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1. Introduction

An optical fiber is a flexible, transparent, and cylindrical wave-
guide made of plastic or silica, with diameters slightly thicker

than that of a human hair (Figure 1a).[1]

Optical fibers deliver/guide light for long
distances with low losses. Single-index opti-
cal fibers consist of a transparent core cov-
ered with a transparent claddingmaterial of
a lower refractive index. The total internal
reflection allows for guiding light in the
fiber core; however, based on the wave-
guide analysis the energy of the transferred
light is not fully trapped in the fiber core
but a portion of the light travels in the clad-
ding as evanescent waves. When the inci-
dent light hits the core–clad interface at
angles larger than its critical angle, the light
is completely reflected and guided in the
fiber. In contrast, the incident light which
meets the interface at smaller angles is
refracted into the cladding to be lost. The
critical angle is the minimum angle
required to attain the total internal reflec-

tion, which is determined by the refractive index difference
between the core and cladding materials.[2]

Fibers can be classified into two categories based on the num-
ber of guided modes: single-mode and multimode fibers.
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Advanced Materials Research Center
Technology Innovation Institute
Abu Dhabi 9639, UAE

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adpr.202100371.

© 2022 The Authors. Advanced Photonics Research published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/adpr.202100371

A. K. Yetisen
Department of Chemical Engineering
Imperial College London
London SW7 2AZ, UK

S. Park
Department of Bio and Brain Engineering
Korea Advanced Institute of Science and Technology (KAIST)
Daejeon 34141, Republic of Korea

S. Park
KAIST Institute for Health Science and Technology (KIHST)
Korea Advanced Institute of Science and Technology (KAIST)
Daejeon 34141, Republic of Korea

T. D. Wilkinson
Department of Engineering
University of Cambridge
Cambridge CB2 1TN, UK

Fiber-optic technology emerged originally for applications in data transmission and
telecommunications. However, sensors based on fiber-optics have been developed
rapidly because of their excellent sensing performances and capability to function in
remote and harsh environments. The usage of fiber-optic sensors has flourished in
many fields over the past 30 years due to the fiber-optic’s inherent advantages: cost-
effectiveness, miniaturized size, light weight, and immunity to electromagnetic
interference. This work reviews the fiber-optic sensors based on Bragg gratings, long
period gratings, interferometers, surface plasmon resonance, fluorescence, and light
diffusion. Brief theory of sensing principle, fabrication method, applications,
advantages and disadvantages of the different fiber-optic sensors, are addressed.
Recent progress in numerous sensing fields, including environmental, industrial,
and biomedical are discussed for each class of fiber-optic sensors. The review
highlights the methods and techniques used to overcome the sensing challenges.
Finally, prospect of future developments of fiber-optic sensors is summarized.
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Commonly, the single-mode fibers have a core diameter of
8–10 μm, and are developed to function in the short infrared
region. While multimode fibers are manufactured with a core
diameter in the range of 50 μm to hundreds of micrometers,
and are used when high power is required to be transferred.[5]

The numerical aperture (NA) of an optical fiber is the number
that defines the range of angles over which the fiber can receive,
guide, and release light rays. The NA of a step-index fiber is given
by the difference in the refractive index between the core and
cladding materials

NA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2co � n2cl

q

¼ nair sin θair (1)

where nco, ncl, and θair are the refractive indices of the core, clad-
ding, and the incident angle of light rays, respectively. The angle,
θair, is measured relative to the longitudinal axis of the fiber core
(Figure 1a).[6] Accordingly, the NA determines the range of the
accepted incident angles for the light entering or exiting the fiber.
A normalized frequency (V ) of optical fiber provides information
about the number of optical modes that can propagate in the fiber
and it depends on the NA and the core diameter. The normalized
frequency is given by

V ¼ ðNAÞ 2πa
λ

(2)

where a is the radius of the fiber core, and λ is the free-space
wavelength.[6]

The rapid progress in developing the bio-and chemical sensors
improved the healthcare systems, food, and water quality
monitoring, and assisted the industry to manufacture standard
products. The sensors market is still dominated by electronic
sensors; however, they suffer from signal drift, and are prone
to electromagnetic interference, in addition to their need for fre-
quent calibration.[7] These limitations along with the necessity for
remote monitoring/sensing directed the researchers’ attention
toward utilizing optical-fiber-based sensors. Using photon as
the signal carrier instead of the electron, makes the optical fibers
immune to the electromagnetic interferences.[8] Optical fibers
serve analytical science in many ways. The fibers allow optical
microscopy to be carried out over long distances reaching sites
inaccessible to conventional spectroscopy.[9] In addition, optical
fibers enable less common methods of interrogation such as spa-
tially resolved spectroscopy and evanescent wave spectroscopy.[10]

Optical fibers that can deliver signals with wide spectral ranges
are available; however, for sensing applications, mostly long
wavelengths (500 nm>) are used; as in this range the
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Figure 1. Categories of optical fibers: a) Schematic of a step-index optical fiber, b) schematic of fiber Bragg gratings, c) transmitted and reflected spectra
of the light guided in a fiber Bragg grating compared to the profile of the input spectra, d) schematic of the long period grating fiber, e) transmission
spectra of a long-period fiber grating showing the loss dips. Reproduced under a Creative Commons Attribution 3.0 Unported and Creative Commons 4.0
International License.[3] Copyright 2015, The Authors. Published by IntechOpen. f ) Schematic of a tapered single-mode fiber where the tapered segment
is covered by an analyte-responsive layer. g) Measured transmission spectra for a tapered optical fiber while the tapered section was exposed to media of
different refractive indices. Reproduced under an open access Creative Commons CCBY 4.0 license.[4] Copyright 2016, The Authors. Published by MDPI.
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background noise signals are weak and the lasers are used as
light sources are cheap.[10] Optical fibers have been playing a sig-
nificant sensing role in several fields, particularly in biomedical
applications, due to their inherent advantages such as compact-
ness, flexibility, biocompatibility, chemical inertness, and their
feasibility to be machined and functionalized.[11] Furthermore,
the progress in optics and photonics, chemistry, and biology
enabled optical-fibers-based sensors in numerous areas includ-
ing the oil and gas industry, medicine, environment monitoring,
and food production. The fine dimensions of optical fibers made
them suitable for integration with medical catheters and needles,
which are widely used technology platforms for in vivo sensing
and point-of-care diagnostics.[12] Also, their fine dimensions
made them appropriate for examining small-size samples and
confined remote spaces.[11b] Furthermore, they are resilient for
harsh environments such as high temperature, high humidity,
and dangerous atmospheres with high concentration of corrosive
and explosive gases (oil/gas pipeline, oil rigs, nuclear plants), due
to their robust materials and mechanical properties. In addition,
optical fiber sensors can independently and simultaneously mea-
sure more than one parameter in real time and continuously.[11b]

Integration of functioning materials and structures into the
optical fiber for specific sensing has been performed extensively
during the past decades; however, severe limitations in their
applicability have been posed due to the poor control and modest
readiness to the integration methodologies. The frustration of
their performance resulting from repeatability and disorder
issues are obstacles to developing optical fiber technology plat-
forms capable of competing with more mature sensing technol-
ogies.[12] Therefore, intensive research is required to adjust the
fabrication technology to correctly operate on unconventional
substrates such as optical fibers. In fact, most of the current
micro/nanofabrication technologies arising from the microelec-
tronic industry have been made to operate on planar substrates;
however, they are not convenient for optical fibers because of
fibers’ small cross-section and curved surfaces.[12] Recently,
intensive research has led to the development of crucial
fabrication routes allowing fine control of process parameters
at nanoscales. The recently developed nanotechnologies and
self-organization methods used for pattering and depositing
materials have been successfully applied to optical fiber sensing
platforms.

Several reviews have been published in the past few years cov-
ering optical fiber sensors. Each of these reviews addresses either
a specified category of optical fiber sensors and its possible appli-
cations or the detection of a specified parameter by numerous
categories of optical fiber probes.[7,11b,12,13] However, this review
covers many categories of fiber-optic sensors presenting the
foundation of chemical and biosensing, including the sensing
mechanism, sensing materials, and the strategies for improving
the sensors’ performance. Additionally, the recent developments
in optical fiber sensors are summarized, analyzed, and dis-
cussed. Furthermore, this review addresses the light-diffuser-
integrated optical fiber sensors, which have not been addressed
in the previous reviews, to the best of the authors’ knowledge.
Finally, a conclusion along with examples of the fiber sensing
technologies that reached the market and the market expectation
are provided. The aim of this review is to bring the attention to
the potential applications of the fiber-optic sensors based on

different sensing mechanisms – giving the reader a wide over-
view of the feasible applications in the biomedical, industrial, and
environmental fields. Also, the review provides an overview of
the physical/chemical phenomena synergistic with optical fibers
for sensing purposes, with more attention paid to biomedical
applications. The review is structured as follows: the introduction
addresses the simple basics of optical fibers and the advantages
of utilizing fiber optics in sensing applications introducing the
readers into the field. The next sections describe in detail the dif-
ferent fiber optic sensors which are classified according to the
physical/chemical phenomena integrated with the fiber-optic
for developing the sensors. The distributed optical fiber sensors,
photonic crystal fibers, and those based on specklegrams are not
involved in this review. For readers interested in the unaddressed
fiber sensors, there are several recent reviews that address
them.[14]

2. Fiber Bragg Gratings (FBGs)

FBGs is a traditional fiber that combines a distributed Bragg
reflector fabricated in a short segment of the fiber core to reflect
a specific wavelength range of the guided modes and transmits
all others (Figure 1b,c). Bragg reflector is a periodic variation in
the refractive index of the fiber core in the guidance direction,
and functions as a wavelength-selective dielectric mirror.[15]

Electromagnetic waves propagating through FBGs are transmit-
ted except for the wavelengths that satisfy Bragg’s law, which is
reflected. The simplest configuration of FBGs is the uniform
grating, in which the refractive index modulation has a constant
period along the grating segment. The reflected spectrum by this
standard FBGs shows a peak centered around the Bragg’s wave-
length, with reflectively 10% and 90% for FBGs having length
ranges of 3 mm and 10mm, respectively.[16] And the reflected
bandwidth is 0.03 nm for FBGs operating at 1550 nm. A more
complicated FBG called chirped FBG (CFBG) is defined by a non-
uniform modulation of the grating period. For the linear CFBG,
the periodicity constant increases at a constant rate through the
grating segment. Consequently, the CFBGs do not diffract a sin-
gle wavelength but the reflected spectrum shows a broad band-
width; as each sub-segment of the grating diffracts/reflects a
different Bragg’s wavelength. Readers interested in CFBGs are
referred to the cited review articles.[13n]

