these works is labelled as Sencil™, or sensory cilia. The sensor
is based on quantum-dot fluorescence made with multimode fiber. The low-cost packaging
is based on immersing the sensing tip in a hydrogel: by using a polyethylene glycol acrylate
precursor, the fiber forms a thicker tip that can sustain the penetration underneath the skin,
reaching a subcutaneous position where the fluorescence-based glucose measurement can
be performed.

Percutaneous packaging formats are in use in biomedical applications that require
deep-seated diagnostic or therapeutic devices [76]; in this scenario, a rigid needle is used
to pierce through the skin for several centimeters, reaching the target area by a straight
penetration. Epidural sensors, such as the implementation shown in Figure 10d, proposed
by Issatayeva et al. [81], and reported in [86], make use of a Tuohy needle bent around the
tip and with fibers mounted on the outer surface.

The packages proposed in [76-86] integrate the sensing tasks with additional pur-
poses, such as delivering a therapy [76], tracing the needle position through X-ray imag-
ing [77], or performing differential diagnostic [83], to form multifunctional, theranostic
medical devices.

The integration of sensors in wearable technologies [77], on the other hand, poses
the challenge of integrating one or multiple sensors on a device that is worn for a long
term. Wearable biosensors based on optical fibers follow two main approaches for fiber
packaging [87]. A first method relies on the integration of the fibers into an external element,
to be worn separately from the apparel: Issatayeva et al. [81] integrated an array of sensors
in two wearable bands, designed to transfer the strain due to respiratory movements to
the sensors.

However, the main trend in wearable devices is to integrate the fibers directly on
clothing, where they can continuously monitor vital parameters during sports activities or
specific actions. Lo Presti et al. [88] proposed a sensory system based on several gratings
integrated into a t-shirt for the measurement of physical parameters during daily activities.
Li et al. [89] performed a study of the integration of sensors into textiles by sewing an
optical fiber through a piece of fabric and allowing a highly efficient thermal transfer of the
body temperature to the sensor. In addition, Esmaeilzadeh et al. [90] reported a biosensor
based on the surface plasmon resonance, having the sensing element integrated within a
textile for contact sensing.

4. Smartphone Fiber Optic Sensors

Smartphones are ubiquitous pocket devices that offer unprecedented diagnostic op-
portunities for the real-time detection of vital parameters [91]. Modern off-the-shelf phones
have several instruments that can be used for sensing purposes [92], and mobile apps can be
developed to use each component of the phone to create sensing systems. In addition, apps
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can use features such as geolocalization, internet of things, or access to external machine
learning methods [93] to enhance the potential for diagnostic and biomedical devices.

The potential of smartphones has been exploited within a number of optical sen-
sors [94-98]; the main purpose of the research carried out by several groups in the last few
years is driven by replicating diagnostic methods based on fluorescence spectroscopy [94],
fluorescence resonance energy transfer [95], colorimetry [96], or spectrophotometry [97],
among others, but by replacing the hardware with the existing components on the smart-
phone, with the minimal addition of external hardware [98].

Overall, optical biosensors based on smartphone platforms are an excellent diagnos-
tic tool and use mounts that can be used as phone accessories in order to integrate the
pre-existing devices of the smartphones (such as the flashlight LED or the camera) with
additional components such as lenses, spatial filters, diffraction gratings, or additional laser
sources [99,100].

Within optical sensors for smartphones, a new generation of optical fiber sensors for
smartphones has been developed and reported within the latest years, and it is consistently
being applied in the detection of biological analytes, biohazards, and biophysical parame-
ters. While smartphone optical sensors can analyze previously collected samples or can
inspect samples positioned in the proximity of the phone’s camera, optical fiber sensors for
smartphones introduce the remote sensing possibility. Thanks to the low losses of optical
fibers and the availability of multimode fibers that operate in the visible wavelength range,
it is possible to design systems that implement the remote sensing feature that is typical
of an optical fiber sensor, but where the hardware is partially or entirely replaced by the
smartphone itself.

Figure 11 illustrates the main implementations and applications of smartphone optical
fiber sensors.
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Figure 11. Illustration of the main architectures (left) and applications (right) of optical fiber biosen-
sors based on smartphones.

4.1. Intensity-Based All-Fiber Smartphone Sensors

Intensity-based sensors represent the simplest implementation, as they can be defined
as all-fiber sensors; in these architectures, reported in [101-103], the sensing element
modulates the light transmitted through the fiber, and both the light source (flashlight LED
off) and the light detector (camera) belong to the phone. The only external hardware is a
3D-printed connector that holds the fibers in place and performs light coupling from the
flashlight to the input fiber and from the output fiber to the camera.



Biosensors 2022, 12, 575

15 of 35

All systems based on intensity-varying sensors operate with POF fibers, with a
core/cladding diameter of 0.98/1 mm and numerical aperture (NA) of 0.47; this wide
acceptance angle allows easy coupling of the light in and out of the fibers, delivering a
sufficient amount of light to the detector.

The first system was reported by Sultangazin et al. [101] for biochemical detection of
hydrogen sulfide (H»S), which is a potentially dangerous biohazard for oil and gas and
mining workers; the system uses the flashlight LED from the phone (a phosphor white-light
LED illuminating the whole visible wavelength range) and the camera as a pixel-based
intensity detector, which converts the output beam from the fiber into greyscale intensity
level, and integrates this on the whole set of available pixels. The working principle is
based on the change of attenuation in an Ag-coated POF when exposed to hydrogen sulfide;
the formation of silver sulfide (Ag,S) decreases the wall reflectivity of the outer fiber,
increasing evanescent losses and, therefore, reducing the transmission. By integrating, via
an app developed in Java, the power incident on the camera, Sultangazin et al. reported an
intensity drop of 0.54% /min to 4.9%/min when the sensor is exposed to hydrogen sulfide.

A similar concept was reported by Aitkulov and Tosi [102], extending the sensing
mechanism to biophysical sensing by measuring the breathing rate pattern. The sensing
element is constituted by a pair of POF fibers, cleaved and spaced by a set distance;
when fibers are aligned, they exhibit the maximum transmission, while during breathing
movements, the angle between the transmitting and receiving fiber increases the coupling
losses, decreasing the detected power. The sensing element is then embodied in an elastic
band and worn on the chest for a wearable application. By means of a Fourier analysis of
the obtained intensity time signals, the respiratory rate is determined.

The first attempt at a multiplexed fiber-optic sensing system for smartphones was
reported in [103]; by merely changing the connector type from the prior system [102], the
authors demonstrated a three-fold increase in sensing points. The principle of operation
relies on splitting the LED light into multiple fibers and collecting each output into a
different portion of the camera. This setup, labelled camera-division multiplexing, allows
for isolating each light spot collected on the camera by a tessellation, with minimal crosstalk.

