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This review covers work on fiber optic chemical sensors
and biosensors (FOCS) published in the time between

October 2015 and October 2019 and is written in continuation
of previous reviews.1,2 In exceptional cases, older references
were cited. Data were electronically searched in SciFinder,
MedLine, and Google Scholar. Additionally, the authors
collected references from analytical and sensor journals over
the past 5 years. The focus is on chemical sensors and
biosensors for defined chemical, environmental, or biochemical
species on detection schemes and on new materials for analyte

recognition and for signal transduction. We have not included
certain kinds of work for various reasons. The following work
was not included: (a) Papers related to optical engineering or
on the optics of waveguides only; (b) work on FOCS that
obviously have been rediscovered; (c) FOCS for monitoring
purely technical processes such as injection molding, extrusion,
or oil drilling (even though these may represent important
applications of optical fiber technology); (d) sensors for purely
physiological parameters such as respiration, hematocrit, or
heart beat rate; (e) sensors for purely physical parameters such
as temperature, turbidity, or pressure. While many articles
deserve being treated in more than one section because they
excel in more than one field, they had to be allocated to a
single section for reasons of shortness.
Unfortunately, the term “sensor” has lost its clear definition

over the past 15 years, and numerous articles are now being
published where plain molecules (formerly referred to as
“molecular probes” or “indicators”) are now referred to as
“sensors”. However, the definition of chemical sensors (not
only optical) is fairly unambiguous in that respect: “Chemical
sensors are miniaturized analytical devices that can deliver real-
time and online information on the presence of specific
compounds or ions in complex samples.” The most attractive
but also most challenging feature of sensors is to yield online
information and to work in complex, often flowing samples.
Some of the “sensors” published recently turn out to be cuvette
tests without any (online) sensing capability. Publication only
seems to be justified by using the term “sensor” in the title.
The addition of an appropriate indicator probe or nanoma-
terial to a cuvette (as was done in the past >100 years) cannot
be termed “sensing”.
A comment may be placed here on the careless use of the

term biosensors. Numerous authors claimed to have designed a
biosensor but in fact, they are presenting sensors that can
measure parameters such as refractive index, changes in
interference patterns, plasmonic effects, or effects caused by
photonic crystals. Such methods often do not involve the use
of a biological component (such as enzymes, immunosystems,
DNA/RNA sequences, even tissue or whole cells) for
recognition of the analyte. This, however, is a prerequisite
(as defined by IUPAC) for a sensor to be a biosensor. Sensing
the change in the refractive index of a solution of glucose, the
change in the color of blood depending on hematocrit,
measuring the pH-value of blood, or someone’s body
temperature is not biosensing. Some have even claimed their
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chemical sensor to be a biosensor only because they are
intended for use in food analysis.
Another nuisance results from the fact that numerous

authors refrain from studying potential interferences, mainly in
work published in nonchemical journals. For example, most
nonenzymatic glucose sensors also respond to fructose, which
makes them useless in diabetes care. Others work in the
micromolar concentration range or in strongly etching NaOH
solutions only, which has the same consequence. Others claim
to have in hands a glucose sensor because their sensor for
refractive index (RI) responds to increasing concentration of
glucose. These authors ignore the fact that any species that also
may change the RI will interfere.
Fiber optics serve analytical sciences in several ways. Plain

fiber optics enable optical spectroscopy to be performed at
sites inaccessible to conventional spectroscopy, over large
distances, or even on several spots along an optical fiber.
Second, in being optical waveguides, fiber optics enable less
common methods of interrogation, in particular evanescent
wave spectroscopy and spatially resolved spectroscopy. Fibers
are available now with transmissions over a wide spectral range.
The trend clearly goes toward long-wave sensing (at >500 nm)
where background signals (from fibers and samples) are
weaker and (laser) light sources are cheaper.
Major applications of FOCS are in sensing gases and vapors,

in medical and chemical analysis, in molecular biotechnology,
marine, and environmental analysis, industrial production
monitoring and bioprocess control, and the automotive
industry. Note: In this review, sensing refers to a continuous
process, while probing refers to single-shot testing. Both have
their fields of applications. Admittedly, biosensors based on
immunoaffinity or polynucleotide interactions are unlikely ever
to work in a fully reversible way because of very slow
unbinding (dissociation). Respective devices have been termed
biosensors for decades now (mainly by the medical and
diagnostic community), and this terminology is accepted here.
FOCS are based on either direct (spectroscopic) or indirect

(recognition-based) detection schemes. In the first, the
intrinsic optical properties of an analyte (such as its color,
fluorescence, IR absorption, or Raman emission) are measured.
In the second, the color or fluorescence of an immobilized
indicator probe, of a metal film or a (nano)material, or an
optically detectable label is monitored. Photonic crystal-based
sensing is growing fast, with a rather hot trend of combining it
with molecular imprinting polymers as the analyte-recognizing
material. Another active area of research includes advanced
methods of interrogation such as time-resolved or spatially
resolved spectroscopy, evanescent wave and laser-assisted
spectroscopy, (localized) surface plasmon resonance (SPR
and LSPR), various kinds of interferometry, leaky mode
spectroscopy, and multidimensional data acquisition. Fiber
bundles also have been employed for purposes of imaging, for
biosensor arrays (along with encoding), or as arrays of
nonspecific sensors whose individual signals may be processed
via artificial neural networks.

■ BOOKS, REVIEWS, AND ARTICLES OF GENERAL
INTEREST

A review published in the time period covered here (2015−
2019) and covering the whole field was not identified.
However, several reviews are available that cover more specific
fields. In terms of sensors for specific analytes, or for classes of
analytes, the review by Mosshammer et al.3 is interesting from

two viewpoints, viz., marine sensing and nanoparticle-based
optical sensing and imaging of chemical species and temper-
ature in aquatic systems. Salinity, a most important parameter
in marine sciences, water technology, and industrial
production, can be continuously monitored by various kinds
of advanced waveguide sensors, and this was reviewed.4 The
state of the art in fiber sensors for oxygen (which are
commercially quite successful) has been reviewed, with a
special focus on bioanalytical applications of macroscale and
microscale fiber sensors.5 FOCS for use in environmental
monitoring, with specific examples from petroleum engineer-
ing, civil engineering, and in agricultural engineering, have
been summarized.6 Fluorometric sensors are less often used in
commercially available sensors but widely used in research.
Benito-Pena et al.7 have reviewed the working principles and
configurations of fluorometric fiber optic and planar waveguide
biosensors in terms of biological recognition and sensing
schemes and also have summarized applications as demon-
strated in the past 10 years.
Methods for luminescent imaging by using optical chemical

sensors and sensor bundles (mainly for sensing oxygen, pH
values, and some gases) have been summarized by
Schaf̈erling.8 Hydrogen gas in air is highly explosive, and
FOCSs therefore are a low-risk approach for monitoring as
demonstrated in a review by Yang and Dai.9 Two kinds of
hydrogen-sensitive materials are mainly used in hydrogen-
sensitive coatings, viz., palladium-alloy thin films and Pt-doped
WO3 coatings. The same group also has reviewed optical fiber
grating sensors such as fiber Bragg gratings (FBGs) or long-
period gratings (LPGs) for hydrogen.10

In terms of spectroscopies, a wealth of reviews is available,
many on interferometric methods. While mainly covering
sensors for physical parameters, they often contain sections on
sensors for chemical species including gases, and on biosensors
using enzymes, antibodies, or DNA or RNA sequences such as
genes or aptamers. Interferometric sensors come in numerous
modifications, examples being the Fabry−Perot, Michelson,
Sagnac, or photonic crystal fiber types. Numerous refinements
have been described, but few have been applied to (bio)-
chemical sensing. However, many of them may be converted to
such sensors, at least in principle, if combined with a proper
sensing chemistry. A comparative review is available on
integrated planar optical waveguide interferometers for use in
biosensors.11 The focus of this review is mainly on how to
modify waveguides such that an interferometric effect is caused
by the analyte.
Absorption-based optical fiber gas sensors often make use of

flow cells with multireflections (so-called White cells). Such
classical gas cells have been combined with numerous other
optical detection schemes including small graded-index lenses,
Bragg fiber types, photonic crystals, and the state of the art was
summarized.12 Zhao et al.13 have summarized the advances
made in a long period fiber grating sensor for biological and
chemical species. Long period fiber grating (LPFGs) are
transmission sensors that have no backward reflection, and an
optical isolation is not required. The resonant wavelength and
transmissivity are very sensitive to changes in refractive index,
temperature, and strain, and this can be used in biological and
chemical applications. A short review is available on advances
in LPFG sensors for use in biology and in chemical sensing.13

Methods for improving the limits of detection of plasmonic
fiber optic biosensors (mainly for proteins, toxins, viruses,
DNA, bacteria, and glucose) have been reviewed14 with a focus
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on refractometric sensitivity and operational wavelength.
Configurations include (a) fiber-optic analogues of the
Kretschmann−Raether prism method in combination with
multimode and single-mode fibers (unclad, side-polished,
tapered, or U-shaped), (b) LPFGs and tilted fiber Bragg
gratings (FBGs), and (c) specialty fibers (plastic or polymer,
microstructured, and photonic crystal fibers). A more general
review on plasmonic fiber sensors was presented by Sharma et
al.15 Fabry−Perot interferometers were reviewed in terms of
fabrication methods, principle of operation, and their sensing
applications.16 The review covers mainly sensing of physical
parameters but also some sensors for gases. The same is true
for a review on multiple FBGs using microwave photonics.17

Interferometers, fiber gratings, photonic crystal fibers, and
surface plasmon resonance sensors for ocean observation were
critically reviewed.18 Finally, evanescent wave absorption-based
sensing schemes by using straight, or tapered, or U-shaped, or
D-shaped fibers were reviewed.19 The significance of wave-
guide type such as infrared glasses or two-dimensional
materials is also stressed. Distributed optical fiber sensors
based on optical frequency domain reflectometry were also
reviewed.20

In terms of materials, Zhang et al.21 have summarized the
use of photonic crystal fiber sensors for physical parameters.
While not specifically addressing chemical parameters, this
review is a rich source of ideas because a good fraction of the
sensing schemes described in this review can be adapted to
chemical sensing and biosensing by combining it with smart
(bio)materials for recognition and transduction. The attractive
feature of enabling distributed sensing (along certain
distances) has found applications in civil engineering such as
in the maintenance of bridges and related constructions. The
state of the art (main in terms of sensing physical parameters)
has been reviewed.22 Graphene, formerly mostly used in
electrochemical sensors, is increasingly often used in optical
sensors, and this was reviewed by Zhao et al.23 Unfortunately,
the terms graphene, graphene oxide, and reduced graphene
oxide are often confused in this review.
The use of nanomaterials in FOCS for gases, vapors, and

ions was reviewed.24 Typical nanomaterials include (noble)
metals, metal oxides, their composites and nanostructured
modifications, graphene, graphene oxides, carbon nanotubes,
and their derivatives. Typical fiber optic configuration
including Fabry−Perot and Mach−Zehnder interferometry,
surface plasmon resonance, and optical fiber gratings of the
FBG and LPG type. A surprisingly large number of chemical
analytes can be sensed. These range from various gaseous
species (NH3, H2, CH4, H2S, CO2, NO2, O2) to volatile
organic compounds (such as ethanol, methanol, acetone,
toluene, and formaldehyde), and heavy metal ions such as
Hg2+, Pb2+, Mg2+, Cd2+, Ni2+, and Mn2+. The group of
Salama25 has critically reviewed the difficulties related to the
deposition of nanomaterials during biosensor fabrication.
While most of the work relates to electrochemical sensors,
the fundamental principles also hold for optical fiber sensors.

■ SENSORS FOR (DISSOLVED) GASES AND VAPORS
Hydrogen. The increasing concerns of global warming lead

to the shift of global energy structure from fossil fuels to clean
and sustainable energy. Because its oxidation only produces
water, hydrogen has become one of the major sources of clean
energy, especially in the car industry. The maturation of fuel
cell technology rapidly promotes the popularity of hydrogen

powered vehicles. Since hydrogen is gaseous at room
temperature and has low density, it has to be compressed
and stored in high-pressure cylinders. The major public
concern of hydrogen-powered vehicles is leakage of hydrogen,
since hydrogen in its liquid state is extremely volatile and
flammable, and it is explosive in a wide range (4−75% v/v)
when mixed with air. Hence, sensors for continuously and in
situ monitoring of hydrogen leakage are highly desired. FOCS
for hydrogen possesses the advantages of its small size and do
not have the risk of producing electric sparks. The utilization of
distributed sensors is also very useful in monitoring hydrogen
leakage over large distances and at different sites along a
transportation pipeline.
The optical spectral properties of hydrogen can be hardly

used for sensing. The most popular and widely explored
approach relies on special interaction of hydrogen molecules
(H2) with the surface of palladium (Pd) film/palladium
nanoparticles. Palladium can absorb hydrogen up to 900 times
of its own volume due to the high and selective affinity.26 The
hydrogen molecules binds on metallic Pd surface, which is
quickly dissociated into two hydrogen atoms which then form
palladium hydride. The hydrogenation of Pd leads to changes
of crystallographic properties (including an increment of the
lattice parameters) and of the mechanical, electrical, and
optical properties.27

The changes in optical properties can be amplified via fiber-
optic technology. In-line fiber Bragg gratings (FBGs) are often
used to amplify sensor signals.27 One of the gratings was left
uncoated, and the other is coated with 150 nm thick Pd film.
The configuration of two FBGs can eliminate sensor cross-
sensitivity to temperature. In their experiment, they observed
that the palladium hydride has unstable behavior at a high
humidity environment. Long exposure of the sensor in this
condition causes irreversible damage to the coating and
decreases sensor performance. By applying a protective Teflon
layer, the damage to the sensor coating can be well prevented.
The device was able to measure H2 concentration in the range
of 0−1% v/v, with a 20 pm wavelength shift per % (v/v) of H2
at room temperature and atmospheric pressure. Such a kind of
two FBGs sensors had found applications in detecting
dissolved hydrogen in transformer oil and monitoring
degradation of the transformer oil.28 Jiang et al.29 found
chemically etched FBG to give a more than 30% enhancement
in sensitivity compared to unetched FBG. The etched FBG
sensor was applied to measure low H2 concentration in mixed
gases and in transformer oil. It was also observed30 that
hydrogen sensitivity can be greatly enhanced by processing a
FBG using an ultrafast laser to form microgrooves. The
cladding of the processed fiber was deposited with a 520 nm-
thick Pd/Ag film. Since laser processing improves the surface
area of cladding microgrooves, the grating period of the fiber
was enlarged in the presence of hydrogen. The sensor
exhibited a sensitivity of 16.5 pm per vol % of H2, which is
6.6 times higher than that of nonprocessed fiber sensor (2.5
pm/% H). In another study from the same group, a
femtosecond laser was used to ablate the FBG cladding with
straight-trenches and spiral micropits.31 The same Pd/Ag film
was sputtered on the surface, and the fabricated sensor
exhibited much higher sensitivity (up to 21 pm/% H2).
Palladium-coated- microfiber knot resonators were found32

to possess enhanced sensitivity toward sensing of H2. By
measuring the shift and absorption at the resonant wavelengths
of the microfiber knots, hydrogen can be measured in the
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range of 0−10%. The recirculation of resonant light within the
Pd-coated microfiber knot resonators improves the interaction
between H2 and Pd and enhances sensitivity. An electro-
dynamic model was created to optimize the performance of an
H2 sensor based on a taper with Pd-coating in a photonic
crystal fiber.33 It was found that there was an optimal length of
the taper waist, which maximized the sensitivity of the sensor.
When the thickness of the Pd coating is 8 nm, an increase in
H2 concentration affected the dispersion characteristic of the
coating and led to an increase in the integrated transmittance
but did not affect the position of the interference maxima of
the transmittance on the wavelength scale. By hybridizing
ultrathin Pd film with graphene, a sensitive coating for
measuring H2 was developed.34 The graphene was used to
convert Pd lattice expansion into a spatial displacement of
suspended Pd-decorated graphene film. This can be measured
with a Fabry−Perot interferometer. The sensor exhibited a low
detection limit of 20 ppm, and the typical response time was
only 18 s.
Pure palladium has limited absorption capacity for H2. When

absorbing H2, its initial α phase changes into a β phase. After
repeated absorption and desorption of H2, the films begin to
form bubbles and cracks. Doping of other elements into Pd
improves the properties and suppresses the phase transition. In
our previous reviews,1,2 we have summarized the performance
of H2 sensor based on a Pd−Y alloy film. This film has
excellent sensing properties (in terms of sensitivity, response
time, and signal intensity) but suffers from poor stability over
long time. It was observed35 that the sensing properties
decreases over a period of 1 month. XPS spectra reveals that
the degradation of the Pd-Y alloy film was caused by oxidation
of yttrium.
A theoretical investigation was performed to optimize sensor

performance of a surface plasmon resonance (SPR) H2 sensor
based on the use of a multilayer Pd−Y alloy sensing film.36