Initially, FBGs were developed for the telecommunications
industry in the 1990s, later, FBGs were incorporated into sensing
applications. The principle by which FBGs are used in sensing is
based on detecting the shift in the Bragg gratings wavelength,
which occurs due to a change in the grating period or the effec-
tive refractive index (neff ). Advantageously, FBGs can function in
both transmission and reflection configurations. The reflection
configuration does not require both ends of the fiber to be
connected to the interrogation setup – making this mode more
practical. Insensitivity of the FBGs to the fluctuation of the
illumination intensity of the light source is another merit as
the output signals are obtained by recording the wavelength shift
induced by the measurand. FBGs probes were utilized for tem-
perature, humidity, strain, and infrared radiation detection.[15,17]

For instance, an FBGs probe was developed for temperature
detection based on the thermo-optic effect of the fiber’s core
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material induced by the temperature. The Bragg gratings were
fabricated in a single-mode silica fiber with a grating period
of 1.55 μm.[17b] Recently, polymer FBGs were utilized for detec-
tion of the relative humidity in ultra-high performance concrete
mixture for eight hours continuously.[18] FBGs were used for pH
sensing applications too. Multilayers of PVA/PAA were depos-
ited on FBGs by the dip-coating method for developing a pH sen-
sor.[19] The hydroxyl groups of PVA and the carboxyl groups of
PAA were cross-linked by heating up the multilayers. The fiber
sensor showed a linear response to pH in the range of 3–7,
presenting a sensitivity of 0.0122 nm pH�1 resulting from the
change of the swelling degree of the hydrogel in different pH
conditions. Good repeatability was observed; however, the
response time was too slow and lasted several minutes. In a simi-
lar study, the FBGs was functionalized with poly(ethylene
glycols), sodium alginate, and poly(N-isopropylacrylamide) for
a wide rage sensing of pH.[20] The response time was improved
reaching 1.33min and the sensor working range was extended to
cover whole the pH range (0–14). However, the sensor’s
response was nonlinear and the sensitivity was very low.
Metal ions, such as calcium, potassium, sodium, and magne-
sium, exist in high abundance in most biological organisms,
and also some heavy metal ions are essential in our bodies
but existed in small quantities. However, heavy metal ions are
harmful and fatal when existed in amount exceeding a certain
range. For example, increasing amounts of Crþ3, Cdþ2, Cuþ2,
and Niþ2, may cause skin, bone, and teeth diseases.[21] FBGs
have become a versatile tool for measuring trace amounts of ions.
For instance, trace amounts of Crþ6 ions were detected by FBGs
where tetraalkylammonium salts containing poly(3-arylamido-
propyltrimethylammoniumchloride) hydrogel was dip-coated
on the surface of the grating area.[22] Complexation of the
Crþ6 ions with the hydrogel led to swelling of the hydrogel chang-
ing the diffracted wavelength. The sensor presented a linear
response in the concentration range of 10–100 ppb.

The industrialization made the whole world face severe gas-
eous pollution problems which affect people’s daily life.
Reliable gas sensors may play a significant role in environmental
monitoring applications. Hydrogen gas was found to cause explo-
sion when its concentration reaches 4–74.5%.[23] Thus, it is
essential to monitor H2 for ensuring safe work conditions.
For instance, FBGs were coated with a palladium layer for hydro-
gen sensing application.[24] Palladium is a well-known catalyst for
H2, which dissociate H2 into atomic hydrogens and shows a
strong affinity to dihydrogen.[25] Adsorption of the H2 on the
Pd film induced a change in the refractive index of the Pd layer.
The working window of the fiber sensor was in the range of
0.3–1.8%, which is lower than the lowest critical explosion con-
centration of the H2. Also, the FBGs were developed for smart
structure applications. The FBGs were embedded into the struc-
tures to monitor the strain distribution.[26] The latter is valuable
as the real-time monitoring of structures assists in improving the
safety of the structures because it allows timely repair and pre-
vents unwanted damages.[27] A deflection and twist measuring
method applicable for ground and flight tests was developed
based on FBGs.[28] The left-wing of a Global 7500 business jet
was instrumented with the FBGs and underwent a durability
and damage tolerance certification test. The optical fiber system

allowed distributed strain measurements on the wing, and con-
sequently the aircraft wing deflection.

To exploit the FBGs in biosensing applications, two configu-
rations have been introduced. The first method is to manufacture
tilted FBGs, in which the refractive index modulation plane is
tilted with respect to the longitudinal axis of the fiber by angles
lower than 10°. This tilted grating has a similar diffractive wave-
length to the standard FBG but it excites several cladding modes
at the interface between the cladding and the outer medium.
These modes are detected in reflection by coating the fiber tip
with a reflecting layer such as gold and the modes appear as a
comb of narrow linewidths at wavelengths smaller than the
Bragg’s wavelength. For instance, a tilted FBGs probe was intro-
duced for selective glucose detection based on an enzyme immo-
bilized on the cladding of the FBGs. The probe showed a
sensitivity of 0.298 nmmM�1 as the Bragg wavelength shifted
only 1 nm over the change in glucose concentration in the physi-
ological range.[29] Tilted FBGs were developed for pH sensing
based on a pH-responsive multilayer hydrogel (poly(diallydi-
methyl ammonium chloride/PAA).[30] The developed fiber
showed a reasonable sensitivity of 0.5 nm pH�1 and a rapid
response of 10 s. Also, tilted FBGs were reported for lead detec-
tion based on black phosphorus (BP).[31] The BP nanosheets were
synthesized using the liquid-phase exfoliation method and the
in situ layer-by-layer technique. The fiber sensor was tested for
heavy metal ions detection (Pbþ2), and demonstrated high sen-
sitivity of 0.5� 10�3 dB ppb�1, limit of detection of 0.25 ppb, and
functioning window of 0.1–1.5� 107 ppb.

The second strategy for enhancing the performance of the
FBGs is to chemically etch the cladding of the FBGs segment.
In this case, the poor light confinement in the fiber core causes
a change in the effective refractive index with the outer medium.
As a result, Bragg’s wavelength and the light intensity shift when
the grating is exposed to outer media of different refractive
indices. For example, etched FBGs were used for pH sensing
applications by functionalizing the fiber with poly-allylamine
hydrochloride and poly-acrylic acid (PAH/PAA) multilayer,
which was deposited by the layer-by-layer electrostatic-
self-assembly technique.[32] In this method, the sensitivity of
the sensor significantly improved to reach 0.64 nm pH�1 which
was one order magnitude higher than the commonly used FBGs
for pH sensing developed based on the same pH-responsive
hydrogel. Also, a palladium film of thickness of 150 nm was
deposited on a tapered FBG to develop a hydrogen sensor.[33]

Compared to the traditional FBGs sensor based on the Pd layer,
the fiber sensor showed a significantly enhanced sensitivity of
81.8 pm/%v/v H2. Also, an etched FBGs probe was reported
for sensing glucose and C-reactive proteins.[34] Sridevi et al.
etched a single-mode fiber that was FBGs-inscribed, and coated
the fiber with aminophenylboronic acid (4APBA)-functionalized
RGO complex.[34a] The 4APBA played the role of glucose-
recognition agent and complexed with glucose, resulting in a
shift in the Bragg’s wavelength. The fiber showed a linear
response trend with glucose concentration in the range of
1 nM–10mM, showing a limit of detection of a 1 nM. FBGs
recently reported for monitoring breathing patterns and respira-
tory rates.[35] The clinical test was performed on nine volunteers,
and showed a competitive performance to the spirometer in
detecting the respiratory rates.
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By etching the FBGs, the effective refractive index of the
fundamental fiber propagating mode shows a non-linear depen-
dence on the external refractive index. For the nonuniform
FBGs, its spectral response is strongly modified leading to the
split of the Bragg wavelength into two sub-peaks. The peak
related to the etched grating region depends on the etching
features, surrounding environment, and the local temperature.
The second peak is related to the unperturbed grating region
(cladding covered) which is sensitive only to local temperature.
The maximum sensitivity for the surrounding refractive index is
achieved when the cladding layer is completely removed during
the etching and the surrounding refractive index is close to the
cladding. The nonuniform FBGs were demonstrated for simul-
taneously monitoring the refractive index change and tempera-
ture. For instance, Iadicicco et al. demonstrated nonuniform
FBGs for self-temperature compensated refractive index meas-
urements.[36] A standard fiber Bragg grating was partially or
totally etched along half of the grating segment. Changing the
surrounding refractive index led to splitting the reflected wave-
length into two peaks: a peak at shorter wavelengths correspond-
ing to the etched region which responds to both the local
refractive index and temperature, and the second peak is located
at longer wavelengths responding only to temperature changes.
The simultaneous detection of the Bragg wavelengths related to
etched and un-etched grating regions provided accurate meas-
urements of the refractive index and temperature by using a
single sensing element. In another study, the wet chemical etch-
ing in hydrofluoric acid was used to completely remove the clad-
ding surrounding the grating segment in a single-mode fiber
(SMF-28).[37] The fiber detected the surrounding refractive index
in the range of 1.333–1.450. Iadicicco et al. developed nonuni-
form FBG for simultaneous detection of temperature and
refractive index. The working window for the developed sensors
was in the refractive index range of 1.33–1.45 when the temper-
ature varied in the range of 15–50 °C. In this study, the cladding
was partially removed where only 7.6 μm of the cladding thick-
ness was left.

The fabrication process of the FBGs is relatively complex and
requires advanced systems such as laser interference system and
femtosecond lasers. The fabrication process is commonly carried
out by: 1) laser interference, in which two coherent beams are
used to create the desired grating period; 2) phase mask tech-
nique, in which a quartz glass with a fixed corrugated surface
is used for UV inscription of the gratings; or 3) point-by-point
technique, in which a femtosecond laser is used for fabricating
the gratings producing a groove per a laser pulse.[17a] High-
resolution spectrometers are required in the interrogation setup
of the FBGs probes, which make the device bulky. Typically,
FBGs probes are interrogated by a rapid scanning tunable laser
coupled to a three-terminal coupler at the one-fiber end, and a
spectrometer coupled to the reflection terminal of the three-
terminal coupler, and the other end of the FBGs is left free.
This system allows to detecting the reflected spectrum, and by
using a peak-tracking technique, Bragg’s wavelength is accu-
rately detected. Some applications of the FBGs, especially in
the biomedical field, have been dampened by the necessity for
both a tiny interrogation unit and a convenient physical connec-
tion between the interrogator and the FBGs. However, recent
steps have been taken forward to curb the interrogator bulkiness

and the related costs. Currently, miniaturized interrogation sys-
tem with dimensions of 40� 40� 50mm and cost $7000 are
available. But improving the performance of the miniaturized
interrogators is still an open challenge since they provide lower
resolution, lower integration speed, narrower wavelength band-
width, and fewer channels as compared to the bulky interroga-
tors. Another limitation of the FBG probes is that the probes are
sensitive to temperature and strain, which represent a challenge
when an FBG is employed for detecting other measurands. Once
the aforementioned challenges are addressed, the next genera-
tion of FBGs portable probes will be realized.