All-smartphone-POF systems [101-103] make full use of the phone’s optical circuitry
and application programming interfaces for each component. By setting the exposure time,
controlled by the ISO of the camera, and disabling the automated routines for the flashlight,
it is possible to detect the intensity through photo or video acquisition [102,103] or through
a separate mobile app [101]. In this case, no further components are needed to implement
the sensing mechanism, as the software can set ISO and calculate the intensity at saturation
point, adapting to the power level at the detector. The only external device serves the
purpose of mating the phone to fiber and is a phone accessory that can be 3D-printed to be
customized to each smartphone model.

4.2. Diffraction-Grating Assisted Smartphone Optical Fiber Sensors

The main alternative to power detection via smartphone is to use the camera of the
phone as a spectrometer and detect the wavelength shift of spectrally sensitive elements
such as surface plasmon resonance (SPR) or fiber Bragg gratings (FBGs). In order to convert
the camera to a spectrometer, a diffractive element, such as a grating, or a low-cost element,
for instance, a piece of DVD disc, can be used. Thanks to this arrangement, it is then possible
to measure the wavelength shift of transmission spectra, making a sensing system that is
insensitive to power level and, therefore, potentially more robust to the fiber coupling.

Bremer et al. [104] presented the first fiber-optic RI sensor adapted for smartphones by
means of the SPR effect. The system proposed in this work converts the phone camera to a
spectrometer by means of a diffractive element, a holographic grating with 1200 lines/mm
mounted at a 45° angle with respect to the camera lens. Then, by detecting the out-
put spectrum sampled by each array of pixels, the spectrum of the SPR sensor was de-
tected, obtaining a sensitivity of 1678 pixel/RIU after optimizing the resolution of the
phone’s camera.
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The system proposed by Bremer and Roth was adapted in [105] to the detection
of SPR in a planar waveguide configuration. Here, the fiber sensor is replaced by a
tapered waveguide geometry with an initial thickness of 1200 pm, reduced to 200 pm
in the proximity of the sensor. Two SPR sensors have been designed in the waveguide
system, enabling multiplexed detection; the waveguide is coated with a thin film of gold in
order to immobilize aptamers, which are used as specific bioreceptors for the detection of
25-hydroxyvitamin D. The waveguide system demonstrates the possibility to detect this
vitamin D with a device mounted as an external accessory for the phone.

A different approach was proposed by Markvart et al. [11,106], who showed the
possibility to interrogate traditional wavelength-selective fiber-optic sensors, such as in-
terferometers [106] or gratings [11], using an architecture based on the smartphone. The
first system, shown in Figure 12, is designed for the interrogation of Fabry—Perot (FP)
interferometers. The system uses a diffraction element in front of the camera, collecting the
light at a 60° angle. The spectrometer is used as a colorimeter through a signal processing
method that converts the output image into the corresponding transmission spectrum by
means of signal processing.
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Figure 12. Schematic representation (a) and photograph (b) of the smartphone optical fiber sensing
system for Fabry—Perot sensor interrogation (image reproduced from [106]).

A similar system was reported in [11] for the interrogation of chirped fiber Bragg
grating sensors, inscribed on a multimode fiber for strain and temperature sensing. The
chirped grating, with bandwidth ~ 8 nm at the red wavelength, exhibits a wavelength
shift that can be detected by estimating the pixel-based spectrum via signal processing.
Furthermore, Pan et al. [107] reported a temperature sensor based on a multimode fiber,
detected in reflection through a smartphone system similar to the previous ones.

4.3. Smartphone Optical Fiber Sensors with External Sources

While the previous architectures makes use of both the light source and detector of
the phone, other systems proposed in [107-111] maintain a fiber-optic probe but use a
different light source. In these cases, the system is still fiber-coupled and compatible with a
smartphone, but significant external hardware is required.

Kamizi et al. [107] developed a fiber-optic sensing network that monitors walking
patterns. To do so, a series of single-mode fibers have been placed underneath insoles, with
sensors acting as macro-bending units that increase the propagation losses when pressed
during the walking motion. The system relies on external hardware that incorporates the
LED light source and all the coupling mechanisms, while the output beam is detected
through the camera of the phone.

Liu et al. [109] reported a fluorescence fiber-optic sensing system based on a smart-
phone assisted by an external laser source. The system uses a red laser in order to excite
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fluorescence in a multimode glass fiber functionalized with quantum dots. The reflected
light is collected by the phone’s camera by means of an external module customized for the
smartphone’s size and camera position. An Android app is used to calibrate the system
and collect the data. Here, the proposed application is the detection of mercury cations
(Hg?") in the 1-1000 nM range. A similar system was described in [110] for pH detection
and in [111] for dual-channel fluorescence monitoring.

The different main implementation strategies of smartphone-based optical fiber sen-
sors are summarized in Table 1.

Table 1. Review of the fiber optic smartphone sensors and their applications.

c . Operative Optical Internal External
Ref. Application Smartphone System Fiber Devices Devices
Remote detection of Samsung Android POF, Flashlight, 3D-printed
(1011 hydrogen sulfide Galaxy S6 Edge 711 ©0.98/1 mm, camera connector
yaros y & - NA 0.47 (set ISO)
Breathing pattern Redmi Android POF, Flashlight, 3D-printed
[102] detection Note 4 7 ©0.98/1 mm, camera connector
NA 0.47 (set ISO)
Multiplexed Redmi Android  3xPOE @098/1  |lashlight 3D-printed
[103] Breathing pattern Note 4 7 mm. NA 0.47 camera cormector
detection ’ ’ (set ISO)
SPR sensor Huawei Android Thorlabs BFL48, Flashlight, Diffraction grating,
[104] L @400 pum,
for refractive index Ascend Y300 411 camera couplers
NA =0.48
. Tapered . . . .
Vitamin D Apple . : Flashlight, Diffraction grating,
[105] . . iOS waveguide,
Detection iPhone 6s camera external mount
200-1200 um
Interrogation of Huawei . Graded-index Flashlight, Slit, grating, 2 x
[106] Android MMEF, core
Fabry-Perot sensor P20 Pro camera FC/PC connectors
J62.5 um
Interrogatl'on of chirped Huawei . Graded-index Flashlight, Slit, grating, 2
[11] fiber Android MMEF, core
. P20 P50 camera FC/PC connectors
Bragg grating J62.5 um
Temperature Mult1mode Flashlight, Diffraction grating,
[107] Sensin glass fiber, camera edestals, couplers
& @300 ym p s coup
Identification of walkin Motorola, Moto Glass External phone
[108] & ’ Android single-mode Camera p
pattern G3 Turbo . mount, LED
fiber
. Multimode
[109] mzitler(;?(c);ltioofns Nubia Z17 Mini Android glass fiber, Camera conngcet(iinlasriz dule
©105/125 um &
. Multimode
[110] Hcc):lrcle_tizl;[fion Nubia Z17 Mini Android glass fiber, Camera conn?cet(iinlaieql;l) dule
P @105/125 um 8
Dual-channel Multimode Red laser
[111] fluorescence Nubia Z17 Mini Android glass fiber, Camera connectin mcl) dule
detection ©105/125 pm &