Within the sensor film, an Ag thin film was used to stimulate
SPR, and the thickness of the silver layer has a strong influence
on the nature and location of the resonance dip. An SiO2 layer
was used to shift the angular location of resonance condition.
Increasing the thickness of SiO2 layer caused the resonance
condition to become red-shifted. Optimization showed that a 3
nm thick Pd−Y film was suitable for fast response, while still
keeping a closed film structure. There was a trade-off between
sensitivity and detection accuracy by varying the thicknesses of
the silver and SiO2 layers. The study provided a clear figure of
optimal sensing configuration that would maximize sensor
performance.
Metal oxides with excellent stability toward oxidation and

reduction have been used along with Pd to construct FOCS for
hydrogen. A surface plasmon resonance (SPR) based H2
sensor was constructed37 by using a Pd-doped zinc oxide
nanocomposite. A systematic study revealed that the shift in
SPR spectra increased monotonically when the fraction of Pd
in ZnO nanocomposites increased up to 40%. Larger fraction
of Pd in the nanocomposite did not further increase the
response, but rather decreased it. This phenomenon was
attributed to the substitutional defect induced by Pd atom in
the nanocomposite, which was the key property for H2 sensing.
The sensor is fast (1 min).
Tungsten trioxide (WO3) is the second widely used material

for H2 sensing. The color of WO3 films change to dark blue
after exposure to H2 gas. Consequently, the refractive index of
WO3 film decreases. Since Pd films can absorb 900 times of H2

than its own volume, the combination of Pd with WO3 will
largely enhance this effect and results in a highly sensitive
sensor for hydrogen. An optical fiber Sagnac interferometric H2
sensor was fabricated by inserting a segment of panda fiber
coated with Pd/WO3 film.38 When exposing the sensor to H2,
the exothermic reaction raised the local temperature of the
fiber, and this resulted in the shift in the resonant wavelength.
The device has a sensitivity as high as −7.88 nm per vol % of
H2 in the range of 0−1.0%.
Another H2 sensor was developed by inserting a section of

polarization-maintaining fiber with a Pd/WO3 coating into a
high-birefringence fiber loop mirror.39 The sensor has a total
resonance wavelength shift of 2.18 nm within the H2
concentration range of 0−1%. It also has a repeatable and
stable response and has a simple structure. By integration of
the sensor structure with a photonic crystal fiber modal
interferometer, a sensor was developed that can simultaneously
measure temperature and H2 concentration.40 The measure-
ment of local temperature around the sensor tip provides
precise compensation of temperature effect on hydrogen
sensing.
A photonic crystal fiber based SPR sensor had been designed

to simultaneously measure both methane and H2.
41 Four

ultralarge side holes were symmetrically introduced into the
cladding of the fiber, and two of them were coated with an H2-
sensitive Pd/WO3 film. The sensor has the capability of
polarization filtering, and it can be used to accurately measure
methane and H2 in their mixture without interfering with each
other. The H2 sensitivity was 0.19 nm/% and that of methane
was 1.99 nm/%. Zhao et al.42 coated the Pd/WO3 film on an
in-line mode coupling interferometer and developed a highly
sensitive photonic crystal fiber optic sensor for H2. The sensor
has a detection resolution of ±0.03% when the hydrogen
concentration was below 1%. The sensitivity of the sensor was
1.09 nm/% and the sensor response was not affected by
temperature fluctuation.
A detailed research studied the long-term stability of an FBG

based FOCS for H2 and revealed that water content was an
important factor accounting for the long-term stability.43 The
introduction of UV-light irradiation into H2 sensing process
can eliminate the produced water on Pd/WO3 film due to the
photolysis effect. After UV irradiation treatment, the sensor
exhibited improved long-term stability over 3 months. It also
showed high sensitivity (0.023 pm/ppm) and high resolution
(43.5 pm). Another study reveals that controlled laser heating
improves the stability of the FBG sensor based on a Pd/Ni
composite film.44 Yan et al.45 developed a fast-responding
FOCS for H2 based on superimposed hybrid Pd gratings on
the fiber’s end face (Figure 1). The WO3 coating was used as a
waveguide material between the Pd grating and the gold layer.
The sensor had extinctions at certain wavelength for transverse
magnetic polarization. Different concentrations of H2 caused
changes in reflection spectra with a specific wavelength shift.
The sensitivity about 700 nm/cc. In order to depress
fluctuation and enhance sensitivity, a self-referenced demod-
ulating method was applied to a FOCS for hydrogen based on
a WO3−Pd2Pt−Pt composite film.46 The use of baseline
intensity as sensing parameters improves sensitivity and
depresses fluctuations. The resolution was as high as 3 ppm
in the range of 0−1000 ppm. This makes it suitable for
measuring H2 at low concentration. The detection limit is 10
ppm.
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Besides WO3, other metal oxides such as MoO3 or indium
tin oxide (ITO) were also used along with Pd films as H2-
sensitive materials due to their good electrical and optical
properties. MoO3 reacts irreversibly with H2, and this
obviously results in degradation over time. By intercalating
Na+ and K+ into MoO3 nanobelts, the resulting FBG H2 sensor
had improved performance in terms of reversibility and
stability.47 The Na+ ion exhibited better improvement than
the K+ ion in inhibiting degradation of the sensor layer

structure. A lossy mode resonance (LMR) based FOCS for H2
uses an ITO thin film and/or ITO nanoparticles as sensitive
materials rather than a Pd film.48 The sensitive materials were
coated onto the unclad core of an optical fiber, and the
resulting sensor exhibited an obvious red shift in the LMR
spectra with increasing concentrations of H2. A combination of
ITO thin film with ITO nanoparticle showed the highest
sensitivity. The sensor responded fully reversible and was
capable to measure H2 in the range of 0−100 ppm (v/v). It
takes less than 2 min for a single measurement, and the sensor
showed consistent performance after continuous use for 10
cycles.
Metal alloys have properties that are different from pure

metals. Hence, they were also used as a coating to tune
sensitivity. A hysteresis-free nanoplasmonic H2 sensor was
fabricated by depositing defined Pd/Au alloy nanostructures
onto an optical fiber via pattern-transfer.49 This was the first
example to integrate complex nanostructures and tailored
arrays with fiber optics to realize optical sensors. The device
responded reversibly and consistently to H2 partial pressure
below the flammable limit of 4% during the entire ∼20 h test.
Another comparison between pure Pd film coating and a Pd−
Cr mixture coating showed that FBG sensors made of pure Pd
film possessed faster response and higher sensitivity to
dissolved H2 in transformer oil.28 Fisser et al. investigated
three options to improve the sensitivity of FBG strain
sensors.50,51 They found that the strain transfer can be

Figure 1. Scheme of the fast-response FOCS for hydrogen with
hybrid Pd-grating on the end face of an optical fiber. Reprinted from
Opt. Commun., Vol. 359, Yan, H.; Zhao, X.; Zhang, C.; Li, Q.-Z.; Cao,
J.; Han, D.-F.; Hao, H.; Wang, M. A fast response hydrogen sensor
with Pd metallic grating onto a fiber’s end-face, pp 157−161 (ref 45).
Copyright 2016, with permission from Elsevier.

Figure 2. (a) Digital image of CuS thin film on a flexible plastic substrate (OHP sheet). (b) Digital images of CuS−Pd nanohybrid on an OHP
sheet before and after exposure to hydrogen gas. (c) Absorbance and (d) transmittance spectra of CuS−Pd nanohybrid before and after exposure to
hydrogen gas. Reproduced from Kalanur, S. S.; Lee, Y.-A.; Seo, H., RSC Adv. 2015, 5 (12), 9028−9034 (ref 52), with permission from The Royal
Society of Chemistry.
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improved up to 72% by decreasing the bond line thickness.
The use of Pd/Ag alloy to increase H2 solubility amplified the
sensitivity by a factor of 17. With a new concept of prestrained
sensor, the sensitivity was be further increased by a factor of
2.5.
Kalanur, Lee, and Seo52 observed a unique color change of a

thin CuS-Pd film from dark green to brown when exposing it
to H2 gas (Figure 2). The localized surface plasmon resonance
in the infrared region of the sensor film decreases with
increasing concentration of H2. This was attributed to the
reduction in the free carrier density of the CuS valence band.
When coupled to fiber-optic technology, the resulting FOCS
can detect H2 gas in air at levels as low as 0.8%.
FOCS for H2 that work at high temperatures also were

described. A sapphire fiber optical sensor was developed for
measuring H2 concentration at temperatures up to 800 °C.53 A
single-crystal sapphire fiber was coated with a thin film of
nanostructured TiO2 that also incorporated Pd nanoparticles.
The analytical range extended from 0.02 to 4% of H2 with a
typical response time of 14.5 s. Another distributed sensor for
H2 is based on a D-shaped optical fiber coated with a Pd-
infused mesoporous TiO2 film.54 By analyzing the transmission
loss behavior of an integrated FBG, H2 concentrations can be
determined up to 10 vol % at temperatures higher than 500 °C.
The sensor exhibited high spatial resolution and was capable of
detecting H2 gradients with subcentimeter resolution.
FOCS offers the attractive feature of measuring gases over a

long distance and at multiple sites. A distributed multipoint H2
sensor was developed using a heterocore optical fiber tip
coated with Au/Ta2O5/Pd multilayers film.55 Combined with a
time-domain interrogating system based on pseudorandom
noise code correlation reflectometry, H2 concentrations at
different points along an optical fiber can be measured in real
time with a high signal-to-noise ratio. The sensor exhibited
reproducible responses with and without H2 absorption. A
single measurement takes only around 25 s at a 4% H2
concentration.
FOCS can be fabricated into a compact size. A highly

sensitive and ultrasmall H2 sensor was obtained by coating a
microring resonator with a H2-sensitive Pd/Pt layer.56 The
device was sensitive to a low concentration of hydrogen (0−

4%). The resonance wavelength shift was in the order of
nanometers, which is at least 1 order of magnitude better than
the conventional sensor. The size of the sensor was only 4 × 4
μm2. This makes it suitable for use in highly integrated circuits.
Although Pd is still the most widely used sensing material for

hydrogen, it remains in a metallic status after hydrogenation,
which makes it only has marginal sensitivity and optical
contrast. Mechelen and co-workers57 achieved a breakthrough
by utilizing transparent hydrides doped with metallic glasses
(Figure 3). Transparent hydrides, for instance MgH2, have
large optical contrast, but low sensitivity to H2. By doping the
transparent hydrides with a metallic glass such as Ni−Zr, the
sensitivity to H2 is enhanced while the large optical contrast is
preserved. They constructed a sensor based on Mg-Nr-Zr film,
which showed optical sensitivity more than 2 times than that
based on pure Pd. The sensor had highly reproducible
response, and the reliability was demonstrated by their
application in sensing H2 in electrical transformers.

Hydrocarbons. Most hydrocarbons do not have unique
physiochemical features, and they are often measured via their
weak absorption in infrared between 1300 and 3000 cm−1.
Methane is widely used for heating and cooking purposes and
in industry for producing hydrogen and methanol. Mixtures
with air are highly explosive. Most FOCS for methane utilized
the relatively strong IR absorption near 1.6 μm. A tunable
diode laser absorption spectroscopic system was developed for
remote monitoring.58,59 It employed a 2f wavelength
modulation scheme. By optimizing the laser driving signal
frequency and amplitude, a 50 and 96% of reduction in
measurement deviation was achieved by polarizing scrambling
and thermally stabilizing critical optical components, respec-
tively. The sensor has a precision of 1.36 ppmv and a detection
limit as low as 1.56 ppm(v). He et al.60 reported on a near-IR
methane sensor based on the use of tunable diode laser
absorption spectroscopy and wavelength modulation. A
hollow-core photonic crystal fiber was used as the gas cell.
With a 0.8 m long fiber, the sensor has a minimum detection
limit of 8.7 ppm and an analytical range up to 1000 ppm.
The performance of an absorption based methane sensor in

the presence of smoke was evaluated.61 This simulates
atmospheric conditions in an underground coal mine after a

Figure 3. Comparison of the optical sensitivity (a) and extinction coefficient (b) of Mg−Ni−Zr−H to often used hydrogen sensing materials.
Reproduced from Victoria, M.; Westerwaal, R. J.; Dam, B.; van Mechelen, J. L. M. ACS Sens. 2016, 1, 222 (ref 57). Copyright 2016 American
Chemical Society.
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fire or explosion. They found that a protective screen cover
prevents smoke from obscuring the optical beam. However,
with increased time of exposure to smoke, the sensor response
time increased linearly, which was mainly attributed to the
precipitation of soot on the protective screen. Another
methane sensor was reported that makes use of a photonic
crystal fiber long-period grating coated with a composite
nanofilm.62 The nanofilm was formed by absorbing the
methane receptor cryptophane-A-6Me in a poly(acrylic
acid)-carbon nanotube/polypropylene amine film and then
coated onto the fiber cladding via electrostatic self-assembly.
The sensor undergoes a shortwave spectral shift of the
resonant wavelength of transmission spectra in methane
concentration of 0−3.5%, and the detection limit is 0.18%
by volume. A similar sensor was reported by the same group,63

where the nanofilm was replaced by UV-curable fluorosiloxane.
The new sensor has a lower detection limit of 0.16%.
Oxygen. Sensing molecular oxygen (O2) based on

luminescence quenching is by far the most successful
application field of fiber optical technology. FOCS for O2 are
likely to replace Clark electrodes in the foreseeable future.
Several producers are known. In fact, almost half of the
electrochemical oxygen sensor market meanwhile has been
replaced by optical sensors.64 O2 is a strong dynamic quencher
of luminescence, and numerous O2-sensitive probes are
known.65 Chemical immobilization of O2-sensitive luminescent
probes on the tip of optical fibers results in miniaturized
FOCS. Optical O2 sensors have better sensitivity and stability
and ease of usage and maintenance compared to electro-
chemical sensors. The optical technology has been so well
established that only little innovation was to be seen in the last
5 years.
Most commercially available sensors integrate a light source,

detection circuit, and sensor film all together in a sensor head.
The light source shines light onto the sensor film, and its
emission is collected and analyzed by the detection circuit.
This configuration is simple and does not make use of optical
fibers to guide the light. Such kinds of sensors have been
widely used in the fishing, farming, and fermentation
industries, in environmental monitoring, and so on. However,
these sensors cannot be classified as FOCS, since optical fiber
technology is not used here.
The most attractive feature of FOCS for O2 is its ease of

miniaturization. They can be placed at sites that are
inaccessible to conventional instruments. There is a trend
that FOCS sensors are becoming much smaller in size and less
invasive and having much faster response, which makes them
suitable for in vivo use. A miniaturized evanescent-wave based
O2 sensor was obtained

66 by doping an ormosil film with the
oxygen-sensitive probe Ru(bpy)3

2+ and deposited on the
surface of an optical fiber. Evanescent wave on the fiber surface
was utilized as an excitation source to produce fluorescence.
The sensor has a diameter of 700 μm. However, the O2-
sensitive probe is water-soluble, which make the sensor not
suitable for measuring dissolved oxygen in aqueous solutions.
It should also be kept in mind that Ru(II) based probes for
oxygen have a highly temperature-dependent luminescence.
The group of Farmery67 developed an ultrafast sensor to

trace the rapid changes of oxygen partial pressure of arterial
blood in respiratory conditions. The sensor was constructed by
coating the tapered fiber tip with biologically inert poly(propyl
methacrylate) doped with the O2-sensitive probe platinum(II)
octaethylporphyrin (PtOEP). The sensor has a diameter of less

than 200 μm and exhibited a typical response time of 20 ms in
the gas phase and ∼100 ms in flowing liquid phase. The sensor
was successfully applied to monitoring the intrabreath arterial
oxygen oscillations in an animal model of acute respiratory
distress syndrome.68 Another FOCS for O2 was developed by
coating the distal end of an optical fiber with sensor cocktail
made from PtOEP and poly(ethyl methacrylate).69 The sensor
has a diameter of 600 μm, and was sterilizable, which made it
suitable for in vivo measuring of the tissue oxygen level in the
mucosa of the digestive tract. It should be kept in mind that
PtOEP is photolabile and that much better probes for O2 do
exist.65

Recent innovations in optical sensing of oxygen focus mainly
on developing stable, bright, sensitive, and long-wavelength
luminescent probes. Especially probes that can be excited and
emitting in the near-infrared region is highly demanding in
deep tissue imaging. These innovations are also beneficial to
FOCS for oxygen, since the brightness of luminescent dye is
the dominating factor for the signal-to-noise ratio of the
resulting devices. However, it is not mandatory to use NIR
emitting dyes for FOCS for oxygen, because short-wave
excitation light and the relative longer wavelength emission can
be guided to the site of interest using the optical fiber. Borisov
and co-workers70 synthesized new red-emitting Schiff base
chelates of Pt(II). These complexes have molar absorption
coefficient of up to 98 000 M−1 cm−1, and the phosphor-
escence quantum yield at room temperature is as high as 65%.
Thanks to the high brightness of the dye, the resulting FOCS
can measure oxygen levels in the range of 0.1−100 kPa with a
good signal-to-noise ratio.
Another attractive feature of optical sensing technology is its

capability of multiple and simultaneous sensing at multiple
sites (in the form of distributed sensors). H2O2-sensitive
CdSe/ZnS quantum dots and the O2-sensitive probe Ru-
(dpp)3

2+ were immobilized in an ethyl cellulose matrix, and the
sensor material was placed onto the distal end of an optical
fiber.71 The dual sensor exhibits a linear Stern−Volmer plot
toward oxygen in the range of 0−40 mg/L and responded
linearly to H2O2 in the range of 0−132 mM. A multipoint
quasi-distributed optical fiber sensor for O2 was fabricated

72 on
a 1 mm diameter plastic optical fiber, where sections of
cladding were removed and coated with sol−gel films doped
with different luminescent probes for O2. By applying
excitation light at different wavelengths, the collected
luminescence emission information can be associated with
sensing locations.

Carbon Dioxide. On one hand, carbon dioxide has a
green-house effect and one of the triggers of global warming.
On the other hand, it is also an important chemical in food
industry, where carbon dioxide is widely used in drinking
water, soft drinks, beer, etc. FOCS for carbon dioxide has been
well developed in the last 20 years, as this gas has a relatively
strong infrared absorption band peaking at 1.57 μm. Generally,
CO2 can be directly sensed via its infrared absorption, and the
sensors work quite well in measuring CO2 in air or in the place
where concentration of CO2 is high. However, hydrocarbons
such as methane have similar infrared absorption band in the
same region. The presence of hydrocarbons affects the
selectivity of CO2 and can cause measurement error. Bhatia
and Risk73 used a hydrochemical modeling software to
comprehensively evaluate the performance of fiber optical
CO2 sensors in fresh water, saltwater, and transitional
environments. Results showed that saline, transitional
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(estuary), and deep freshwater environments have the widest
range of carbonate distribution and also contain species that
interfere. These data are very helpful to build complex model
to compensate interferences and further improve sensor
performance. Another IR-absorption based CO2 sensor was
designed to monitoring localized CO2 concentration in
respiratory tracts and in real time.74 A small gas cell was
attached to the end of a hollow optical fiber, which delivers IR
light into the cell. The sensor head has a diameter smaller than
1.2 mm and can be inserted into the working channel of
common bronchoscopes. The detection limit is 0.45%, and the
measurement error was only ±0.3%.
According to the Lambert−Beer law, the absorption of light

by CO2 at 1.57 μm can be amplified by increasing the length of
the path. Hence, FOCS for CO2 normally have long length or
utilize reflecting mirrors to extend the light path and often
make use of evanescent wave absorption (which is also referred
to as attenuated total reflection). With the help of a new
coating made from nanoporous metal−organic framework
Cu(II)-benzene-1,3,5-tricarboxylate, an ultrashort near-IR
fiber-optic sensor for CO2 detection was developed.75 The
sensor only has a sensing length of 8 cm, and the detection
limit is better than 500 ppm. The typical response time is 40 s.
CO2 cannot be measured via the IR absorption in aqueous

samples since water has a strong absorption in the same region.
However, CO2 can react with water to form carbonic acid.
Hence, the concentration of CO2 can be calculated by
measuring the increase of acidity. The changes in pH, in
most cases, are then sensitively measured by using optical pH
indicators. The pH indicators such as methyl red, thymol blue,
and phenol red were employed (like in related earlier work) as
indicators for constructing FOCS for CO2.