3. Long-Period Fiber Grating (LPFG)

An LPFG is a traditional fiber involving a structure that has a
periodic modulated refractive index similar to that of the fiber
Bragg gratings (Figure 1d). However, the period is larger, on
the millimeter scale, which makes the fabrication process rela-
tively simpler. The period of the LPFG exceeds the wavelength
of the electromagnetic waves guided in the fiber as the grating
period is in the range of 0.1–1.0mm and has a length of a few
centimeters.[38] In contrast to the FBGs, the LPFG is a transmis-
sion mode fiber, as it shows no backward reflection, and isolation
is not required in the sensing system.

The LPFG has been developed and improved for decades,
which resulted in numerous fabrication techniques and sets
of different sensor types: from simple LPFG, interferometric sys-
tems, plasmonic- based sensing, to special fibers such as pho-
tonic crystals. The LPFG can be manufactured in optical
fibers by irradiation with an ultraviolet (UV) source, laser source,
mechanical pressure, and electric arc discharges.[38] In 1996, the
first long-period gratings were inscribed in optical fiber for band
rejection applications. Since then, LPFG has been developing for
optical communications and optical sensing systems. In optical
communication systems, LPFG has been employed as gain
equalizing filters, wavelength selective devices, and band pass
and band rejection filters. In the same year, the first LPFG probe
was also introduced for sensing applications.[39] The LPFG-based
sensors were applied for structural bending, temperature, strain,
refractive index, and biochemical sensors.[40] In the long period
grating segment, the core guided modes couple with those
modes propagating forward in the cladding. The LPFG segment
takes away the core wavelengths of phase coincident with its peri-
odic constant. Therefore, these wavelengths are observed in the
transmission spectrum as loss dips (Figure 1e). The coupling
wavelengths are given by the phase-matching condition

λm ¼ ðneff ,co � nmeff ,clÞΛ (3)

where λm is the wavelength of the mth cladding mode, Λ is the
grating period, neff ,co is the core effective refractive index, and
nmeff ,cl is the effective refractive index of them

th cladding mode.[39]

The transmission of the resonance wavelength in the LPFG is
given by

T ¼ cos2ðDcLg=2Þ (4)

where Lg is the grating length and Dc is the coupling coefficient.
If the LPG segment of a fiber is exposed to an external stimulus
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that is capable of modifying either neff ,co, nmeff ,cl, or Λ, it causes a
shift in the loss/dip wavelengths according to the coupling
equation. Biosensing/biomedical applications are based on mod-
ifying the effective refractive index of the cladding by coating the
LPG segment with an analyte-responsive layer. Changing the
refractive index of the responsive layer induces a change in
the resonant wavelengths.[41] For example, an LPG was fabricated
in a single-mode fiber using a laser technique for selective glu-
cose detection.[42] The LPG had a periodicity of 0.55mm and was
silanized to secure binding sites for immobilizing the glucose-
recognition agent, glucose oxidase. The change in the refractive
index of the outer coating occurred due to glucose-enzyme bind-
ing, which led to a shift in the resonance wavelengths that were
detected in the transmission spectra. The resonance wavelength
shifted by 2 nm over the change of glucose concentration in the
physiological range (4–8mM), which reflects the poor sensitivity
of the fiber. In general, the sensitivity of the LPFG for refractive
index changes in the surrounding environment is relatively low,
�700 nmRIU�1, and for biosensing applications the sensitivity
must be enhanced to reach 1000 nmRIU�1. One of the
approaches to increase the sensitivity is to induce coupling to
the higher order cladding modes resulting in the phenomenon
of dual resonance. In this case, the same claddingmode is excited
at two distinguished wavelengths. The latter phenomenon
doubles the sensitivity of the LPFG-based sensors. The second
approach to enhance the sensitivity is to use nano/microstruc-
tures such as graphene oxides. For instance, a higher
glucose-sensitive LPFG probe was reported based on graphene
oxide-glucose oxidase (GOD) via the chemical crosslink
method.[43] The graphene oxide layer was coated on the LPFG
segment to immobilize glucose oxidase through its binding sites.
The reaction of glucose and GOD generates gluconic acid and
hydrogen peroxide led to an increase in the surrounding refrac-
tive index. The probe showed a linear response with a sensitivity
of 0.77 nm (mgmL)�1. Recently, applications of the LPGF
in the biomedical field extended to virus detection. For instance,
norovirus which is the main cause of acute gastroenteritis was
detected of quantity 1 ngmL�1 in a 40min assay.[44] The detec-
tion was carried out by an LPGF coated with antibodies and
protein of norovirus. More recently, the LFBG was reported for
C-reactive protein detection in serum.[45] The LPFG was coated
with graphene oxide to provide functional groups for covalently
immobilizing the biological recognition element (anti-CRP). The
probe showed a very low LOD of about 0.15 ngmL�1 for the CRP
and a wide working range of 1 ngmL�1–100 μgmL�1).

LPFGs offer a number of advantages such as low insertion
losses, and relatively higher sensitivity to the surrounded refrac-
tive index changes as compared to FBGs. In addition, LPFG has
the potential to be endowed with different degrees of complexity:
from single grating to applications in numerous sensing fields
using enhancing techniques such as mirror ends and tapered
LPFG. Furthermore, the resonance wavelength of the LPFG
can be easily tuned anywhere in the electromagnetic spectrum
including the infrared region. However, LPFG requires a rela-
tively complex fabrication process which is usually carried out
using a laser source, mechanical pressure, electric arc dis-
charges, or UV light source.[38] Also, as in the case of FBGs, bulky
and costly instruments such as a spectrometer and computer are

necessary for reading out the sensor. Additionally, the LPFG suf-
fers from poor mechanical properties in the zone where the long
grating segment is located. Interference of temperature and
strain in biosensing applications is another concern, which is
due to that the fiber’s core itself is made of a temperature-
sensitive material. Furthermore, LFPG offers a low Q-factor
due to the broad resonant wavelength band which decreases
its limit of detection.[29]

4. Tapered Optical Fiber Interferometer (TOFI)

A TOF is a traditional optical fiber stretched out over a small
length to create a region of a very thin diameter called neck
(Figure 1f ). In traditional fibers, light is guided in the fiber core
but a minute portion of the light energy (evanescent waves)
penetrates the fiber cladding.[46] These evanescent waves decay
exponentially into the cladding with a penetration depth

dp ¼
λ

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2cosin2θi � n2cl
q (5)

where θi represents the incident angle of the light rays at the
core–cladding interface, nco is the fiber core refractive index,
ncl is the cladding refractive index.[46] Tapering a single-mode
fiber decreases the V-number of the core to be less than one
due to the decrease in the fiber core radius. However, the clad-
ding V-number increases above 2.405; as a result, the light is no
longer guided by the fiber core – spreading to the cladding that
starts to play the role of the new core. The refractive index dif-
ference between the cladding and the surrounding medium
guides modes in the tapered region and the new V-number is
given by

VclðzÞ ¼
2πaðzÞ

λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2cl � n2ex
q

(6)

where aðzÞ and nex are the radius of the fiber waist and the RI of
the external medium.[47] Thus, the tapering creates a region
where the external surrounding medium plays a role in guiding
the fiber modes. Also, the penetration depth of the evanescent
waves in the tapered segment depends on the RI of the surround-
ing medium and is given by[48]

dp ¼
λ

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2clsin
2θi � n2ex

q (7)

In sensing applications, stimuli-responsive layers are coated
on the tapered segments to be the external surrounding media.
The refractive index of the analyte-responsive layer changes due
to its response to a certain analyte – inducing a change in the
intensity of the transmitted light. Therefore, measuring the vari-
ation in the transmitted light is correlated to the refractive index
of the responsive-coating layer, and consequently the analyte’s
concentration (Figure 1g). For instance, a single-mode silica fiber
was tapered and functionalized at the tapering segment for bac-
terial growth detection.[46] The fiber was tapered by a CO2 laser
under an applied tension and the tapering process was moni-
tored by an optical microscope. A laser source with wavelength
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and power of 1558.17 nm, and 20mW, respectively, illuminated
the fiber and the transmitted optical signals were collected at the
other end of the tapered fiber by a photodetector—and the bac-
terial growth rate was detected at room temperature. Chen et al.
developed a tapered single-mode fiber for Staphylococcus aureus
(S. aureus) detection based on pig immunoglobulin G (IgG) as a
recognition agent.[49] The probe showed a maximum wavelength
shift of 2.04 nm for S. aureus concentration of 7� 10 CFUmL�1,
and a response time of 30min.

Also, multimode fibers were tapered for biosensing
applications. For example, a multimode polymer fiber made of
poly(methyl methacrylate) was developed for glucose sensing.[50]

The tapered segment of the fiber was 1.5 cm long and was coated
with a single layer of graphene. Introducing the aqueous glucose
solution into the tapered region caused a change in the RI of the
fiber surrounding medium, which influenced the evanescent
field resulting in a change in the fiber transmitted signals.
The fiber showed low sensitivity which limited its application
for glucose detection under physiological conditions. The inter-
rogation setup combined a light-emitting diode (628 nm) as a
light source along with a constant current power supply, convex
lenses to focus the light entering the fiber, light polarizer, and a
spectrometer. Recently, tapered optical fiber was applied for
detecting the dissolved oxygen based on the layer-by-layer self-
assembly process used to deposit the oxygen-sensitive fluores-
cent dye onto the surface of the tapered region.[51] The probe
showed a response time of 88 s along with repeatability and tem-
perature stability. Deng et al reported a tapered fiber for head and
neck cancer screening.[52] Interleukin-8 (IL-8) as a biomarker for
head and neck squamous cell carcinoma (HNSCC) was detected
by attaching a molecular recognition agent to the tapered seg-
ment of the optical fiber. A tunable fiber laser illuminated the
tapered fiber from one end and the intensity of the transmitted
light at the other end was recorded by a spectrophotometer and
the biomarker concentration 10 pgmL�1 was detected.

However, tapered fibers allow access to the evanescent waves
of the propagating modes which are beneficial for chemical/
physical/biological applications. There are many challenges still
open such as the complex fabrication process, low sensitivity,
influence of the intensity modulation of the light source, poor
mechanical properties, and the complexity of the interrogation
setup. For many applications which require carrying out the test
in reflection configuration, the TOFI isn’t convenient. For exam-
ple, the TOFI is not appropriate for implantable sensors for
biomarkers detection.