5. Biosensing Applications

As introduced before, due to their unique characteristics, OFBs have enormous poten-
tial to be used as devices for POC monitoring of biochemical components in diverse fields.
This review is focused on three areas that are of utmost importance for the health and
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wellbeing of the population in general: cancer and cardiovascular biomarkers detection
and environmental monitoring.

Real-time, label-free, and high specificity towards a biomarker of interest are a few of
the fundamental features of the modern biosensor [6]. Among other essential traits are the
miniaturized size of the device and high sensitivity [6]. In the sensing technology, optical
fibers demonstrate adaptability for the recognition of numerous analytes and allow the
combination of diverse detection techniques. They can monitor refractive index change
in the media from basic buffers and water to a complex serum, urine, and blood when
detecting proteins, small biomolecules, cells, and other biomarkers [112]. Thanks to strong
evanescent fields, optical fiber biosensors modified with biorecognition elements are a
promising tool for sensing target molecules [113]. With an increasing demand for enhanced
selectivity, specificity, and sensitivity, it is necessary to continue improving optical systems
for biosensing applications.

5.1. Cancer Biomarkers Detection

Detection of cancer biomarkers plays a significant role in the prognosis and treatment
of various cancers [114]. At the early stage of illness, the concentration of biomarkers is
extremely low, and this requires highly sensitive diagnostics methods with very low LODs.
Although there is ongoing progress in the standard detection and treatment methods, the
mortality due to advancement and metastasis of cancer is still high [115].

Conventional detection procedures for identifying cancer biomarkers require patients
to provide a biopsy of the tumor. Subsequently, the tested sample needs to undergo ei-
ther fluorescence in situ hybridization (FISH) or immunohistochemistry (IHC) [116,117].
Both testing procedures involve the use of fluorescent tags to label chromosomes or DNA
sequences [118] in the former and proteins [119] in the latter case. Since the above test-
ing methods are expensive, take long processing times, and, above all, involve invasive
procedures [120], alternative measures need to be called for. The research in the field
of cancer detection using optical fiber sensors has made considerable progress where
non-invasive, real-time, label-free methodologies are proposed [50,121-124]. Different
optical fiber based systems have been designed and developed to specifically detect cancer
biomarkers, aiming towards a fast diagnostic method for POC testing, as will be presented
in the following sections.

5.1.1. Human Epidermal Growth Factor Receptor 2 (HER2)

HER?2 (185 kDa) is part of the human epidermal growth factor receptor family, which
participates in cell growth and differentiation. However, its overexpression plays an active
role in the inception and proliferation of aggressive forms of breast cancer [125]. Patients
who undergo costly trastuzumab treatment have a high chance of cardiac toxicity. Thus,
taking into account the risk associated with the above therapy, detection of the biomarker
is crucial for the prediction and therapy of tumors [126].

In 2017, Sun et al. [124] reported the detection of HER2 on a taper interferometer em-
bedded in FBG. The device was sensitive to RI changes, and wavelength shift was recorded
while detecting HER2. The lowest concentration of HER2 detected was at 2 ng/mL. More-
over, the FBG part of the compact device was suggested to be used as an independent
thermometer during the sensing process.

An optical fiber-based surface plasmon resonance (OF-SPR) optrode for detection of
HER2 was proposed by Loyez et al. [50]. In the experiment, a multimode optical fiber with
a diameter of 400 pm was sputtered with gold (thickness 45 nm), followed by silanization
and attachment of anti-HER2 aptamers. HER2 biomarkers were detected in phosphate
buffered saline (PBS) solution presenting a LOD of 0.6 pg/mL. CK17 protein was tested
as a negative control, and no significant shift was observed. Moreover, a sandwich assay
experiment using anti-HER2 antibody further improved the LOD to 9.3 ng/mL (~86 pM).
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5.1.2. Cluster of Differentiation 44 (CD44)

CD44 is a transmembrane protein with a molecular weight of 85-200 kDa present in
human cells, embryonic stem cells, cancer cells, and cancer stem cells [127]. Its overexpres-
sion promotes the migration, proliferation, metastasis, and reoccurrence of cancer [128].
Numerous variant forms of CD44 (CD44v) were confirmed to be related with several ma-
lignant tumors and metastasis [129]. Additionally, there is a correlation between the role
of CD44 in circulating stem cells and the impact it has on the development of cancer and
therapeutic outcome [130].

In a recent work from Bekmurzayeva et al. [131], a spherical fiber optic tip fabri-
cated using a CO, laser splicer was investigated. The fiber surface was pre-treated with
(3-aminopropyl)trimethoxysilane (APTMS), following several steps to functionalize it with
anti-CD44 antibodies, as shown in Figure 13, aiming to detect various levels of CD44. The
determined LOD was of 17 pM. In order to demonstrate the specificity of the studies,
thrombin and interleukin 4 were used as controls, reporting a minor change in signal.
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Figure 13. Schematic of functionalization of spherical tip-biosensor used for detection of CD44
biomarker (image reproduced from [131]).

5.1.3. Thyroglobulin (Tg)

Differentiated thyroid cancer (DTC) is one of the most common types of endocrine
cancer [132]. While the progression rate and death incidence for DTC are indolent, the
relapse cases after primary therapy with the need for thyroidectomy are high, which are
related to the increased instances of long-term morbidity [133-135]. Hence, a lifetime
check-up is advised for timely diagnosis to avoid further progression and subsequent
death [136]. Thyroglobulin (Tg) is a dimeric precursor glycoprotein weighing 660 kDa,
made by the thyroid follicular cells, and is necessary for thyroid hormone synthesis (T3
and Ty). Its levels can be measured in the serum of a healthy person up to 40 ng/mL. The
elevated amount of Tg, which is a highly specific biomarker to DTC, is an indication of the
latter [137].