76 The sensor
worked over a broad range of CO2 concentration with a typical
response time of 2 s which is rather short compared to earlier
reported sensors of the same kind. The sensitivity (expressed
as I0.1%/I100% of CO2) is as high as 10 under optimal
conditions. Besides absorption-based pH indicators, lumines-
cent pH probes can also be used for constructing CO2 sensors.
The most often used probe is 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS), which is always used together with base
or a basic buffer, typical of pH 8−9.77 The pH value and
capacity of the buffer can be used to adjust the analytical range.
Both of the probe and the base are immobilized in
hydrophobic matrix to prevent leakage and interferences by
local pH variations.
Surprisingly, the CO2 concentration can be measured

indirectly by using a sensor for oxygen. Orellana and co-
workers78 developed a new luminescent sensor for CO2 based
on this unique concept. The sensor was designed to
continuously monitor microalgae cultures in solar reactors.
Since the carbon source in most microorganisms is present in
the form of HCO3

−, the acidification of the sample near the
oxygen sensor head converts the carbon source into gaseous
CO2. The competition between produced gaseous CO2 and
oxygen in the head space of the microbioreactor causes a
variation of oxygen concentration. This variation can be
precisely measured by using a phase-sensitive (luminescence
lifetime based) oxygen sensor. The sensor worked well in the
range of 20−200 mM of HCO3

−, and the typical response time
was 11 min which is adequate in the case of bioreactors.
Ammonia. Ammonia is an important industrial chemical

but also a major air pollutant. Sensors with the capability of
continuously monitoring of ammonia both in air and in

solution are needed. Typical applications are in qualifying
emissions from agricultural activities, monitoring air quality,
evaluating human and animal health status, and investigating
environmental issues of ammonia, and of course during
production of ammonia. There are mainly two approaches
for sensing ammonia. One is based on the interaction of
ammonia with certain coatings that causes changes in refractive
index. The other explores the basic chemical property of
ammonia, and makes use of pH indicator to indirectly measure
this important chemical, very much like CO2 sensors based on
acid/base chemistry, but with pH changes in the other
direction.
In the direct sensing mode, the coatings can be organic

polymers, inorganic nanoparticles, and their hybrid materials.
For example, a tapered multimode fiber was coated with
polyaniline nanofibers and used for sensing ammonia.79 The
optical properties of polyaniline change when exposed to
ammonia, and this leads to changes in the absorption of
evanescent field at wavelengths between 500 and 900 nm. The
sensor has a reversible response to gaseous ammonia in the
range of 0−1%, and the typical response time is less than 3
min. The sensitivity of the sensor can be adjusted by changing
the taper diameter. Smaller tapers result in higher sensitivity
toward ammonia, and the optimal diameter was found to be 20
μm. Doping SnO2 nanoparticles into the polyaniline matrix
further enhances sensitivity. A Mach−Zehnder interferometer
on a photonic crystal single mode fiber was coated with this
nanocomposites, and its sensing performance to ammonia was
studied.80 The sensor has a highly sensitive and selective
response to ammonia gas with a detection limit as low as 8.1
ppt. Its fast response (7 s) and reusable feature made it suitable
for rapid detection of ultratrace amount of ammonia. A FOCS
for ammonia based on a thin-core fiber modal interferometer
was demonstrated.81 The side surface of the interferometer was
coated with nanoporous films of poly(acrylic acid)/poly-
(allylamine hydrochloride) via layer-by-layer assembly. The
device works in the 1−260 ppm range, and the typical response
time is 70 s.
A long period grating (LPG) was coated with multilayers of

poly(diallyldimethylammonium chloride) (PDDA) and
tetrakis(4-sulfophenyl)porphine (TSPP), and used for optical
measurement of ammonia gas.82,83 When exposing the
modified LPG to ammonia, the TSPP in the film underwent
morphology changes, which led to changes in wavelengths and
absorbance. The device responded sensitively and selectively to
ammonia in the concentration range of 0−350 ppm, and the
detection limit was 0.76 ppm. An organometallic complex
referred to as 5-(4′-dioctylaminophenylimino)quinoline-8-1
cobalt bromide was immobilized in a cross-linked polysiloxane
matrix and coated on an optical fiber to form a sensor for
ammonia.84 It showed strong absorption bands in the vis-NIR
region which further decreased on increasing the concentration
of ammonia. The sensor can measure ammonia in the 0−1500
ppm concentration range with relative good sensitivity and
high resolution.
Typical inorganic materials used for sensing ammonia

include tin oxide, silica gel, graphene and related carbon
nanomaterials, and zinc oxide. A silica gel coated microfiber
coupler was found to be suitable for selective sensing of
ammonia.85 Exposing the sensor to ammonia changed the
refractive index of the silica gel coating, which further induced
a spectral shift of the sensor’s transmission spectrum. It was
found that the thickness of the silica gel coating strongly
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influenced sensor sensitivity. The sensitivity is 2.23 nm/ppm.
Methanol, ethanol, acetone, propanol, and even hydrochloric
acid did not interfere.
By coating the cladding of an optical fiber with indium tin

oxide (ITO) and the pH indicator bromocresol purple, a
highly sensitive SPR-based sensor for measuring low
concentration of ammonia gas was developed.86 When
exposing the sensor in ammonia, the basic chemical property
changes the absorption of Bromocresol Purple and resulted in
changes in the refractive index. The addition of an ITO layer
increased the shift of resonance wavelength, because it is
porous, has grains and can enhance the interaction between
ammonia and the ITO layer. The operational range is from 1−
10 ppm. The optimized sensitivity was as high as 1.89 nm/
ppm. In another SPR-based ammonia sensor,87 the active
coating consisted of Ag/tin oxide. It works in the range of 10−
100 ppm and has good selectivity and sensitivity. A fiber optic
sensor for ammonia based on tin oxide showed wavelength-
dependent sensing characteristic.88 Results showed that the
sensor has higher sensitivity in the yellow spectral range at
room temperature. Hexagon-shaped tin oxide nanowires
showed high sensitivity to ammonia compared to nanodisks,
since the former offer larger surface area and higher adsorption
to ammonia. However, this sensor suffers from a long response
time (35 min). The light absorption coefficient and refractive
index of a gadolinium oxide coating undergo changes when
exposing it to ammonia vapor, and this effect was exploited for
ammonia sensing in the range of 0−500 ppm.89

A FOCS for ammonia was described90 that is based on the
use of surface-passivated ZnO nanostructures. CdS and CdSe
nanoparticles were used to passivate the ZnO surface, and the
resulting composite material was coated onto the cladding of
an optical fiber. The sensor operated in the evanescent mode.
It can sensitively and selectively measure ammonia by
absorbance in the concentration range from 100 to 500 ppm.
Temperature variation does not influence performance. A
comparison of pristine and amino-functionalized ZnO nano-
flakes on sensing volatile organic compounds revealed that
pristine ZnO nanoflakes are selectively sensitive to acetone,
and amino-functionalized ZnO nanoflakes give a 4 times
higher selectivity for ammonia.91 The sensor can detect
ammonia in the 50−300 ppm concentration range, and the
response and recovery times are 14 and 17 s.
A three-dimensional ZnO nanoflower-based coating also

showed enhanced sensitivity to ammonia.92 The transmission
spectra of a FOCS with this coating changes with increasing
concentration of ammonia, which shows a sensitivity of 5.75
pm/(μg/L) in the range of 0−5460 μg/L which is 2.6 times
higher than that of ZnO microspheres. A FOCS made from
Zn3(VO4)2 nanopowder was demonstrated to have good
sensitivity to ammonia gas at room temperature93 and good
selectivity over other vapors such as those of acetone, ethanol,
and methanol. However, the response and recovery times are
rather long in that it takes almost 1 h for a single measurement.
This presents its use for online monitoring. Nickel-doped SnO2
nanoparticles were used as sensitive material in an evanescent
wave-based fiber optic sensor for ammonia.94 The sensor
works in the leaky mode. When ammonia gas interacts with the
evanescent field, the intensity of the transmitted light (at 532
nm) drops. The analytical range extends from 10−1000 ppm
of gaseous ammonia. The sensor also responds to various
vapors of organic solvents.

Silver nanoparticles were used to decorate sheets of reduced
graphene oxide (rGO) sheets and then found to be sensitive to
ammonia.95 A sensor made from this nanocomposite was
operated at room temperature and can measure ammonia by
absorption in concentrations up to 500 ppm. Similarly,
platinum nanoparticle−modified GO film was found to be
highly sensitive to ammonia.96 A sensor fabricated by coating a
tapered microfiber multimode interferometer with this film
showed a high sensitivity of 10.2 pm/ppm. At optimal
condition, the analytical range covers ammonia concentrations
below 80 ppm. In another graphene based ammonia-gas
sensor, graphene was coated on an in-fiber Mach−Zehnder
interferometer with two 3-dB long-period fiber gratings.97 The
principle of the sensing mechanism relies on changes of the
electrical conductivity of graphene coating when absorbing
ammonia molecules. This further induces changes in the phase
of the cladding mode of the fiber. The sensor has a sensitivity
of 3 pm/ppm of NH3 in the concentration range of 10−180
ppm.
Sensors exploring the basic property of ammonia can be

highly sensitive, and the response is fully reversible. There are
plenty of pH indicators available for this purpose, including the
absorption pH indicators and fluorescent pH probes. Borisov
and co-workers developed a highly sensitive fluorometric
sensor for monitoring trace amounts of ammonia.98 The
sensing material consists of fluorescent pH-sensitive aza-
BODIPY dye that were physically entrapped inside polyur-
ethane hydrogels and then dispersed in silicone rubber. The
rubber is permeable to NH3 but not to protons. The sensing
layer was further covered with a black Teflon membrane,
which additionally prevents interferences by protons and ions
and also acts as a light scattering layer and optical isolation
against external light. The sensor has a 0.11 μg/L detection
limit.
Ammonia was also measured directly (i.e., without the use of

indicators dyes or by IR spectrometry) by using fibers without
any coating. Zheng et al.99 coupled a photonic crystal fiber to a
long-period grating, and a tunable Er(III)-doped fiber ring
laser was used as the light source. The sensor was studied for
its response to various gases. Results showed the sensor to be
selective for ammonia over methanol and methane, and the
sensitivity was up to 17.3 nW/ppm.

Ethanol. Compact and hand-held sensors for real-time
monitoring of ethanol have a wide applications for testing
drunk drivers and analysis of liquors and fuels. The absorbance
of silver nanoparticle-incorporating reduced graphene oxide
was found to be ethanol sensitive.100,101 When the nano-
composite was drop-casted on a multimode tapered optical
fiber, the absorbance of the sensor increased linearly to ethanol
in the range of 1−100% in an aqueous solution. Surprisingly,
the sensor was very sensitive compared with reported coating-
based ethanol sensors, and the absorbance changes by more
than 70% when exposed to ethanol, and the typical response
and recovery times were only 11 and 6 s, respectively. In
another work, graphene oxide (GO) was coated onto a U-bent
optical fiber to form a sensor for ethanol.102 With the help of a
GO film, sensor sensitivity was greatly enhanced compared
with the uncoated U-bent optical fiber sensor. The sensor
responded to ethanol in the range of 5−100% with a typical
response time as short as 1−2 s. When coated GO on an
interferometric microfiber, a new FOCS for ethanol vapor was
developed.103 The transmission spectrum of the sensor varied
with ethanol vapor concertation concomitant with a wave-
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length shift. The sensor is sensitive in the range of 0−80 ppm
of ethanol with a sensitivity of 0.138 nm/ppm. In another
study, a GO coated fiber with layers of polyethylenimine was
found to enhance ethanol sensitivity for a lossy mode
resonance (LMR) based fiber optic sensor.104 The use of the
GO coating resulted in a 176% sensitivity enhancement
compared to sensors without GO. The most sensitive sensor
was able to measure aqueous ethanol concentration in the
range of 0−100% with an LMR shift of 47 nm. Another coating
composed of carbon nanotubes was also found to be sensitive
to ethanol.105 The coating was drop-casted on to a tapered
multimode fiber tip and annealed at 70 °C to enhance sensor
stability. The sensor responded reversibly and linearly toward
aqueous ethanol in the range of 5−80%, and the typical
response and recovery time were 50 and 53 s, respectively. It
was found106 that polypyrrole/Prussian blue nanocomposites
were sensitive material for ethanol. The clad-modified fiber
optic sensor with these nanocomposites exhibited a sensitivity
much better than that with a polypyrrole coating, with a
dynamic range extending from 10 to 500 ppm. The sensor also
responds to ammonia and acetone. A silica microfiber coated
with a layer of poly(methyl methacrylate) microwire was
described for sensing ethanol.107 The light propagating in the
microfiber interacts with the polymer microwire. When the
hybrid microfiber coupler was exposed to different concen-
tration of vapors of ethanol, the refractive indices of the
polymer and surroundings changed. This resulted in shifts of
resonance wavelength. The highest sensitivity for ethanol
vapor reached 0.65 pm/ppm.
Besides carbon materials, metal oxides were also used as

ethanol-sensitive coating. The absorbance or transmission
spectra of metal oxides changes in the presence of ethanol and
served as the analytical signal. A low cost and reliable fiber
optical ethanol sensor was developed using nanosized SnO2.

108

The amorphous nanosized tin oxide was coated on the
cladding of a single-mode silica fiber. The sensor worked in the
evanescent mode, and the absorbance changed sensitively
toward ethanol in the range of 1000−5000 ppm at room
temperature. The typical response took about 10 s. The WO3
coating was not only used for sensing H2 but also for ethanol.
WO3/graphitic carbon nitride (g-C3N4) nanocomposites was
coated on the cladding of a PMMA fiber and investigated for
sensing gaseous ethanol.109 The absorbance decreased
selectively to ethanol vapor in the range of 0−500 ppm
range. The response was fast (30 s for response and 25 s for
recovery). Chunk-shaped Li-doped ZnO nanoparticles showed
enhanced sensitivity toward ethanol vapor compared with that
of ZnO nanoparticles. This is due to their porous structure that
offers more active sites for ethanol absorption.110 The
analytical range is between 0 and 500 ppm. However, the
spectral response was rather small from the provided data, and
any changes in background and scattered light may interfere.
Coatings made from undoped and Mn-doped Co3O4

nanorods were found sensitive to ethanol.111 The sensitivity
of the two coatings toward ethanol was compared. It was found
that undoped Co3O4 nanorods have higher sensitivity than
Mn-doped Co3O4 nanorods since the former offered more
reactive sites for ethanol adsorption. The ZnO doped Co3O4
nanocomposite was also found to be ethanol sensitive.112 The
highest sensitivity was obtained using a composition
containing 50% of ZnO and 50% of Co3O4, because there
were more oxygen vacancies and more p-n heterojunction
formation at this composition.

ZnO nanorhombuses functionalized with thiourea were
found to be sensitive to acetone, ethanol, and ammonia.113

The typical working gas concentration range is from 40 to 200
ppm, and the response time is 13 s. The sensor also has a
strong response to acetone. Similar to Co3O4, cobalt-doped
Ba0.6Sr0.4TiO3 nanoparticles are sensitive materials to etha-
nol.114 The sensitivity of cobalt-doped materials is higher than
that of undoped one, because the former possess more surface
defects after doping. Working at room temperature, the sensor
can detect ethanol concentrations in the range of 0−500 ppm.
A nanocrystalline MnCo2O4 coated optical fiber was also
described as a sensitive FOCS for ethanol and acetone.115

However, it took almost 1 h for a single measurement.
Nanosheets made of MgCo2O4 was also found to be ethanol
and acetone sensitive.116 Sensors made from these nanosheets
showed much fast response (typically 15 s) compared with
sensors made from MnCo2O4.
An SPR-based fiber optic sensor was designed to quantify

ethanol in the range of 0.1−10 mM.117 Silver and silicon films
were coated onto the unclad portion of an optical fiber, and
alcohol dehydrogenase enzyme and the coenzyme NAD+

entrapped in hydrogel was coated above the silver/silicon
layer. The sensor operated in the spectral interrogation mode,
and the resonance wavelength decreased with increasing
concentration of ethanol. The maximum sensitivity was
found to be 21.7 nm/mM and the detection limit is 15 μM.
Because of the use of enzyme, the sensor exhibited high
selectivity to ethanol over other alcohols and solvents.
Real-time sensing ultralow levels of ethanol in bioreactors is

needed during biofuel production by cyanobacteria. Since the
initial concentration of ethanol in the bioreactor is around
0.005 to 0.05% (w/w), highly sensitive ethanol sensors are
needed. A U-bent plastic optical fiber based on evanescent
wave absorption was found to be sensitive enough for this
task.118 Since the minute RI values of ultralow levels of ethanol
in solution was not reported before, a theoretical estimation of
RI values was performed using the Lorentz−Lorenz equation
and related to the real sensor absorbance. The sensor can
accurately identify ethanol concentration down to a minimum
value of 0.005 wt % in water.

Other Volatile Organic Compounds (VOC)s. A FOCS
for methanol was developed using pristine DNA and cobalt
ion-modified DNA double-crossover (DX) lattices.119 The
exposure of the DX lattices to methanol changes their
topologies, and the intensity of reflected visible light from
these lattices changes in proportion to the concentration of
methanol. The detection limit was as low as 9.5 ppm.
However, the DX lattices were relatively difficult to fabricate,
and reproducibility has to be improved. Holmium(II)-doped
Bi2O3 nanoparticles were deposited on the cladding of an
optical fiber to form an absorptiometric sensor for acetone or
methanol.120 Selectivity for acetone or methanol depends on
the Ho(III) doping level. The analytical range of acetone was
3.19−3.30 kPa, and that of methanol was 0.4−1.4 kPa.
Ammonia and ethanol showed ignorable interferences.
A variety of VOCs can be detected via fiber optic technology

based on reflectance changes. When VOCs adsorb at the tip of
an optical fiber, the reflected light will change because
adsorption changes the local RI. Generally, these changes are
too small to be detected. However, the use of porous coating
on the fiber tip can enhance the adsorption of VOCs, especially
when the coating possesses certain chemical groups that
interacts with VOCs. A detailed study revealed that porous
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silica and organically modified silica thin films were useful
coating for measuring VOCs.121 The free silanol groups on the
surface of xerogel act as weak acids and preferably interact with
molecules containing hydroxy groups, π-electrons, or a lone
pair of electrons. Thus, sensors based on porous silica or
organically modified silica thin films are sensitive to alcohols,
toluene, and 1-butylamine. The larger the surface area and
number of surface active groups, the higher the sensitivity
toward VOCs.
Exposure of VOCs to polymers can cause swelling of

polymers and thus changes their RIs. If the polymer is placed
on the tip of an optical fiber, the resulted sensor can be used
for measuring VOCs. A poly(methyl methacrylate) (PMMA)
film based FOCS for VOCs was developed by coating PMMA
on a fiber-optic Fabry−Perot interferometer.122 The swelling
of PMMA film by VOCs affects the cavity length of Fabry−
Perot interferometer and results in shift of resonant dip and
changes in RI influences the extinction ratio. The sensor
detects acetone with a sensitivity of 2.17 pm/ppm and ethanol
with a sensitivity of 2.7 pm/ppm. Another FOCS for VOCs
was constructed by coating side polished fibers with a
cholesteric liquid crystal film (CLCF).123 The exposure of
the sensor tip to VOCs causes the increases of CLCF pitch.
This reduces the RI of CLCF and results in a blue shift of the
resonant dips. The VOCs concentration can be quantified by
measuring the blue shift of the resonant dips. The sensor was
found to be sensitive to tetrahydrofuran, acetone, and
methanol.
An optical biosniffer (i.e., a sensor) for gaseous dimethyl

sulfide124 uses flavin-containing monooxygenase type 3
(FMO3) that was immobilized on the tip of a fluorometric
fiber optical oxygen sensor. FMO3 enzymatically oxidizes
dimethyl sulfide and consumes oxygen. This is measured with
the oxygen sensor. Because of the use of enzymes, the sensor
has good selectivity, and the analytical range covers low
concentrations (from 2.1 to 126 ppm). Another biosniffer was
fabricated for detecting exhaled acetaldehyde.125 The sensor
makes use of the reverse reaction of alcohol dehydrogenase,
which converted acetaldehyde into ethanol in the presence of
NADH. Within this enzymatic reaction, NADH was
consumed, and NAD+ is produced. By measuring the blue
fluorescence of NADH, the concentration of acetaldehyde can
be quantified. The biosniffer showed a short measurement time
(within 2 min) and a broad measurement range of 0.02−10
ppm, which covers the typical concentration in exhaled breath
(1.2−6.0 ppm). Because of its high selectivity and sensitivity,
such kind of biosniffers are useful tools in studying VOCs
exhaled in breath, which are important indicators of diseases.
Fiber-optic sensing hydrogen sulfide was achieved using a

thin core Mach−Zehnder fiber modal interferometer coated
with tungsten sulfide film.126 With increasing concentration of
H2S, the interference spectra become blue-shifted. The sensor
operated in the H2S concentration range of 0−80 ppm with
good selectivity over nitrogen, oxygen, and carbon dioxide.
Another hand-held plastic optical fiber sensor for H2S utilized
flashlight and camera on a smartphone as light source and
intensity detector, respectively.127 A thin layer of silver was
deposited on the outer surface of the fiber and acted as the
sensitive layer for H2S. Exposure the sensitive layer to H2S
induced an increment of optical losses due to the formation of
Ag2S, which can be explored for H2S sensing. However, the
concentration range, sensitivity, and other analytical parame-
ters are not provided.