5. Interferometric Fiber-Optic Devices

Fiber-optic interferometers are based on the interference which
occurs between two light beams propagating through different
optical path lengths (OPLs) in the same optical fiber or in two
different fibers. The interferometric fiber consists of a light beam
splitter and a light beam combiner in any configuration.[53] In
sensing applications, one of the optical path lengths is configured
to be influenced by the external perturbations. The interferomet-
ric fiber detects quantitatively the perturbation by presenting a
change in the wavelength, phase, intensity, frequency, or
bandwidth.[54] Currently, the trend of the interferometric optical

fibers is the miniaturization for microscale applications; hence,
bulk optical components such as objective lenses, beam splitters,
and beam combiners are replaced by small parts to develop
simple and compact fiber probes.[13e] Interferometric fiber-optic
sensors are classified into four categories: tapered fiber interfer-
ometer, Fabry–Pérot, Mach–Zehnder, Michelson, and
Sagnac.[13e]

5.1. Fabry–Pérot Interferometer Fiber (FPIF)

The FPIF is a traditional optical fiber that has two parallel reflect-
ing surfaces isolated by a certain distance.[55] The reflecting sur-
faces can be constructed inside or outside the fiber, and based on
that the FPIFs are classified into two groups: intrinsic and extrin-
sic (Figure 2a,b).[56] The transmission and reflection spectra of an
FPIF depend on the optical phase difference (OPD) between the
two interfering light beams. The spectrum of an FPIF displays
crests and dips which refer to that both beams of that particular
wavelength being in phase or out of phase. The optical phase
difference of the FPIF is given by

δ ¼ ð2π=λoÞ2nLc (8)

where λo refers to the wavelength of the free-space incident light,
n represents the refractive index of the cavity material, and Lc
refers to the length of the cavity.[13e] Any perturbation that occurs
in the cavity region of the FPIF induces a change in the OPD.
Consequently, the transmission and reflection spectra are modi-
fied. If an applied longitudinal strain on the fiber altered the cav-
ity length or the refractive index, the OPD shifts. By detecting the
change in the transmission or reflection spectrum of the FBIF,
the applied strain is detected.[57]

For biosensing applications, FPIF probes based on stimuli-
responsive hydrogels have been developed.[58] The cavity was
made of an analyte-responsive polymer and attached to the fiber
tip constituting an extrinsic FPIF. The fiber’s core–polymer and
the polymer–environment interfaces represent the reflecting
mirrors/surfaces. The Fresnel reflected beams from these
interfaces generate the interference fringes that appear in the
reflection spectrum. Upon changing the refractive index or
the length of the responsive-polymer cavity, the OPD changes,
and accordingly the pattern of the interference fringes. For
instance, a Nafion film which is sensitive to humidity, was depos-
ited on the fiber tip forming an extrinsic Fabry–Pérot cavity
(Figure 2c). Upon absorption of water vapor by the Nafion film,
its refractive index and thickness/length changed – inducing an
OPD shift, and consequently a change in the interference fringes
of the recorded reflected spectrum.[58a] Similarly, a thin film of
cellulose acetate butyrate was deposited on a fiber tip construct-
ing a Fabry–Pérot cavity for humidity sensing.[58b]

In a trial to eliminate the necessity for the high-quality
responsive-films required in the Fabry–Pérot fiber sensors, a
half-sphere shape of a pH-responsive-hydrogel was attached to
the end of an optical fiber (Figure 2d). The radius of the half-
sphere was 50–60 μm. The fiber probe was able to detect the
change in the radius of the hydrogel with a precision of
2 nm.[58c] This configuration for the FPIF probe eradicated the
necessity for high-quality films. However, two constraints
emerged: 1) the refractive index difference between the bound
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hydrogel and the environment must be significant to enable high
reflectivity at this interface, which put constraints on the selected
monomer and cross-linker concentrations; and ii) depositing the
polymer on the fiber tip in the form of a half-sphere was a chal-
lenge because the gel droplet doesn’t retain the spherical shape
during the polymerization.[58c] FPIF probes for glucose sensing
were developed based on the same configuration.[58d,59] The
probe presented a high sensitivity, low limit of detection, and
short saturation time (�20min) under the conditions pH of
7.4 and temperature of 37 °C. Coherent light sources used in
FPIF probes increase the cost of the probe’s setup. To eradicate

the necessity for coherent light sources, a multilayer of a pH-
responsive hydrogel was deposited on the fiber end building
up a Fabry–Pérot nanocavity by using the electrostatic self-
assembly technique. A low-coherent light source, a halogen lamp
of illumination wavelength 950 nm was coupled to the fiber
probe for pH detection.[60] Recently, the FBIF probe was reported
for low-pressure measurements for industrial applications.[61]

The FPIF probe was able to detect the pressure in the range
of 5–50mBar with maximum and average errors of 3.77%
and 1.45%, respectively. For high-pressure sensing (40MPa), a
silica diaphragm was attached to the optical fiber end, and its
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Figure 2. Categories of interferometric optical fiber probes: a) An extrinsic Fabry–Pérot interferometric (FPI) fiber having an external air cavity,
b) An intrinsic FPI fiber having two reflecting surfaces along the fiber, c) FPI fiber used for humidity sensing, the probe made of a high-quality film
deposited on the fiber tip constituting the external cavity, d) FPI fiber, the cavity made of pH-responsive hydrogel having a half-sphere shape,
e) the Mach–Zehnder fiber interferometer. f ) Various configurations of in-line MZIs based on: i) a pair of LPGs, ii) mismatching of fiber cores,
iii) multimode fiber segment, iv) single-mode fiber between two multimode fiber segments, v) two tapered regions. g) The initial configuration of
the Michelson interferometer. h) In-line configuration of Michelson interferometer fiber-based on an LPG. i) Sagnac interferometer. Reproduced under
an open access Creative Commons CCBY 4.0 license.[13e] Copyright 2012, The Authors. Published by MDPI.
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thickness was precisely controlled by the fiber tip polishing
technique.[62] The sensitivity was enhanced significantly by
reducing the thickness of the silica diaphragm. High sensitivity
of 1.436 nmMPa�1 was demonstrated in the pressure range of
0–40MPa at the diaphragm thickness of 4.63 nm. For tempera-
ture sensing application, a solid film of DNA was deposited on an
optical fiber’s end constituting the exterior FBI.[63] Based on the
thermo-optical properties of the DNA layer, the probe showed
high-temperature sensitivity of 2.42 nm °C in the temperature
range of 30–80 °C.

FBI probes are very promising among the numerous emerg-
ing optical fiber sensors as they offer immunity to environmental
noise, are simple, versatile, and responsive. Also, the FBI probes
allow for accurate in situ measurements in regions hard to reach;
however, there are some challenges still open. The complexity of
fabrication is one of these challenges, which has limited their
commercial growth.[64] Additionally, the FBI probes require
high-quality films and coherent light sources, which add an extra
cost to the sensor. Furthermore, the readout setup requires bulky
instrumentations such as computers to process the output
signals.

5.2. Fiber-Optic Mach–Zehnder Interferometer (FOMZI)

Early designs of FOMZI combined two independent fibers which
function as a reference and sensing arms. The FOMZI consists
of an optical fiber that guides the light to a splitter, so light enters
the reference and sensing arms; the light is then recombined to
be guided through another optical fiber reaching the photodetec-
tor (Figure 2e).[13e] The recombined light presents interference
fringes that depend on the optical path difference between the
arms. For remote sensing applications, the sensing arm is
exposed to the tested analyte, and the reference arm is kept iso-
lated. The analyte influences the sensing arm inducing a change
in the optical path difference.[13e]

The configuration of FOMZI which is based on the two sepa-
rate fiber arms was replaced with an in-line interferometer by
introducing the long-period grating (Figure 2f ). The LPG acts
as the light splitter and the light combiner. The guided beam
in a single-mode fiber (SMF) is split by an LPG into two modes:
core and cladding, and both modes are recombined by another
LPG-originating interference fringes.[65] The FOMZI probes
based on a pair of LPGs have limited operation wavelengths
as the LPG functions in limited ranges of wavelengths because
of the phase-matching phenomenon of the gratings.
Additionally, the LPG pair in the FOMZI has to be identical
to achieve maximum performance.[66] Therefore, alternative
methods have been used to split the core-guided modes into core
and cladding modes. For instance, two fibers can be spliced with
a minute lateral offset (Figure 2f–ii). The offset makes part of the
core mode split into cladding modes and core modes, and recom-
bines them on the other side. This type of FOMZI is less costly
and can be fabricated rapidly as compared to the LPG-based
FOMZI. Also, it does not suffer from the limitation of the narrow
band working wavelength.[13e] Tapering the optical fiber at
two points can construct an effective in-line FOMZI too
(Figure 2f–v). The core mode splits at the first point into core
mode and cladding mode; both modes recombine at the second

tapering point originating interference fringes. Although this
type of FOMZI is compact, it suffers from weak mechanical
regions (tapered zones).[13e] Figure 2f shows the other possible
methods employed for splitting the core-guided mode.

FPMZI probes have been employed for detecting temperature,
humidity, strain, and gases as the sensitivity of the cladding
modes to the refractive index of the surrounding medium was
identified.[65c] For instance, an in-line FOMZI probe based on
long-period gratings was demonstrated for ammonia gas
sensing.[67] The fiber was coated with graphene that absorbed
ammonia molecules and gave rise to a shift in the interference
spectrum with an amount depending on ammonia concentra-
tions. The probe showed a sensitivity of 3 pm ppm�1 for the
ammonia concentration range of 10–180 ppm. Also, Fan et al
developed the FOMZI probe for humidity sensing based on gra-
phene oxide as a responsive material.[68] The refractive index of
the deposited graphene oxide changed due to the absorption of
the water molecules and consequently, the resonant dip shifted
with the ambient relative humidity. The probe showed a sensi-
tivity of 0.19 and 0.061 nm/%RH in the relative humidity range
of 30–55% and 55–95%, respectively.

In general, FOMZI is a transmission type interferometer, so
sensors based on this type of interferometer can’t achieve plug-in
measurements which is a major hindrance to the application of
such sensors in many fields, including in vivo measurements.