In work performed by Kim et al. [138], a fiber-optic LSPR sensor combined with a
microfluidic channel was proposed to detect Tg. One of the preparation steps for optical
fibers involved treating them with Au NPs (average diameter of 50 nm). The device was
exposed to a range of concentrations of Tg, giving the LOD of 93.11 fg/mL. Comparatively,
the response time was 10 min, whereas conventional techniques such as chemiluminescence
assay (CLIA), immunoenzymometric assay (IEMA), and immunoradiometric assay (IRMA)
take a day or more [138].
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5.1.4. Cytokeratin 7 (CK7)

There is a discrepancy between the biomarkers expressed by tumors at the early and
metastatic stages. Cytokeratin 7 (CK7), which is usually expressed by epithelial cells coating
the cavities of internal organs, can assist in the diagnosis of carcinomas. Cancer cells of
the lung, breast, thyroid and salivary glands, and female reproductive organs will express
CK?7. Besides finding the biomarker in primary lung cancer, fragments of cytokeratin can
be released into the bloodstream by malignant cells [139].

Ribaut et al. [123], detected CK7 protein (78 kDa) and CK7 (2.6 kDa) peptide using an
SPR optical biosensor based on TFBG. In this work, TFBGs with tilt angles between 7° and
9° were coated with gold (thickness of 50 nm) using a high vacuum sputter followed by
surface pre-treatment and immobilization of anti-CK7 antibodies. Detection of both CK7
protein and CK7 peptide attained a LOD of 1 pM in PBS and 0.4 nM in serum, respectively.

5.1.5. Cytokeratin 17 (CK17)

Nearly a third of cases of cancer mortality worldwide are caused by late diagnosis
and aggressive growth of lung cancer [140]. The average span of life after confirmation
of disease and its subsequent treatment with chemotherapy is less than a year [141]. To
enable early-stage diagnosis and to enhance recovery and survival rate, the identification
of biomarkers is highly in demand, since various types of lung cancer require various
treatment procedures. Generally, an overexpression of cytokeratins is associated with
carcinogenesis [142,143]. Among them, Cytokeratin 17 (CK17) promotes cancer progression
and epithelial proliferation [144].

Ribaut et al. [121], in 2017, reported a gold-coated (50 nm) TFBG immunosensor with
7° for detection of the CK17 biomarker. The sensor surface was functionalized with a
self-assembled monolayer of 5,-PEG4-COOH followed by immobilization of the anti-CK17
antibody. Furthermore, the sensor was packaged into a hollow cylindrical needle, and
a window was cut with a laser to expose the fiber to the surrounding environment. The
packaged biosensor was used to detect biomarkers in PBS and CK17-encapsulated gel
matrix, giving a LOD of 1 pM and 0.1 ng/mL, respectively. In addition, the recognition
of analyte was conducted ex vivo in healthy and tumoral tissue samples. Compared to
healthy tissue, the sensor’s response to protein showed a linear trend in a biopsy sample of
CK17+ positive patients.

Similarly, Loyez et al. [122] detected CK17 comparing four biofunctionalized TFBG
based sensors (without gold—using silanization, gold-coated via sputtering, gold-coated
with electroless deposition (ELP), and hybrid gold-coated—a mix of sputtering and ELP)
that underwent various pre-treatment procedures. Sensing of analyte showed a linear
trend in all four TFBGs. Fiber prepared using silanization showed the lowest sensitivity
comparing to the others. However, it was stated that it could be used without taking into
account polarization effects. The LOD for the gold-sputtered TFBG was close to 1 pg/mL,
and it was the most sensitive device. The sensor was further inserted in the tumorous
part of the lung biopsy, showing a positive trend for CK17. Fibers were gold-coated using
ELP and hybrid methods and were both sensitive to the analyte, with the former showing
sensitivity down to Ing/mL and the latter being as sensitive as the gold-sputtered TFBG.

5.2. Cardiovascular Biomarkers Detection

Cardiovascular diseases (CVDs) are the prime cause of death in the world. It is esti-
mated that, in 2019, more than 19 million people died from CVDs, corresponding to 32%
of all global deaths [145]. Most CVDs are related to lifestyle and modifiable factors [146].
Therefore, prevention is the greatest weapon for reducing CVDs and improving wellbeing.
Factors such as stress, sedentary lifestyle, obesity, metabolic diseases, and hypertension
are preponderant in the development of such epidemy [147]. Hence, their monitoring and
control play a fundamental role in the decreasing of CVDs. Population-level interventions
always have to consider the cost-effectiveness of the applied measures and monitoring tech-
niques [147]. In a disease with such a large prevalence, this aspect is of utmost importance.
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In CVD management, each person is different, and individual assessment should
be personalized according to age, co-morbidities, and lifestyle. Moreover, monitoring
should be cost-effective and, when possible, at point-of-care [148]. Recently, different
cost-effective optical fiber sensors were developed to monitor different cardiovascular
biomarkers, namely, blood pressure [149], cholesterol levels [150] and diabetes mellitus
(glucose levels) [151,152], heart acute myocardial infarction (AMI) by Troponins quantifica-
tion [151,153], heart and kidney failure [154], and stress [21].

5.2.1. Detection of Cholesterol and Glucose

Dyslipidemia, which is the presence of abnormal lipidic levels in the blood, and
glucose metabolism disorders, such as diabetes, are independent risk factors of CVDs [147].
Therefore, monitoring of such analytes in POC locations is of outmost importance in CVD
prevention. Kumar et al. [150] developed a label-free reflectance-based cholesterol biosensor
consisting of SMF with a hollow core fiber working in reflection, coated with Au NPs and
with diameters of around 11 nm, for sensitivity enhancement using LSPR phenomenon.
The biorecognition molecule was cholesterol oxidase enzyme. With this approach, a LOD
of 25.5 nM and a sensitivity of 16.15 nm/uM were attained. In 2019, an optical tapered fiber
structure coated with Au NPs, working on transmission, was developed [155]. The taper,
created on SMF fiber, achieved a minimum diameter of 40 um, a total length of 4 mm, and
a 5 mm transition stretching region on each side of the taper. The biorecognition molecule
was glucose oxidase (GOx) enzyme. This sensing approach was studied in a detection
range up to 10 mM, achieving a LOD of 322 uM and a sensitivity of 0.93 nm/mM. In 2020,
Zheng et al. [156] described a highly-sensitive glucose sensor, based on back-reflection
configuration, using plastic cladding fiber of 600 um. The fiber tip was coated with gold by
sputtering and was then biofunctionalized with GOx enzyme. A measurement range of
0-0.5 mg/mL and a resolution of 0.0004 mg/mL were achieved.

