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Hydrogel-integrated optical fiber sensors have garnered momentous interest due to their optical
properties, biocompatibility, and biodegradability. Integrating active materials with hydrogels facilitates
hydrogels to be employed as a smart material that responds to external stimuli in biological or chemical
media, allowing them to be a potential candidate for sensing applications. Although substantial research
efforts have been made on integrating hydrogels with optical fibers, this field has never been reviewed
extensively. In this paper, hydrogel-integrated optical fiber sensors are reviewed comprehensively,
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including the fundamentals of hydrogels, the synthesis process, and the working principle of various
sensing methods. The light-guiding and sensing mechanism adopted by hydrogel-integrated optical
DOI: 10.1039/d3tc01206a fibers is discussed. The current progress in their fabrication procedures is categorized and explained.

Finally, we have briefly evaluated the applications of hydrogel-integrated optical fiber sensors in various
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1. Introduction

Hydrogels are three-dimensional networks of hydrophilic or
charged polymer chains"? that can adsorb large amounts of
solvent and exhibit a high degree of stimuli-responsiveness.
Due to their high water content, hydrogels demonstrate a close
resemblance to the environment of living cells and tissues,
which enables them to interact with biological systems without
causing significant irritation, inflammation, or adverse reac-
tions. Moreover, their softness, flexibility, and nontoxicity make
them an ideal candidate for biocompatible materials.®

Their stimuli-responsive nature has led to extensive explora-
tion of hydrogels for a broad range of applications, including
biosensing,”® environmental sensing,””® bioelectronics,’
tissue engineering,'®'" artificial muscle development,'? regen-
erative medicine,"*'* cell separation,">'® brain function
monitoring,'”*® drug delivery,">*° photo-thermal therapy,”*
pharmaceuticals,* and diagnostics.>*** More recently, various
hydrogel-based sensor platforms have been demonstrated to
detect minuscule-level changes in glucose®® and lactate
concentrations® as well as in pH,** humidity,>* and tempera-
ture levels.*” By tailoring hydrogels’ polymeric composition,
physiochemistry, cross-linker density, and electrical charge of
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fields spanning from biosensing to environmental sensing.

constituting polymer chains,® their viscoelasticity, molecular
permeability, de/swelling kinetics, and responsiveness to var-
ious stimuli from light to mechanical forces® can be tuned
further, and a new generation of hydrogel-based sensor systems
can be constructed.

From a very general perspective, hydrogel-based sensors
could be classified into two main groups: (i) stimuli-
responsive and (ii) passive sensors. Stimuli-responsive hydrogel
sensors can change phase and volume in response to exposure
to a stimulus, while passive hydrogel sensors accommodate a
responsive substrate in their matrices that can interact with
input signals and produce output signals for detection.>*"*® The
responsive components can be nanomaterials, biomolecules,
and even living cells.*

Because of their large solvent content, hydrogels are opti-
cally transparent to a wide range of the optical spectrum, from
visible to near-infrared (NIR) frequencies. For this reason,
apart from the state-of-the-art applications mentioned above,
hydrogels have been used to fabricate optical contact
lenses that harvest the biocompatibility and gas-penetration
capabilities of these polymeric networks." More recently,
beyond their conventional optical use in contact lenses,
hydrogel-based optics®®*” and photonics®® have gained
immense interest; hydrogel-based thin films, coatings, optical
fibers, and waveguides have been explored as potential options
for hydrogel photonics sensing, i.e., photonic bandgap, plas-
monic, and reflection and refraction index modulation-based

sensors.>°
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An optical fiber generally consists of a core and cladding,
where the refractive index (RI) difference between the core and
the cladding confines light into the core and guides it through
it. Any change in the properties of the propagation medium
leads to variation in the output signal and provides sensing
capabilities to such fibers. The flexibility, reliability, cost-
effectiveness, and high sensitivity of optical fibers, while requir-
ing a small molecular volume, have introduced the term “Lab-
on-fiber”.*"** Incorporating hydrogels into optical fiber struc-
tures further improves the sensitivity and selectivity of optical
fibers®® since hydrogels’ refractive index is directly related to
their structural and chemical composition. Indeed, hydrogels
have already been utilized at fiber tips and fiber claddings and
as Bragg grating and long periodic fiber grating.*’*%3

Hydrogels have been integrated with several nanomaterials
to exploit various optical sensing principles as passive sensors,

View Article Online

Journal of Materials Chemistry C

i.e., change in the refractive index or transmission window,
surface plasmon resonance (SPR),*® localized surface plasmon
resonance (LSPR),*® Bragg grating sensor,”” interferometry,*®
and fluorescence technique.*® Although the number of efforts
on integrating hydrogels with optical fibers has been surging in
recent years, this field has never been reviewed extensively and
hence a comprehensive look into the literature can benefit both
new researchers and those who have been guiding the field. We
note that while several reviews discuss hydrogel optics*® and
hydrogel-based sensors,*'™** those discussions are rather brief
and not comprehensive enough for hydrogel-integrated optical
fibers, optical fiber sensing principles, and their applications.

This review covers the progress of hydrogel-integrated opti-
cal fiber fabrication for chemical/physical sensing applications
(Fig. 1). The manuscript is organized into four main sections.
The first section focuses on hydrogel synthesis, including

SPR Based Sensor

fabrication

FPI Based Sensor

UV Induced Cross Linking

—

LSPR Based Sensor,

Fig. 1 Illustration of the fabrication methods of pure optical waveguides and optical sensors (SPR, LSPR, FPI, MZI and Bragg grating based sensors) and
the major applications (glucose, pH, humidity, ion, gas and chemical sensing) of hydrogel-integrated optical fiber sensors.

9384 | J Mater. Chem. C, 2023, 11, 9383-9424

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3tc01206a

Published on 13 June 2023. Downloaded on 8/9/2023 10:15:28 PM.

Journal of Materials Chemistry C

physical and chemical cross-linking, comparative discussions
on hydrogels, aerogels, and xerogels, and a brief discussion of
the phase separation process of hydrogels. In the following
section, the light-guiding principle of optical fibers is briefly
discussed. The later section describes various optical sensing
principles implemented in hydrogel optical sensing and the
effect of nanomaterial incorporation in hydrogel matrices to
improve their sensitivity. Next, various hydrogel-integrated
optical fiber fabrication technologies and the hydrogel integra-
tion protocols that have been reported in the literature so far
are extensively covered. The following section provides a
detailed review of sensing applications, including biosensing
and environmental sensing. Finally, the review concludes by
providing an outlook on the development of the field and
research gaps for future direction.

2. Overview of hydrogel structures
2.1. Synthesis of hydrogels

Hydrogels’ tendency to contain large amounts of solvent in
their pervaded volume is a consequence of their hydrophilic
polymers, which prefer interactions with polar solvents, such
as water, more than they do with themselves. Thus, hydrogel
chains host hydrophilic groups, such as -COOH, -NH,,
-CONH,, and -OH, attached to polymer chains, while cross-
linkers connect chains and provide the nodes for the polymer
network (Fig. 2a(i and ii)). Polymer chains can be cross-linked
through relatively weak physical interactions such as hydrogen
bonding, electrostatic interactions, hydrophobic interactions,
crystallization, or relatively strong covalent bonds to form
hydrogels. In general, the crosslinker’s physiochemical proper-
ties and relative density (with respect to polymer chain mono-
mers) control water-absorption levels and mechanical
properties as well as optical properties of hydrogels.*>*® Below,
we will briefly overview the strategies used to obtain hydrogel
networks along with their resulting mechanical properties.

2.1.1. Physically cross-linked hydrogels. The following sec-
tion investigates the underlying physical mechanisms which
are responsible for the formation of hydrogels. Physical cross-
linking between polymer chains occurs due to weak molecular
interactions such as hydrogen bonding, electrostatic inter-
action, hydrophobic interactions, and crystallization.*® Hydro-
gen bonding provides a means of crosslinking between polymer
chains and biomolecules, while electrostatic interactions occur
between charged species and polyelectrolyte chains. On the
other hand, the utilization of amphiphilic block copolymers or
the integration of hydrophobic copolymers onto polysaccharide
gives rise to hydrophobic interactions. Physically cross-linked
hydrogel networks are generally weaker than their chemically
cross-linked counterparts.®®

Hydrogen bonding. The hydrogel structure can be synthesized
through hydrogen bonding between synthetic polymer chains
or biomolecules. The hydrogen bond occurs due to weak
interactions between strongly electronegative atoms such as
O, N, etc. These atoms can act as hydrogen acceptors. On the

This journal is © The Royal Society of Chemistry 2023
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other hand, hydrogen atoms that are covalently bonded to
another strong electronegative atom with lone pair of electrons
act as hydrogen donors. In hydrogels, polymer chains can be
cross-linked through multiple hydrogen bonds. The general
schematic of hydrogen bonding is represented in Fig. 2b(i),
where red atoms are the donors of lone electron pairs and gray
atoms (hydrogen) are the acceptors to form a hydrogen bond.
For example, ureidopyrimidinone (UPy) moieties can act as
physical crosslinkers®! by forming hydrogel bonds if chains are
end-functionalized by UPy. UPy functional groups can form up
to four hydrogen bonds between polymer chains and the
formation of bonds occurs when the polymer solution is
heated.”® Similarly, synthetic hydrogels can be formed from
dimethylacrylamide (DMAA) and methacrylic acid using hydro-
gen bonding between DMAA and the carboxylic acid group on
methacrylic acid.’® These hydrogels are pH sensitive and have a
high refractive index, which makes them useful for photonics
applications.*’