5.3. Fiber-Optic Michelson Interferometer (FOMI)

The working principle of the FOMI is analogous to FOMZI.[13e]

The guided light in the fiber core is split to propagate in reference
and sensing fiber arms. However, the guided light is reflected at
the end of each arm by mirrors to recombine in the light launch-
ing fiber. Thus, the main difference compared to FOMZI is the
terminal reflectors, which provide the FOMI the advantage of
working in the reflection configuration (Figure 2g). FOMI is
compact, handy, and practical in use and installation because
it functions in reflection mode. Multiplexing possibility with par-
allel connectors of several sensors is another advantage of the
FOMI probes. However, adjusting the difference in the fiber
length between the sensing fiber arm and the reference fiber
arm with the coherent light source is essential. An in-line
configuration of the FOMI was developed based on a single
LPG fabricated in a cladded fiber (Figure 2h). The LPG divides
the guided mode into two paths representing the two arms of
FOMI. The light in each path is reflected by a mirror manufac-
tured on the fiber’s end and the reflected light recombines in the
core by the same LPGs – giving rise to interference fringes in
each resonance band.[69] In-line FOMI was developed for refrac-
tive index sensing as the interference fringes and its intensity
shifted with increasing the refractive index.[69a] The fringes’ posi-
tions shifted 55 nm upon increasing the refractive index of the
aqueous solution in the range of 1.33–1.44. Other applications
for the FOMI were also reported. For instance, Dong et al.
fabricated an FOMI probe using a femtosecond laser for temper-
ature sensing purposes.[70] The probe showed a linear response
and a sensitivity of 4.28 nm °C�1. The probe was found to have a
great potential for application in harsh environments.
Furthermore, FOMI has been developed for low-frequency
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acoustic sensing/noise pollution monitoring based on a gold dia-
phragm.[71] Recently, the FOMI probe was reported for seismic
monitoring.[72] The measurements were carried out under sim-
plified conditions using a calibrated stroke as a standard loading.
The measured value of the amplitude and oscillation velocity
matched with those measured by commercial seismic devices
with an average deviation of 0.02. The applications of the
FOMI extended to detect the magnetic fields. For instance, an
in-line FOMI probe was developed based on single-mode fiber
and hollow-core fiber.[73] The magnetic field of the magnetic
fluid was influenced by the applied magnetic field changing
the effective refractive index of the cladding leading to shifting
the reflected spectrum. The probe showed a sensitivity of
118.7 pmmT�1 for the magnetic field in the range of
1.36–11.8mT. The FOMI probe was found to have the potential
for detecting weak magnetic fields.

Processing the output signals, the necessity for bulky instru-
ments, and coherent light sources are considered the drawbacks
of the FOMI probes. In contrast, FOMI probes showed to have all
advantages of the FOMZI probes, in addition to the significant
advantage of pluggable measurements, which can be considered
as an excellent foundation for the application of such sensors in
in vivo measurements.

5.4. Fiber-Optic Sagnac Interferometer (FOSI)

FOSI is composed of three-terminal couplers, two polarization
controllers, and an optical fiber loop along with two light beams
of different polarization states propagating in counter directions
(Figure 2i). The launched light beam is split by the coupler into
two counter-propagating beams, which recombine at the same
coupler. A birefringent fiber is utilized in the sensing section
of the loop to maximize the polarization dependence of the
FOSI. The phase of the interference is obtained by

δSI ¼ ð2π=λÞBL, B ¼ jnf � nsj (9)

where B refers to the birefringent coefficient of the sensing fiber,
L denotes the length of the sensing fiber, and ns and nf represent
the effective refractive index of the slow and fast modes.[74]

FOSI sensors have been employed in sensing temperature,
strain, salinity, hydrogen, ultrasonic waves, and pressure.[74,75]

For instance, a highly sensitive temperature sensor was devel-
oped based on fiber Sagnac interferometer combined with pho-
tonic crystal fiber (PCF).[76] Two side holes of the PCF were filed
with metals which allowed for changing the birefringent of
the fiber due to expansion of the used bismuth and indium.
A sensitivity of 9 nm °C�1 was achieved by using indium-filled
side-hole PCF. The high sensitivity is attributed to the fiber
microstructure which modulated the birefringence of the PCF by
expanding the metal-filled holes. FOSI was found to be more sen-
sitive to temperature than both LPFG and FBGs. A study showed
that FOSI provided a sensitivity of one- to two-orders magnitude
higher than that of the temperature sensitivity for LPFG and
FBGs, respectively.[75c] Fu et al. proposed a pressure sensor that
was realized by polarization-maintain photonic crystal fiber
(PM-PCF)-based Sagnac interferometer.[77] A sensitivity of
3.42 nmMPa�1 was detected for the sensor. The pressure sensor
was relatively low-temperature-sensitive due to the low thermal

dependence and bending loss of the used PM-PCF. Also, FOSI
probes have been developed recently for detection the cancer
affected cells based on the cells’ refractive index which is differ-
ent than those of the normal cells.[78] The probe showed to be
sensitive for Jurkat, PC1, MCF-7, and MDA-MB-231 cells.

The sensitivities of the traditional optical fiber sensors are very
limited due to the light confinement in the fiber core, so the
interaction between light and analyte is very weak. The FOSI
can overcome these shortcomings – offering strong light–analyte
interaction and consequently, high sensitivity. In addition to it is
high sensitivity, FOSI probes have simple structures and are easy
to fabricate. Therefore, FOSI probes have attracted attention in
various sensing applications. However, the birefringent fiber
used for sensing in the FOSI probe is highly sensitive to temper-
ature. Furthermore, FOSI probes have relatively large volumes
due to the need to take the ring shape, whichmakes it unpractical
for insertion or implanting sensing.[74]

6. Surface Plasmon Resonance-Based Fiber-Optic
Sensors (SPR)

Surface plasmon resonance (SPR) can be subdivided into planer
and localized surface plasmons. The planer surface plasmon phe-
nomenon was discovered in 1902 through observing anomalies
in the spectrum of the light reflected from a metal diffraction
grating.[79] Fano proved that these anomalies were due to the
excitation of electromagnetic surface waves on the surface of
the diffraction grating.[80] Otto demonstrated that bringing a
prism close to a metal–dielectric interface can excite surface plas-
mons. Kretchman and Raether built an optical setup to demon-
strate the excitation of surface plasmons, which is considered the
basis of the current research and commercial surface plasmon
resonance instrumentations. The setup involved a quartz 60°
prism of a base coated with a silver film of thickness of
50 nm (Figure 3a). The excited surface plasmons were maximum
at the silver film–air interface and followed an exponential decay
trend in both silver and air media. Transverse magnetic (TM)
polarized waves are required to excite surface plasmons because
the surface plasmons are TM waves in nature. The propagation
constant of surface plasmons according to the solution of
Maxwell’s equations for the metal–dielectric interface is

Ksp ¼ Koðεs � εm = εs þ εmÞ1=2 (10)

where Ksp denotes the propagation constant of the surface plas-
mons, Ko is the free-space propagation constant of the incident
light, and εs and εm are the dielectric constants of the dielectric
and metallic layers.[84] The propagation constant of the surface
plasmons is higher than that of the incident light. Therefore,
direct incident light solely is not enough to excite surface
plasmons. Thus, additional energy or momentum along with
the energy of the incident light is essential to excite surface
plasmons. Coupling the incident light using a prism, grating,
waveguide, or optical fiber can excite surface plasmons.[85]

In contrast, light interaction with nanoparticles induces collec-
tive oscillations of the metal’s free electrons in the conduction
band, which is defined as localized surface plasmon (LSP)
(Figure 3b). Unlike the planar surface plasmon resonance in
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which the surface plasmon waves are confined at the metal–
dielectric interface, the LSP is localized on the surface of the
metal nanoparticles.[85] The interaction of the electric field of
the incident light with the free electrons of the metal nanopar-
ticles separates the electrons from the positive ions (nuclei).
The Coulomb attraction force between the ions and the free elec-
trons leads to recombination. Therefore, the collective oscilla-
tions of the free electrons induce excitation of localized
surface plasmons (Figure 3b).[86] Excitation of LSP resonance
(LSPR) is marked by an enhancement in the absorption of the
incident light at the surface of the metal nanoparticles.
The LSPR phenomenon depends on the size, type, and shape
of the nanoparticles, the wavelength of the incident light, and
the refractive index of the surrounding dielectric medium.[87] In
LSPR, the absorbed wavelength of the incident light changes based
on the refractive index of the surrounding medium of the nano-
particles. Thus, changing the refractive index of the particles
medium is transformed into a shift in the resonance absorption,
which appears in the measured transmission and absorption spec-
tra. The latter is the working principle of LSPR sensors.[88] The
correlation of the absorbed/resonant wavelength and the refractive
index of the medium surrounding the nanoparticles is given by

Δλ ¼ SðΔnÞ½1� expð�2dm=LdÞ� (11)

where Δλ is the wavelength shift in the absorption spectrum
corresponding to the change in the refractive index of the

nanoparticles’ medium (Δn), S is the refractive index sensitivity,
dm refers to the thickness of the surroundingmedium of the nano-
particles, and Ld denotes to the decay length of the associated elec-
tromagnetic field.[89]

Surface plasmons are excited in optical fibers through the total
internal reflection. When a polychromatic light beam is launched
in an optical fiber, the guided modes propagate in the fiber’s core
and the evanescent waves propagate in the fiber cladding.
The guided modes are subjected to total internal reflection at
the core–cladding interface and they exponentially decay into the
fiber cladding. In the optical fiber, the core-guided waves are the
incident light rays on the core–cladding interface with angles in
the range of θc–90°, where θc is the critical angle of the fiber core–
cladding interface. For inducing surface plasmons in the optical
fiber, a small section of the fiber cladding is removed and
replaced with a thin plasmonic film, usually silver or gold of
50 nm thickness. Matching the wave vector of the evanescent
waves propagating at the fiber core-metal interface with that
of the surface plasmon waves propagating at the metal–dielectric
interface induces the SPR which is marked by a dip in the trans-
mitted spectrum. The light absorbed band which appears in the
transmission spectrum is wider than that originated by other
coupling techniques such as gratings and prisms. Because the
guided waves in the fiber have a range of total internal reflection
angles, and at each angle, an SPR is induced resulting in a broad
SPR band that influences the sensing parameters of the fiber

Figure 3. Surface plasmon resonance (SPR) phenomenon and its implementation in fiber-optic for sensing. a) The setup made by Kretschmann for
exciting planar surface plasmon resonance, the blue curve represents the profile of the excited field. Reproduced with permission.[81] Copyright 2018, The
American Physical Society. b) Light interaction with a metal nanoparticle inducing localized surface plasmon resonance. Reproduced with permission.[82]

Copyright 2016, The Royal Society of Chemistry. c) SPR-based fiber probe. d) A photograph of the SPR fiber optic probe. e) The setup for testing the SPR-
based fiber probe. f ) Transmission spectra of the SPR-fiber probe exposed to various glucose concentrations having different refractive indices.
(c–f ) Reproduced with permission.[83] Copyright 2015, Institute of Physics Publishing, Ltd.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2022, 2100371 2100371 (11 of 23) © 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


probe such as the limit of detection and the sensitivity. Among
the coupling components, the excitation of surface plasmon
waves by optical fibers presents a compact and efficient method
that has advantages compared to prisms and gratings.