5.2.2. Detection of Acute Myocardial Infarction Biomarkers

Acute myocardial infarction (AMI) refers to the death of myocardial cells due to
ischemia or the imbalance between the blood supply and demand within the coronary
arteries as a result of an acute thrombotic process [157]. As a life-threatening situation, the
fast diagnosis of AMI is vital for the early initiation of appropriate therapeutic measures.
The main tools to diagnose AMI are electrocardiography (ECG) and cardiac troponins
detection [158]. Cardiac troponins are regulatory proteins specific to the myocardium that
are released into the circulation when myocytes are being damaged [157]. There are three
kinds of troponins (Tn): I, T, and C, with troponin T and I being cardiac-specific, while
troponin C is expressed by both cardiac and skeletal muscle.

An ultrasensitive label-free optical microfiber coupler biosensor based on interference
turning point effect was developed to detect cardiac troponin I. The interrogation setup
consisted of a halogen light source, with a microscope objective to focus the light into
the fiber. The sensor consisted of a microfiber coupler fixed in a fluid cell integrated
into a polydimethylsiloxane (PDMS) chamber for sample solutions delivery. A visible
spectrometer was used as a signal analyzer. With this sensing architecture, an RI sensitivity
of 91,777.9 nm/RIU was achieved, and after biofunctionalization with anti-cTnl antibodies
and testing in ¢Tnl solutions, it reached a LOD of 2 fg/mL [151]. Krupin and Berini [152]
developed a long-range surface plasmon-polariton (LRSPP) waveguide biosensor to detect
troponin I. The sensors consisted of gold stripes of about 35 nm thickness, embedded in
a low-index optical-grade fluoropolymer (CYTOP™) with fluidic channels etched to the
surface of the gold strips. LRSPPs were excited by butt-coupling a polarization-maintaining
single-mode fiber (PM-SMF) to the input facet. The optical interrogation included an LED
peaking at 1310 nm connected to the PM-SMF. The transmitted light through the LRSPP
passes to a 25x objective lens and a 50:50 beam splitter. One part of the split beam is sent
to an infrared camera for visual monitoring and alignment, and the other part is sent to a
photodetector for evaluation of power variations in time during the detection procedure.
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The gold waveguide was biofunctionalized with anti-cTnl antibody via Protein G and
passivated with BSA. The sensor was tested in a direct and sandwich detection mode,
reaching a LOD of 430 pg/mL and 28 pg/mL, respectively.

5.2.3. Heart and Kidney Failure

Heart failure is a cardiovascular disease characterized by a disorder of the heart,
that can be structural and/or functional, which can cause increased intracardiac pressure
and/or inadequate cardiac output [147]. In heart failure patients, kidney function has to
be closely examined, since renal dysfunction due to diuretics, particularly in patients with
heart failure, is a common cause of hospitalization [159]. Botewad et al. [154] developed
a biosensor for urea detection, a biomarker of kidney function [160]. This study used
as transducer a 450 um diameter core plastic-clad fiber (PCF) uncladded throughout
a 2 cm portion. The uncladded region of the fiber was modified with a composite of
polyaniline (PANI) with ZnO and biofunctionalized with urease enzyme, which catalyzes
the hydrolysis of urea. This intrinsic sensor worked in transmission using a halogen lamp
and a spectrophotometer as light source and detector, respectively. When testing in urea
solutions, this biosensor reached a LOD of 10 nM.

In 2021, Li et al. [161] reported a biosensing approach comprised by SMFs, a multicore
fiber (MCF), and MMF fibers, in the structure SMF-MCF-MMF-SMF, for the detection
of creatinine in the human body. This structure, produced by a fusion splicer machine,
was etched to a 90 um diameter and coated with graphene oxide (GO), Au NPs, and
molybdenum disulfide NPs (M0S,-NPs) and then biofunctionalized with creatinase enzyme.
When tested in creatinine solutions, the sensor presented a LOD of 128.4 uM in a linear
range of 0-2000 pM.

In heart failure, higher enzymatic activity with maintained oxygen consumption
contributes to the physiopathology of myocardial insufficiency and appears to be an
indicator of oxidative stress [162]. In 2021, Ortega-Gomez et al. [51] developed a plasmonic
tip biosensor for the detection of reduced cytochrome c, which is a multifunctional enzyme
with a crucial role in electron transfer in the mitochondrial transport chain. This biosensor
consisted of a PCF MMF uncladded tip, that was coated with Au NP biofunctionalized
with cytochrome c as the biorecognition molecule, achieving a LOD of 60 nM.

5.2.4. Stress

Stress conditions (depending on the degree, duration, and individual response) often
lead to maladaptive physiological responses and are associated with CVDs in their acute
and chronic forms [163]. Stress also increases the probability of developing CVD risk
factors such as hypertension, diabetes, and obesity [164]. Prolonged high levels of cortisol,
known as the stress hormone, are related to physical and psychological disorders [165].
Therefore, the development of an easy and low-cost POC monitoring method to detect
this stress biomarker is a current hot topic. In 2021, C. Leitao et al. [21] reported a POF
uncladded approach for the detection of cortisol. The biosensor used SPR as a sensitivity
enhancer by coating the unclad part of the fiber with a gold/palladium (AuPd) alloy by the
sputtering technique. The surface was biofunctionalized with anti-cortisol antibodies using
cysteamine as an intermediated linker. The final surface was passivated with BSA. When
tested in cortisol solutions of concentrations between 0.005 and 10 ng/mL, the proposed
sensor had a total of 15 nm wavelength shift. The attained sensitivity and LOD were
3.56 £ 0.20 nm/(log(ng/mL)) and 1 pg/mL, respectively. In this research, control tests
were also performed in a sensor functionalized with antibodies for human chorionic
gonadotropin (anti-hCG antibodies) in which the variance of the resonance wavelength
was only 1 nm, much lower than the sensor modified with anti-cortisol antibodies.

5.3. Environmental Monitoring

Today, more than ever, there is a growing concern about emerging contaminants and
pollutants which severely affect the environment and human health. These contaminants
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and pollutants, which include insecticides, gases, stimulants, antibiotics, anti-inflammatory
drugs, and pesticides, among others, are biologically dynamic and highly resistant. As a
result, they continue in the environment, instigating harmful effects to non-target organisms
and humans, making it imperative to find approaches capable of correctly detecting these
substances in order to protect the environment and our lives.