Furthermore, hydrogels can also be obtained by introdu-
cing cross-linking through biological compounds, such as
nucleobase pairs, that can make hydrogen bonds among
themselves.*>>* Similarly, other biomolecules, such as polypep-
tide chains, can self-assemble into stable B-sheet nanofibers,
which are hydrogen bond-driven secondary structures. If the
concentration of the nanofibers is above a critical value, these
fibers can also form a hydrogel-like structure.>®

Moreover, hydrogels can be synthesized from polymeric
solutions that can undergo a crystallization transition. Low
molecular compounds such as surfactants or amphiphilic pep-
tides can assemble into crystalline structures in a solution.>* If
these groups are incorporated into chains, when the solution is
allowed to cool, chains can form network structures through
intermolecular interactions between crystals. The crystal-
lization process can be affected by various factors such as
temperature, solvent type, and cooling rate.>® For example,
poly(vinyl alcohol) (PVA) hydrogels are formed when water
freezes; the temperature drop causes PVA chains to segregate
and form high-concentration regions of PVA.>**” PVA chains
then form strong hydrogen bonds with each other causing
crystallization. These crystallized regions act as physical
cross-linkers of the PVA hydrogel. The mechanical and biocom-
patibility properties of the crystallizing hydrogel such as PVA
may depend on various factors such as type of polymer, poly-
mer molecular weight, temperature, time of freezing, and the
number of freezing cycles.>®>’

Electrostatic interactions. Electrostatic interactions occur
between species carrying a net charge, such as macromolecular
chains bearing charged moieties and weak or strong polyelec-
trolyte chains (i.e., charged polyions). The strength of such
interactions depends on the charge valency and distance
between the charged groups. Polymer chains with oppositely
charged complementary functional groups like carboxylic acids
and amines form polypeptide networks that can form com-
plexes via electrostatic interactions.*® These complexes can
result in a network structure (Fig. 2b(ii)). Similar cross-linking
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Fig. 2 Structure and synthesis of hydrogels. (a) Hydrogel formation for optical fiber applications: (i) crosslinking of polymer chains for hydrogel
formation and (i) usage of hydrogels as the core/cladding (above) and cladding (below) of an optical fiber. (b) Physically crosslinking methods used for
formation of a hydrogel: (i) cross-linking of polymeric chains via hydrogen bonding to form a hydrogel, (ii) cross-linking via electrostatic interactions
between charged polymeric chains and ions, and (i) cross-linking through hydrophobic interactions between polymeric chains. (c) Hydrogel formation
by chemically crosslinking methods: (i) crosslinking of two polymers (black and red) using chemical reaction in the presence of a catalyst (blue), (i) free
radical polymerization of polymers (black) with crosslinkers (red) initiated by free radicals (stars), and (iii) polymerization of photosensitive monomers

(black) with photo-initiators (red) under UV light.

or bridging between multiple chains can form via multivalent
ionic species, such as Ca**, Fe*", Zn*", etc., to form hydrogels.*
For instance, a weak polyelectrolyte such as poly(acrylic acid)
(PAA) becomes negatively charged if its carboxylic acid mono-
mers lose hydrogen ions when the pH of the medium is high.

9386 | J Mater. Chem. C, 2023, 11, 9383-9424

The carboxylic group, -COO ™, can bind with Fe*" ions and form
a network structure. Another example of hydrogels formed from
multivalent cations is the one formed from alginate and Ca>".
Alginate is formed from alginic acid, which comprises of a large
amount of carboxylic acid functional groups. They can
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electrostatically bind with Ca*' ions, leading to alginate
solution gelation. Alginate hydrogels are used as drug-delivery
carriers, artificial tissues, and organs.>®>°

Hydrophobic interactions. Hydrophobic interactions arise due
to the water-repelling tendency of the chemical group and play
a vital role in biological processes such as protein folding,
biomolecular complexes, etc.

Amphiphilic block copolymers composed of hydrophobic
and hydrophilic groups can form hydrogels through hydropho-
bic interactions if the polymer solution is heated.®’ Since
hydrophobic interactions are of entropic nature, through heat-
ing, hydrophobic interactions become more dominant and lead
to cross-links when the polymer solution reaches a critical gel
concentration (Fig. 2b(iii)).”* An example of amphiphilic
block copolymers is the poly(N-substituted acrylamide) and
poly(vinyl ether)-based copolymer. These thermo-responsive
polymers undergo a reversible sol-gel transition through hydro-
phobic interactions when heat is applied and the temperature
goes below or above the critical temperature.®®®*> Moreover,
hydrophobic copolymers can be grafted to polysaccharides
such as chitosan, hyaluronic acid (HA), dextran, and pullulan
to form a temperature-sensitive hydrogel through hydrophobic
interactions.®?

Precise engineering of hydrogels with tailored properties
encompassing mechanical strength, responsiveness to external
stimuli, and biocompatibility requires understanding these
mechanisms, which may enable novel prospects for their multi-
faceted applications.

2.1.2. Chemically cross-linked hydrogels. The following
discussion will discuss chemically cross-linked hydrogels
encompassing various mechanisms involved in their for-
mation. Chemically cross-linked hydrogels form via strong
covalent bonds between polymer chains. The process by which
covalent bonds form between macromolecular chains can
either be by chemical reaction of functional groups or by free
radical polymerization of vinyl monomers along with cross-
linking agents.*® Chemical reactions such as “click’” chemistry,
Schiff-base reactions, and condensation reactions offer advan-
tages such as high reaction rates, high chemical yield, and mild
reaction conditions that enable formation of hydrogel networks
with desirable properties. On the other hand, free radical
polymerization utilizes vinyl monomers and cross-linking
agents to form hydrogels. Additionally, photopolymerization
offers a technique for synthesizing hydrogels using photosen-
sitive monomers and UV light exposure, which is advantageous
in controlling the coating thickness of the optical fiber. Che-
mically cross-linked hydrogels can have excellent thermal sta-
bility, mechanical strength, and surface chemistry. Also, these
properties can be optimized according to the application for
which they are being used.

Cross-linking by chemical reactions. Polymer chains can be
cross-linked by chemical reactions such as ‘“click” chemistry,
Schiff-base reactions, and condensation reactions to form
hydrogels.®* These chemical reactions are advantageous due

This journal is © The Royal Society of Chemistry 2023
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to high reaction rates, high chemical yield, fewer chemical
byproducts, and mild reaction conditions.®* Fig. 2c(i) repre-
sents crosslinking of two polymers (black and red) using
chemical reaction in the presence of a catalyst (blue).

An example of a “click” reaction is azide-alkyne cycloaddi-
tion, which occurs between azide and alkyne groups.
Hydrogel networks of HA can be synthesized by using azide-
functionalized groups as crosslinkers and Cu®" as a catalyst.®®
Mechanical properties of such hydrogels can be altered and
optimized by varying the alkyne/azide ratio. Schiff-base reac-
tions facilitate amine-functionalized and aldehyde functional
groups to obtain an imine bond. Hydrogels synthesized via
Schiff-base reactions usually contain amine and aldehyde
groups, which are abundant in human blood, making these
hydrogels highly biocompatible and useful for biomedical
applications. Schiff-base reactions can also be implemented
for polymers with an amine group, such as chitosan (biopoly-
mer rich in an amine group), and crosslinkers with difunctio-
nalized aldehyde groups, such as glutaraldehyde.®® Moreover,
Schiff-base reactions can also occur between two types of
polymers which contain amine and aldehyde groups. For
instance, an injectable hydrogel can be synthesized by mixing
four-arm poly(ethylene glycol) (PFA) with aldehyde groups and
four-arm poly(ethylene glycol)-b-poly(r-lysine) (PPLL) with
amine groups.®” Imine hydrogels are pH sensitive. Therefore,
properties such as mechanical strength, swelling kinetics,
degradation, etc., can depend on pH levels. Furthermore, the
Schiff-base reaction benefits the dynamic equilibrium between
imine linkages and reactants (amine and aldehyde groups) so
that the hydrogel can have self-healing properties.

Condensation reactions can also be used to synthesize
hydrogels. They utilize carboxyl groups and an amine or
hydroxyl functional group to form an amide and an ester bond,
respectively. Under suitable coupling conditions, reagents such
as N,N-(3-dimethylaminopropyl)-N-ethyl carbodiimide (EDC)
and polymers with a carboxyl group and amide (or hydroxyl)
groups can result in a hydrogel network through a condensa-
tion reaction. Such condensation reactions can also lead to a
hydrogel by utilizing alginate with a carboxyl group and
diamino-terminated PEG with amine groups in the presence of
EDC.®® Changing the crosslinker’s (diamino-terminated PEG)
concentration and molecular length can alter the mechanical
and optical properties of such hydrogels.