■ SENSORS FOR HUMIDITY AND WATER FRACTION

Humidity. Sensors for temperature and relative humidity
(RH) are widely needed in daily life, even integrated in
watches. Measurement of RH not only determines the comfort
of air but also has a great impact in industry and weather
forecast. Highly sensitivity RH sensors are needed in chemical
industry and semiconductor industry, where trace amount of
water in the industrial gases can cause serious quality problems.
Numerous materials are known to changes their volume, color,
refractive index, or density on exposure to water vapor. The
main challenges of modern fiber-optic sensor for RH are their
sensitivity, working range, response time, stability, and
reversibility. As for the response time, there are many fast-
responding sensors available as illustrated below, and it is
shown that the use of an engineered microstructure improves
the response time. Laser micromachining and slotted
structures improve sensor response time. A D-shaped polymer
optical fiber Bragg grating (FBG) was treated with a shaping
laser, and the constructed slotted geometry allowed water
vapor to more rapidly access to the core region which
accelerates the response time.128 The response time was
reduced by a factor of 2.5.
RH can be sensed directly using optical fiber without any

coating. Such kinds of sensors normally have extremely good
stability and reproducibility. However, they also have poor
sensitivity and selectivity. An in-fiber Mach−Zehnder interfer-
ometer was demonstrated for its application in humidity
sensing.129 The sensor was fabricated by sandwiching a hollow-
core fiber between two single-mode fibers with a length of 8
mm. The sensitivity is 1.29 pm/% RH. It was reported130 that
by annealing a poly(methyl methacrylate) microstructured
FBG at high RH and high temperature improves the response
to RH. Sensors annealed at high humidity show higher and
more linear RH response with negligible temperature
sensitivity and hysteresis. A polycarbonate microstructured
polymer optical FBG can be directly used for humidity
sensing.131 The sensor can be operated at temperatures even
beyond 100 °C. The sensitivity is 7.31 pm/% RH in the range
of 10−90% RH. However, the sensor has a strong cross-
sensitivity (28.86 pm/°C) to temperature.
Another sensing scheme for humidity is based on Fabry−

Perot interferometry (FPI) and intracavity sensing using a fiber
ring laser.132 The output power of the 980 nm laser was
modulated by the reflection loss of the FPI, which was strongly
dependent on ambient humidity. The sensor has a linear
response to RH in the range of 25−95% RH, and the
sensitivity is 0.202 dB/% RH. The low temperature cross-
sensitivity and fast response makes the sensor useful for RH
measurements. The same group developed another RH sensor
based on the intracavity sensing of a fiber ring laser.133 In this
case, a fiber-optic multimode interferometer was coated with
agarose and worked as the wavelength-selective filter for
intracavity wavelength-modulated humidity sensing. The
sensor measures RH in the range of 35−95%, and the
sensitivity is −68 pm/% of RH. The sensor has a high signal-
to-noise ratio and a low temperature cross-sensitivity, and the
response time is as short as 93 ms. Alali and Wang134

developed a fiber-optic sensor for RH based on the evanescent
field fiber loop ring down technique. The presence of moisture
changes the RI of the air in a closed chamber. This induces
changes in the ring-down time due to the changes in the
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evanescent field scattering loss. The sensor has a wide dynamic
range of 4−100% and a fast response of ∼1 s.
The use of moisture-sensitive coating can greatly enhance

sensor sensitivity. Many commercial-available polymers are
known to expand their volume when absorbing water
molecules. The changes in coating volume or density and
the induced mechanical strain can be measured precisely via
fiber-optic technology. Among the vast polymer pool, poly-
(vinyl alcohol), polyimide, hydrogels, agarose, and cellulose are
the most often used materials for constructing FOCS for RH.
By coating a Fabry−Perot interferometer with an ultrathin
layer of poly(vinyl alcohol) (PVA), a FOCS for both humidity
and temperature was developed.135 The power change and
wavelength shift of the reflection spectrum (measured near
1550 nm) was sensitive to both humidity and temperature.
The sensor only had a diameter of 110 μm. However,
temperature has a great interference on humidity measure-
ment.
Graphene oxide (GO) and GO-doped PVA composite films

were also applied to humidity sensing.136,137 The films were
deposited on an in-fiber Mach−Zehnder interferometer. The
sensor has a sensitivity of 0.193 dB/% RH in the analytical
range of 25−80% of RH. In a SPR based humidity sensor, PVA
was coated on a side-polished single mode fiber.138 The SPR
sensor exhibited a resonant dip in the transmission spectrum
after PVA film coating, and the resonant wavelength shifted to
longer wavelengths as the thickness of PVA film increases. The
sensor showed interesting response to the changes of RH. For
a sensor with an initial wavelength between 550 and 750 nm,
the resonant dip shifted to longer wavelength with increasing
RH. However, once the initial wavelength exceeds 850 nm, the
resonant dip first shifted to longer wavelength and then to
shorter wavelength with increasing RH. The sensor was highly
sensitive to humidity changes, and the maximal sensitivity was
1.01 nm/% RH.
Polyimide was used139 as a humidity sensitive coating due to

its reversible expansion upon water uptake. FBGs acted as the
sensing elements in a sensing network. The sensor showed a
sensitivity up to 1.832 pm/% RH in the RH range of 23.8−
83.4% RH. The network can measure thousands of sites using
a single optical fiber. Another distributed sensor for RH was
described140 that has a length of 64 m and a few-centimeter
spatial resolution. The sensor showed a linear response over a
wide range of 15−92% RH. Operated at a cutoff wavelength of
1250 nm, the system can resolve RH changes of 0.1%.
However, the response strongly depends on temperature.
Doping the polyimide coating with a pore-foaming agent (such
as LiCl, acetone, methyl alcohol) enhances sensitivity by a
factor of 2.76.141 The same authors used optical frequency
domain reflectometry to study the RH-induced and spatially
resolved strain response of an optical fiber coated with thick
layer of polyimide.142 The thickness of the coating was varied
up to 1.3 mm. They observed that the strain response to
humidity increased with increasing in polyimide thickness. The
enhancement in sensitivity became saturated when the coating
thickness reached 400 μm. Another hollow-core fiber with a
polyimide film was used in an optical fiber RH sensor based on
Fabry−Perot interferometry.143 By measuring the wavelength
shift near 1560 nm, the sensitivity reached 1.31 nm/% RH, and
the useful working range was from 40 to 80% RH.
Temperature caused little interferences as the temperature
sensitivity was only 43.6 pm/°C in the temperature range of

25−55 °C. The sensor took only 4 s when RH changed from
60.2 to 70.0%.
Agarose is a strong sorbent for moisture. Wang and co-

workers144 placed agarose on a Fabry−Perot interferometer to
obtain a highly sensitive humidity sensor. Due to the all-
agarose Fabry−Perot cavity structure, the changes of both the
size and RI of the agarose film (due to swelling effects) can be
utilized to measure RH via wavelength shifts near 1450 nm.
The sensor exhibits a sensitivity as high as 4.20 nm/% RH and
has a response time of less than 340 ms for a typical response.
A related agarose-coated silica microsphere resonator was
found to be highly sensitive to RH.145 Whispering gallery
modes in the microresonator were excited by evanescent
coupling using a tapered fiber. The changes in the RH of the
surrounding air of the resonator induced changes in its RI and
thickness of the agarose coating, which lead to a spectral shift
of the whispering gallery mode resonance, typically measured
at 1550 nm. The sensor exhibited a sensitivity up to 518 pm/%
RH, and the useful range covers 30−70% of RH. The compact
size, low hysteresis, and low cross-sensitivity to temperature
makes the sensor useful for RH measurements. By filling a
Fabry−Perot cavity with agarose gel, another sensitive RH
sensor was fabricated.146 The RH-induced expansion of the gel
changes its RI and induced shifts of the Fabry−Perot
resonance peak. A fitting algorithm was applied to the
spectrum of the Fabry−Perot cavity, which was used for
temperature self-calibration and compensate temperature
cross-sensitivity. The sensor has an average sensitivity of 22.5
pm/% RH, and the typical response time is 5 s.
An agarose gel coating was also applied to PMMA fibers.147

They have a sensitivity of 0.421 dB/% RH in the RH range of
50−80% and the resolution as good as ±0.43% RH. In other
work, two silica whispering gallery mode (WGM) micro-
resonators were coated with sol−gel silica and agarose
hydrogel and used to measure ammonia vapor and RH in air
via transmission wavelength shift, respectively.148 The WGM
in both microspheres were excited simultaneously by
evanescent coupling using a single adiabatic fiber taper. The
optical properties of both coatings change when exposing them
to ammonia or water, and this results in spectral shifts of the
WGM resonances. The system has a sensitivity of 19 pm/ppm
for ammonia in air and of 1.1 pm/%RH for RH measurement.
Caboxymethyl cellulose (CMC) displays strong water

sorption capability than other celluloses. A CMC-coated
fiber-optic Mach−Zehnder interferometer was used as a
FOCS for RH in the range of 70−85% RH.149 The sensor
has a maximum sensitivity of −0.8578 dB/% RH. However, it
has a limited measurement range, and this limits applications
to specific situations. In another configuration, CMC was
coated onto a fiber Bragg grating, which actuated a mechanical
strain in response to humidity changes (Figure 4).150 The
humidity-driven mechanical changes in the FBG resulted in
changes in the Bragg resonance wavelength (at 1550 nm). The
sensor was suitable to measure RH in a low humidity
environment, and the useful range is from 5 to 40% RH.
Besides the above polymeric materials, various kinds of

biomaterials, such as gelatin, also found applications. A single-
mode-side polished multimode/single-mode fiber structure
was coated with gelatin and used as a FOCS for RH.151 When
operated at 1558 nm, the sensitivity is highest (0.14 dB/%
RH), and the sensor has a response time of 1 s. Without the
gelatin coating, a similar Mach−Zehnder interferometer based
RH sensor only has a sensitivity of −0.0487 dB/% RH.152 A
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mesoporous composite film made from poly(allylamine
hydrochloride) (PAH) and silica nanoparticles was deposited
on an optical fiber and formed a FOCS for humidity.153 The
sensing film behaved like a Fabry−Perot cavity, the absorption
of water changed the optical thickness and resulted in changes
in reflection. The sensor has a sensitivity of 2.28 mV/% RH
and works in the humidity range of 5−95% RH. The typical
response time is 1.1 s. A long-period grating with a self-
assembled PAH/PAA thin film was demonstrated.154 The
reduced cladding size of 27 μm results in enhanced RI sensing
characteristics. The highest sensitivity was −220.7 pm/% RH,
and the measurement range covers 25−80% RH. When a
PAH/PAA thin film was coated onto a photonic crystal fiber
interferometer, a highly reproducible optical response at 1270
nm was found for the range of 20−95% RH.155 The sensor can
resolve 0.074% of RH change, and the typical response time
was only 0.3 s.
Ionic polymers and polyelectrolyte are sensitive coatings for

measuring RH. A high-performance fiber-optic humidity
sensor was obtained by coating a thin-core fiber modal
interferometer with a multilayer film of polycationic poly(4-
vinylpyridinum chloride) and polyanionic sodium alginate.156

The absorptiometric sensor has a fast, reversible, and linear
response to RH in the range of 40−90% RH. The typical
response time was 15 s, and the highest sensitivity was found
to be 0.1 nm/% RH. Nafion is another widely used
polyelectrolyte for RH sensing. A Fabry−Perot interference
based sensor was developed by manually deposited a drop of
Nafion solution inside a capillary and inserted a single mode
optical fiber into the capillary.157 The sensor, operated at 1550
nm, has a linear response in the range of 30−85% RH, and the
sensitivity reached 3.78 nm/% RH. Maciak158 coated the end
of a cleaved standard multimode fiber with hydrophilic Nafion

film and fabricated a Fabry−Perot interferometer sensor for
humidity sensing. The absorption of water molecules swells the
Nafion film and causes shifts in the fringe pattern. The sensor
was able to measure RH in the range of 5.5−80% RH at room
temperature in air. The typical response time is 5−80 s and the
regeneration time only 5−12 s.
Certain inorganic coatings were also applied to RH sensing.

A tapered plastic optical fiber was coated with seeded
aluminum-doped ZnO nanostructures.159 The sensor has a
sensitivity of 0.0386 mV/% RH. Molybdenum disulfide
(MoS2) nanosheets were demonstrated for their applications
in sensing RH.160 The MoS2 nanosheets were coated on a side-
polished optical fiber, which can enhance the localized
interaction between evanescent light of the fiber core and
the nanosheets. The sensor has an optical transmission power
change of 13.5 dB when RH was increased from 40% to 85%.
The typical response time was less 0.85 s. This is fast enough
to monitor the humidity change during human breathing.
Zakaria and co-workers161 utilized the MoS2 thin film as the
protecting layer for a titanium film, and coated the two films on
a side-polished fiber. The SPR sensor is characterized by high
sensitivity to RH in the range of 58−88% RH. The
replacement of MoS2 by MoSe2 generated another sensor for
RH,162 with an enhanced sensitivity of 0.321 dB/% RH, and
covered a wide range from 32 to 73% RH. The typical
response time is 1 s. A colorimetric sensor consisting of a thin
film of a metal−organic framework was also found to be
sensitive to trace levels of water.163 Copper(II) benzene-1,3,5-
tricarboxylate (Cu-BTC) was used as sensing material. Its
color changes both in depth and tone when contacted with
water vapor. The response is reversible, the limit of detection is
40 ppb(v), and the response time to a sample containing 2.5
ppm(v) water is 23 s. All these features made the sensor
suitable for sensing trace water level in various industrial gases.
A porous anodic alumina film coated single mode fiber tip

showed sensitive response to humidity.164 The capillary
condensation caused the shift of interference fringe, and this
results in changes of the RI of a film of a porous alumina. The
sensitivity is 0.31 nm/% RH, and the working range is from 20
to 90% RH. Another sensor was constructed by placing SiO2
nanoparticles on a tapered square no-core fiber.165 The RI of
SiO2 nanoparticles changed after absorbing water molecules,
which induced transmission spectra wavelength shift. The
maximum wavelength shift was up to 10.2 at 1410 nm in the
RH range of 43.6−98.6% RH. Due to the low thermal
expansion coefficient of the silica fiber, the cross-sensitivity to
temperature is only 6 pm/°C in the temperature range of 20.9
and 80 °C.
A long period grating coated with graphene oxide was found

to be sensitive to changes in humidity.166 The graphene oxide
based humidity sensor has a consistent and stable response
with a sensitivity of 0.15 dB/% RH. The typical response range
covered a relatively narrow range from 60% RH to 95% RH. In
another fiber-optic sensor for humidity, a graphene oxide film
was coated on a side-polished single-mode fiber.167 The sensor
worked in the mode of wavelength-selective coupling, which
gave rise to a loss dip in the transmitted spectrum. The
swelling effects of graphene oxide under high RH induced the
increases in the film and further led to a redshift at a resonant
wavelength. The sensor was able to measure RH in the range
of 32−85% RH. The sensitivity was as high as 0.915 nm/%
RH. A fully reversible and fast response FOCS for humidity
was fabricated using a tungsten disulfide (WS2) film.168 The

Figure 4. Upper panel: Strain response of the CMC-fiber to humid
and dry environments. Lower panel: Light microscope image of a
CMC-fiber. Reprinted from Sens. Actuators, B: Chem., Vol. 265,
Humidity Responsive Photonic Sensor based on a Carboxymethyl
Cellulose Mechanical Actuator, pp. 335−338 (ref 150). Copyright
2018, with permission from Elsevier.
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sensor has an overall optical power variation of 6 dB and in the
relative humidity range of 35−85%. The sensitivity is 0.121
dB/% RH, and the humidity resolution reached ±0.475% RH.
The response time was less than 1 s. Temperature does not
strongly influence the sensor response to RH.
Surface plasmon resonance (SPR) was coupled to fiber optic

sensing in an SPR-based detection scheme that uses a 50 nm-
thick gold coating.169 When a small amount of water moisture
was formed on the sensor, the amount of light transmitted
decreases due to the plasmonic loss. The sensor has a dynamic
response range of 10−85% RH, and the measurement accuracy
was 3% RH. In another SPR sensor, a 45 nm thick gold coating
was applied on the polished area of an optical fiber.170 There
was a relationship between SPR signal and water vapor
condensation. The measurement accuracy was 5% RH. Silver
decorated ZnO nanostructures were demonstrated for their
application in fabricating a absorptiometric fiber-optic sensor
for humidity171 for the 20−95% RH range at room
temperature.
The interaction between moisture-sensitive coating and

water vapor is highly dependent on environmental temper-
ature. Therefore, FOCS for RH suffers from cross-sensitivity to
temperature. In order to precisely measure RH, temperature
compensation is mandatory. A temperature-compensated
FOCS for humidity was developed by inscribing a Bragg
grating in a highly birefringent fiber.172 The individual Bragg
peaks shifted to different polarization direction, which can be
used for separating the temperature and humidity response
signals. The sensor utilized an ormosil-coating as a humidity-
sensitive layer. After temperature compensation, the sensor
showed an accuracy of 4% in the temperature range of 20−80
°C. Another temperature-compensated sensor was fabricated
using two cascaded Fabry−Perot interferometers.173 One
interferometer was coated with a humidity-sensitive thin
layer of porous silica, and the other temperature-sensitive
interferometer was made from a segment of a standard single-
mode fiber. The sensor has a sensitivity of 0.48 degree/% RH,
and the temperature sensitivity is up to 3.7 degree/°C. A
similar cascaded system was reported174 for simultaneous
measurement of RH and temperature. The sensor was
constructed using a multimode tapered fiber coated with
poly(vinyl alcohol) and a grating FBG with high reflectivity. By
monitoring the changes in reflective optical power (at 1549
nm) and spectral shift, both RH and temperature can be
measured. Under optimized conditions, the sensitivity is 0.33
μW/% RH and 10.0 pm/°C for temperature.
Liang and co-workers175 built another optical fiber RH

sensor with the capability of temperature compensation. A
Fabry−Perot interferometer was modified by coating it with a
layer of polyimide at the end face of a single-mode fiber. The
cascaded FBG was then used for temperature compensation.
The sensor has a sensitivity up to 986 pm/% RH. In a rather
similar system, the end of the hollow capillary was filled with
polyimide.176 However, the RH sensitivity was much lower (22
pm/% RH). A hygroscopic polymer microcavity fiber Fizeau
interferometer (PMFFI) incorporating a FBG was applied177

for simultaneous measurement of RH and temperature. The
PMFFI was fabricated by attaching the hygroscopic polymer to
a single-mode fiber end face to form a low-finesse Fabry−Perot
resonant microcavity. Adsorption of water and temperature
variations induced changes in the optical path of the
microcavity. This resulted in shifts of the fringes in the
interference spectra, a working range of 20−80% RH, and a

temperature-sensitive range from 10 to 50 °C. The typical
response time to RH was only 5 s. Another partially coated
optical fiber LPG was used to sense both RH and temperature
by interferometry.178 Alternating polyallylamine/poly(acrylic
acid) thin films were used as coating because of their RH-
dependent swelling and deswelling. The half-coated LPG and
uncoated LPG have different behavior of the main attenuation
bands peaking at 1520 nm. This can be used for simultaneous
measurement of the two parameters. The sensor provided
sensitivities of 63 pm/%RH for RH sensing, and 410 pm/°C
for temperature measurements, respectively. Another all-fiber
sensors for measuring both RH and temperature179 were
fabricated from two types of polymers. One (Zeonex) was used
to form the fiber core. It has a low affinity for water. When
PMMA was applied on the fiber core, a resolution of ±0.8% for
RH and of 0.6 °C for temperature was accomplished. The
analytical ranges are from 10 to 90% RH and 20−80 °C,
respectively.