In agricultural and fisheries engineering, a variety of environmental monitoring sen-
sors (quality of air, soil, and water) allow us to understand the environmental impact of
agricultural activities and recognize whether the farm conditions are suitable to cultivate.
Many studies have focused on the monitoring of farm soil and aquaculture water, since
soil fertility is the key to farmers looking for improvement of crop yields and agricultural
productivity, and well-controlled fish water tanks are key to the fishery sector. Further,
oil/gas industry pieces of equipment (pumps, pipes, and joints, among others) are required
to be monitored. In case any of these become damaged due to natural disasters or human
intervention, not only are their properties lost but also the surrounding environment can
become polluted. The equipment is submerged at the sea bottom or into a downhole, which
are high-pressure and environments with corrosive saltwater. In the case of delivery pipes,
these are spread over several kilometers and buried underground. This means that oil and
gas industries need non-invasive and low-cost sensing solutions to monitor many critical
parameters such as gas detection and/or leakage and oil quality, among other things.

5.3.1. Phenolic Compounds

Phenolic compounds are mainly produced by burning wood and coal apart from their
existence as sewage and industrial by-products [166]. With water being the most valuable
natural resource for mankind, its pollution by organic and inorganic compounds in the
current industrial age has been a serious concern and has placed it as one of the world’s
leading health risks [167]. Phenol wastewater is one of the industrial sewages which
causes harm worldwide, with it also being one of the worst sources of environmental water
pollution [168]. Drinking water with extremely high concentrations of phenolic compounds
can cause muscle convulsions, difficulty in walking, and even death [169]. These phenolic
compounds release toxic gases during combustion that are potentially harmful to human
health if absorbed. p-Cresol can enter human bodies in different ways as it is used as a
flavoring agent in foods and in some traditional medicines and is always present in tea,
oil, and tap water [170]. Recently, an optical fiber-based lossy mode resonance sensor built
by using NPs of ZnO/MoS, and the MIP technique was used to detect p-cresol [171]. To
achieve the specificity of the sensor, tyrosinase enzyme is commonly used for p-cresol
detection [172]. Tyrosinase (polyphenol oxidase) is an enzyme that catalyzes phenol
o-hydroxylation yielding o-diphenol (monophenolase activity) that subsequently oxidized
to o-quinone [173]. Very recently, Wang et al. [174] reported that a localized plasmon-
based sensor was developed for p-cresol detection, consisting of a nonadiabatic 40 um of
tapered optical fiber experimentally fabricated and computationally analyzed using the
beam propagation method. For performance optimization of the sensor, two probes were
proposed, where probe 1 was immobilized with Au NPs and probe 2 was immobilized
with the Au NPs along with ZnO NPs. To increase the specificity of the sensor, the
probes were functionalized with tyrosinase enzyme. Different solutions of p-cresol in the
concentration range of 0-1000 uM were prepared in an artificial urine solution for sensing
purposes. Different analytes were prepared for selectivity measurement. The linearity
range, sensitivity, and LOD of the probe using ZnO NPs were 0-1000 uM, 5.6 nm/mM
(accuracy 0.981), and 57.43 uM, respectively, making the overall performance of such a
probe much better, due to the inclusion of ZnO NPs, which increases the biocompatibility
of the sensor probe.

5.3.2. Phthalate Esters

Phthalate esters, also known as PAEs, are a type of synthetic chemical substance that
has been allocated to the list of priority pollutants because of their endocrine-disrupting
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and toxic effects on the human body. In 2019, Cennamo et al. [175] reported a D-shaped
plasmonic optical fiber biosensor to detect the presence of naphthalene in sea water. The
D-shaped configuration was obtained by removing the cladding of the POF by a pol-
ishing process. In this study, an antibody specific to the naphthalene molecule was de-
signed and produced and, for that, a retro-synthetic chemical strategy was applied to
modify the NAPHTA structure in a derivative structure to obtain the anti-NAPHTA an-
tibodies. This modified NAPHTA structure was coupled to a protein carrier and was
used for immunization. The capability of the antibody to bind to naphthalene was as-
sessed by enzyme-linked immunosorbent assay (ELISA) tests. Through N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistry, the
gold surface was derivatized and functionalized with the produced antibody. Subse-
quently, tests using real matrices of sea water were performed using the produced biosensor.
Through the obtained results, it was possible to observe that the POF biosensor was able
to sense the presence of naphthalene in a sea water solution with a LOD of 0.76 ng/mL
(0.76 ppb), which is lower than the limit value of naphthalene (0.13 nug/mL). In a 2020
study, Lamarca et al. [176] prepared a label-free U-shaped immunosensor for the detection
of ciprofloxacin (CIP) in wastewater samples, as CIP is a broadly utilized antibiotic to
treat infections and is a common contaminant of wastewater treatment plants. The glass
optical fiber surface was functionalized with PANI, followed by immobilization of anti-CIP
antibody. CIP could be detected with a LOD of 3.30 x 1073 ng/L, in a linear range between
0.01ng/L and 10,000 ng/L, and with a quantification limit of 0.01 ng/L. In addition, the
immunosensor offered a high average recovery of 91%. Benzo(a)pyrene (B(a)P) is one of the
most toxic polycyclic aromatic hydrocarbons and a carcinogen, making monitoring its con-
centration levels essential for human health and environmental contamination avoidance.
To monitor B(a)P contamination levels in the water, Gao et al. [177] proposed an in-line
fiber optofluidic immunosensor using a hollow-core fiber with its surface immobilized with
antibodies. As such, the immunoreaction between the antibody and the B(a)P molecule
induced a significant change in the Rl inside the in-line optofluidic channel. The attained
results presented a LOD of 1.65 pM and sensitivities of up to 23 pm/pM.

5.3.3. Gases and Volatile Compounds

There are myriad gases and volatile materials that researchers and engineers are inter-
ested in studying for a number of reasons (ranging from safety issues to general analytical
analysis) in the oil/gas industry, from which three will be focused on: formaldehyde
(CH;0O), hydrogen sulfide (H;S), and carbon dioxide (CO;), where the identification of
specific molecules in diverse media and under extreme conditions has been carried out.

Gonzalez-Vila et al. [178] developed an MIP coating synthesized around a metal-
coated optical fiber sensor by an electropolymerization process, working as an electrode,
where the oxidation takes place at the surface of the metal. The electrodeposition was
figured by the TFBG-SPR sensor and, as a result of the MIP coating, the TFBG-based sensor
acquired sensitivity in gaseous atmospheres. A sensitivity of 2.10 pm/ppm when detecting
tiny formaldehyde concentrations in the gaseous state was achieved. In addition, the
sensor exhibits a selective behavior to this molecule such that the presence of other volatile
compounds did not produce a substantial change in the sensor’s response.