Cross-linking by free radical polymerization. Chemically cross-
linked hydrogels are commonly produced by using free radical
polymerization.®® To obtain a crosslinked network, this method
mainly requires vinyl monomers such as PAA, styrene, vinyl
chloride, etc., in the presence of a cross-linking agent. Free
radical polymerization goes through three stages: initiation,
propagation, and termination. Initiators such as potassium
persulfate (KPS), ammonium persulfate (APS), and benzoyl
peroxide are used to start the polymerization reaction by
radically polymerizing the vinyl monomers in the presence of
a cross-linking agent to form a cross-linked hydrogel. As
more monomers become cross-linked, the polymer solution’s
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viscosity increases, ultimately leading to gelation. At the same
time, the polymerization process terminates. Homopolymer
(single same monomer unit) and copolymer (two or more
different monomer units) hydrogels are often produced using
free radical polymerization. Fig. 2c(ii) represents free radical
polymerization of polymers (black) with crosslinkers (red)
initiated by free radicals (stars). A common example of homo-
polymer hydrogels is poly(N-acryloyl glycinamide) thermo-
responsive hydrogel, which is synthesized from the N-acryloyl
glycinamide (NAGA) vinyl monomer with two amides separated
by carbon in the side chain.”® However, copolymer hydrogels
allow more tailoring ability as compared to homopolymer
hydrogels. Poly(N,N-diethyl acrylamide-co-methacrylic acid) is
a well-known example for pH-thermo-responsive hydrogel
copolymers synthesized from N,N-diethyl acrylamide and
methacrylic acid (MAA) monomers in the presence of the
N,N’-methylenebis acrylamide (MBAm) crosslinker using free
radical polymerization.”*

The reversible addition-fragmentation chain transfer (RAFT)
polymerization technique can also be used for the controlled
synthesis of hydrogels. The RAFT polymerization technique
uses a RAFT agent, solvent, monomer, and initiator. The
synthesis of polymer chains is controlled using a RAFT agent,
which serves as a mediator between growing polymer chains
and the initiator. The RAFT polymerization technique can be
used to construct hydrogel-based microfibers.””

Cross-linking by photopolymerization. In this method, photo-
sensitive monomers are used to synthesize hydrogel structures
for optical fiber applications. The photosensitive monomers are
mixed with a photo-initiator to form a solution and when the
solution is exposed to UV light, a polymerization reaction leads
to a hydrogel, which can be used as a coating on the surface
of optical fibers.**”*7* Fig. 2c(iii) represents polymerization of
photosensitive monomers (black) with photo-initiators (red)
under UV light. The swelling and deswelling of the hydrogel
can control the thickness of the optical fiber cladding. This
method can be used for large-scale industrial applications,
especially for the uniform and controlled coating of optical
fibers. The optical fiber core can also be synthesized using
hydrogels. For example, poly(ethylene glycol) combined with
diacrylate (PEGDA) has been used to create an optical fiber core
because of its high refractive index, which causes light to be
total internally reflected in the optical fiber core.”> Hydrogel-
based optical fibers are used for measuring glucose and metal
concentrations.””®

2.2. Mechanical properties of hydrogels

The mechanical properties of hydrogels can be modeled by
employing rubber elasticity and viscoelasticity theories.”” These
theories encompass time-dependent and time-independent
relaxation of the polymer chains’ orientation and structure,
including polymeric materials’ elasticity, flow, and molecular
motion. By considering these theories, one can investigate
the mechanical behavior of the polymer structure, effective
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molecular weight between cross-links, and information on the
elastically active chains.

When gels are in a rubber-like regime (swollen state), they
behave similarly to a rubber whose mechanical properties
mainly depend on the polymer network structure.”® Rubber-
like hydrogels are composed of cross-linked networks with
large free space. When an external stimulus is applied, the
hydrogel’s chains respond by changing the conformation. The
viscoelastic response of hydrogels depends on the nature of the
mechanical stimuli applied to the system, while their mechan-
ical response depends on time-dependent stress and strain.”®
The mechanical properties of the hydrogels can be modified by
controlling three factors: (i) monomer composition, (ii) cross-
linking density, and (iii) polymerization conditions.

2.2.1. Effect of monomer composition. The strength of the
hydrogel is directly related to the composition of the comono-
mer used to prepare the hydrogel. The use of heteropolymers
has been reported to increase the physical strength of the final
product.”® For instance, replacing acrylate monomers with
methacrylate monomers along a copolymer chain can increase
the stiffness of the polymer backbone since methacrylate
monomers give rise to more hydrophobic interactions as com-
pared to acrylate monomers because of methyl groups. The
mechanical properties of the hydrogel can also be altered by
adding more hydrophilic groups in the hydrogel’s polymer
network, as in the case of replacing 2-hydroxyethyl methacrylate
(HEMA) with methacrylic acid.”® In contrast, HEMA copolymers
and methyl methacrylate (MMA) copolymers have the same
mechanical strength in their unswollen state, but when N-vinyl-
2-pyrrolidone (NVP) is added to these copolymers, their
mechanical strength is reduced significantly. This change also
increases the degree of swelling of the hydrogel since NVP is a
highly hydrophilic moiety.”®

2.2.2. Effect of cross-linking density. The hydrogel’s
mechanical strength is often correlated with the cross-linking
density.®® The mechanical strength of the hydrogel increases
with the increase in cross-linking density.”® As the number of
cross-links increases, the hydrogel’s polymer chains can be
more restrained, causing the hydrogel to increase its Young’s
modulus, which is directly related to the mechanical strength.”

2.2.3. Effect of polymerization conditions. In polymer
chemistry, polymerization conditions such as temperature,
solvent type, or how much solvent is used during the polymer-
ization reaction determine the mechanical strength of the
hydrogel.”® To illustrate, cross-linking agents tend to form
cycles instead of cross-links when a larger amount of solvent
is used during polymerization, decreasing the number of cross-
links in the hydrogel and reducing mechanical strength.
Furthermore, the type of solvent (e.g, ionic strength of aqueous
solution or pH) used during polymerization can also change the
copolymer structure, affecting the Young’s modulus, which is a
direct measure of mechanical strength.”® The effect of poly-
merization conditions on the properties of the hydrogel
was reported based on the copolymerization of HEMA and 2-
dimethylaminoethyl methacrylate under different pH condi-
tions and volume fractions of solvent.®' An increase in the
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swelling ratio by 400% was observed, which resulted from the
structural change of the polymer network.®!

2.3. Swelling properties of hydrogels

One of the notable features of hydrogels is that they can absorb
large amounts of water. Since hydrogels consist of hydrophilic
functional groups, they form hydrogen bonds with water mole-
cules. As a result, water is absorbed and the polymer network
prevents water from leaving the hydrogel structure. The swel-
ling of hydrogels depends on factors such as polymer type, salt
concentration in the medium, cross-linking density, and synth-
esis state. Swelling is directly affected by the functional group
used in synthesizing the hydrogel.

The swollen state of a hydrogel is characterized by the
swelling ratio. The swelling ratio (SW) is defined as

SW = (Wswollen - Wdry)/Wdry X 100

where Weyolien and Wy, represent the weight of the swollen and
dry state of the hydrogel, respectively.

As the concentration of crosslinkers increases, the swelling
ratio decreases and vice versa. The swelling ratio of the hydro-
gels may also depend on the chemical nature of the crosslinker.
The swelling ratio is sensitive to external stimuli like electric
field, mechanical deformation, exposure to light, and magnetic
field.71'82_85

2.4. Stimuli-sensitive properties of hydrogels

Hydrogels can swell or deswell (changing their phase or
volume) as a response to changes in the surrounding environ-
mental conditions such as temperature, pH, etc.””” When the
physicochemical conditions are altered, the hydrogel structure
responds to these changes by changing its structure or swelling
ratio by changing the water intake and conformation of poly-
mer chains to maintain its balance between elastic energy and
osmotic stress.®®

2.4.1. pH-Sensitivity. Many hydrogels exhibit pH-
responsive swelling behavior. They can undergo significant
volume changes in response to changes in the pH of the
surrounding environment. This swelling behavior is often due
to the ionization of functional groups present in the hydrogel
network. If the polymer network is composed of acidic func-
tional groups such as carboxylic acid or sulfonic acid, they will
lose the hydrogen ions in case of pH change. As a result, the
polymer backbone becomes ionized. On the other hand, if the
polymer network consists of basic groups, such as amine,
which accept hydrogen ions in the medium, it facilitates the
polymer network’s ionization. The charges on the polymer
chains give rise to electrostatic repulsion between the mono-
mers, which, along with the osmotic pressure of ions, stretches
the polymer chains further. Under these conditions, polyelec-
trolyte hydrogels (consisting of many acidic or basic functional
groups) can swell or de-swell in response to pH changes. For
example, hydrogels of N,N’-dimethyl aminoethyl methacrylate
(DMAEM) and methyl methacrylic acids show pH-sensitive
swelling behavior. Such hydrogels exhibit a low swelling ratio
at neutral pH, but at acidic pH, the swelling ratio increases.®”
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2.4.2. Thermo-sensitivity. Depending on the constituent
polymer network, hydrogels can undergo a reversible volume
phase transition in response to changes in temperature. These
hydrogels are called thermoresponsive hydrogels. They can
significantly change their swelling behavior as the temperature
crosses a specific transition point known as the lower critical
solution temperature (LCST) or upper critical solution tempera-
ture (UCST). The water solubility of the hydrogel changes if the
temperature varies; this effect depends on the nature of the
constituting polymers.®* Polymers whose water solubility
decreases as the temperature increases exhibit lower critical
solution temperatures (LCSTs).** Therefore, LCST polymers
swell as the temperature of the surrounding decreases and
de-swell with the increase in temperature; they are also known
as negative thermo-responsive systems. On the other hand,
polymers with upper critical solution temperatures (UPSTs)
show increased water solubility when the temperature is raised.
Hence, UPST hydrogels swell with the increase in temperature
and shrink at low temperatures and they are also known as
positive thermo-responsive systems.®* The temperature change
can affect the refractive index of the optical fiber sensors
in which hydrogels are incorporated, which allows the
optical fiber to be considered for various biological sensing
applications.®*%°