Water Fractions in Organic Solvents. Water fractions in
organic solvents play a key role in deterring the synthetic yield
of certain organic compounds. A time-gated fluorometric
sensor for the water content in organic solvents was
described.180 It relies on the use of a europium(III) fluorescent
chelate probe whose pink luminescence at 616 nm is quenched
by water. The chelate was photocopolymerized with 2-
hydroxy-2-methyl-1-phenyl-1-propanone, triethylene glycol
dimethacrylate, acrylamide, and (2-hydroxyethyl) methacrylate
on a surface-silanized glass slide. The time-gated luminescence
decreases linearly with increasing fractions of water. Depending
on the kind of organic solvent, the sensor has different
operational ranges. In ethanol and acetonitrile, the range is
from 0.2 to 10.0% (v/v). In 1,4-dioxane, it is 0.2−4.0%. The
sensor has an operational lifetime of at least 1 month. The
solvatochromic fluorescent probe tetraphenylpyrazine-triphe-
nylamine was used in a FOCS for detecting a water fraction in
organic solvent.181 The dye undergoes a red- shift in
fluorescence peaking at 540 nm when exposed to water.
Water fractions can be determined in the range of 0−60% v/v,
and the detection limit in THF is 0.04% v/v.
An aluminum coated cone tapered optical fiber was found to

be suitable for sensing low water fractions in ethanol.182

Operated in the SPR mode at 1550 nm, the signal increases
linearly with increasing concentration of water in the range of
1−10%. A contactless optical fiber sensor for monitoring water
content in ethanol was also described.183 It consisted of a
multicavity Fabry−Peŕot interferometer at the fiber tip and a
quartz cell. The increment of water content in ethanol induced
a change in RI of the cell cavity, which further increased the
light absorption. Water in fractions from 0.5 to 60% in ethanol
can be determined, and the detection limit is 0.5%.
The presence of moisture in transformer oil can deteriorate

transformer insulation and decrease the electrical and
mechanical strength of the transformer. Water in the
transformer oil also brings the risk of producing gas bubbles.
A D-shaped optical sensor coated with a thin layer of platinum
was fabricated to measure the moisture content in transformer
insulating oil.184 The transverse electric field power is related
to the water fraction in oil. The oil samples were dropped onto
the sensing area of the fiber, and this resulted in a decrease in
the transverse electrical field power. Water can be quantified in
the lower concentration range from 15−21 ppm.

Sensors for Hydrogen Peroxide and Hydrazine.
Hydrogen peroxide (H2O2) is widely used in industry as an
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ecofriendly oxidant and reactant. FOCS for H2O2 almost
exclusively rely on its oxidation potential. Such sensors have an
irreversible response but can often be regenerated by using a
reductant. H2O2 can oxidize Prussian white into Prussian blue,
and this reaction was explored for sensing H2O2. A fiber optic
sensor for H2O2 was developed by chemically depositing a
Prussian white film on the tip of a multimode optical fiber.185

The sensor exhibits a response in the H2O2 concentration
range from 0.3 to 400 μM but is pH-dependent. The sensor
responded quite slowly (>2 h at low concentrations of H2O2).
The group of one of the authors has developed a fully

reversible optical sensor for H2O2 with a very fast response.186

The sensing mechanism is based on the fast decomposition of
H2O2 into water and oxygen in the presence of platinum
nanoparticles. The oxygen formed can be sensitively detected
by using quenchable oxygen probes. Owing to the highly
enriched platinum nanoparticle, the sensor responds quickly
within <1 min) and reversibly. It is stable for over a week, and
it covers the 1.0 μM to 10 mM concentration range. This is the
first reversible H2O2 sensor that combines both high sensitivity
and fast response. In addition, the sensor film is compatible
with commercially available optical oxygen meters.
Hydrazine. Like H2O2, hydrazine (N2H4) can be detected

in various ways, examples being the use of (a) chromogenic/
fluorogenic reactions, (b) sorbents that undergo a change in
refractive index, and (c) direct spectroscopies such as Raman.
Examples for method (a) include a fluorometric (but
irreversible) hydrazine vapor sensor that uses dicyanovinyl-
functionalized triazatruxene-based hyperbranched conjugated
polymer nanoparticles.187 The Fabry−Perot interferometric
hydrazine sensor for simultaneous measurement of hydrazine
vapor and temperature is an example for a sensor of type
(b).188

■ SENSORS FOR pH VALUES, IONS, AND SALINITY

pH Values. Measuring pH values via the proton-selective
electrode is by far the most popular approach. Even though all
optical sensors for pH suffer from cross-sensitivity to ionic
strength, sensing of pH values via optical methods remains to
be of interest because of the small size of sensors and the lack
of electrical interference. Most optical pH sensors rely on the
use of pH colorimetic or fluorometric indicators. Others rely
on the protonation/deprotonation of swellable materials
(mainly gels) containing protonable/deprotonable chemical
groups. Responses follow the mass action law, and such sensors
therefore cover a pH range of 3 units only, unless more than
one protonable/deprotonable group is involved. On one side,
the limited coverage range is inferior for general measurement
purpose, and response is affected by ionic strength. On the
other side, these sensors always possess high sensitivity
(resolution) in their analytical range so that even tiny
variations of pH values can be detected. Several kinds of
fiber optical pH sensors are commercially available. Unfortu-
nately, many authors do not compare the performance of their
pH sensor to that of commercial fiber optic pH microsensors.
Several sensors are routinely used for measuring pH values
during critical care operations. Such sensors also find
applications in unexpected areas such as in civil constructions,
where pH plays an important role in indicating the alkalinity of
concrete (where pH values have to remain at above 11). A
review that covers the state-of-the-art methods for measuring
pH values inside concrete was published.189

Organic pH-sensitive indicators/dyes have been widely used
in optical pH sensing, but it remains a “variation of a theme”,
i.e., of previous work. A tapered optical fiber tip was dip-coated
with a layer of the long-known (and long-used) pH-sensitive
fluorescent dye HPTS.190 An organically modified sol−gel
(ormosil) material made from ethyltriethoxysilane, and 3-
glycidoxypropyl-trimethyoxysilane was used to immobilize the
green fluorescent indicator on the surface of the fiber. The pH-
optode has a pH detection range of 5.75−7.25 and an
acceptable pH resolution of ±0.07 units. An intrinsic optical
fiber pH sensor has been described191 that can measure low
pH values in the range of 0.5−6.0. Coumarin dyes were
covalently immobilized on the end surface of the optical fiber
and acted as a pH-sensitive coating. The sensor provided a
rapid response with a typical response time of 25 s. The
excellent stability over of period of several months and
insensitivity to ionic strength made it suitable for monitoring
pH in acidic conditions, such as in industrial waters,
wastewaters, and stomach fluid.
Unless optimized, indicator-based pH sensors suffer from

limited stability or leaching. In order to prevent leakage,
techniques for covalently immobilizing indicator in the matrix
have been developed. Photopolymerization was employed
(once again) to covalently immobilize a pH-sensitive
fluorescein dye into a cross-linked poly(ethylene glycol)
matrix.192 The green fluorescence of the dye (with
excitation/emission maxima at 488/518 nm varies with pH
in the range from 5 to 9. While stable and reproducible, the
(known) poor photostability of such dyes remains to be a
problem. Sørensen et al.193−195 described ratiometric fluo-
rescent pH sensors. They have discovered triangulene dyes
that are highly photostable and can be covalently immobilized
in a porous ormosil matrix that warrants fast proton transport.
The sensor is operated at excitation/emission wavelengths of
525/575 nm and does not measurably drift (−0.03 ppm per
read over 500 000 reads) and a resolution of ±0.02, which is
comparable with a conventional pH electrode. Thanks to the
porous structure of the matrix, the typical response time of the
sensor was less than 1 min.
By utilizing multiple pH indicators with different pKa values,

the useful pH range can be extended. A FOCS for pH values
was constructed by immobilizing a mixture of dyes (containing
bromophenol blue, phenol red, cresol red, and phenolph-
thalein) in a sol−gel matrix, and dip-coated on the surface of
an optical fiber.196−201 The absorbance of the sensor at 456 nm
varies in the range from pH 3 to 11. By analogy, a no-core fiber
was coated with a mixture of pH indicators in a sol−gel matrix
and found application in sensing pH over a wide range.202 The
refractive index-based device showed a highest sensitivity of 1.0
nm per pH and the range is from pH 2 to 13. By subsequently
depositing three pH-sensitive membranes (containing methyl
orange, methyl red, and thymol blue, respectively) onto a gold-
nanoparticle decorated optical fiber, a broad range absorptio-
metric pH sensor was constructed.203 The sensor has a
sensitivity of 1.95 nm wavelength shift per pH and a linear
response in the 2−12 pH range.
While wide-pH sensors based on the use of multiple

indicators are rather conventional and known for a long time,
the use of quantum dots in such sensors is rather innovative.
Chu and colleagues204 reported on a broad range pH sensor
based on the use of CdSe/ZnS quantum dots and an oxazine
170 fluorophore embedded in an ethyl cellulose matrix.
Ratiometric (2-wavelength) read-out is possibly because the
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fluorescence of the quantum dots (peaking at 575 nm)
decreases with pH, while that of oxazine 170 (peaking at 655
nm) increases. A broad range (1.6−13.2) can be covered by
this method. Also, the quantum dots do not bleach. Another
wide range pH sensor was developed based on the use of
reduced graphene oxide-polyaniline nanocomposite.205 Placed
on an unclad core of an optical fiber also coated with a thin
film of silver and by utilizing the SPR technique, the sensor
measures pH values in the range from 2.4 to 11.3 with a
sensitivity of 75.1 nm/pH at pH 11.35.
FOCS for pH values can be very small in size and measure

pH at the site that may be inaccessible to bulky pH electrodes.
A 70-μm reflection-mode fiber-optic micro-pH sensor was
fabricated by dip-coating a thin layer of ormosil-doped with a
fluorescent pH indicator onto a tapered spherical fiber head.206

The pH-sensitive dye 2′,7′-bis(2-carboxyethyl)-5(6)-carboxy-
fluorescein was covalently immobilized in an ormosil matrix.
The response is linear in the physiological range (6.12−7.81)
and the resolution up to ±0.05. The microsensor was used to
monitor the local pH values of a small cluster of cells.207 The
same group reported an even smaller microsensor based on the
use of a hexagonal 1-in.-six fiber configuration for intracellular
single-cell pH measurements.208 The diameter of the sensor tip
was reduced to 500−3000 nm.
The pH values may also be measured by exploring the

swelling effect of protons on hydrophilic polymers. A
microsensor for pH was fabricated via patterning a poly(acrylic
acid) hydrogel onto periodic micropads along a tapered optical
microfiber (Figure 5).209 Both high sensitivity and fast
response time (100 s) were accomplished. The maximum
sensitivity was 7.5 nm per pH unit, and the distinguishable pH
change was as low as 0.0027. In another work, a hydrogel
consisting of a mixture of poly(vinyl alcohol) and poly(acrylic
acid) was coated on a Fabry−Perot interferometer and used as
a FOCS for pH.210 The sensor has a sensitivity of 11 nm per
pH unit and is capable of measuring pH values from 4.1 to 6.9.

A swellable hydrogel made from acrylamide, N,N-methylene
bis(acrylamide), and N-tetramethylethylenediamine were used
as a pH-sensitive coating.211 The hydrogel changes its volume
depending on the local pH value. The gel was placed on a
long-period fiber grating to obtain a FOCS that can measure
pH values in the range from 2 to 12. The fast response of <2 s
makes it useful for real-time measurements. Similarly, a UV-
cured poly(ethylene glycol diacrylate) hydrogel was coated
onto a fiber Bragg grating,212 and this resulted in a pH-
sensitive all-polymer sensor with a pH sensitivity of 0.41 nm
per pH unit and a 30-s response time.
A gold nanoparticle doped polymer coating also found

application in pH sensing.213 A FOCS based on this coating
was operated by a combination of the localized SPR (=
absorbance) and lossy mode resonance. The localized SPR at
532 nm was used as the reference signal and the lossy mode
resonance signal at 750 nm as the analytical signal due to their
differences in pH sensitivity. The lossy mode resonance has a
sensitivity more than 100 times than that of the localized SPR.
The device showed fast response (less than 2 min) in the pH
range of 4.0−6.0.
Wang et al.214,215 discovered a unique optical effect of silica.

It amplifies the optical absorption of a variety of embedded
optically active materials (including plasmonic gold nano-
particles, nonplasmonic platinum nanoparticles, and of the
fluorescent dye Rhodamine B). If coated onto an optical fiber,
the transmission spectra strongly depended on the pH value of
the solution. Sensors based on this effect have unique features
in that they can measure pH in harsh conditions even at high
temperature. A typical sensor made from gold nanoparticles
embedded in the sol−gel matrix has a response in the pH 2−8
range at a temperature of 80 °C.

Ions. A FOCS for lead(II) ion was obtained by coating a
corrugated fiber grating with a fluorescent turn-on polyfluor-
ene-based conjugated polymer.216 The response is selective for
Pb(II) and has a detection limit as low as 0.1 ppb. This is

Figure 5. (a) Schematic design of a microfiber pH sensor based on micropatterned PAA ionic hydrogel. (b) Optical microscopic image of a tapered
optical fiber with a diameter of 30 μm. (c) Confocal microscopic images of three kinds of PAA micropads of different sizes patterned to encapsulate
the microfiber. Reproduced from Rapid 3D Patterning of Poly(acrylic acid) Ionic Hydrogel for Miniature pH Sensors, Yin, M.-J.; Yao, M.; Gao, S.;
Zhang, A. P.; Tam, H.-Y.; Wai, P.-K. A. Adv. Mater., Vol. 28, pp. 1394−1399 (ref 209). Copyright 2016 Wiley.
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much lower than the limit of contamination of drinking water
as stipulated by the EPA. A black phosphorus integrated tilted
fiber grating was found to be extremely sensitive to lead(II).217

Black phosphorus nanosheets were layer-by-layer deposited on
the cylindrical surface of an optical fiber. The absorptiometric
sensor has an ultrahigh sensitivity, with a lower detection limit
of 0.25 ppb.
A fiber optic SPR sensor for mercury(II) was described.218 A

gold nanoparticle-PVA hybrid was used as the sensing material.
The strong affinity between gold nanoparticles and mercury-
(II) induces shifts in the SPR spectra, and Hg(II) can be
measured in the 0.5−25 μM concentration range. A
polyelectrolyte-gold nanoparticle coated long period fiber
grating was also found suitable for detecting mercury(II).219

The interaction between gold and mercury leads to the
formation of an Au−Hg amalgam and a corresponding shift of
long period fiber grating notches to longer wavelength. A shift
from 1565.9 to 1567.2 nm (1.34 nm in total) was observed
when the concentration of Hg(II) increases from 0.5 to 10
ppm. The sensor was successfully applied to the determination
of Hg(II) in water. The reaction between Hg(II) with glucose-
capped silver nanoparticles resulted in a reduction in
plasmonic absorbance near 410 nm, and the effect was
explored for detection of Hg(II) using a U-shaped optical
fiber.220 The detection limit is 2 ppb, which is lower than the
acceptable limit as specified by the WHO.
Gupta and Tabassum221 fabricated a SPR-based fiber optic

sensor for measuring manganese(II) in aqueous solution. A
nanocomposite prepared from polypyrrole and zinc oxide was
coated onto a silver-coated unclad core of the fiber and acted
as the sensing layer. The presence of Mn2+ in solution changed
the dielectric constant of the nanocomposite, which resulted in
a red shift of the SPR spectrum (from 708 to 750 nm). The
sensitivity can be adjusted by varying the composition of ZnO
and polypyrrole in the nanocomposite. The sensor was highly
selective to Mn2+, and the typical operating range is 0−200 μg/
L. In another SPR sensor, polypyrrole and chitosan composite
was doped with silver and indium tin oxide and used as a
sensitive coating for detecting Cd2+, Pb2+, and Hg2+ heavy
metal ions in contaminated water.222 The sensor exhibited
higher sensitivity to Cd2+ than other heavy metal ions. A fiber-
optic biosensor for detecting Zn2+ ion was developed by
incorporating photoswitchable spiropyran dye in liposomes
and attached to microstructured optical fibers.223 The binding
of Zn2+ ion to spiropyran turns the red fluorescence on, which
can be used for sensing this ion. The measured results has a
good agreement with that of inductively coupled plasma mass
spectrometry.
Chitosan coated plastic optical fiber (POF) was found

applied in sensing Cd2+ ion.224 Exposing the chitosan coated
POF to Cd2+ ion changes the intensity of 650 nm light
transmitted by the optical fiber, which can be explored for
sensing this toxic ion. The highest sensitivity was 65.5 mA/
ppm when the thickness of chitosan coating was 132 μm.
However, it seems that the sensor resolution is not very good
as deduced from the provided data. Another chitosan/
poly(acrylic acid) coating was deposited on a no-core fiber
and found to be Hg2+ ion sensitive.225 The sensor consisted a
fiber Bragg grating and the functionalized coreless fiber. When
the sensor was immersed in solution containing Hg2+, the RI of
the sensing film changed, and this results in a shift of the
interference spectrum. Hg(II) can be quantified in the range of
15−500 μM, and the spectral sensitivity was as high as 0.0823

nm/μM. The chitosan/poly(acrylic acid) coating was also
found to be useful for determination of Ni(II).226

A bacteria-based fiber-optic localized SPR biosensor was
demonstrated for its capability to measure heavy metal ions,
such as Hg2+ and Cd2+.227 E. coli B40 bacteria were
immobilized on an optical fiber coated with gold nanoparticles
by depositing two bilayers of oppositely charged polyelec-
trolytes. When immersed into a solution containing these ions,
they interact with the thiol and other surface groups on the
bacterial cell. This resulted in changes of the RI around the
gold nanoparticles. The sensor can detect these ions in the
0.5−2000 ppb concentration range within 10 min, and the
detection limit is 0.5 ppb. Another FOCS for Hg2+ was
manufactured using mercaptopyridine-functionalized gold
nanoparticles.228 The localized SPR wavelength changed
when exposing the sensor to Hg2+ ion. The sensor is highly
selective for Hg2+ and works in the 8−100 nM Hg(II)
concentration range. The detection limit is 8 nM. This is lower
than the maximum level in drinking water permitted by the
WHO.
The number of FOCS for anions is manageable. Xiong and

co-workers229 described a miniaturized capillary waveguide
integrated fiber-optic sensor for fluoride. Combined with the 2-
(4-sulfophenylazo)-1,8-dihydroxy-3,6-naphthalene disulfonate
based colorimetric method, the sensor can measure fluoride
concentration in the range between 0 and 2.0 ppm. An LED-
based compact FOCS for quantifying chlorine in water was
developed using a similar method.230 In this case, the
(irreversible) assay is based on the reaction between N,N-
diethyl-p-phenylenediamine and chlorine to form a red product
with an absorption maximum at 552 nm. The same group
developed a microfluidic capillary waveguide coupled fiber-
optic sensor for determination of nitrite.231 When the Griess
reagent reacts with nitrite, an azo dye is generated, and the
concentration of nitrite can be determined via the colorimetric
approach according to Beer’s law. The sensor has a linear
response to nitrite in the range of 0.02−1.8 mg/L, and the
detection limit is 7 μg/L. A review that covers the methods for
determining nitrate in water was published recently,232 which
summarized and compared the merits and disadvantages of
methods for measuring nitrate in water.