H,S is usually found in nature by the decomposition of organic materials, especially
in oil and gas production chains. It can also be found in mineral environments such as
coal and salt deposits, as well as other mineral extractions containing sulfur. Physical,
chemical, and biological agents are the main agents responsible for the formation of this
compound. Various systems have been developed using optical fiber sensors due to their
large advantages. Sultangazin et al. [101] proposed a low-cost H,S sensor based on plastic
optical fiber functionalized with silver deposition on the fiber’s outer surface. The sensor is
integrated with a smartphone used as an interrogator unit, and the response time is just
over a few minutes. Ke et al. [179] presented an optical fiber evanescent-wave sensor. The
sensing probe is fabricated by etching a standard single-mode fiber, where the transmitted
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optical power centered at 1631.9 nm is monitored by a power meter. As the H,S gas
increases, more energy of the evanescent wave is absorbed, leading to a reduction in the
optical power. Prado et al. [180] very recently presented a new study that considers the
advantages of optical fiber sensors in conjunction with the colorimetric detection abilities
of surface plasmon resonance in Au NPs, reporting the development of a HyS detector
based on optical fiber coated with Au NPs. The proposed configuration and method used
make it possible to detect the presence of H,S in gaseous systems while operating at room
temperature and with important advantages regarding easy production and short response
time. The developed detector has the ability to sense H;S levels in the range of 0.4 to
2.0 ppm at room temperature.

CO; is another critical parameter in the oil/gas industry. There are many materials
to use with an optical fiber that have a specific reaction with CO;. A range of different
materials has been reported in the literature over recent years, such as xerogels doped with
1-hydroxy-3,6,8-pyrenetrisulfonic acid trisodium salt (HPTS) [181], also known as pyranine.
This CO; sensor is based on pyranine, a pH-sensitive fluorescent indicator dye. In the
presence of CO,, the dye has an ion transfer that alters the absorption features of pyranine
and xerogel at 396 nm and 460 nm, effectively reducing absorption at these wavelengths,
causing reactions at room temperature, and having rational response times. Another ap-
proach uses oxidation or reduction reactions in which an electron transfer process occurs
between a gas and a material. An example of this is the hybrid nickel oxide/reduced
graphene oxide (NiO/rGO), which is a structured coating material. The reactionary wave-
lengths are 670 nm and 771 nm, and it is the combination of the nanostructured material
and its chemical composition in the presence of CO, that triggers the reaction, altering
the distribution of the radicals within the materials, changing the electron density and,
hence, the permittivity. The result is a small but significant change in the emission wave-
lengths [182]. A redox reaction using single-wall carbon nanotubes in localized surface
plasmon structures has been used for CO, detection [183], where the chemical selectivity is
conferred in terms of the activation energy, allowing for room temperature operation.

5.3.4. Aquaculture Monitoring

In agricultural and fisheries engineering, many studies have been explored in terms
of soil pollution and critical parameters in water fish tanks. When stress is persistent and
uncontrollable, it is considered pathological, which can trigger depression and cardiovas-
cular diseases [184], for example, and therefore the development of technology capable of
monitoring stress is essential. Stress involves a large number of neuronal circuits and, once
it is promoted, leads to the release of glucocorticoids, in particular cortisol [184]. The sub-
stantial variation in this hormone occurs due to exposure to psychological, environmental,
or emotional stress [185]. As a result, cortisol is one of the most important stress biomarkers.

One area in which stress also presents significant influence is aquaculture; especially,
the impact of such a stress hormone is a challenge to be overcome in recirculating aqua-
culture systems. When small variations in the water composition or quality occur in these
systems, stress induction can arise as well as reduced food intake, which leads to reduced
fish growth and, consequently, leads to possible mortality when acute or chronic stress is
high. For these reasons and others, it is then essential to monitor cortisol in water [186]. In
2020, Sharma et al. [187] simulated an SPR fiber optic immunosensor for cortisol detection
at the wavelength of 830 nm. The sensor consisted of an Ag layer with 2D materials,
conventional (graphene, tungsten disulfide (WS,), and MoS,) and transition metal carbides
(MXenes: TizCy, Ti3Cr0O,, TisCyF,, and Ti3C,(OH),), considered one at a time. The sensor
that showed a superior balanced set of performance parameters under both modes was
the Ti3C,0O,-based probe. Through simulation, this probe was able to achieve a LOD of
15.7 fg/mL. The cortisol sensor developed by Leitdo et al. [21], described in the last section,
also can be applied to monitor cortisol levels in aquaculture water.

One of the key limiting factors in aquaculture is the presence of ammonia; therefore, its
early detection in small concentrations prevents fish mortality and improves the production
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quality [188]. Yi Zhu et al. [189] reported a combination of optical fibers and tapered optical
fibers (SMF-MMF-taper-MMF-taper-SMF) as miniature interferometry-based optical fiber
ammonia gas sensors. A range from 0 to 5460 pg/L of ammonia in the gas chamber was
performed. The sensing material involved ZnO nanoflowers deposited on the sensing area
(middle MMF and tapers), by a drop of a ZnO solution and 6 h drying in a vacuum oven
at 60 °C. Ammonia sensitivity performance is compared between ZnO nanoflowers and
ZnO nanospheres of around the same size (1 pm), showing sensitivities of 5.75 pm/(ug/L)
versus ~2.25 pm/(ug/L), respectively. Shrivastay et al. [190] presented a contemporary
approach to design and developed a hypersensitive ammonia gas sensor producing a
Mach-Zehnder interferometer (MZI) by an SMF-PCF-SMF fiber substrate to perform the
interference by immobilizing PANI@SnO; nanocomposite to achieve sensing. In this case,
excitation of core and cladding modes of PCF is achieved using collapse region that is
formed at the junction of SMF and PCF specialty fiber, achieving very fast response and
recovery times of 7 and 2 s, respectively, which can detect as low as 8.09 ppt (47.59 fM).
The reusable probe showed the potential for rapid detection of ultra-trace ammonia with
high selectivity and reproducible features. In 2020, Leal-Junior et al. [191] presented a
low-cost fiber-optic probe for the early detection of ammonia. The sensor was based on the
chemical interaction between the Oxazine 170 perchlorate layer, deposited in an uncladded
polymer optical fiber, and the ammonia dissolved in water. In addition, a thin metallic
layer (composed of gold and palladium) was deposited in the fiber end facet and acted
as a reflector for the optical signals, enabling the use of the proposed sensor in reflection
mode. Different configurations of the sensor were tested, where the effects of the PDMS
protective layer, thermal treatments, and the use of reflection or transmission modes were
compared in the assessment of ammonia concentrations in the range of 100 ppb to 900 ppb.
Results showed better performance (as a function of the sensor sensitivity and linearity) of
the sensor with the annealing thermal treatment and without the PDMS layer. Then, the
proposed fiber-optic probe was applied to the ammonia detection in high-salinity water,
and ammonia concentrations as low as 100 ppb were detected.