2.5. Comparative discussion on hydrogels, aerogels, and
xerogels

Aerogels and xerogels are light solid materials with highly
porous structures and surface areas constructed from the
drying of gels. Both these materials possess excellent properties
such as thermal insulation, catalytic activity, and energy
storage.’®! Although aerogels and xerogels are similar in some
ways, they have some key differences. Aerogels are relatively
lighter (density around 0.03 g cm?) than xerogels (density
around 0.1-0.6 g cm*).°? The pores in aerogels are more open
(interconnected porous structure) relative to the xerogels. In
other words, aerogel pores are smaller and isolated from each
other. This means that aerogels have a much larger surface area
than xerogels, making them useful for catalytic applications.
One of the key distinctions between aerogels and xerogels is the
production method used to dry the gel.

Aerogels are fabricated from the displacement of solvent
content from the gel (polymer and a suitable solvent) under
supercritical drying, where the gel is placed inside a high-
pressure (50-100 atm) batch reactor and exposed to a super-
critical fluid (SCF) such as methane, carbon dioxide, ammonia,
and argon.”® During the process, the batch reactor’s pressure
and temperature are maintained above the critical pressure and
temperature of the SCF used. The solvent in the pore will
dissolve in the SCF, and the SCF diffuses from the pores,
leading to solvent-free aerogels.”®> The advantage of using a
SCF is that it does not allow the coexistence of liquid and vapor.
Hence, it reduces the capillary stress and surface tension in the
pore walls, which avoids the collapse of the gel network during
solvent removal.”* The solvent is replaced by air while the
polymer network structure is maintained. Therefore, aerogels
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have very low density and high surface area; they can be
modified with hydrophilic and hydrophobic elements to be
applicable for different applications. Aerogels are used for
various applications such as thermal insulators, controlled
drug delivery, oil spill cleanup, micro-filters, etc.”*

On the other hand, xerogels are prepared from the evapora-
tion drying of wet gels under ambient conditions. Unlike
aerogels, xerogels shrink and do not maintain their expanded
polymer network conformation because capillary forces arise
from surface tension induced in the liquid surface of the pores
at the solid-liquid-vapor interface on the pore walls. The
collapse of the pore walls can be avoided if capillary forces
induced on the pore walls are reduced.’* Chemical treatment of
pore-wall surfaces with a nonpolar solvent before actual drying
can reduce further condensation because of surface charges.’
This method is relatively more time- and cost-efficient than
supercritical drying and is used in the mass production of
aerogels.

2.6. Optical applications of hydrogels

Like many other materials, hydrogels can also interact with
light and behave differently depending on environmental con-
ditions. Light can be reflected, transmitted, or scattered from a
hydrogel surface depending on the type of hydrogel and wave-
length of light. As the light propagates through the material, it
loses its intensity upon interacting with the material due to
light absorption and scattering. Typically, the optical loss in
hydrogel-based optical fibers is in the range of tens of dB cm ™,
which is much higher than that found in the case of solid-state
materials, like silica.>*°® However, solid-state materials have
higher refractive indices than hydrogels if the refractive index
of water is considered as the baseline. A significant difference
between the refractive indices of a solid-state material and
water makes them problematic because of the coupling
losses.?®?® Furthermore, a considerable portion of solid-state
materials are incompatible with the biological environment.
This makes hydrogels a strong fit for optical-based biological
applications.

2.7. Mechanism of hydrogel’s phase transition

Various hydrogel-based sensors employ phase transition-
induced optical property change as a sensing parameter.
Hydrogels can undergo volume phase transition (VPT)**
between various swelling states when they experience changes
in environmental conditions or external stimuli. The phase
transition mechanism in hydrogels can vary depending on the
specific type of hydrogel and the triggering factors involved. For
hydrogels that are sensitive to changes in ionic strength,
a change in the concentration of ions in the surrounding
environment can lead to changes in electrostatic interactions
within the hydrogel network, resulting in swelling or
deswelling.*® pH-Sensitive hydrogels can undergo volume
changes in response to pH variation. For instance, some
hydrogels can swell or shrink when the pH crosses a certain
threshold due to the ionization or deionization of the polymer
network’s acidic or basic functional groups.
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In case of a change in the concentration of a specific analyte,
the osmotic pressure generated (II) forces the hydrogel to
change volume until it reaches an equilibrium condition. Total
osmotic pressure I1r in the hydrogel is expressed as the volume
derivative of Gibbs free energy difference between the reference
state (e.g., solvent-free) and phase transitioned (e.g., swollen)
hydrogel. The change in total free energy is associated with the
free energy of mixing AGy, the free energy of electrostatic
interactions AG;, and the free energy of crosslinking (elastic
free energy) AGg:

HT:HM+HE+HI

Under equilibrium conditions, the osmotic pressure associated
with mixing ITy, the electrostatic osmotic pressure I1;, and the
elastic restoring force osmotic pressure IIz balance one
another.””"*° Even in high ionic strength solutions, localization
of charge can lead to a large change in AGy.'°"'** Further,
elastic free energy AGy variation can occur due to changes in
cross-linking density (e.g., in physically cross-linked hydrogels
mentioned in Section 2). Moreover, ionic free energy AG; can
also change due to variations in the ionic conditions inside the
hydrogel and in the environment."*>'%

The Donnan effect describes the uneven distribution of
charged particles (ions) across a semipermeable membrane.
When charged polymer chains and ions are present in the
hydrogel or the surrounding solution, they can create an
imbalance in ion concentrations. Although constrained back-
bone charges (of the polymer chains) cannot freely move across
the hydrogel, water and free ions can diffuse across the hydro-
gel until a chemical equilibrium is established. When the
hydrogel composed of charged chains is immersed in a
solution, the Donnan effect leads to an unequal distribution
of ions inside and outside of the hydrogel. This uneven
distribution creates an osmotic pressure difference in the
hydrogel and leads to a solvent intake, which causes a volu-
metric phase transition. Moreover, phase transition can also
occur due to other stimuli-responsive transitions, such as due
to light, temperature, and electric and magnetic fields, which
can change the crosslinking density or ionization levels in the
hydrogel.

3. Optical fiber guiding mechanism

Light bends away from the normal when it passes from a higher
refractive index (r;) medium to a lower refractive index med-
ium (n,). The refraction of light is governed by Snell’s law,
which depends on both media’s incident angle and refractive
indices. While propagating through a high refractive index to a
low refractive index medium, beyond a specific angle, the
refraction no longer occurs and the light is completely
reflected back to the high refractive index medium, as pre-
sented in Fig. 3a. This specific incidence angle is called the
critical angle (0.) and the phenomenon is known as total
internal reflection (TIR).
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fiber, (c) refractive index profile of a step-index optical fiber and (d) optical fiber structure with protective layers.

For a core-clad optical fiber, the incident light will escape
the core when the incident angle (6;) is smaller than the critical
angle (6.). In contrast, light reflects back to the same medium
if 0; > 0..'°* This feature is achieved by coupling light into
the core from a light source within the acceptance angle for that
designed fiber (Fig. 3b). Thus, the light gets confined in the
core and travels along the fiber. There is a difference in the
refractive index between the core and the cladding material.
The refractive index of the core has to be higher than that of the
cladding material for light confinement in the core (Fig. 3c). A
coating protects the core and clad regions from environmental
effects and prevents physical/chemical damage (Fig. 3d).

Hydrogel-integrated fiber optic manufacturing technology
mainly adopts this core-clad profile due to its simple structure
and potential for functionalization of the core.**71
Even though there have been several efforts to integrate
hydrogel-based materials with novel photonic bandgap (PBG)
fibers,%1%%1%7 these have achieved limited popularity due to
the complex manufacturing process of PBG fibers.'*®

4. Sensing principles of hydrogel-
integrated sensors

The application of a hydrogel coating can improve the sensing
capabilities of fiber-based sensing devices, while the integra-
tion of nanomaterials into these developed structures can lead
to even increased sensitivity of hydrogel-integrated sensors.
The concepts of various hydrogel-coated optical fiber-based

This journal is © The Royal Society of Chemistry 2023

sensing techniques and the impact of nanomaterials on sen-
sing performance will be outlined in this section.