To fabricate a plasmonic fiber probe, the fiber cladding of a
small section is peeled off, followed by coating the fiber core with
a thin layer of a plasmonic material. The analyte to be tested is
introduced into the plasmonic section of the fiber. Upon launch-
ing the polychromatic light into the fiber, evanescent waves orig-
inate at the fiber core–metal interface, inducing surface
plasmons at the metal–analyte interface. Consequently, a sharp
dip in the transmission spectrum of the fiber is recorded con-
firming the resonance absorption at specified wavelengths called
the resonance wavelengths. Modulation in the refractive index of
the analyte medium results in a shift in the resonance wave-
lengths, and this is the sensing mechanism of the fiber probes
based on SPR. The chosen plasmonic material for exciting
surface plasmons has a significant role in the flexibility of the
fabrication process and performance of the SPR-based fiber
probes.[85] Silver and gold are preferable plasmonic metals due
to their superior optical properties in the visible and near-
infrared ranges. Silver presents unparalleled plasmonic
characteristics in the visible region due to its low dielectric loss;
however, it suffers from poor chemical stability.[90] Gold is the
most commonmetal used in SPR applications because of its high
chemical stability. SPR-based fiber has been used for a wide
range of sensing applications; however, the limited penetration
depth of the evanescent waves into the analyte medium is a

challenge posing restrictions on sensing large molecules such
as proteins.[91] For instance, a straight fiber-optic probe for
non-selective glucose detection was reported.[83] A small segment
of the fiber was coated with a gold layer and the fiber tip was
coated with a gold mirror as well (Figure 3c,d). The reflection
spectrum from the probe shifted to longer wavelengths when
the glucose concentration in the tested solution increased.
The glucose concentration was correlated to the resonance wave-
length by the relationship: λres¼ 634.3þ 0.13Mþ 0.001M,
where λres denotes the resonance wavelength and M refers to
the glucose concentration in mgmL�1. The setup used to inter-
rogate the fiber probe, and the measured transmission spectra at
various glucose concentrations, are shown in Figure 3e,f. To
increase the leakage of the fiber-guided light into the cladding
region for the purpose of enhancing the sensitivity of the probe,
and unconventional optical fiber probe was developed which
comprised two different core diameter fibers: 50 and 3 μm[92]

(Figure 4a). The silver film was uniformly sputtered on the clad-
ding surface for exciting SPR. The probe demonstrated a
response for the refractive index changes from 1.333 to1.398
for which the resonant wavelength red-shifted from 527 to
735 nm (Figure 4b). A similar fiber probe was introduced for
pH sensing by coating a pH-responsive hydrogel on the fiber
cladding covered with a silver film.[93] The interaction of Hþ ions
in pH solutions with the pH-responsive hydrogel induced volu-
metric and refractive index changes which led to shifting the SPR
wavelengths. A similar fiber probe was developed for glucose
sensing in aqueous solutions.[94] The probe was fabricated by

Figure 4. SPR-based fiber sensors: a) A hetero-core structure fiber probe with a silver layer deposited on the cladding of a single-mode fiber,
b) transmission spectra of the plasmonic probe while the silver coating exposed to media of different refractive index. (a and b) Reproduced with per-
mission.[92] Copyright 2004, Elsevier. c) The interrogation setup used to test the U-shape LSP resonance (LSPR) fiber sensor, and d) absorption spectra of
the U-shape fiber probe in the glucose concentration range of 0–250mg dL�1. (c and d) Reproduced with permission.[96] Copyright 2011, Springer Nature.
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coating a small section of the optical fiber’s core with a silver
layer, then a silicon film followed by a hydrogel film trapping
glucose oxidase. The silicon film was deposited on the silver layer
to enhance the sensitivity. A 20 nm blue shift in the resonance
wavelength was detected with glucose concentration in the range
of 0–260mg dL�1. The fabrication process of the probe is sum-
marized to highlight the required instruments and the level of
complexity. A multimode fiber of a core thickness 600 μm and
numerical aperture 0.4 was used. A tungsten cutter was used
to sharpen the fiber ends for improving the light coupling
and a blade was utilized to peel off the cladding of the fiber seg-
ment. The uncladded region was cleaned by nitric acid, rinsed
with deionized water and acetone for 4–5 times, followed by
ion doping in a vacuum chamber. A silver film of 40 nm thick-
ness was deposited on the cleaned uncladded section followed by
a 7 nm thick silicon layer. Both layers, silver and silicon were pre-
pared by the thermal evaporation technique at room temperature
under a pressure of 5� 10�6 Torr. Glucose oxidase was immo-
bilized in a gel, and the probe was dipped into it to be coated with
the glucose-responsive layer. The readout procedure included:
1) an unpolarized light source was coupled with the fiber at
one end with a microscope objective lens; and 2) the transmitted
light through the fiber was collected from the other end by a spec-
trometer which was connected to a computer. The transmitted
spectra were processed, and the resonance wavelength was
detected at various glucose concentrations. For methanol detec-
tion, a plasmonic fiber probe was reported based on a nanohole
gold film along with an epoxy layer.[95] A MoS2 layer was used to
improve the sensitivity of the sensor. The probe was found insen-
sitive for relative humidity in the range of 11–92%RH and stayed
stable for a year, which demonstrated its high potential for prac-
tical applications.

For applications in food and water quality monitoring,
Siddharth et al. developed an SPR-based probe for detecting
Escherichia coli (E.coli).[97] Recently, a plasmonic fiber probe
was developed for breast cancer detection.[98] The probe relied
on a silica fiber coated with a gold layer and loaded with
HER2 antibodies. The cancer biomarker concentration as low
as 10 ngmL�1 (�86 pM) was detected. Not only glass/silica fibers
were used for inducing SPR and for sensing applications but also
plastic fibers have been used. For instance, straight plastic optical
fiber was coated with gold/palladium alloy and functionalized
with anti-cortisol antibody, and passivated with bovine serum
albumin for cortisol sensing application.[99] The probe was tested
in different cortisol concentrations in the range of 0.005–
10 ngmL�1. The resonant wavelength of the tested probe shifted
15 nm for the tested concentration range and the limit of detec-
tion was 1 pgmL�1. The probe showed a sensitivity of 15-fold
higher than when it was functionalized with anti-hCG antibodies
that showed 1 nm shift in the same cortisol concentration range.

As the penetration of the evanescent waves and the interaction
with the dielectric analyte medium are the basis of the SPR-based
fiber sensors, it is essential to adequately expose the evanescent
waves to the analyte medium. To increase the evanescent waves
that reach the analyte medium, numerous geometries of the opti-
cal fiber probes have been proposed including D-tube, tapered,
and U-bent.[96,100] For example, a U-shape fiber probe was devel-
oped for glucose detection (Figure 4c).[96] The probe included
gold nanoparticles attached to the fiber core, and the glucose

oxidase was immobilized over. Oxidizing the glucose oxidase
in the presence of glucose solution led to a change in the refrac-
tive index of the film inducing a change in the absorption inten-
sity of the resonant wavelengths of the gold nanoparticles
(Figure 4d). Bending the fiber probe had a significant influence
on the probe’s sensitivity, and the bending radius of 0.982mm
achieved the maximum sensitivity. The required blood sample
was 150 μL which is less than the amount demanded commercial
sensors (1.5 mL). Selective glucose probes do not only rely on
enzymes such as glucose oxidase and glucose peroxidase but also
on phenylboronic derivatives, which were introduced for
long-term glucose monitoring. For instance, a self-assembled
of p-mercaptophenyl boronic acid (PMBA) was deposited on a
gold-coated fiber.[101] Interaction of cis-diol molecules such as
glucose with the PMBA monolayer deposited on the gold layer
induced a change in the monolayer’s refractive index. The
response of the probe for glucose variation was insignificant
because of the low molecular mass of glucose, consequently, no
shift in the excited SPR wavelength was recorded. Therefore,
gold nanoparticles modified with 2-aminoethanethiol (AET)
and PMBA were introduced to enhance the sensing performance
of the probe. The resonance wavelengths of the probe were red-
shifted with glucose concentration variation and demonstrated a
significant response to glucose concentration in the range of
0.01–30mM. The probe was highly sensitive for glucose concen-
tration presenting a limit of detection of 80 nM. However, the
performance of the probe was limited by both the long response
time (12min) and the saturation time (53min). Xie et al. devel-
oped a plasmonic fiber probe which had a U-shape design and
was coated with graphene for refractive index sensitivity.[102] The
combination of graphene and U-shape design improved the sen-
sitivity of about fivefold as compared to the conventional gold-
based straight plasmonic fiber. The refractive index sensitivity
of 15.52 μmRIU�1 was achieved by depositing a monolayer of
graphene over the gold layer on the U-shaped fiber of a bent
radius of 1.1 cm. Manoharan et al. developed a U-bent shape
plasmonic fiber probe made of glass and polymer.[103] Ni/NiO
was deposited on the U-region using the sputtering technique
prior to growing the gold nanostructures. The sensitivity for
the refractive index for polymer and glass fiber probes were
27.66 and 25.65 ΔA/ΔRIU, with plasmonic peaks at 600 and
570 nm, respectively. Divagar et al. developed a plasmonic fiber
probe for tuberculosis (TB) diagnosis.[104] The fiber probe was
U-bent and loaded with gold nanoparticles functionalized with
anti-Mtb LAM immunoglobulin M (IgG). Mtb LAM which is a
TB biomarker and present in urine, was quantified by detecting
the change in light absorption passing through the fiber probe
connected with a green LED and a photodetector. A plasmonic
plastic fiber was reported for the detection of chikungunya viral
disease.[105] The non-structural protein 3 (CHIKV-nsP3) was used
as the biomarker. The plastic fiber with core diameter of 0.5 mm
was designed in U-shape and gold nanoparticles were used as
labels. Light absorption by the gold nanoparticles changed upon
formation of a sandwich immunocomplex of CHIKV-nsP3. The
probe showed a linear response in the range of 1–104 ngmL�1

and limit of detection of 0.52 ngmL�1. Additionally, the probe
showed specific sensitivity toward the CHIKV-nsP3 than for
Pf-HRP2, HIgG, and dengue whole virus.
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Optical fiber-based SPR sensors have replaced the traditional
substrate-based SPR sensors, due to their ability to analyze min-
ute samples, providing remote sensing and compact design.
Currently, the SPR-based fiber sensors are used for numerous
applications, including biomedical diagnostics, environmental
safety, and life science. However, the signal-to-noise ratio limits
their functioning window, sensitivity, and resolution.[106]

Furthermore, the propagating modes in multimode fibers are
nearly random and the mode distribution at different incident
angles is unsteady. Also, the SPR-based multimode fiber sensors
are sensitive to mechanical disturbance which influences the
quality of the output signal. In contrast, an SPR probe based
on single-mode fiber shows a narrow resonance dip in the trans-
mission spectrum, which results in an enhanced limit of detec-
tion. Hence, the single-mode fiber is preferable. For enhancing
the sensitivity and resolution of the SPR-based probes, thin films
of graphene, molybdenum disulfide, molybdenum diselenide,
tungsten disulfide, and tungsten diselenide, are added to the
plasmonic metal layer.[107] However, challenges such as the mul-
tistage and sophisticated fabrication process, and the need for
costly equipment are still open.[101]

7. Fluorescence-Based Fiber-Optic Probes (FF)

Fluorescence denotes the light emission from a substance shortly
after absorbing light of higher energy. This phenomenon occurs
when an incident light in the wavelength range of 200-800 nm is
absorbed by fluorescent molecules – raising certain electrons to
higher energy levels.[108] Then, the excited molecule loses some
of the absorbed energy by emitting light returning to the ground
state. Some of the absorbed light is lost in form of heat or vibra-
tion, consequently, the emitted light has lower energy than that
of the absorbed. The electronic transition from an energy level to
a higher level due to light absorption is an instantaneous process
(10�15 s), and the lifetime of the excited state is around 10�8 s.
Accordingly, the whole process of fluorescence emission lasts
about 10�8 s.[109] The excited fluorescent molecules (fluoro-
phores) can lose the absorbed light not only by re-emission, heat,
or vibration, but also by transferring the energy to another fluo-
rophore nearby. If a portion of the exiting energy is transferred
from a donor fluorophore to a ground state of an acceptor fluo-
rophore, the process is called Förster resonance energy transfer
(FRET).[110] The portion of the transferred energy depends on the
spectral overlapping between fluorophores and the interspace
between them.[111] Förster resonance energy transfer is consid-
ered a suppression process for the absorbed energy by a donor
fluorophore as the energy drains to a nearby acceptor fluorophore.