Another problematic factor is the usage of myriad pesticides and insecticides in agri-
culture that are dangerously applied to the soil, such as organophosphorus pesticides that
are used worldwide for agricultural purposes. Miliutina et al. [192] reported a functional
plasmonic sensor aimed at the monitoring of pesticide spreading and determination of
their concentration. It utilized the functionalization of a plasmon-supported fiber surface
decorated with a metal-organic framework compound with the formula Zn,O(BDC)3, also
known as the MOF-5 layer. The MOE-5 layer provides the extraction of pesticides from
the surrounding medium, which causes the shift in the plasmon resonance absorption
band position. The created system demonstrated high selectivity and sensitivity towards
organophosphorus pesticides. Particularly, the sensors were successfully applied for the
detection of fenitrothion and paraoxon. The lower detectable concentration was found
to be as small as 1 pM, which makes the proposed sensors comparable to common ana-
lytical approaches to pesticides detection. The proposed cost-effective technique allows
for simple and straightforward pesticide detection, even in the complex samples, without
any sample’s pretreatment step, and it can be easily and scalable transferred to outdoor
conditions. In 2019, Kant et al. [193] presented an SPR based fiber-optic sensor for the
pesticide fenitrothion utilizing Ta;Os nanostructures sequestered onto a rGO matrix. A thin
layer of silver was deposited on the unclad core of silica optical fiber for SPR generation
and was followed by the deposition of a sensing surface comprising a layer of tantalum
oxide NPs sequestered in a nano-scaled matrix of rGO. The sensing mechanism is based
on the interaction of fenitrothion with the silver film, which leads to a change in the RI
Characterized by a wavelength interrogation scheme, the fiber-optic sensor exhibited a
redshift equaling 56 nm corresponding to fenitrothion concentration in the range from
0.25 to 4 uM, including the blank solution. The spectral sensitivity is 24 nm/uM, the limit
of detection is 38 nM, and the response time is as short as 23 s. The sensor is selective,
repeatable, and works at ambient temperature.
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6. Conclusions

This paper presents a review of optical fiber-based cost-effective biosensing platforms,
covering different geometries, interrogation techniques, encapsulation methods, and, fi-
nally, presenting applications in three crucial fields of sensing for wellbeing: cancer and
cardiovascular biomarkers detection and environmental monitoring.

The development and application of different types of optical fiber biosensing has
increasing over the years at an impressive rate, with the demystification of some associated
prejudices. In the past, optical fiber biosensing was labeled as high cost, and for this reason
was only considered for highly specific applications. However, as fiber optic biosensor
technologies have continued to show excellent performance, the instrumentation associated
with their interrogation has dropped in cost, and essentially new methods of designing
interrogating sensors have been developed. Fiber-optic sensors working in the visible range
are naturally low-cost. Furthermore, the possibility to use the instrumentation of a smart-
phone to perform the readout of these types of sensors, in addition to considerably lowering
the system cost, can be the basis for more democratic and accessible self-monitoring.

Fragility was also one of the points associated with fiber optic sensors. However,
various encapsulation techniques are currently used to make these sensors highly robust
while maintaining or even amplifying their sensitivity. Currently, we are able to obtain
sensors with very high performance, which are highly robust and with practical and
low-cost reading techniques.

The potential of all these cost-effective optical fiber sensing techniques reviewed in this
article is supported by the numerous applications and excellent results shown in the three
monitoring areas addressed. Nonetheless, as in any other biosensing technique, several
aspects still need to be improved and worked on, namely, in the enhancement of their
repeatability and reproducibility and by developing techniques to enable their reuse. In the
future, it is expected that further research will be devoted to make progress on these topics.
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AMI Acute myocardial infarction
APTMS  (3-Aminopropyl)trimethoxysilane
ARS Alizarin Red S

Bla]P Benzo(a)pyrene

BSA Bovine serum albumin

CCDs Charge-coupled devices

CD44 Cluster of differentiation 44

CIP Ciprofloxacin

CK7 Cytokeratin 7
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CK17
CLIA
CVDs
DNA
DTC
EBL
ECG
EDC
eFBG
ELISA
ELP
eTFBG
FWHM
GNG
GNS
GNR
GO
GOx
HER2
HPTS1
HTR
IEMA
IRMA
1TO
LDF
LEDs
LOD
LRSPP
LSPR
MIPs
MMFs
MZI
NA
NHS
NPs
OFB
OFS
OF-SPR
OTA
PANI
PBS
PCS
PDs
PDMS
PMMA
PM-SMF
POC
POFs
RI

RIU
rGO
SMFs
SNR
SPR
Tn

TNT
VEGF

Cytokeratin 17

Chemiluminescence assay
Cardiovascular diseases
Deoxyribonucleic acid

Differentiated thyroid cancer

Electron beam lithography
Electrocardiography
N-ethyl-N’-(3-dimethylaminopropyl)carbodiimide
Etched Fiber Bragg grating
Enzyme-linked immunosorbent assay
Electroless deposition

Etched tilted Fiber Bragg grating

Full width at half maximum

Gold nanograting

Gold nanostars

Gold nanorods

Graphene oxide

Glucose oxidase

Human epidermal growth factor receptor 2
Hydroxy-3,6,8-pyrene trisulfonic acid trisodium salt
Human transferrin
Immunoenzymometric assay
Immunoradiometric assay

Indium tin oxide

Light diffusing fibers

Light-emitting diodes
Limit-of-detection

Long-range surface plasmon-polariton
Localized surface plasmon resonance
Molecularly imprinted polymers
Multimode fibers

Mach-Zehnder interferometer
Numerical aperture
N-hydroxysuccinimide

Nanoparticles

Optical fiber biosensor

Optical fiber sensor

Optical fiber-based surface plasmon resonance
Ochratoxin A

Polyaniline

Phosphate buffered saline

Plastic-clad silica

Photodetectors

Polydimethylsiloxane

Poly(methyl methacrylate)
Polarization-maintaining single-mode fiber
Point-of-care

Plastic optical fibers

Refractive index

Refractive index units

Reduced graphene oxide

Single-mode fibers

Signal-to-noise ratio

Surface plasmon resonance

Troponin

Thyroglobulin

Trinitrotoluene

Vascular Endothelial Growth Factor
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