4.1. Surface plasmon resonance sensors

SPR is an optical measurement technique to obtain informa-
tion about optical changes such as the refractive index of thin
material layers in response to molecular interactions."**™"'? It is
an optical technique that utilizes the interaction between light
and electrons in metals to measure the refractive index change
in the thin metal layer, enabling it to be implemented in
various optical sensing applications. When light stimulates
the surface of a material (i.e., metals), the electrons in the
conduction band interact with the incident photons. The
resonance between the oscillation of these electrons and the
electric field of the incident light is called surface plasmon
resonance.’”® Due to the resonance, energetic plasmonic elec-
trons can be formed through non-radiative excitation. The
basic schematic of the working principle of SPR is depicted in
Fig. 4a. In more detail, the incoming light passing through a
high refractive index glass prism at a specific angle can interact
with the delocalized electrons in the metal layer and initiate
plasmonic electron propagation, which is parallel to the
surface.'” The intensity of the reflected light is affected by this
propagation,'™ and this influence can be monitored for sen-
sing purposes.

Plasmons can be classified into two categories: (i) the
propagating surface plasmons and (ii) the localized surface
plasmons."**>"'*® Measuring the changes in the reflected light’s
intensity, angle, or spectrum facilitates SPR-based detection in
various applications.’® The general applications are pH
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sensing, temperature sensing, RI sensing,
and ion concentration sensing."**'** The optical fiber inte-
grated SPR sensors demonstrate advantages in the detection
process along with high spatial resolution, on-line distributed
measurement, remote sensing, and low cost.'>> Hydrogel coat-
ing can further improve the SPR effect on optical fiber-based
sensors. It provides diffusion control in biological applications
and increases sensor reusability and provides protection by
trapping substances such as enzymes."”® However, the metal
layers used to obtain plasmons could be damaged during those
applications. Thus, a hydrogel coating can facilitate protection
while increasing sensitivity by having a fast response.®® Further-
more, nanoparticle integration with hydrogel coatings can also
help to increase the signal rate. In addition, the hydrogel’s
protection feature can prevent metal nanoparticle contamina-
tion, which can also contribute to the formation of localized
surface plasmons. Therefore, in such systems, LSPR formation
can be achieved by metal nanoparticle-trapped hydrogel
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coatings on the metal film, which facilitates the formation of
SPR and enhances the sensitivity of the sensor,*>**” 7129

4.2. Localized surface plasmon resonance sensors

The improved form of SPR, known as LSPR, is brought on when
light interacts with the metal nanoparticles in the system,
which are smaller than the wavelength of the incident light.
In contrast to SPR, LSPR does not require prisms or crucial
angles, indicating that its system is less complicated, more
compact, and more vibration-resistant.’** The basic working
principle of LSPR is demonstrated in Fig. 4b. When light strikes
a nanoparticle, the electron cloud becomes displaced, which
leads to Coulomb attraction between electrons and nuclei. The
oscillation brought on by this ensuing force is known as
localized surface plasmon (LSP), and LSPR is realized by the
resonance of LSPs."*® There are mainly two effects that can be
considered for LSPs: the enhancement of the electric field at
the surface of a particle and the optical extinction peak of the
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particle at the resonant frequency of the LSPs, which is mainly
dependent on the refractive index change of the medium.’ LSPs
demonstrate sharp spectral absorption, scattering peaks, and
electromagnetic field enhancements upon combining the reso-
nances with noble metal nanostructures.”**'*! The wide range
of application areas'*>™'*° of optical fiber-based LSPR sensors
are mainly dependent on the integration of nanoparticles to
have the LSP effect, and the studies of the last decade show it
clearly.

Fibers can be coated with hydrogels and various metal
nanoparticles to improve the sensitivity and enhance the signal
properties of the LSPR-based fiber sensors. At the same time,
trapping of nanoparticles inside the hydrogel coating ensures
protection from detrimental environmental effects such as
contamination, making the sensor more effective. On the other
hand, the concentration of the trapped material can also affect
the efficiency of the sensor. A recent study has shown that the
sensitivity of a hydrogel-coated LSPR-based sensor is directly
proportional to the concentration of the doped gold nano-

particles (GNPs) due to the LSPR effect being dependent on
it.137

4.3. Interferometer-based sensing systems

Interferometry can be described as the use of wave interference
to obtain characteristic information about materials with the
help of devices known as interferometers. Although several
types of interferometers have been proposed to date, Fabry-
Perot and Mach-Zehnder interferometers are the most exten-
sively used in fiber optic-based sensing applications.

4.3.1. Fabry-Perot interferometer. Fabry-Perot interferom-
eters (FPIs) are generally constructed by using two planar
and parallel semi-transparent reflective mirrors to bounce the
trapped beam multiple times between the mirrors."*® During
each mirror bounce, some part of the beam becomes
transmitted, which offsets the beam to obtain an interference
pattern utilizing the interaction between these offset beams
and multiple reflections.*® This linear optical resonator forms
a high-resolution interference pattern which is advantageous
for optical spectrum analysis and resonant mode charac-
terization."*®'*® Fig. 4c shows the schematic of an optical
fiber-based Fabry-Perot cavity. As seen from the figure, the
location of the Fabry-Perot cavity can influence whether the
type of interferometry is extrinsic or intrinsic. The gap between
two fibers (SMF and MMF), as shown in Fig. 4c(i), indicates an
extrinsic type of FPI formed between two reflecting surfaces.

On the other hand, an FPI of an intrinsic type is indicated
by the cavity between the SMF fiber and a diaphragm, as
shown in Fig. 4c(ii). This principle forms the basis of sensing
applications involving the integration of fibers. These applica-
tions can be exemplified as gas sensing,'*"'** temperature
sensing,'**** wave velocity measurements,’*> humidity
sensing,'*® and various other fields.

Many sensing applications use hydrogel-coated optical
fibers in FPIs owing to the tunable properties of hydrogels.
These application areas generally focus on detecting the optical
properties caused by the interaction between the hydrogel and

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review
the target agents.>>™”'*® The detection of these modified
optical properties caused by the mechanical and structural
changes of hydrogel coatings is realized by measuring the
unique interference spectrum change provided by the Fabry-
Perot cavities. However, a general limitation is the thickness of
the hydrogel layer, which can affect the beam’s diffraction,
reflection, and transmission, which can further affect the
properties of the interference fringes. Considering the direct
proportionality between hydrogel thickness and the period of
the fringes, it can be concluded that both the thickness and the
density of the fringes can increase or decrease simulta-
neously.”®'*? Therefore, an FPI-based sensing system’s sensi-
tivity generally depends on the hydrogel layer’s thickness.
Furthermore, nanoparticles or nanostructures can be inte-
grated further to enhance the sensitivity of the hydrogel-
coated FPI-based sensors.”®'*! The use of nanoparticle-
trapped hydrogel films with different material variations can
significantly enhance the features of fiber-based FPI sensing
systems.

4.3.2. Mach-Zehnder interferometer. In the Mach-Zehn-
der interferometer (MZI), the interference pattern is obtained
by two beam splitters that divide and recombine the beam into
one of the outputs with a 180° or 0° phase shift. The reflection
efficiency of the final beam-splitter depends on the relative
phase of the beam that has followed the two paths.'** Thus, the
output of the interferometer has two beams with a relative
phase shift, and a sample can be detected by measuring this
sample-induced phase-shifting phenomenon (Fig. 4d).
Moreover, MZIs can be used in various sensing applications
with the combination of optical fibers, such as temperature
sensing,'>*™** RI sensing,'®*"'**'%¢ axial strain sensing,'**'*’
curvature sensing,"*®**° and pH sensing.'®°

The integration of hydrogel fibers can improve the optical
sensing capabilities of MZI sensors, including an increase in
the sensitivity of detection of changes such as the refractive
index change. The general characterization of these sensing
systems can be done by measuring the RI change,'® the
interference wavelength response,®® or the optical transmission
change,®® which are caused by the mechanical change of the
hydrogel medium. Hence, the characterization is done by
simply detecting the spectral response of the MZI system.

The sensitivity and response time can be improved for
the existing MZI-based sensing systems by developing hydrogel
coating media. However, the nanoparticle-integrated hydrogel-
coated fiber-based MZI sensing systems are yet to be studied in
sensing applications. As nanoparticles or biomaterials trapped
in hydrogel media can enhance the sensing capabilities, using
hydrogels with nanoparticle integration in MZI-based sensors
may further increase sensitivity.

4.4. Fluorescence-based methods

Due to its superior sensitivity, fluorescence spectroscopy has
been preferred and utilized in various applications.'®>"'®* 1t
provides an opportunity to achieve high-intensity spectra for
low-level light and electronic impulse detection by measuring
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the signal independently from the initial beam or reference
beam."**

The fluorescence sensing method involves observing the
changes in the optical characteristics of fluorescent materials,
such as intensity, wavelength, anisotropy, or lifetime.'®* Fig. 4e
describes the two different mechanisms of fluorescence-based
sensing. The basic working principle of fluorescence
spectroscopy-based sensing mainly involves either resonance
energy transfer (RET) or quenching. In the case of the RET
mechanism (Fig. 4e(i)), the excess energy of a donor (excited: *)
particle (Dg) is transferred to an acceptor (4g) particle in the
form of an imaginary emitted photon."®® During the RET, an
electron in the acceptor particle reaches a higher excited-state
orbital while the excited electron in the donor particle returns
to the ground state. The acceptor particle does not need to be
fluorescent, and in both scenarios, the fluorescence intensity of
the initially excited molecule decreases.'®® Sensing is per-
formed by monitoring the fluorescence intensity, which varies
due to the transfer between the donor and the acceptor.