A fluorescence-based sensor can be constructed of a certain
analyte-receptor/molecular recognition agent, a donor fluoro-
phore, and an acceptor fluorophore; all of these constituents
must lie in the vicinity of each other. Once the analyte binds with
the receptor, the receptor undergoes a chemical structural
change – moving the fluorophores farther apart to limit transfer-
ring electrons to the acceptor fluorophore. Consequently, the
FRET decreases, resulting in an increase in the fluorescent emit-
ted light which is correlated to the analyte concentration
(Figure 5a). A receptor/molecular recognition agent can be used
in fluorescent sensors to competitively bind with an analyte.[112]

In this mechanism, the fluorophore is bound to the receptor, and
the electrons transfer from the fluorophore to the receptor.
However, the existence of the analyte induces the separation
of the fluorophore from the receptor. In this method, the
higher the analyte concentration, the lower the fluorescence
emission.[113]

Progress in polymeric materials has led to enhancing the opti-
cal performance of the hydrogel optical fibers.[116] Fluorescent
hydrogel fibers were developed for implantable in vivo sensing.
For example, a hydrogel fiber was made of a biocompatible
material (polyethylene glycol-polyacrylamide) for glucose
detection (Figure 5b).[115] The fiber was functionalized with
glucose-responsive fluorescent microbeads and was inserted
underneath the skin. Images of the fluorescent fiber were taken
by a camera and processed to measure the fluorescence intensity
at various glucose concentrations. The fluorescent intensity at the
wavelength 488 nm increased with glucose concentration in the
range from 0 to 500mg dL�1.[115] The glucose-responsive
fluorescent microbeads were prepared by an axisymmetric flow-
focusing microfluidic device (AFFD), which produced a mono-
disperse droplet of the glucose-responsive pre-gel. The droplets
were polymerized and washed to remove the unreacted
ingredients.[117] The fluorescent microbeads were mixed with
the optical fiber pre-gel (acrylamide and polyethylene glycol
diacrylate) and injected into an optical fiber mold. The gel was
stored for 30min at a temperature of 37 °C to polymerize.[115]

Also, fluorescent probes were developed by attaching the fluores-
cent sensors to the fiber tip. For example, a fluorescent hydrogel
sensor was attached to the distal end of a silica multimode fiber
with a diameter of 125 μm.[118] A calcium-fluorescent indicator
was crosslinked with acrylamide through vinyl groups during
the free-radical polymerization process. The fluorescent light
recorded at the opposite end of the probe increased with calcium
concentrations. The cancerous lung tissues were recognized by a
fluorescent fiber probe made of a multimode fiber having a tip
functionalized with a pH-sensitive fluorescent hydrogel.[119]

The developed fiber probe showed a linear response in the
physiologically relevant pH range of 5.5–8.0 with a precision
of 0.10 pH units. Also, the acidity of the cementitious
materials was detected by a fluorescent fiber probe based on a
pH-dependent fluorescent dye.[120] The pH-fluorescent respon-
sive dye (Naphth-AlkyneOMe) was cross-linked in polyvinyl alco-
hol glutaraldehyde matrix to generate a thin film with an average
thickness of 150 μm deposited on the tip of the fiber. The probe
was tested on the surface of low-pH cement paste after 4, 6, 7,
and 8 days of hydration. The probe showed a reversible response
to pH changes and the response time was 100 s. Furthermore,
fluorescent fiber probes were recently reported for antibiotic
detection, ciprofloxacin (CIP).[121] The fluorescent sensor com-
bining nanoparticles composite of polyethylene glycol diacrylate
hydrogel and antibiotic detective agent was attached to the optical
fiber tip and tested for ciprofloxacin detection in aqueous solu-
tions. A linear relationship between the concentration of the CIP
and the fluorescent intensity with a correlation coefficient 0.99
was obtained and the limit of detection (LOD) reached to
6.86 μM. For environmental applications, fluorescent fiber probes
have been developed for toxic heavy metal ions. For instance,
Liu et al. developed a fluorescent probe for Cdþ2 detection in
aqueous solutions.[122] The effective detection range of the probe
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was in range of 0.1–290 μM, with a limit of detection of 37.8 nM.
The probe was proved to be capable of detecting Cdþ2 in lake
water samples and meets the WHO standard. Copper ions have
been recently detected by a fluorescent fiber probe based on
AGInZnS quantum dots (QDs) fabricated in polyvinyl alcohol
matrix which was deposited on the tip of the optical fiber.[123]

The fluorescence of the QDs was quenched by Cu(II) resulting
from both static and electron transfer from QDs to Cu (II).
The probe was selective and showed a linear detection range
of 2.5–800 nM. Recently, iron ion (Fe3þ) was detected using
Eu(BPDA)1.5phen@PAN fluorescent fiber prepared by electro-
spinning of the ployacrylonitrile (PAN).[124] The fluorescence
quenching was observed by naked eye upon exciting the fiber
with ultraviolet light. The developed fiber showed high sensitivity
and low limit of detection (0.063), providing a promising strategy
for developing flexible sensors for Fe3þ monitoring.

Fluorescent fiber-optic sensors are very sensitive and offer a
low limit of detection. However, their applications are limited
due to the photobleaching of the fluorophores. When the fluoro-
phores get exposed to the light of a specific wavelength, they tran-
sit from the ground state to the excited state and the total number
of the transition cycles between excitation and emission of each

fluorophore molecule depends on its chemical structure and the
local environment. Based on these parameters, some fluoro-
phores bleach quickly, while others undergo several cycles of
excitation and emission before bleaching. However, reducing
the intensity of the excitation light may reduce the photobleach-
ing. Also, decreasing the time of light exposure may assist in
reducing the photobleaching effect. However relying on the fluo-
rescence intensity changes in response to the analyte is the most
simple and direct method, fluctuation of the illuminating light
source is a concern, which leads to under/overestimation of
the analyte concentration.[125] It is unreliable and inconvenient
to use intensity changes, which may occur for a variety of rea-
sons. It is more practical to use wavelength-ratiometric fluores-
cent probes which show a shift in the emission/absorption
spectra upon binding with the analyte. These fluorescent probes
are favorable because the ratios are independent of the light
source fluctuation. In this case, the analyte concentration is
determined from the ratio of the fluorescent intensities mea-
sured at two excitation or emission wavelengths. Another ratio-
metric method that can be used in sensing, is fluorescence
polarization or anisotropy. In this method, the analyte induces
a change in the anisotropy of the label and the anisotropy values

Figure 5. Fluorescent fiber-optic probes. a) Working principle of a fluorescent glucose sensor based on Förster energy transfer. Reproduced with per-
mission.[114] Copyright 2012, SAGE Publications. b) The fluorescent fiber probe injection, working principle, and removal process: i) The fluorescent
hydrogel fiber probe in a glass vial soaked in a 50 wt% glucose solution, ii–iii) Photos of the fluorescent fiber probe immediately after insertion in a
mouse ear and after 30 days, respectively. Reproduced with permission.[115] Copyright 2011, PNAS.
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are calculated using the ratio of the polarized intensity measure-
ments, which makes the anisotropy independent of fluctuation of
the light sources and fluorophore concentration as long as the
measurements are not distorted by autofluorescence or poor signal-
to-noise. Also, fluorescence lifetimes can be used for sensing and
the lifetime can be measured using either frequency-domain or
time-domain methods. A few years ago, this method has been con-
sidered too complex for sensing applications; however, the recent
advances in electro-optics technology made it feasible to perform
nanosecond decay time measurements. It is expected that the use
of lifetimes for sensing would revolutionize the fluorescent sen-
sors by making them capable of providing the long-term stability
which is needed for real-world applications.

8. Light Diffuser-Integrated Optical Fiber Sensors
(LDOF)

Recently, optical fiber probes based on light diffusers were devel-
oped for metabolites monitoring.[126] The probes are based on
stimuli-responsive hydrogels which are imprinted with light-
diffusing microstructures (LDMs) and chemically attached to the
distal ends of traditional optical fibers. The LDMs can be consid-
ered as a dense-packed microparticle on a substrate (Figure 6a).
The dense-packed particles have various geometries and dimen-
sions. They scatter the incident light beam in the forward and
backward directions at different angles to project a diffused spot
of the light on screens fixed in transmission or reflection

Figure 6. Light diffuser-based fiber optic sensor: a) Sensor fabrication process, b) fabricated probe, c) interrogation setup for testing the performance of
the fiber probe, d) transmitted optical power of the fiber probe versus time while the probe was immersed in various glucose concentrations, e) The
measured reflected power versus glucose concentrations. Reproduced with permission.[126b] Copyright 2019, Elsevier.
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configurations. If the LDMs were made of analyte-responsive
hydrogels and attached to a tip of an optical fiber, the LDMs
hydrogel undergoes a volumetric shift upon interaction with
the targeted analyte. The volumetric modulation induces a
change in the refractive index and dimensions of the LDMs –
resulting in modification of the scattering efficiency of the
LDMs; subsequently, angles of scattered light in the forward
and backward directions are altered. Three fiber probes were
developed for monitoring glucose, pH, and alcohols
(Figure 6b). The glucose-responsive hydrogel was made of a poly-
acrylamide hydrogel matrix and 3-(acrylamido)phenylboronic
acid which functions as a glucose recognition agent.[126b] The
probe performed under the physiological conditions and showed
a high sensitivity (2.6 μWmL�1), rapid response (30 s), and sat-
uration time (15min). The probe was tested in the reflection con-
figuration to confirm its practicality, and an optical power meter
was used as a reader. However, in the transmission configura-
tion, a smartphone was used as a compatible readout device
(Figure 6c–e). The alcohol and pH probes were based on
poly(HEMA) and showed a robust performance.[126a] The alcohol
probe instantaneously responded to propan-2-ol, ethanol, and
sulfoxide dimethyl. The pH probe showed a rapid response
and high sensitivity to pH changes in the acidic region. The
pH probe recorded sensitivities of 40 and 7 nW pH�1 in trans-
mission and reflection configurations, respectively.