Salinity and Ionic Strength. Continuous sensing of
salinity and ionic strength (IS) is needed in areas such as
oceanography, blood analysis, the chemical industry, agricul-
ture, architecture, and in arid areas. A review that summarizes
the fiber optic technique for salinity measurement was
published.4 The sensing principle, structure, optical fiber
technology, and novel materials used in salinity sensing was
discussed in detail. A dual sensor for salinity and temperature
was developed based on the directional coupler assembled by
polyimide-coated micro/nanofibers.233 The sensor exhibits
high sensitivity to salinity and temperature in seawater. The
salinity sensitivity reached −1.03 nm/‰, which was several or
even hundreds of times higher than sensors based on fiber
Bragg gratings, knot resonators, or photonic crystal fibers. In a
fiber Fabry−Perot interferometric salinity sensor, the same
polyimide coating was used.234 This sensor has a lower
sensitivity (0.45 nm/(mol/L)), but temperature variation did
not strongly affect the response.
Sensors for salinity also have found application in protecting

concrete structure from corrosion in marine environments.
The changes of salinity and ionic strength in water slightly
affects the RI index of water, and a FOCS for salinity was
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developed based on this principle. A bundled multimode
plastic optical fiber was used as a sensor probe and a concave
mirror as a reflector.235 However, the relationship between
water RI and salinity need further investigation.
A no-core fiber sensor operated in the reflectance mode at

1310 nm and with enhanced sensitivity for salinity was also
reported.236 It detects the intensity variation of the back-
reflected light caused by changes of salinity in the range of 0−
20%. An ultrasensitive salinity sensor was developed by
inserting a section of Panda-microfiber into a conventional
optical fiber system.237 An in-line interference between the
high order modes of the Panda-microfiber was realized, and
salinity can be measured with a sensitivity of 2.94 nm/‰. The
resolution reached up to ±0.014‰, which is almost 2
magnitudes higher than that of other fiber salinity sensors.
The use of polyelectrolyte coating enhances the sensitivity

toward salinity. A respective salinity sensor was obtained by
combining long-period grating technology with ionic-strength-
responsive chitosan (CHI)/poly(acrylic acid) polyelectrolyte
multilayer coatings.238 The sensor undergoes a resonance
wavelength shift from red to blue in the salt concentration
range from 0.1 to 0.8 M. The highest sensitivity was observed
to be 36 nm/M at 0.5−0.8 M. Such a sensitivity is 1 order of
magnitude better than that of LPG without a polyelectrolyte
coating. In related work,239 the LPG was coated with a
submicrometer-thick layer of an ionic strength-responsive
hydrogel. The hydrogel was synthesized from partially
quaternized poly(4-vinylpyridine) and poly(acrylic acid) via a
layer-by-layer electrostatic assembly technique. The coating
showed robust and reversible swelling/deswelling character-
istics in solution in the salt concentration range from 0.4 to 0.8
M. A FOCS based on this principle undergoes a 7 nm
resonance wavelength shift, and the typical response time is 5
s. A bilayer ZnO/Ag coated multimode glass fiber was found
suitable for sensing salinity.240 Changes in the RI of solutions
cause a drop in light intensity (at 650 nm) to 60% of its
maximum value, and the wavelength shifts by 26 nm when the
salinity increases from 0 to 30%.
Borisov and co-workers241 developed a luminescent salinity

sensor based on the use of sodium-selective fluoroionophores.
A bright red-emitting BODIPY aza chromophore was designed
to be sodium ion selective. The binding of sodium by the aza
crown ether enhances fluorescence at 650 nm due to the
reduction of photoinduced electron transfer quenching.
Changes of pH do not interfere. Salinity of seawater and
brackish water of the Baltic Sea were analyzed by this method
as shown in Figure 6.

■ SENSORS FOR ORGANIC SPECIES
Glucose. The determination of glucose concentration in

blood is clinically important for patients with diabetes, and lots
of efforts have been devoted to develop noninvasive sensors for
glucose. However, little real progress have been made to realize
the aim.242 Researchers nowadays mainly focused on
developing new materials and tried to apply these materials
for glucose sensing. Much less progress was made to develop
new methods for glucose measurements. Glucose sensors are
also needed in the design of glucose-based fuel cells.
Since the refractive index (RI) of glucose solution increases

linearly with increasing glucose concentration, its concen-
tration can be directly measured via fiber-optic technology.
Such sensors are, however, not practical in the case of diabetes
care because any other dissolved species will also induce

changes in RI. Examples for such sensors include a small U-
shaped bending-induced interferometric optical fiber glucose
sensor.243 The sensor works in the rather high glucose
concentration range from 0.5−40% and thus is not suitable
for clinical sensing. Chiang et al.244 developed a whispering
gallery mode optical fiber sensor. In such sensors, bending
interference occurs between the core mode and the cladding
mode. At a given bend radius, glucose can be measured
indirectly via RI in the 0.1−10% concentration range. The
wavelength is red-shifted (from 1534 to 1549 nm) and
transmission losses gradually increase with increasing glucose
concentration. The maximum sensitivity is 1.475 nm/%. An
attenuated total reflection (ATR) sensor with silver nano-
particles was used to measure a low concentration of glucose
via mid-IR absorption.245 A flattened structure was designed
on the surface of a fiber to add the effective optical path length
to improve sensitivity. Silver nanoparticles were deposited on
the surface of the flattened area to enhance IR absorption. The
ATR sensor showed a strong mid-IR glucose absorption with
an enhancement factor of 4.30 and works in the 0−500 mg/dL
concentration range.

Figure 6. Measured salinity in the Baltic Sea compared to reference
conductivity measurements. Reproduced from Mueller, B. J.;
Rappitsch, T.; Staudinger, C.; Rueschitz, C.; Borisov, S. M.; Klimant,
I. Anal. Chem. 2017, 89, 7195 (ref 241). Copyright 2017 American
Chemical Society.
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Not surprisingly, graphene and graphene oxides were also
studied with respect to sensing glucose. A single-layer
graphene-coated tapered plastic optical fiber was found to be
sensitive to glucose.246 The graphene layer was first grown on a
copper foil by chemical vapor deposition and then transferred
to the cone area of the optical fiber by a method called wetting
transfer technology. Response is linear in concentrations
between 1 and 40%. The selectivity to other saccharides was
not tested, but it is obvious that other molecules and
saccharides, alcohol and serum lipids will interfere. A reflective
FOCS was developed based on multimode interference of RI
variations at varying glucose concentrations.247 The sensor was
fabricated by splicing a short section of coreless silica fiber to
standard single mode fiber. It was found that sensors with
smaller diameter are more sensitive. By reducing the diameter,
an enhancement factor of 8.3 was achieved. The sensor can
measure glucose in the concentration range of 0−45%.
An SPR-based FOCS for glucose was reported248 that

enables monitoring blood transfusions. Glucose concentration
can be quantified by measuring the location of the resonance
wavelength of the sensor. Air bubbles during the infusion can
be monitored in real time, which can be used to avoid potential
medical accidents during patient infusion. However, the
flowing rate of infusion droplet influenced sensor response
which made it difficult to use. The accuracy dependence of a
fiber-optic Raman probe on the ratio of calibration and
validation points for noninvasive glucose sensing was
evaluated.249 The fiber-optic probe was placed onto the wrist
with a support. An 830 nm diode laser was used as the
excitation source. By measuring the Raman spectra using an
imaging spectrograph, the glucose concentration was deter-
mined. The method provides a noninvasive approach to
measure glucose. However, the relationship between glucose in
sweat and blood glucose level is not unambiguous.
The selectivity can be greatly enhanced by using

biomaterials that can recognizing glucose, such as glucose
oxidase and glucose binding protein. Hence, enzymatic glucose
biosensors are much more selective. An intrinsic glucose
biosensor was constructed by modifying the cladding of an
optical fiber with polyaniline coating encapsulated with glucose
oxidase.250,251 The consumption of glucose by glucose oxidase
caused changes in the RI of glucose solution, which further
induces changes in the leaky mode optical power of the sensor.
High sensitivity and selectivity are accomplished due to the use
of a porous active layer of polyaniline and the selectivity of the
immobilized enzyme. Fructose caused little interference in this
system. The limit of detection is 10 nM, which is much lower
than levels encountered in blood. The sensor was stable over a
period of 36 days. Other polyaniline composite materials
doped with oxalic acid,252 ZnO nanoparticles,253 and CdS
nanoparticles254 were also explored for glucose oxidase
immobilization by the same group. Electrostatic self-assembly
can also be used255 to immobilize gold nanoparticles and
glucose oxidase on a U-shaped optical fiber. As glucose
concentration increases, the RI decreases and the wavelength
shifts. Since the U-shaped fiber has a high sensitivity in
detection of small changes in RI, the sensor has a sensitivity of
around 2.9 nm/% glucose. Such enzymatic sensors with RI
transduction are much more selective than RI sensors for
glucose (or any other analyte) not using an enzyme.
In an another kind of biosensor for glucose,256 the glucose-

binding protein was labeled with 6-bromoacetyl-2-dimethyla-
minonaphthalene (BADAN) and then immobilized on Ni(II)-

nitriloacetic acid agarose beads via Ni(II)-histidine interaction.
The agarose beads were immobilized at the distal end of an
optical fiber. When glucose binds to glucose binding protein,
the conformation of the protein is changed and induces the
changes in polarity of the microenvironment. The changes in
local polarity were measured via the polarity-sensitive blue-
fluorescent probe BADAN. The biosensor responds to glucose
in the concentration between 4 and 10 μM. The same
biosensor was coupled with microneedles and used to study
passive diffusion of transdermal glucose over skin.257

Glucose can be enzymatically oxidized in the presence of
oxygen, and this leads to the production of gluconic acid and
hydrogen peroxide. Therefore, by measuring the consumption
of oxygen or the production of hydrogen peroxide, glucose can
be indirectly sensed. This is the basis for several kinds of
commercially available optical (but not fiber optic) glucose
sensors. A fiber-optic glucose biosensor was obtained by
immobilizing glucose oxidase in the temperature-sensitive
polymer poly(N-isopropylacrylamide).258,259 An fluorescent
oxygen-sensitive sensor layer was placed underneath the
enzyme layer and used as the transducer to record the drop
in oxygen partial pressure. The rate of enzymatic oxidation of
glucose can be controlled by adjusting temperature, since the
polymer exhibited swelling and shrinking response to temper-
ature below and above the low critical solution temperature. At
optimized condition, the sensor can report glucose concen-
trations in the range from 50−700 mg/dL with good
repeatability and selectivity.
Boronic acids are known to have strong affinity for

saccharides and have been explored for sensing glucose.260

Such sensors are nonenzymatic. A glucose sensor was obtained
by coating a poly(phenylboronic acid) film261 on the conical
region of a single mode fiber, and its evanescent wave
absorption is measured. The reflected light intensity at 1310
nm of the sensor increases with glucose concentration between
0 and 60 mM. The highest sensitivity was found at 0.1787%/
mM. The main challenge of boronic acid−based sensors is
their selectivity over fructose, as fructose is often taken by
patients with diabetics as a replacement for glucose. A highly
selective boronic acid SPR sensor for glucose was intro-
duced.262 A 4-mercaptophenylboronic acid (PMBA) mono-
layer was deposited on a gold film-coated optical fiber. The
response to glucose was enhanced by additionally using gold
nanoparticles modified with 2-aminoethanethiol (AET).
Glucose is captured by the AET-modified gold nanoparticles
and then binds to diol groups on the PMBA surface. A
sandwich structure is formed that enhances and shifts the SPR
signal. The sensor responds well in the 0.01−30 mM
concentration range with good selectivity over fructose and
galactose. The detection limit is 80 nM. The sensor was
applied for measuring glucose in urine. In closely related work,
a tilted fiber Bragg grating was coated with a phenylboronic
acid-functionalized gold thin film and used as a SPR sensor to
detect glycoproteins.263

Other Saccharides. A localized SPR sensor was designed
to monitor sucrose concentrations.264 Graphene oxide-
encapsulated gold nanoparticles were immobilized on the
core of a silane-functionalized optical fiber. The peak
absorbance at 537 nm changed by 75.8% with the RI of the
sample solution. Unfortunately, the analytical range and
selectivity over glucose are not given. Another SPR sensor
was fabricated by depositing a thin film of silver on the surface
of a heterocore optic fiber and used to measure the refractive
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index of sucrose solution and fruit juices.265 The sensor has a
good linear response in sucrose concentration range of 0−25%.
Other fiber-optic techniques used for measuring RI may also
be applied for determination of glucose266 or sucrose.267,268

However, the selectivity of this kind of sensors is limited, and
such methods can only be used for measuring saccharides in
pure aqueous solution.
The strong affinity between boronic acid and saccharides

was exploited in a fiber optic SPR sensor for fructose.269 The
receptor 2-(((6-aminohexyl)(benzylamino)methyl)phenyl bor-
onic acid (ABA-PBA) was used as the recognition molecules,
which was immobilized on the SPR sensor surface to form a
monolayer. The interaction between the ABA-PBA monolayer
with saccharide induced shift in the SPR resonance wave-
length. The sensor is selective for fructose and works in the
range from 10−50 mM. Other saccharides, such as glucose and
mannose, have much smaller response at the same
concentration.
Oils. Detecting oils using fiber optic technology finds

applications in examining oil quality, in oil field discovery and
exploration,270 in monitoring oil spilling on the sea or oil
leakage along pipelines, and in wastewater monitoring. The
distributed optical sensing and downhole optical spectroscopy
used for oil and gas exploration had been reviewed.271 Sensors
for various kinds of edible oils also have been described. Such
sensors usually do not detect a specific chemical component of
oil but rather oils as a whole, for example, via changes in the RI
of oils which is much lower than that of water. A long-period
grating based fiber optic sensor was designed to measure the
RI of mixtures of olive oil and cottonseed oil.272 Since
cottonseed oil includes gossypol and it is toxic, long-term
consumption of gossypol may results in difficulty in giving
birth. The designed sensor can successfully detect the presence
of cottonseed oil in the 5−50% (w/w) concentration range.
The measurement is rather quick, which provides an easy
inspection method for test edible oils for food security issues,
and the sensor is regenerable by simply cleaning it with
ethanol.
Graphene foam can strongly absorb various oils, and its

optical properties change after absorption. The integration of
graphene foam materials and fiber optic sensing resulted a
sensor for remote monitoring of oil (either presence and
spillage).273 The graphene foam acts as an oil collector that
gives different colors in optical images but also changes its
scattering properties which, in turn, leads to changes in spectral
transmission.
A tapered optical fiber sensor was designed to online analyze

the quality of lubricating engine oil.274 A multimode optical
fiber was chemically etched to optimize the length and
diameter of tapered area and used to accurately measure RIs of
fresh and expired oil in a mechanical system. The lubricating
oil acts as the external medium for the sensor, and any changes
in quality and pollution of the oil result in changes of its RI. By
measuring the changes in RI in the presence of fresh and used
oil, the quality and expiration date of the oil can be predicted.
The degradation of lubricating oil can be measured by
refractometry with a tapered and bent multimode optical
fiber.275 The system consisted of the fiber, a laser source, and a
light dependent resistor as detector. A temperature sensor was
used to measure the temperature of lubricating oil samples.
The Clausius−Mossotti equation was used to relate the RI of
oil to its viscosity, polarization, dipole moments, and molecular
weights. The degradation of lubricating oil can be calculated

with a trained algorithm. Optical fiber sensors also found
application in monitoring the aging of electrical transformer
oil. This is a typical application of FOCS which are not
interfered by even strong electromagnetic fields. Two sensors
were obtained by coating a thin indium−tin oxide film on a D-
shaped optical fiber and a thin SnO2 film onto a single mode
fiber, respectively.276 Both devices are adequately sensitive and
have a linear response. The sensor operating via lossy mode
resonance showed higher sensitivity.

Other Organics. A sensitive fluorescent FOCS was
described that can detect the nitroaromatic explosive 2,4-
dinitrotoluene (DNT) both in air and in water.277 It is making
use of the quenching of the fluorescence (with excitation/
emission maxima at 405/488 nm) of a conjugated polymer by
DNT. The assay responds to DNT in the concentration range
from 56−150 ppb. The low detection limit of 10.9 ppb in air
and of 56 ppb in water makes it suitable for in-field
measurement. However, the relative long response time of
∼5 min limited its applications in fast screening of explosives in
security check systems. Quenching by other nitroexplosives is
likely.
A molecularly imprinted polyaniline layer was combined

with SPR to form a fiber optic sensor for ascorbic acid.278,279 It
was fabricated by placing a thin silver film over the unclad core
of the fiber and further coated with a molecularly imprinted
polyaniline film. The binding of ascorbic acid on the
polyaniline film caused a shift of the resonance wavelength at
422 nm. Ascorbic acid can be quantified in the 10 nM to 100
μM concentration range during which a shift of 22 nm in
resonance wavelength can be observed. The sensor was highly
selective for ascorbic acid, and the response was highly
dependent on pH values. The maximum sensitivity was found
at pH 7. The same strategy was utilized to develop a sensor for
the illegal milk additive melamine.280 Melamine can be sensed
in the wide concentration range from 100 nM to 0.1 M, this
being accompanied by a 19 nm shift in resonance wavelength.
The molecular imprinting technology was also used to

analyze antibiotics. Examples include281 a fiber-optic array
using imprinted microspheres for enrofloxacin analysis. The
sensing principle is based on a competitive immunoassay.
Enrofloxacin tagged with a red fluorescent label competes with
unlabeled enrofloxacin for the specific binding sites on the
imprinted microspheres. The limit of detection is 40 nM, and
the sensor works in the concentration range from 0.29−21 μM.
An ultrasensitive SPR sensor for dopamine was developed by
coating an optical fiber surface with molecular imprinted
polypyrrole doped with multiwalled carbon nanotubes.282 The
composite coating was further covered with a Nafion layer to
improve selectivity toward dopamine. The sensor has a wide
analytical range (from 0 to 10 μM), and the detection limit is
around 19 pM, which is the lowest of those reported in
literatures.
A composite consisting of a silver and aluminum−zinc oxide

core−shell nanostructure was found to be useful in detecting
phenylhydrazine.283 A SPR sensor was designed that uses this
coating. Phenyl hydrazine can be detected in the range from
2.7 to 200 μg/L. There was a 7 nm change in the resonance
wavelength, and the sensitivity is said to be much higher than
that using pure aluminum or zinc oxide coatings (with less
than 2 nm changes in resonance wavelength). Another
composite coating of silver and carbon nanotube/copper
nanoparticles was used to sense nitrate via SPR284 in the
concentration range from 1 to 5000 μM. The detection limit

Analytical Chemistry Review

DOI: 10.1021/acs.analchem.9b04708
Anal. Chem. 2020, 92, 397−430

416

http://dx.doi.org/10.1021/acs.analchem.9b04708


was found as low as 4 nM. The sensor responds within 30 s. A
plastic optical fiber was coated with a composite film made
from Er3+:YAlO3/SiO2/TiO2 and used for selective determi-
nation of phenol in water.285 When phenol molecules attach to
the surface of TiO2 nanoparticles, they are photocatalytically
degraded. This induces a changes in RI and of the absorbance
of the solution. Phenol can be accurately determined by
measuring the changes in the light intensity at 633 nm.
Response is independent of pH, and the detection limit is 40
μg/L.
An SPR based fiber optic cysteine sensor was obtained286 by

coating the unclad core region of a fiber with a thin film of
silver and further coating it with diosmin-capped silver
nanoparticles. The sensor can selectively measure cysteine in
the range of 0−80 μM with a detection limit of 7.7 nM. A long
period grating was coated with a film of cysteamine-
functionalize gold nanoparticles, which form a refractometric
fiber optic sensor for glyphosate.287 The reaction between
glyphosate and cysteamine changed the effective RI of a long-
period grating, and this induces changes in both wavelength
and intensity. The detection limit for glyphosate in water is
about 20 nM. Semwal and Gupta288 reported on a silver
nanoparticle-chitosan doped hydrogel for detecting trichloro-
acetic acid. The interaction between negatively charged
trichloroacetic acid and positively charged chitosan-stabilized
silver nanoparticles alters the RI of the fiber. The sensor has a
linear response in the 40−100 μM concentration range. The
peak wavelength shift was up to 42 nm (from 650 to 692 nm)
in the concentration range of 20−120 μM, indicating the high
sensitivity of the sensor.
A near-IR absorption based laser sensor was designed to

determine the concentration of poly(ethylene glycol) (PEG) in
water.289 By selecting a suitable wavelength (1392 nm), a
linear correlation is found between the concentration of PEG
and absorbance which obeyed the Beer−Lambert law. The
correlation is independent of the PEG molecular weight. PEG
can be determined in the rather high concentration range of
0.05−0.5 g PEG/g water.