On the other hand, the quenching phenomenon (Fig. 4e(ii))
essentially indicates the release of the electrical energy of the
fluorophore as heat across the sensing system, which is also
used in various reported sensing applications. Due to the highly
confined electron clouds, during quenching, the fluorophore
and quencher must come into molecular contact at the van der
Waals radii in order for their electron clouds to interact.'®* The
excited electron in the lowest unoccupied (LU) state of the
fluorophore returns to the ground state during the contact and
releases the energy as heat. The crucial distinction between
these two mechanisms is that RET results from long-range
dipolar interactions between the donor and the acceptor. In
contrast, short-range interactions between the fluorophore and
the quencher cause quenching. The information that can be
detected in each process is impacted by the distance depen-
dence between RET and quenching.

Despite the growing popularity, hydrogel-coated fiber-
based fluorescence sensors still have some drawbacks, such
as fluorescence intensity fluctuations and environmental
change dependence that might lower their sensitivity. Nearly
all of the current studies focus on enhancing the characteristics
of these sensors, such as their sensitivity, reusability, and cost.
As a platform for fluorescence excitation and collection,
the hydrogel-coated fiber, together with the fluorescent com-
ponents, serves as a major component of the fluorescence
sensor. The extensively reported pH detection applications
can be improved by using hydrogel fibers, which offer
a diffusible environment for H' ions in these pH-sensing
applications.'®*'%® Furthermore, metal-organic frameworks
(MOFs) can also be used along with hydrogel coatings to further
improve the fluorescence-based sensors. Their adjustable lumi-
nescence and adaptive functionality can provide benefits while
being protected with hydrogel coatings in specific applications
such as substance detection.?® Research on this design utilizing
various materials may yield even more benefits and sensors
with improved capabilities. Although some reports use QD’*
integrated hydrogel fibers, to the best of our knowledge, there
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are still no reports of fluorescence sensors based on nano-
particle-integrated hydrogel fibers.

4.5. Fiber Bragg grating sensors

Optical communication and sensing systems frequently employ
fiber Bragg gratings (FBGs) fabricated by stacking Distributed
Bragg Reflectors (DBRs) in a small portion of an optical fiber."”®
A periodic variation of the refractive index along the fiber core
with DBRs is the key to achieving the reflection of a particular
wavelength and variation in periodicity specifies the wave-
length. When broadband light passes through the FBG, only
a specific wavelength gets reflected while the remaining part
gets transmitted.

The straightforward UV patterning of gratings offers a sig-
nificant degree of freedom in choosing the patterned sensing
region, which is used in the fabrication process of FBGs."”! The
sensing mechanism (Fig. 4f) involves detecting the reflection
spectrum change of an FBG, which varies due to the micro-
scopic deformations that causes a non-uniform strain spread
along the entire length of the grating.'’® This particular phe-
nomenon can be applied to various sensing applications.’”>*”*

As demonstrated in the other sensing concepts, using
stimulus-responsive hydrogel coatings can also improve the
efficiency of FBG-based sensors. The application area of the
FBG sensors generally includes ion concentration,'’®"””
pH,""®'”® and salinity detection."®® The hydrogel-based FBG
sensors have been studied and developed during the last
decade. The primary objective of these studies is to address
the challenges in the existing FBG sensors, such as thermal
sensitivity, challenging discrimination of the wavelength shift,
and diagonal strain sensitivity. Further improvements in the
sensitivity can be made by using long-period fiber gratings
(LPFGs) along with hydrogel coatings in FBG-based sensing
systems.'®" Recent studies have shown that a proper etching of
LPFGs can boost the sensitivity of FBG-based sensing
platforms."”7'%

5. Hydrogel-based optical fiber
manufacturing process
5.1. Hydrogel optical fiber as a pure optical waveguide

Hydrogels have shown great promise to find a biocompatible
light-guiding medium as an alternative to conventional solid-
state materials such as glasses and inorganic plastics. One of
the initial methods to utilize hydrogels as light guiding media
implemented a poly(ethylene glycol) diacrylate (PEGDA) inte-
grated slab waveguide where a glass mold was used to form a
planar waveguide of uniform refractive index for light guiding
in a biological medium which had a limited distance light-
guiding capacity of 10 cm. The light guiding efficiency of this
planar waveguide was insufficient to achieve organ scale light
guidance.'®’

The first efficient light guiding through a hydrogel medium
was realized with a step-index optical fiber in a two-stage core-
clad fabrication process using a platinum-cured silicone tube
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Reproduced from ref. 201, Copyright © 2020 The Author. Published by Oxford University Press. (i) Hydrogel based (i) 2D and (ii) 3D photonic crystals by
attaching 2D or 3D CCAs onto a hydrogel containing functionalized recognition groups. Reproduced with permission from ref. 44, Copyright © 2015

American Chemical Society.

as a mold.>* Preparation of the precursor solution for core
formation involved mixing PEGDA with 2-hydroxy-2-methyl-
propiophenone in distilled water. The precursor was then
injected into a platinum-cured silicone tube through a syringe
and the precursor solution inside the tube mold was subjected
to UV-induced photo-crosslinking (365 nm, 5 mW cm ™ ?) for 5

This journal is © The Royal Society of Chemistry 2023

min (Fig. 5a). After swelling the tube mold in dichloromethane
for 30 min, the core was extracted, washed in distilled water
and finally immersed in sodium alginate (NaAlg) and then
calcium chloride solution to form multilayer alginate cladding
of 100-150 pm thickness (Fig. 5b). Here, Ca alginate was used
for its superior biocompatibility, adhesion, and water-retaining

J. Mater. Chem. C, 2023, 11, 9383-9424 | 9395


https://doi.org/10.1039/d3tc01206a

Published on 13 June 2023. Downloaded on 8/9/2023 10:15:28 PM.

Review
properties.'®*"'%® The fabricated hydrogel optical fiber showed
excellent light-guiding properties with a propagation loss of
0.32 dB cm ™' in air and 0.42 dB cm ™' inside porcine tissue
slices at 492 nm, while the reported loss of the core-only PEG
fiber without alginate coating was 1.15 dB cm '.>* The
practicality of the designed sensor was demonstrated by light
guiding through open air, through porcine tissue, and inside
the colon of an anesthetized mouse (Fig. 5¢ and d).** However,
one fundamental obstacle in the tube mold fabrication
process is the surface roughness of the tube mold, which
significantly increases the attenuation property of the fiber.
Although PEGDA is extensively used for fabricating hydrogel
sensors, its practicality is limited by the stiffness and incom-
patibility towards volumetric change-induced quantitative
measurements.>® However, this hybrid core gives rise to a
higher 6 dB cm™' loss in the visible range due to PBA-
induced scattering losses.”® Thus, a hybrid poly(acrylamide)
(PAAmM)-PEGDA core has been investigated with phenylboronic
acid (PBA)'®’ to bring flexibility into the structure.

A novel hydrogel-integrated strain sensor has been proposed
based on integrating functional molecules like fluorescein with
PAAm.”? Strain sensing can be performed by the comparative
attenuation study between a strained fiber and a fiber at rest
using the Beer-Lambert law (Fig. 5¢)."®® The fabrication process
is similar to the PEGDA-integrated hydrogel optical fiber pre-
paration method.** However, cross-linking the cladding mate-
rial with the core is particularly challenging. Here, Ca>*
participates in ionic cross-linking with the alginate chain,
which causes higher viscosity and makes it difficult to dip the
core for the cladding deposition process. A possible remedy is
to coat the core with the Na-alginate-PAAm hydrogel, where
PAAm chains are cross-linked and well-dispersed while no
cross-linking occurs in alginate chains;'®® effective bonding
between the core and the cladding is ensured via EDC-NHS
chemistry.'*'*! Finally, cladding was formed by immersion of
the core in CaCl,. The designed step-index optical fiber pres-
sure sensor demonstrated superior stretchability and tough-
ness properties where 700% of strain could be applied before
relaxing it in multiple cycles (1% for silica fibers).

Recently, a hybrid PDMS-PAAm structure has been
reported with a low attenuation loss of 0.25 dB ecm™ ' in the
visible spectra, by replacing alginate coating.'®®> The conven-
tional hydrogel/alginate-integrated core-clad structure demon-
strates superior light confinement properties compared to the
core-only fiber (Fig. 5f) but cannot facilitate a high refractive
index difference between the core and the cladding, which is
necessary for low-loss TIR-based light guidance. PAAm is a
transparent material with a low refractive index, while poly-
dimethylsiloxane (PDMS) has a higher refractive index and the
significant refractive index difference facilitates light confine-
ment inside the core (Fig. 5). The fabrication process involved
a three-step preparation of the core, surface treatment of the
PDMS core, and subsequent coating with transparent hydrogel
cladding. However, coating PDMS with the hydrogel is challen-
ging due to the hydrophobic nature of PDMS.'”® To facilitate
PDMS coating, silane coupling agents were added to both
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PDMS and PAAm, as demonstrated in previous experi-
ments."* The surface modification technique was also
employed in PDMS with oxygen plasma treatment to improve
the wetting ability of PDMS. During curing, the silane coupling
agent forms a covalent cross-link between PDMS and hydrogel
coating. Although the reported fiber achieved an optical loss as
low as 0.25 dB cm ™' in the visible range, a higher refractive
indexed bio-compatible material over hydrogel core can be an
ideal candidate to further improve the guiding property deep
into tissue.'® There has been a significant achievement in
reducing light-guiding loss through hydrogel optical fibers. Yet,
continuous large-scale production of core-clad structures with
the desired optical and mechanical properties is still challen-
ging. For increasing production capacity, several continuous
processes can be adopted.'®®'®” still, continuous production
processes have several limitations, like poor processing of the
stable cross-linked network after hydrogel gelation, the differ-
ence in rheological properties between core and cladding
material, and the creation of a non-equilibrium state during
fiber spinning.