This class of fiber probes overcomes some limitations such as
the need for bulky instruments for the output data processing.
Also, the readout methodology is simple and practical, and
the fabrication process can be carried out in a single step.
However, this probe relies onmeasuring the optical power which
is influenced by the fluctuation of the light source illumination.

9. Comparison among the Optical Fiber Sensors’
Approaches

Optical fibers as a light transducer have been explored for their
potential as sensing devices in the past decades. Numerous
achievements have been realized in optical fiber sensing appli-
cations due to the great demand for small-size sensors, remote,
and real-time monitoring. Now, optical fiber sensors have been
developed for diagnostic, drug delivery, environmental monitor-
ing, explosive gas detection, etc. Compared to other kinds of sen-
sors, optical fiber sensors provide versatilities of multiplex
detection and remote sensing in environments unreachable by
human beings which is essential for explosive detection.
Table 1–5 summarize the performance of some types of optical
fiber sensors for the detection of glucose, pH, relative humidity
(RH), gas, and ions, respectively. Among the discussed optic-
fiber sensors, FBGs function in both transmission and reflection
configurations and because the reflection configuration does not
require both ends of the fiber to be connected to the interrogation
setup – this mode is more practical. Also, FBGs are immune to
light source intensity fluctuation. FBGs is favorable for tempera-
ture detection due to the thermo-optic effect of the fiber core
material induced by the temperature. Also, it is ideal for distrib-
uted strain monitoring as it is capable of the real-time monitor-
ing of structures to assist in improving the safety of the structure
by allowing timely repair which prevents the unwanted damages.

Table 1. Comparison of the performance for different kinds of optical fiber
glucose sensors.

Fiber type Glucose-responsive
material

Detection range LOD References

EFBGs 4APBA-rGO 1 nM–10 mM 1 nM [34a]

LPFG GOD 0.56–166.67 mM – [42]

LPFG (PEI/PAA)/GOD 1 nM–10 μM 1 nM [127]

LPFG GOD 0.1–3.2 mM – [128]

LPFG GOD 0.0–166.67 mM – [29]

LPFG GO/GOD 0–8 mM – [129]

LPFG GOD 6.56–138.89 mM 1.11 mM [130]

TOFI GOD 0.0–166.67 mM – [131]

FPIF PVA/P)AAm-AAPBA) 0–10 mM – [132]

FPIF 4-ANMP/PVC 1 μM–1 M – [133]

SPR GOD/PAAm 0–14.44 mM – [94]

SPR GOD 0–138.89 mM 7.89 nM [134]

FF Con A and dextran 0–550mg dL – [135]

FF Con A and dextran 0–350mg dL – [136]

LDOF 3-APBA 0–50mM [126b]

Table 2. Comparison for the performance of different kinds of optical fiber
pH sensors.

Fiber
type

pH-responsive material Sensitivity
[nm pH�1]

Detection
range

Response
time [s]

References

FBGs PVA/PAA hydrogel 0.0122 2–7 tr¼ 200 [19]

tf¼ 150

FBGs PNIPAM/SA/PEG
hydrogel

0.0234 1–4 t¼ 80 [20]

0.0143 5–9

0.014 10–14

EFBGs PAH/PAA hydrogel 0.3 1–3 – [32]

TFBG PANi – 2–12 tr¼ 29 [137]

tf¼ 67

TFBG PDDA/PAA hydrogel – 4.66–6.02 tr¼ 10 [30]

tf¼ 18

LPFG PAAm 0.66 2–12 t¼ 2 [138]

LPFG PAA 7.5 2–7 tr¼ 100 [139]

tf¼ 130

LPFG PVPON/PMAA hydrogel – 2–7.5 – [140]

LPFG PAH/PAA hydrogel 8.74 4–7 – [141]

TOFI PVA/PAA hydrogel 1.58 2.48–6.47 tr¼ 10 [142]

tf¼ 11

FOMZI Copolymer hydrogel 1.7 6.5–7.75 – [143]

SPR PAAm hydrogel – 2–12 t¼ 60 [144]

SPR PAAm hydrogel 13 8–10 t¼ 20 [93]

FF Coumarin imidazole dye – 10.0–13.2 t¼ 50min [145]

FF FAM and p-THPP 5.5–8.0 t¼ 30 [119]
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However, for biosensing applications, the standard FBGs need to
be modified to function conveniently. For example, for sensing
glucose, the Bragg gratings segment needs to be etched or the
gratings have to be made tilted. On the other side, LPFG has been
proved to be not very sensitive to the change in the surrounding
refractive index and its sensitivity needs to be enhanced to be
suitable for biosensing applications too. However, it is easier

to be manufactured compared to FBGs and can be tuned to
function in any electromagnetic spectrum range. LPFG is a good
candidate for temperature and strain monitoring. The studies
focus on developing tapered fiber lonely for sensing applications
are relatively few compared to the other discussed fiber sensors
because it offers low sensitivity, particularly when it is used for
detecting small molecules, in addition to suffering poor mechan-
ical properties in the tapered region. FPIF has been explored for
the detection of glucose, pH, RH, gas, ions, and pressure. Among
all these applications, FPIF is a promising tool for pressure and
flow rate due to its superior performance and the capability to
function in reflection mode. The studies showed that FOSI is
a very promising tool for temperature detection over the FBGs
and LPGs. Also, FOSI is quite sensitive to the local refractive
change compared with the other discussed fiber sensors; how-
ever, its bulky structure is a considerable barrier to being used
for many applications. SPR-based fiber sensors showed to be ben-
eficial for numerous applications; however, it is sensitivity for
small molecules is quite low. Using graphene, silicon, and other
materials with the plasmonic layer proved to be an effective strat-
egy to overcome these shortcomings. Also, tapering and bending
the SPR-based fiber sensors have been found to improve their
sensitivity and make it capable of detecting even the small mol-
ecules. The previous studies showed that SPR-based fiber sensors
are promising candidates for practical detection of metabolites,
biomarkers, viruses, bacteria, cancer, pH, gases, ions, and relative
humidity. Fluorescent fiber sensors are quite sensitive and able to
provide a very low limit of detection. Their applications span from
biomedicine to environment. A few examples of the fluorescence-
based sensors used for monitoring glucose, pH, relative humid-
ity, gas, and ions, are displayed in the provided Table 1–5. Up till
now, LDOF sensors have been explored only for the detection of

Table 4. Comparison for the performance of different kinds of optical fiber gas sensors.

Fiber Type Gas-responsive material Gas type Detection range LOD References

FBGs Pd H2 0–10% – [33]

FBGs Pd-NPs H2 0–10% – [157]

EFBGs Pd/Ni H2 0–4% – [158]

LPFG Pd H2 0–4% – [159]

LPFG (PDDA/SIO2)/TSPP NH3 0.1–10 ppm 140 ppb [160]

LPFG PAH/PAA NH3 0–348 ppm 10.7 ppm [161]

TOFI Silica gels NH3 0–40 ppm 5 ppb [162]

FPIF Pd H2 0–8% – [163]

FPIF Pd-Y film H2 0–5.5% – [164]

FPIF PDMS EtOH 0–6800 ppm – [165]

FPIF PEI/PVA hydrogel CO2 0–86.9% – [166]

FPIF PAVB hydrogel CO2 0–75% 286 ppm [167]

SPR BCP NH3 0–150 ppm – [168]

SPR Cu–ZnO thin film H2S 0–100 ppm – [169]

SPR GCNT/PMMA nanocomposite CH4 0–100 ppm – [170]

SPR NiO-ITO H2S 0–100 – [171]

FF Ferrous core–shell NPs and Rhodamine B NH3 0–12 000 ppm – [172]

FF AQmol-2 Nerve agents (DFP and DCP) – 0.16 μM and 0.18 μM [173]

Table 3. Comparison of the performance of different kinds of optical fiber
RH sensors.

Fiber type RH-responsive
material

Sensitivity Detection
range [%]

Response
time [s]

References

TFBGs PVA hydrogel – 20–85 t¼ 2 [146]

TFBGs GO 0.01 20–80 tr¼ 735 [147]

tf¼ 1305

LPFG PAH/PAA
hydrogel

0.063 20–80 – [148]

FPIF PVA hydrogel – 35–95 t¼ 0.5 [149]

FPIF Chitosan hydrogel – 35–95 t¼ 60 [150]

FPIF PI hydrogel 1.31 40–80 t¼ 4 [151]

FOMZI SiO2 NPs – 26.5–83.8 – [152]

SPR Nafion film 3.78 30–85 t¼ 0.5 [153]

SPR WS2 – 35–85 tr¼ 1 [154]

tf¼ 5

SPR GO 0.145 32–85 tr¼ 2.73 [155]

tf¼ 7.27

FF Approximately
trapped in HPC

– 1.68–100 t¼ 1–2min [156]
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glucose, pH, and alcohols, and their performance is summarized
in the provided Table 1–2.

10. Conclusion and Future Prospects

Fiber-optic probes based on different sensing mechanisms were
discussed. Brief theory, fabrication processes, readout methodol-
ogies, sensing principles, and limitations of the fiber probes were
addressed. However research on fiber-optic probes started
30 years ago, and few types of optical fiber probes reached the
commercialization stage such as fiber Bragg gratings that are
used in real-time monitoring of deformation in constructions,
aircraft, and ships. Currently, fiber-optic probes based on the
Fabry–Pérot interferometer are available in the market for appli-
cations such as temperature measurements, which are developed
by OMEGA. Also, Fabry–Pérot fiber probes for continuous glu-
cose detection may have application in intensive-care units
shortly as it is currently under development by Glucoset.
Fluorescence-based fiber probes are valuable for many applica-
tions and reached the commercialization stage for applications
such as pH sensing which was developed by pH Optica micro.
However, fluorescent fiber probes are adversely affected by the
photobleaching of fluorophores. Optical fiber integrated-light dif-
fuser probes emerged in 2019 as a promising technology due to
their compact design configuration and robust performance;
however, it does require a light source of stable output.

The market for fiber-optic sensors has been growing very
slowly to compete with the conventional sensor technology since
1980. Considering the projection of the fiber-optic sensors mar-
ket in 2020 and the evolution in fiber-optic manufacturing, it is
expected that the fiber-optic sensors to be cost-effective and
attractive due to their inherent advantages such as the immunity
to electromagnetic interference, compact size, and the light-
weight. So, the trend of the fiber-optic probes is to ease the fabri-
cation to be applicable for mass production and to simplify the
readout methodology, in addition to overcoming the challenges
related to sensitivity, response time, repeatability, and reusability,
and find alternatives for the bulky and costly instruments for
developing handy-held, portable probes that can be used in-site.
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