■ BIOSENSORS
This section covers fiber optic biosensors (FOBS) based on
the use of biomolecules (such as antibody, enzyme, nucleic
acids, proteins, etc.) and even whole cells. While chemical
sensors have rather good stability and sensitivity, they often
suffer from limited selectivity. Nature has tailored numerous
kinds of biomolecules such that highly specific recognition is
possible. The use of biomolecules strongly improves sensor
selectivity. However, most biomolecules have complex
structures, and these are rather fragile. Hence, many biosensors
suffer from poor storage and operational stability, aptamers
being a notable exception. The design of biosensors with good
stability, reversibility, and reproducibility is still challenging.
Nucleic Acid-Based and Aptamer-Based Biosensors.

The number of biosensors based on the use of aptamers has
strongly increased because they often are readily available via
the SELEX technique. In addition, they are highly specific for
analyte of interest. Aptasensors (which are of the irreversible
but regenerable type) not only have been used in detecting
small molecules and ions but also find applications in detecting
macromolecules such as nucleic acids, proteins, antibodies, and
even whole cells. A DNA based FOBS was designed to monitor
mercury(II) in situ.290 The biosensor was constructed by
impregnating silver nanoparticles in a water-insoluble DNA-

lipid complex, and coating the composite material on the tip of
a multimode optical fiber. The DNA has a strong and specific
affinity for Hg(II). On immersing the sensor head into an
aqueous solution containing Hg(II) induces a distinct loss in
SPR absorption near 420 nm. The typical range of the sensor is
from 9 nM to 50 mM.
An aptasensor for Hg(II) was obtained by immobilizing

single-stranded DNA with high affinity for Hg(II) on the
surface of gold nanospheres placed on an optical fiber.291 In
the presence of Hg(II), a ssDNA immobilized on gold
nanospheres that were added to the sample solution hybridize
with the DNA strand on the fiber via the thymine-Hg(II)-
thymine interaction. The hybridization induces a red-shift of
localized SPR. Hg(II) can be quantified in the concentration
range from 1 to 50 nM, and the detection limit is 0.7 nM.
Another DNA-based FOBS was developed for silver ions.292

A DNA strand was designed such that its conformation
changes from random coils to hairpin structure after binding
Ag(I). The changes in conformation will induce the changes in
the RI at the fiber surface. This results in a wavelength shift in
the interferometric fringe. The sensor has a detection limit of
1.36 nM.
A two-step structure-switching aptamer was reported293 that

can specifically detect cocaine. By immobilizing the aptamer on
the surface of an optical fiber, an evanescent wave FOBS for
cocaine was obtained. In the presence of cocaine, two specific
fragments of the aptamer chain formed a three-way junction
structure, and the fluorescence of the fluorescent label on one
fragment is quenched by the second quencher on the other
fragment. The sensor can detect cocaine within 450 s, and the
limit of detection is 165 nM. The biosensor was tested by
measuring cocaine in human serum samples and showed good
recovery and high accuracy. Similarly, a 57-mer dopamine-
binding aptamer was attached to a tapered fiber surface and
then used as a label-free dopamine biosensor.294 The aptamer
changed its conformation after binding with dopamine. This
induces changes in the RI around the tapered fiber. The
biosensor can specifically measure dopamine in the physio-
logical relevant 0−10 μM range and with a 37 nM detection
limit. Common interferences such as epinephrine and ascorbic
acid showed no, or very little, interference.
Aptamer-based biosensors also find applications in food

safety. Melamine was determined with an evanescent wave
FOBS via a competitive-affinity assay.295 A melamine-binding
aptamer was immobilized on fiber surface via nucleic acid
hybridization. The aptamer competes for binding to melamine
in the sample and to fluorescently labeled complementary
DNA. This induces changes in the evanescent wave-induced
fluorescence. The sensor measures melamine in milk in the
range from 0.1 to 20 μM with good selectivity.
A sandwich-type biosensor was reported that can quantify

microRNAs which are viable cancer biomarkers.296 A free-
energy-driven dynamic lock/open DNA assembly was
designed to rationally program hybridization pathways that
occur between microRNA and fluorescently labeled signaling
DNA strands. A sandwich of type capture DNA/microRNA/
labeled signaling DNA turns fluorescence on, and this can be
explored for detection of microRNA. The system can detect
microRNA let-7a in the range of 0−10 nM, and the detection
limit was found as low as 24 pM. In a completely different
strategy to detect microRNA let-7a, an LSPR sensor based on
phenylboronic acid functionalized gold nanoparticles was
utilized to selectively amplify the signal of microRNA as
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measured by absorptiometry at around 617 nm.297 The sensor
showed an impressively low (0.27 pM) detection limit.
An aptamer for the platelet-derived growth factor (PDGF)

was identified.298 An SPR biosensor using respective aptamer-
functionalized gold nanoparticles was developed. In the
presence of PDGF, the gold film-immobilized aptamer on an
optical fiber forms a sandwich with free aptamer-functionalized
gold nanoparticles in solution. The biosensor has a broad
detection range from 1 to 1000 pM of PDGF, and the limit of
detection is 0.35 pM.
A 3D DNA origami was used299 as a bioreceptor to

functionalize the surface of a fiber optic SPR sensor. The
origami provided nanoscale precision to position thrombin-
specific aptamers with controlled density and distance.
Thrombin in the concentration range of 0−250 nM can be
sensitively detected via SPR. In related work, a 3D DNA
origami was immobilized on a glass fiber to obtain a FOBS for
specific DNA sequences.300 The origami is in the closed state
in the absence of analyte DNA. However, in the presence of
DNA, the flap on the origami will open. This exposes the
incorporated hemin/G-quadruplex DNAzyme. The hemin
catalytically oxidizes luminol in the presence of H2O2 and
produces blue chemiluminescence.
By synthesizing a DNA strand with specific sequence, DNA-

based FOBS can be obtained that are powerful tools to quickly
identify viruses and related targets in situ. In a typical example,
a chemiluminescent fiber-optic sensor was constructed to
detect hepatitis A virus.301 The catalytic hairpin assembly
reaction was applied302 in an SPR biosensor for detecting
genetically modified food. Target DNA sequences extracted
from genetically modified food can be detected in the range
from 0.5 to 500 nM with a 12 pM detection limit.
Oxidative stress can also be measured via DNA based

FOBS.303 In this system, DNA was used as a dye carrier, and
2,7-dichlorodihydrofluorescein was impregnated in a water-
insoluble DNA-CTAB complex. A thin film of the dye/DNA
composite was placed on the tip of an optical fiber to form the
sensor. When exposing it to reactive oxygen species, the
entrapped 2,7-dichlorodihydrofluorescin will be oxidatively
converted into highly fluorescent dichlorofluorescein. Its green
fluorescence is a parameter for oxidative stress. The response
obviously is irreversible.
Integration different aptamers into one sensor can be

explored for detection several analytes simultaneously. A dual
aptasensor based on fluorescence resonance energy transfer
was designed to measure mycotoxins aflatoxin M1 and
ochratoxin A at the same time.304 Aptamers that specifically
binding to aflatoxin M1 and ochratoxin A were labeled with
two fluorophores with different excitation wavelengths (Cy5.5
and Alexa 405). A compact evanescent wave all-fiber detection
system equipped with two lasers (405 and 635 nm) were used
to collecting the fluorescence signals. The hybridization of
labeled aptamers with their complementary DNA sequences
labeled with a dark quencher causes quenching of fluorescence.
In the presence of aflatoxin M1 and ochratoxin A, these
aptamers bind to their respective target molecules and result in
the dissociation of double stranded DNA, which induce
fluorescence recovery. At optimized conditions, aflatoxin M1
and ochratoxin A can be selectively measured in the range from
1 ng/L to 1 mg/L. The detection limits for aflatoxin M1 and
ochratoxin A were 21 and 330 ng/L, respectively.
Immunosensors. Biosensors based on immunoaffinity

interactions so far form the largest class of biosensors. The

response of these sensors is practically irreversible, and they
exhibit high specificity and sensitivity. Several immunosensors
(better referred to as immunoassays) are commercially
available in the form of lateral flow immunoassays, the most
popular ones being the many kinds of pregnancy tests.
Immunosensors are widely used to detect large biomolecules,
but they also are useful for measuring comparably small
molecules. A regenerative and label-free FOBS for fibrinogen
was developed by exploring SPR.305 The polymeric cladding of
a multimode optical fiber was modified with a metal
nanocomposite containing silver, aluminum, and nickel. The
nickel layer was used to immobilize histidine-tagged peptide,
which was further used to immobilize immunoglobulin G. The
immunoglobulin G specifically captures fibrinogen, and this
causes changes in the angle of SPR. Fibrinogen can be detected
in the concentration range of 0−1600 ng/mL and with a 10
ng/mL detection limit. The sensor can be regenerated using
imidazole and reused for at least two times. In a FOBS for
naphthalene in seawater,306 the antibody against naphthalene
was immobilized on an optical fiber coated with a thin layer of
gold. The sensor exploits SPR and has a detection limit of 0.13
μg/mL.
Chemiluminescence was used in a FOBS for microcystin-

LR.307 Hapten-carrier protein conjugates were used as the
recognition units and immobilized on the fiber. In an indirect
competitive sandwich immunoassay, the intensity of chem-
iluminescence is related to the concentration of microcystin-
LR at subng/mL concentrations and with a detection limit of
0.03 ng/mL. Song et al. applied the indirect competitive
immunoassay to develop a dual FOBS for the endocrine
disruptor bisphenol-A (BPA) and the herbicide 2,4-dichlor-
ophenoxyacetic acid (2,4-D).308 Two hapten-protein con-
jugates were immobilized on a single-multimode fiber optic
coupler, and fluorophore-labeled antibodies for BPA and 2,4-D
were bound to the hapten-protein conjugates. The two
analytes can be selectively detected via a competitive
immunoassay with high sensitivity. The typical measurement
range of the dual sensor for both analytes was 0−1000 μg/L.
The use of graphene oxide was found to enhance the

sensitivity of a biosensor for γ-aminobutyric acid (GABA).309

GABA antibody was used as the biorecognition element and
immobilized on graphene oxide coated microfiber. With the
graphene oxide interface, the sensor has a strong evanescent
field and this improves the sensitivity in measurement of
surface RI. The biosensor has a 3-fold improved sensitivity in
detection of GABA, and the limit of detection is 2.9 aM. This
is 7 orders of magnitude lower than that without the graphene
oxide interface. A localized plasmonic biosensor for detecting
bacterial endotoxin (lipopolysaccharides; LPS) was designed
using a C-18 coated U-shaped optical fiber.310 The C-18
modification results in strong hydrophobic interaction between
LPS and sensor surface. The binding of LPS was monitored by
measuring the changes in absorption of the gold nanoparticles
at 525 nm. By adding polymyxin B-labeled gold nanoparticles
in a sandwich format and a silver reduction step, the sensitivity
was greatly enhanced, and the limit of detection was lowered
from 100 to 1 ng/mL. The detection range of the biosensor
was from 1 to 1000 ng/mL.
The cardiac biomarker cardiac troponin I can be selectively

and sensitively detected using an immunosensor based on
optical microfiber coupler.311 Monoclonal antibodies against
cardiac troponin I were immobilized on the surface of a fiber
using a layer-by-layer assembled polyelectrolyte coating. By
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measuring changes in RI, the cardiac troponin can be
quantified in the 2−10 fg/mL concentration range and with
a 2 fg/mL detection limit. The therapeutic monoclonal
antibody, infliximab, was detected using fast and sensitive
SPR biosensors.312,313 Infliximab-specific antibody was cova-
lently immobilized on gold nanoparticles, which then were
deposited on an optical fiber. The binding between antibody
and infliximab changes the RI of the fiber and further induced
the shift in SPR spectra. The detection limit is 0.3 ng/mL, and
the performance was validated by using five infliximab-treated
inflammatory bowel disease patients. Ribaut and co-workers314

describe a SPR based tilted fiber Bragg grating biosensor for
cytokeratin 7. The fiber Bragg grating was covered with a thin
layer of gold, and cytokeratin 7 antibody was immobilized on
the surface. The interaction of antibody with cytokeratin 7
antigen induced changes in the RI. The amplitude shift of the
SPR-tilted fiber Bragg grating spectra was used as the analytical
information. The limit of detection reached 0.4 nM.
Silica-coated silver nanoparticles were used as nanotags for

surface-enhanced Raman spectroscopy (SERS).315 The nano-
tags were integrated with fiber-optic technology in an in situ
immunoassay for α-fetoprotein in whole blood. The FOBS
showed reproducible response to α-fetoprotein in the
concentration range of 50−500 ng/mL in unprocessed
blood. Another fiber optic SPR biosensor was designed for
detecting the C-reactive protein (CRP).316 Dopamine was
used as a cross-linking agent to immobilize anti-CRP
monoclonal antibody on a gold film coated sensor. At
optimized conditions, the sensor has a linear response to
CRP in the concentration range of 0.01−20 μg/mL.
The human neuron-specific enolase (NSE) can be

detected317 by using poly-L-lysine functionalized black
phosphorus nanosheets that were deposited on a largely tilted
fiber grating to enhance the light−matter interaction. By
immobilizing anti-NSE antibodies on the nanosheets, NSE can
be detected with a detection limit of 1.0 pg/mL by measuring
the transmission spectra shift. The sensitivity was 100-fold
better than biosensors using graphene oxide or gold nano-
particles. By coating a reflection-type long period grating with a
single layer of atactic polystyrene functionalized with antibody,
a biosensor for human thyroglobulin is obtained318 that works
in the 0−4 ng/mL concentration range. Ramakrishna and
Sai319 immobilized antibody against the human immunoglo-

bulin on gold nanoparticles, and coated these particles on a U-
bent optical fiber. The resulting evanescent wave absorbance
based FOBS has excellent sensitivity, and the analytical range
for the immunoglobulin is 1−105 ng/mL. The nonspecific
adsorption was minimized to less than 2% by surface
PEGylation. Anti-BSA antibodies were immobilized on an
MoS2-modified optical fiber to obtain an SPR-based biosensor
for BSA.320 The use of MoS2 nanosheets and a gold film largely
amplified the SPR signal and resulted in a detection limit of
0.45 μg/mL. The concentration of protein can be determined
via total internal reflection, i.e., evanescently, at 514 nm.321

Liposomes were used to amplify the evanescent wave excited
fluorescence. Two polyclonal antibodies were used in the
sandwich assay format to increase the specificity of the
biosensor toward the immunoglobulin IgG. The biosensor has
a limit of detection of 2.0 amol.
FOBS for biowarfare agents such as bacterial pathogen, ricin,

and bacterium Francisella tularensis were reported.322 The
sensor consisted of biotinylated antibodies immobilized on the
sensor surface, and the secondary antibody was labeled with
alkaline phosphatase as the detection moiety. The immuno-
assay produces insoluble (often blue-colored) crystals that
precipitate on the sensor surface and induce an interference
pattern. The FOBS can detect these agents with detection limit
of 10 pg/mL for ricin and of 10000 cfu/mL for Francisella
tularensis. The typical assay time is 17 min only.
Immunosensors also have wide applications in food safety

and quality control. Salmonella typhimurium in milk can be
identified323 by using a monoclonal antibody immobilized on
the etched region of a single mode-tapered multimode/single
mode fiber. The wavelength shift of the transmission spectra of
the FOBS has a linear relationship with the bacteria in the
concentration between 500 and 5000 cfu/mL. The limit of
detection is 247 CFU/mL. However, response time and
regeneration take almost 20 min. Xu and co-workers324

reported on a Ω-shaped fiber optic localized SPR biosensor
that sensitively detects the same bacteria (Figure 7). The
sensitivity is 14 times and 2.5 times better than sensors using
straight-shaped or U-shaped fibers. Immobilized aptamers that
specifically capture S. typhimurium were also applied. The SPR-
based biosensor has a linear response in the range of 500−108
cfu/mL. Because of the good selectivity over the bacteria, the