Recently, wet spinning technology has been investigated to
fabricate polymer fibers to overcome these limitations."**>%
Even though other methodologies like micro-fluidic spinning
and hydro-dynamic cross-linking spinning provide a better
scope for structural design, scalable fabrication, and functio-
nalization than wet spinning technology, those can only be
adopted for producing single-phase hydrogel fibers (core only).
Thus, integrated light-triggered dynamic wet spinning (ILDWS)
has been adopted to fabricate a two-phase structure with
superior mechanical and optical properties (Fig. 5h).?°" The
process involves coaxially injecting the core (PEGDA + PAAm)
and cladding (Na-alginate) precursor solutions through dif-
ferent nozzles of the core-sheath spinning needle into a
coagulating bath containing CaCl,. The cladding solution
became gelled immediately after coming in contact with
CaCl, through ionic cross-linking and the core solution was
subjected to UV cross-linking at 360 nm in the presence of an
initiator. This process ensured a uniform core-clad structure
since spinning parameters can be controlled by monomer
viscosity and extrusion speed. This superior control over
the micro-structure resulted in a record-low 0.18 dB cm ™"
propagation loss.>°" A similar methodology has been applied
to produce a temperature-adaptive hydrogel fiber-based
optical waveguide (THFOW) with a reported loss of
0.32 dB cm 1.2

Although the step-index profile results in significantly low
propagation loss, further development can be explored by
adopting double clad guiding structures, gradient index pro-
files, or single mode fibers at sub-micrometer scale using
fabrication techniques such as microfluidics and electro-
spinning as an adaptation of minimally invasive implantation
techniques.”®® Moreover, hydrogels with highly stretchable and
self-healing properties are reported for organohydrogel®**
fibers, but these properties are needed to be tailored into
hydrogel-based pure optical waveguides since their attenuation
is much less compared to other forms of hydrogels. Besides,
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Fig. 6 Fabrication procedure of hydrogel-based optoelectronic fibers. (a) Wet spinning procedure of BCHFs using the nanofiber-rich BC suspension as
a spinning solution and water as a coagulating bath. A dense hydrogen bond was formed between cellulose nanofibers and molecular chains leading to
continuous BCHFs. Reproduced with permission from ref. 213, Copyright © 2021 Royal Society of Chemistry. (b) (i) Wet spinning process of an
organohydrogel with the evolution of polymeric networks at different stages of the spinning process. (1), (2) and (3) represent the structural evolution at
different stages during spinning including (1) spinning solution, (2) ion-crosslinked fiber, and (3) hybrid crosslinked fiber. (ii) Preparation of organohydrogel
fibers by the solvent displacement method. Reproduced with permission from ref. 215, Copyright © 2020 John Wiley & Sons, Inc.

novel optical waveguides such as hydrogel-based hollow-core
photonic crystal fibers (HCPCFs)**> and negative curvature
hollow-core fibers (NCFs)**® can be investigated. There has
been a significant advancement in photonic crystal-based 2D
and 3D sensor structures.>*” 2% Face-centered-cubic (fcc) crys-
talline colloidal arrays (CCAs) were incorporated within smart,
responsive hydrogels to form 2D and 3D photonic crystal
structures. The chemical recognition agents in the hydrogel
structure actuate hydrogel volume changes. The change in the

This journal is © The Royal Society of Chemistry 2023

volume brought changes to array spacing, which shifted the
diffraction wavelength (Fig. 5i(i and ii)).** A similar hydrogel-
based photonic crystal fiber fabrication methodology can be
implemented, bringing novel applications to this field. For
example, cancer treatment with photothermal therapy (PTT)
requires near-IR (NIR) radiation (700-2000 nm), which can be
supported through PCFs. This NIR guiding is yet to be reported
for step index-based hydrogel fibers, which only support visible
spectra.”*’
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Hydrogels have shown significant promise as biocompatible
light guidance media with organ scale light guiding compat-
ibility. However, challenges remain regarding surface rough-
ness, core-clad cross-linking, and scalability for large-scale
production. For superior light confinement, future research
direction for continuous hydrogel optical fibers may explore
double-clad and gradient index profiles, microfluidic and
electro-spinning techniques, and incorporating photonic crys-
tal structures.

5.2. Hydrogel-based optoelectronic fiber sensors

Hydrogel-based optoelectronic devices and sensors have the
potential to draw significant interest among multi-disciplinary
research communities due to their scope of integrating both
optical and electrical applications in the same device.
Conductivity in a hydrogel can be brought by the movement
of electrons or ions through the 3D network structure of the
hydrogel. Hydrogel conductive fibers (CHFs) can transfer
charge in three modes: electronic, ionic, and hybrid
electronic-ionic.>'* Conductive filler-based CHFs mainly adopt
electron conduction mechanisms. However, the lack of optical
transparency and mechanical properties (increased Young’s
modulus and decreased stretchability) makes them unsuitable
for optoelectronic devices. A flexible MXene integrated aerogel
fiber with a 3D-oriented porous structure has been reported to
demonstrate an electrical conductivity of 10* S m™", but the
fiber shows large absorption in the near-infrared region of 750-
850 nm due to the semimetallic LSPR effect of MXene.”"> In
contrast, ionogel fibers, which consist of a 3D polymer network
percolating through the ionic liquid (IL), achieve conduction
through mobile ions. Ionic liquids participate in non-covalent
interaction, facilitating uniform dispersion in the polymer
matrix. Increasing the IL percentage can also result in superior
conductivity. Even though ionogel fibers demonstrate lower
conductivity, their superior optical transparency and stretch-
ability make them an ideal candidate for hydrogel-based optoe-
lectronic devices. Optoelectronic physiological probes, which
have the potential to be used as a next-generation neural
interface, enabling bio-ion conductivity and light-guiding per-
formance, have been investigated. The continuous wet spin-
ning of the natural bacterial cellulose hydrogel fiber (BCHF)
without the necessity of additional cross-linking was reported
for the first time by the dissolution and spinning process.”*?
The process involved preparing a spinning dope by treating
homogenized bacterial cellulose (BC) with LiOH/urea solution
at —12.5 °C for 4 hr to get a transparent suspension containing
nanofibers. OH™ ions of the alkaline solution break hydrogen
bonds while BC’s hydrophilic and hydrophobic segments inter-
act with Li" and urea, respectively. Then the suspension was
loaded into a syringe and continuously extruded into the water
by an extruding pump to get continuous BCHFs. Here, the
solvent of the BC was exchanged with a coagulation bath,
promoting the rapid formation of hydrogen bonds between
nanofibers and the cellulose macromolecular chain (Fig. 6a)."?
In this process, gelatinization occurred in the fiber. The clad-
ding was obtained by inserting BCHF into 5 wt% gelatin hot
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solution and was cooled naturally to get a continuous core-clad
structure. The attenuation of the fiber was recorded as
5.1 dB ecm ! at 515 nm, while ionic conductivity was reported
to be 0.03 S m~ ' which can reach up to 0.56 Sm ™' in stimulated
body fluid (SBF).>"?

Hydrogel-based fibers are needed to resist degradation of
performance in extreme weather (e.g., abnormal temperature
and humidity) for their continued effectiveness in sensing.
Noncovalently crosslinked hydrogel fibers present a drawback
as they exhibit creep and hysteresis.”** In this regard, ionically
conductive covalently bonded organohydrogel fibers have
attracted interest due to their negligible hysteresis and creep
and thermal and hydration compatibility.’***"* Previously
reported covalently cross-linked hydrogel fibers executed cross-
linking inside the tube mold in a stress-free environment. Even
though UvV-induced crosslinking increases the fabrication
speed, it is still associated with poor mechanical properties.
On the other hand, spinning is a dynamic process associated
with drafting force (the force applied to stretch and align the
hydrogel fibers as they are extruded from a spinneret or nozzle).
To address these challenges, a hybrid crosslinked transparent
organohydrogel has been reported.”’> Here, ionically cross-
linked alginate was co-spun with covalently crosslinked PEGDA
(Fig. 6b(i)) and the organohydrogel fiber was prepared by the
solvent displacement method where the prepared fiber was
immerged in glycerin:water (1:1) solution in the presence of
CaCl, and KCI to replace part of the water from the hydrogel
fiber by glycerin (Fig. 6b(ii)). The fiber was reported to exhibit
stable mechanical performance maintaining stretchability up
to 300% at subzero temperature, which can be attributed to the
formation of a 3D covalent structure.