Figure 7. Experimental setup of the Ω-shaped localized SPR-based FOBS. Inset (a) the photo of the Ω-shaped fiber optic; (b) illustration of the
binding of bacteria and immobilized aptamers. Reproduced from Xu, Y.; Luo, Z.; Chen, J.; Huang, Z.; Wang, X.; An, H.; Duan, Y. Anal. Chem.
2018, 90, 13640 (ref 324). Copyright 2018 American Chemical Society.
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FOBS was successfully tested for detecting S. typhimurium in
chicken samples.
The hormone and drug progesterone A can be determined

via a competitive binding assay using fiber optic SPR.325 The
progesterone-BSA conjugate was immobilized on the surface of
a gold-coated fiber. Free progesterone in solution and
immobilized progesterone compete binding with antibody.
The signal was amplified by immobilizing progesterone
antibodies on gold nanoparticles. The biosensor can determine
progesterone concentration in the range of 1−10 ng/mL,
which showed excellent agreement with an ELISA.
Enzymatic Biosensors. Enzymatic assays are of the

catalytic (kinetic) type. They are highly specific for the
substrate and proceed with high efficiency at temperatures of
<50 °C. Enzymatic assays are widely used to detect small
molecules but hardly used to detect macromolecules. Enzyme-
based FOBS are known for many years and still a subject of
research and refinement. Thus, cholesterol oxidase was
immobilized on a silver and graphene oxide coated unclad
fiber to obtain a cholesterol sensor.326 The silver layer enables
SPR readout. The assay has a sensitivity of 5.14 nm/mM of
cholesterol, and the limit of detection is rather high (1.1 mM).
Jensen and co-workers327 describe an enzymatic FOBS using
unmodified Escherichia coli BL21 (DE3) pGELAF+ for sensing
the pollutant 1,2-dichloroethane (1,2-DCE). A pH optode was
used as the signal transducer because 1,2-DCE is decomposed
under formation of acid. 1,2-DCE can be detected at ppm to
ppb levels. A predict-response mathematical model was
developed to better describe the sensing performance. Baliyan
et al.328 reported on a localized SPR biosensor for
triacylglycerides. The sensor was fabricated by immobilizing
the enzyme lipase on silver nanoparticles that were placed on
an unclad segment of a plastic clad optical fiber. The peak
absorbance wavelength of the sensor near 410 nm changed
with increasing concentration of triacylglycerides in the 0 to 7
mM concentration range. The response time is short (40 s).
A FOBS for sorbitol was constructed by immobilizing

sorbitol dehydrogenase on an optical fiber.329 In the presence
of NAD+, the enzymatic oxidation of sorbitol leads to a
reduction of NAD+ to form blue fluorescent NADH. Sorbitol
can be assayed in the 1.0−1000 μM concentration range. By
entrapping xanthine oxidase inside Ta2O5 nanoparticles and
immobilizing the nanocomposite on the cladding of silver-
coated fiber,330 a xanthine biosensor was obtained because the
enzymatic oxidation causes a shift of the resonance wavelength
from 575 to 615 nm. Xanthine can be sensitivity measured in
the range of 0−3.0 μM with a sensitivity of 26.2 nm/μM. The
limit of detection is 12.7 nM, and the typical response time was
only 1 min. The same group developed several other SPR
biosensors using a similar strategy. These include FOBS for
uric acid (by entrapping uricase in polyacrylamide gel331),
acetylcholine,332 and D-sorbitol333 (by entrapping acetylcho-
linesterase or sorbitol dehydrogenase in Ta2O5 nanoflowers).
Botewad and Muley cross-linked urease with a polyaniline

matrix and placed the material on the cladding of an optical
fiber.334 The evanescent wave absorption at 250 nm varies in
the 100 nM−100 mM urea concentration range. The
sensitivity of two enzymatic biosensors for acetaldehyde was
compared.335 The methods employ different enzymes. The
first utilizes aldehyde dehydrogenase and measures the blue
fluorescence of NADH that is produced from added NAD+.
The second uses alcohol dehydrogenase, and the reverse
reaction consumes NADH. It measures the decrease in NADH

fluorescence with a peak at 455 nm. The method using alcohol
dehydrogenase has better sensitivity and a wider dynamic
range (1−500 μM). It was used to analyze nine different wine
samples. The alcohol dehydrogenase reverse reaction was also
applied to measure acetone.336 Since NADH is consumed in
the reverse reaction, the blue fluorescence decreases with
increasing concentration of acetone. Acetone can be assayed in
the 0.2−50 μM concentration range.
The organophosphate pesticide methylparathion was

detected337 by immobilizing acetylcholinesterase on a tapered
fiber using a bifunctional cross-linker. Unlike in many assays
where the pesticide inhibits the enzymatic conversion of an
added enzymes substrate, this assay relies on binding of
methylparathion by the enzyme. This induces a change in
surface RI which can be measured using a Mach−Zehnder
interferometer. The biosensor has a 0.24 nM limit of detection,
and the analytical range is from 0.1 mM to 50 μM.
Every enzymatic reaction has its own optimal condition. The

combination of different enzymes with their different optimal
conditions can be explored for designing biosensors with
multiple sensing capability. For example, by immobilizing
glucose oxidase and cholesterol oxidase in a poly(N-
isospropylacrylamide) matrix, a biosensor for glucose and
cholesterol is obtained.338 Since the immobilized enzymes
work at different temperatures, each enzyme can selectively
oxidize its substrate at a given temperature. The produced
oxygen can be measured by a phase-shift based optical oxygen
meter. Therefore, by changing solution temperature, glucose
and cholesterol can be detected separately. The biosensor has a
detection range of 20−250 mg/dL for cholesterol and 50−700
mg/dL for glucose. By controlling the optimal pH, both the
forward and reverse reaction can be used for measuring the
substrate and product. Two “biosniffers” (= sensors) were
described that are based on the forward and reverse reaction of
secondary alcohol dehydrogenase.339 The enzyme reduces
acetone and consumes NADH in a weakly acid environment. It
also oxidizes isopropanol and produces NADH under alkaline
conditions. Both acetone and isopropanol can be detected by
measuring the fluorescence of NADH at 455 nm at different
pH values. The biosniffers were test for monitoring
isopropanol and acetone in the breath of diabetics.

■ ADVANCED OPTICAL SENSING SCHEMES

Refractive index (RI) based sensing experiences uncompro-
mised interest, mainly in sensors for physical parameters. The
number of detection schemes reported each year is entangling.
However, only a fraction has been applied to (bio)chemical
sensing but probably each of them may, at least in principle.
SPR, in also being an RI based sensing scheme, is a notable
exception. Obviously, RI is strongly affecting any waveguide
system, and even minute changes in RI (caused by minute
quantities of analytes) can be detected. However, RI is affected
by many parameters, and selectivity therefore is a main issue.
Hence, numerous approaches have been made to warrant
(bio)chemical selectivity. These include leaky mode sensors,
long period gratings, fiber Bragg gratings, and numerous kinds
of interferometers. Some sensors are truly complex and are
unlikely ever to compete with portable field devices as used in
wine growing, fermentation, gemology, and salinity measure-
ments. Table 1 gives an overview on the many smart
approaches that have been reported in the past years, along
with comments.
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Evanescent wave (EW) based sensing exploits the effect of
light to evanesce into the outer phase of a waveguiding system
by typically the depth of its wavelength. Hence, longwave
sensing approaches are preferred. It is most often used in
absorptiometry (from the UV to the IR), fluorescence, Raman,
and surface enhanced Raman spectroscopies. In the case of
absorption spectroscopy, EW spectroscopy also is referred to
as attenuated total reflection (ATR). Sensing is more specific
than RI based sensing because analyte-specific wavelengths can
be applied, for example, in IR spectroscopy. EW sensing also
has been combined with other methods including distributed
sensing (optical time domain reflectometry), photonic crystal
based sensing, or time-resolved fluorescence. The following
table gives an overview on typical representatives of EW based
(bio)chemical sensors developed in the past 5 years (Table 2).
More fundamental studies on the performance of EW

sensors include the demonstration of signal enhancement in
EW fiber optic sensors in the near-infrared region (at 1.55 μm)
by making use of a graphene coating.359 The resolution is as
good as 10−9−10−10 refractive index units (RIU). The use of p-
polarized light results in better sensitivity and resolution
compared to s-polarized light. An LSPR sensor with improved
stability and RI sensing capability (due to the use of gold
nanoparticles on the optical fiber) was demonstrated.360 EW-
based sensing of RI was also accomplished by using

nanoparticles as a plasmonic fiber coating on an optical fiber
probe.361 The sensitivity is 988 nm/RIU.
Photonic crystal (PhC) based sensing has gained large

interest in recent years. Such sensing schemes are seemingly
simple in that a 1-, 2-, or 3-dimensional PhC changes its color
and reflectivity as a function of an external stimulus. The
problems lie in the details. These include strong effects of
temperature, refractive index (in fact most PhCs are good
sensors for RI), and poor selectivity. Hence, PhC based sensing
ideally is combined with selective recognition such as by
molecular recognition, molecularly imprinted polymers, or
affinity binding via antibodies or aptamers. Most PhC based
“sensors” respond irreversibly. Rather than going through all
the FOCSs in detail, a table is presented below (Table 3) that
gives an overview on the various kinds of materials and
analytes that have been reported in the past years. Some PhC
sensors have been, overoptimistically, claimed to be biosensors
because of theoretical calculations but no respective data are
provided, such work is not included here. A data set on
photonic crystal fiber based chemical sensors is available.362

Studies of general interest in PhC-based sensing include the
design of a dual-core PhC fiber along with surface plasmon
resonance of a silver-graphene layer. The method may have
potential in sensitive RI based biosensing.374 The average
spectral sensitivity is 4350 nm/RIU in the range between 1.39
and 1.42 RIUs. This corresponds to a resolution of 10−6 RIUs.
The method was extended to samples with low refractive
indices (between 1.27 and 1.36) by using gold nanowires as
the plasmonic material.375

Distributed chemical sensors are intended to sense a
chemical species (in regular intervals) along the length of an
optical fiber, often by making use of optical time-domain
reflectometry. Examples include the detection of gases or leaks
along pipelines, the chemical deterioration of civil con-
structions, and the surveillance of large areas such as
encountered in airfields or nuclear plants. It is worth noting
that a 290 km (!) remote interrogation sensor network based
on a randomly distributed feedback fiber laser has been
described.376 Table 4 summarizes the progress made in the
past 5 years by giving the kind of chemical sensor and figures
of merit.

Table 1. Overview on Refractive Index (RI) Based Fiber
Optic (Bio)Chemical Sensing Schemes

analyte/target comments ref

DNA hybridization;
with a 10 nM
detection limit

narrow bandwidth long period grating whose
surface was functionalized with ssDNA

340

relative humidity
(RI) in the 45−
95% range

uses an S-tapered fiber coated with SiO2 nano-
particles; RI changes of the cladding

341

gases and relative
humidity

Fabry−Perot interferometer using a photonic
crystal fiber and the Vernier effect; has a
sensitivity as high as 30900 nm/RIU

342

humidity PVA-coated photonic crystal fiber interferometer;
uses two single-mode fibers

343

glucose at physio-
logical levels

a short length of PhC fiber inserted in a Sagnac
loop interferometer; high average sensitivity of
22130 nm/RIU

344

Table 2. Overview on Evanescent Wave-Based Fiber Optic (Bio)Chemical Sensing Schemes

analyte/target comments ref

various gases via IR absorption uses a modified photonic crystal fiber; analyzes gas condensates and air pollution 345
2,4-dichlorophenoxyacetic acid (a herbicide) and citrinin (a
mycotoxin)

sensor coated with a fluorescent molecularly imprinted polymer 346

glucose via IR absorption at 5 wavelengths U-shaped fiber-optic ATR sensor enhanced by silver nanoparticles 347
glucose single-loop fiber ATR sensor enhanced by silver nanoparticles; uses a CO2 laser 347
Basic Red 9 (a food dye) fiber core coated with a molecularly imprinted polymer selective for the dye 348
dsDNA uses a tapered multimode fiber coated with a monolayer of graphene 349
ethanol via IR absorption tapered plastic optical fiber coated with monolayer graphene 350
water fraction in glycerol (0−30%) and ethanol (0−10%) measured absorbance at around 2.7 μm; uses sapphire fiber optics 351
fluoride microfluidic fiber system with free indicator dyes; measures absorbance 352
chlorine absorption spectrometry via a chromogenic reaction 353
mercury(II) uses a 3-layer-structure on a polymer optical fiber with a rough interlayer surface;

complex
354

anionic surfactants via coextraction of a violet dye sensor prepared by removing a section of the cladding of a multimode fiber 355
ethanol measures the IR absorption of ethanol in gasoline 356
melamine (an illicit milk additive) via binding by an aptamer via IR absorption 295
hemoglobin via absorption in the longwave visible; uses a graphene coating on the fiber 357
persistent organic pollutants evanescent IR absorption 358
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■ NEW SENSOR MATERIALS
This section does not refer to new materials for fabrication of
optical fibers (for example, IR-transparent fibers). Rather, it
relates to new materials for use in chemical sensing and
biosensing, i.e., for recognition of analytes via specific
molecular interactions. The use of nanoparticles and nanoma-
terials in various kinds of sensing schemes continues to
stimulate wider interest. Nanomaterials include nanoparticles,
nanosheets, nanofilms, nanotubes, nanorods, nanowires, nano-
materials of uncommon shape (some resemble living species
like urchins, corals, or flowers), and core−shell materials or
other architectures. Nanoparticles may be carbonaceous (dots
such as temperature and others, tunes, sheets; often doped
with other elements including nitrogen, sulfur, phosphor, but
also metal ions). It appears, however, that many papers of
marginal novelty are accepted only because the methods for
preparation of nanomaterials are “green” (i.e., environmentally
friendly). Given the quantities employed in such methods (that
are unlikely to be often reproduced by others, and where a few
milligrams of a product possibly may be needed in the next few
years), this is without significance to the environment. In
addition, the use of natural (“green”) starting materials that are
available in certain regions or certain seasons only implies a
risk in that respective methods are hardly reproducible by

researchers in other regions. Users prefer methods based on
the use of materials that are available (a) anywhere, (b) at any
time (not just during certain seasons), and (c) in constant
quality. Defined organic chemicals are preferred as starting
materials because the reproducible preparation of nanomateri-
als is known to be particularly sensitive to the kind of starting
material. Unfortunately, many author do not comment on
whether their (nano)materials, if prepared from other
resources or from pure chemicals, may give the same effects.
In surface plasmon resonance (SPR), gold and silver are still

preferred materials. SPR activity was demonstrated in an
ingenious but complex system composed of an analyte-filled
photonic crystal fiber and metallic gold and silver layers,
respectively.381 The average sensitivities are 7040 and 7017
nm/RIU in the sensing (RI going from 1.40 to 1.42) with high
linearity. The silver layer performs better than the gold layer.
The use of graphene has been shown to give surprising effects

Table 3. Overview on Recently Described Photonic Crystal-Based Fiber Optic Chemical Sensors and Biosensors

analyte/target comments ref

gas sensor (unspecific) PhC structure has a spiral porous core that supports the interaction of 1.33 μm light with the gas 363
hemoglobin fundamental mode effective index is used to measure the confinement loss; as the Hb concentration

increases, confinement losses also increase
364

hemoglobin uses a dual-core photonic crystal fiber 365
DNA hybridization PhC fiber along with surface plasmon effect; the RI of the waveguide carrying immobilized ssDNA

increases from 1.46 to 1.53 upon hybridization
366

gases and water vapor with 0.7 to 1.1 THz wave
band absorptions

PhC sensor with evanescent wave absorption 367

pH values PhC-based fiber combined with interferometry; uses a poly(vinyl alcohol)/poly(acrylic acid) hydrogel
coating.

368

glucose in the 10−60% concentration range uses a triangular lattice structure; highly unselective 369
ethanol vapor uses a PhC fiber loop mirror 370
acetylene gas dual-point switching intracavity-absorption PhC fiber sensor based on mode competition; uses a Sagnac

loop filter
371

acetylene works at 1.53 μm; uses a hollow-core photonic bandgap fiber 372
methane near-IR sensor using a hollow-core photonic crystal fiber as a gas chamber. 60
ammonia near-IR absorption sensor; uses a hollow-core photonic bandgap fiber 373

Table 4. Overview on Recently Described Distributed Fiber
Optic Chemical Sensors

analyte/
target comments ref

gas sensor
for leak
detection

multipoint fiber sensor system using automatic gain
control technology; IR absorbance based

377

ammonia uses a distributed fiber where sections of the cladding
are modified with PDMS

378

hydrogen based on stimulated Raman spectroscopy in hollow-
core photonic crystal fibers; no metal such as Pd or Pt
is needed

379

humidity fiber with sections where the clad is replaced by
polyimide; uses optical frequency domain
reflectometry

142

humidity uses a single mode fiber and an optical backscatter
reflectometer capable of measuring the spatial profile
of strain changes induced by humidity

380

acetylene measures the entire wavelength range of absorption
lines near 1532 nm; uses automatic gain control

377

Table 5. Representative Noble Metal Nanomaterials As
Used in Fiber Optic Sensors Claimed to Be Surface Plasmon
Based but in Fact Being Absorptiometric (Localized Surface
Plasmon Resonance-Based)

nanomaterial analyte ref

diosmin capped silver nanoparticles cysteine 286
silver nanoparticles dopamine 383
albumin-coated gold nanoclusters dopamine 384
silver nanoparticles in a hydrophobic
polymer on a tapered fiber

ammonia 385

tyrosine-capped silver nanoparticles with
nonlinear optical properties

dopamine 386

gold NPs in polyvinyl alcohol mercury(II) 218
gold nanoparticles cysteine 387
gold nanoparticle-DNA conjugates mercury(II) 291
silver nanoparticles in combination with a
molecularly imprinted polymer

tetracycline 388

antibody-coated gold nanoparticles in a
micro fluidic channel

prostate-specific antigen
(a tumor marker)

389

silver nanoparticles triacylglycerides 328
gold nanoparticles modified with a metal−
organic framework

acetone vapor 390

silver nanoparticles refractive index 391
Au@Ag core−shell nanoparticles in an
SiO2−TiO2−ZrO2 matrix

vitamin A 392

platinum nanoparticles general study on
sensitivity

393
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in PhC-based SPR sensing.382 By using the wavelength
interrogation method, a maximum sensitivity of 3000 nm/
RIU in the RI range 1.46−1.49 is achieved. Despite a claim, the
sensor was not shown to work for detecting various high RI
chemicals, biochemical and organic chemical analytes.
Many authors refer to SPR even if absorptiometry in the

visible is used for quantitation (rather than any of the typical
SPR configurations such as Kretschmann’s. Raj, Sudarsanaku-
mar, and co-workers have described several such sensors, all
wrongly termed a SPR sensor. In fact, these are, fair enough,
LSPR sensors with absorptiometric interrogation and no need
for using a Kretschmann configuration. None of these papers
contains an interference study. See Table 5 which also includes
publications by other authors. Table 5 shows the wide interest
in such sensors. Obviously, all these methods have a wider
scope that they may also be applied without using fiber optical
or other waveguides.
Among the more general studies on LSPR-based sensors, the

experimental and theoretical studies on an SPR based fiber
optic sensor using graphene oxide coated silver nanoparticles
are of wider interest.394,395 Song et al.396 have designed a U-
bent fiber sensor with triangular silver nanoparticles that
display LSPR but the need for using triangular particles (rather
than conventional nanoparticles) is not well explained.
The use of carbonaceous materials, in particular of graphene,

has largely widened the scope of FOCSs. Numerous authors
have demonstrated that graphene (and its modifications such

as graphene oxide or graphene quantum dots) can add
attractive new features to such sensors. The graphene-
enhanced leaky mode resonance in tilted fiber Bragg grating
was theoretically evaluated.397 Table 6 summarizes recent
work.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: wangxudong@fudan.edu.cn.
ORCID
Xu-dong Wang: 0000-0002-3402-7995
Notes
The authors declare no competing financial interest.
Biographies
Xu-dong Wang is a Full Professor at the Department of Chemistry at
Fudan University (Shanghai, China). He received his Ph.D. degree in
Chemistry from Xiamen University (Xiamen, China) in 2011 and
then worked as an Alexander von Humboldt fellow in the group of
Prof. Wolfbeis at the University of Regensburg. After that, he joined
Karlsruhe Institute of Technology in 2013 as a senior research
scientist. In 2015, he was selected in the national “1000 Talents
Program” in China and appointed as an “Eastern Scholar”
distinguished Professor at Fudan University. His research interests
are in the design of optical chemical and biosensors, in nanosensors
and molecular probes, in developing novel (bio)sensing schemes,
(nano)materials, and methods, and in their applications to biological
and chemical analysis. He has authored or coauthored more than 40
articles, and his current h-index is 23 (October 2019).

Otto S. Wolfbeis was a Full Professor of Analytical and Interface
Chemistry at the University of Regensburg, Germany, from 1995−
2012. He has authored numerous papers and reviews on optical
(fiber) chemical sensors, fluorescent probes, labels and bioassays, on
advanced (nano)materials for use in sensing schemes and in
spectroscopic methods including fluorescence (lifetime) imaging.
He has (co)edited several books and has acted as the (co)organizer of
several conferences related to fluorescence spectroscopy (MAF) and
to chemical sensors and biosensors (Europtrode). His h-index is 102
(October 2019). He was one of the 10 curators of Angewandte Chemie
(VCH-Wiley; Weinheim), the Editor-in-Chief of Microchimica Acta
(Springer-Nature; Vienna), and one of the three founding editors of
Methods and Applications in Fluorescence (IOP Publ., London).

■ ACKNOWLEDGMENTS
This work was financially supported by the National Natural
Science Foundation of China (Grant 21775029), which is
greatly acknowledged.

■ REFERENCES
(1) Wang, X.-d.; Wolfbeis, O. S. Anal. Chem. 2016, 88 (1), 203−227.
(2) Wang, X.-D.; Wolfbeis, O. S. Anal. Chem. 2013, 85 (2), 487−
508.
(3) Moßhammer, M.; Brodersen, K. E.; Kühl, M.; Koren, K.
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