Recent advancements in the hydrogel-based optoelectronic
field can pave the way for hydrogel-based optoelectronic devices
and sensors with enhanced functionality and durability. How-
ever, the lack of optical transparency and mechanical proper-
ties in conductive filler-based hydrogel fibers remains a
significant limitation. Additionally, improving the optoelectro-
nic hydrogel fibers’ creep, hysteresis and thermal stability is
essential for their effective use in sensing applications.

5.3. SPR-based hydrogel optical fiber sensors

SPR-based sensing technology has shown great promise in
chemical and biological sensing.?***'” Several media have been
investigated to excite surface plasmons at the metal-dielectric
(sensing medium) interface, such as the high index prism and
optical fibers.?*®>'° Fiber optics-based SPR sensors have
numerous advantages, such as miniaturized probes, low cost,
and suitability for remote sensing and online monitoring
applications. Thus, they are extensively used in pH, ethanol,
and glucose monitoring because of hydrogel’s swelling or
deswelling in those media.?**"?**> For instance, an SPR-based
hydrogel-coated silica optical fiber with a 600 pm core size has
been reported for pH measurements by modifying a plastic-clad
silica optical fiber (PCS).>** The fabrication procedure involved
sharpening both sides of the fiber (for efficient coupling),
removing 1 cm of the outer layer from the cladding and
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Fig. 7 Schematic illustrations for fabrication procedures of various hydrogel-based optical fiber sensors: (a) hydrogel-based SPR sensor. Reproduced
with permission from ref. 220, Copyright © 2012 Elsevier Ltd. (b) Spliced MMF-SMF-MMF structure SPR sensor. Reproduced with permission from
ref. 35, Copyright © 2018 Elsevier Ltd. (c) LSPR-based hydrogel fiber optic sensor with a functionalized tip. Reproduced from ref. 235, Copyright © 2017
The Author. Published by MDPI. (d) SMF-HCF-HMPA-based Fabry—Perot interferometry-based sensor. Reproduced with permission from ref. 147,
Copyright © 2019 Elsevier Ltd. (€) SMF-MMF-SMF-MMF-SMF spliced structure for the Mach-Zehnder interferometry-based fiber optic sensor.
Reproduced with permission from ref. 263 Copyright © 2019 The Optical Society. (f) Bragg grating-based hydrogel fiber optic sensor. Reproduced with

permission from ref. 268, Copyright © 2016 SPIE.

cleaning the opened portion with dilute nitric acid, rinsing 4-5
times with de-ionized water and acetone, followed by ion
bombardment in a vacuum chamber. Consecutive silver and
silicon layer deposition was performed by thermal evaporation
over the unclad core. The silicon layer over the metal layer
increases sensitivity and protects silver from oxidation.?**?®
Silanizing with 3-trimethoxysilyl propyl methacrylate improved
adhesion with the hydrogel. Lastly, a layer of the acrylamide
(Am)-based hydrogel was deposited over silicon with ammo-
nium persulphate as a chemical initiator and then UV-induced
cross-linking was performed (Fig. 7a). A similar methodology
has been adopted for hydrogel-integrated SPR sensors by coat-
ing silver, indium tin oxide (ITO; In,0;:5n0,), aluminum, and
smart hydrogel layers consecutively over an unclad core of an
optical fiber.>?* Although ITO’s low flexibility leads to damage
during bending, integrating the ITO layer increases sensitivity.
ITO enhances the evanescent field at the ITO-hydrogel inter-
face, while aluminum contributes to detection accuracy.**®

This journal is © The Royal Society of Chemistry 2023

Earlier fabrication methodology of SPR-based optical fiber
sensors employed cladding removal techniques to excite the
evanescent wave for stimulating surface plasmon wave (SPW)
propagation.’®®**” However, these studies demonstrated lim-
itations such as poor structural strength and inadequate
mechanical performance of the fiber.***>* One possible alter-
native to solve this problem was proposed which involved the
utilization of the spliced multimode-single mode-multimode
(MMF-SMF-MMF) structure which successfully stimulates SPW
propagation along the interface between the cladding layer and
the metal film®® (Fig. 7b). In this method, Ag metal coating
deposition over the MMF-SMF-MMF structure replaced the
chemical vapor deposition technique, reducing the film coating
cost significantly.?*!

There have also been several attempts to fabricate LSPR-
based sensors to replace the complexity of the cladding
removal process in SPR-based fabrication.***** Instead of
integrating noble metal nanostructures (NMNS) at the optical
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fiber core-cladding interface, they were immobilized in a pregel
solution containing the hydrogel monomer, which was later
deposited at the tip of a step-index optical fiber (Fig. 7c). The
preparation of AAm-pregel solution consisted of mixing acryla-
mide, acrylic acid (AAC), N,N-methylene-bis-acrylamide (BIS),
and densified gold nanoparticle (GNP) solution in phosphate-
buffered saline (PBS) solution. Dimethyl sulfoxide (DMSO) was
added with photo-initiator (PI) hydroxycyclohexyl phenyl
ketone in pregel solution. Silanization of the optical fiber tip
was done by soaking it in HCIl for surface activation and
subsequent treatment in 3-(trimethoxysilyl) propyl methacry-
late and nitrogen-purged octamethylcyclotetrasiloxane for
10 min. The fiber optic probe tip was then treated with PI
and squalane drop before transferring the pregel solution
through a pipette. The precursor solution was subjected to
365 nm UV exposure for 10 min and then immersed in pentene
for 5 s to remove impurities. Overall, LSPR sensing technology
is advantageous compared to SPR sensing as it can offer
increased nano-particle availability in the sensing region. At
the same time, density control of NPs is also precise in this set-
up as NPs are dispersed in a 3D aqueous environment.”*’

Despite having significant advantages, the challenges of
SPR-based sensing include the necessity of improved fabrica-
tion technology without the cladding removal process, as it
hampers the fibers’ structural strength and mechanical perfor-
mance. Additionally, LSPR-based sensors improve sensitivity by
increasing nanoparticles. However, integrating noble metal
nanostructures and controlling uniform nanoparticle density
remain a challenge.

5.4. Fluorescence-based hydrogel optical fiber sensors

In recent years, quantum dot (QD)-based fluorescence spectro-
metry has attracted significant interest due to its rapid
response, high sensitivity, and high selectivity in ion
sensing.'®*'%* previously, QDs were required to be mixed with
target aqueous samples for fluorescence-based sensing, limit-
ing the ability for on-site sensing.>*®**” Thus, the utilization of
porous media like hydrogels,**®**° which are permeable to
surrounding analytes, has enabled the usage of immobilized
QDs in a suitable matrix.>*°2*> Nevertheless, on-site fluores-
cence sensing was prone to analyte-independent interferences,
which hampers the detection ability of the sensor.>*” Therefore,
ratiometric fluorescence-based ion sensing involving hydrogels
has been proposed with two different QDs to overcome this
limitation. The methodology involved using thioglycolic acid
(TGA) as a reference owing to the insensitivity to metal ions and
a quencher material (N-acetyl-L-cysteine) for high selectivity
towards Fe®" ions.>** The fabrication process included mixing
30% w/v PEGDA (700 Da) and 1% w/v 2-hydroxy-2-methyl-
propiophenone in DI water individually with two different
QDs and injecting the solutions in a silicone tube mold
simultaneously with syringes to fabricate the fiber core. At
the same time, a silica MMF was pigtailed into a hydrogel fiber
by inserting a 5 mm portion of it into the center of the tube
mold. The photo cross-linking process was employed to induce
polymerization with a UV lamp (365 nm, 5 mW cm™?). After
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removing the pigtailed silica MMF with hydrogel from the tube
mold, it was coated with Ca-alginate. A similar methodology
has been adopted for detection by integrating various fluores-
cence indicators like EUNDC, fluorescein, lumogallion, and up-
conversion nanoparticles.?>*4724¢

Despite recent advancements, NP-induced scattering of the
incident light presents a significant drawback for the fluores-
cence method as scattering loss increases sharply with increas-
ing particle diameter.>*”

5.5. Interferometry-based hydrogel optical fiber sensors

Interferometry-based fiber optic sensors involving hydrogels
have experienced rapid growth due to their highly accurate
measurements in various fields to sense physical phenomena
such as temperature, pressure, pH, and curvature.”**2*' A
novel optical fiber sensor with a spherical sensing region was
developed utilizing the Fabry-Perot interferometric technique
for examining the swelling degrees in different salt solutions
using acrylamide-integrated hydrogels with the cationic mono-
mer N-(3-dimethylaminopropyl) acrylamide.>** A similar meth-
odology also has been utilized for pH sensing;>*>*** however,
maintaining a spherical shape while cross-linking brought
difficulty in the fabrication process. Another interferometry-
based humidity sensing structure was proposed to remove this
complexity using hydroxypropyl methylcellulose (HPMC) coat-
ing at the sensor end face."”” HPMC is a hydrophilic hydrogel
polymeric material with excellent hygroscopic properties,
enabling it to be a superior material for fiber optic humidity
sensors.””* Even though several hydrogel-integrated humidity
sensing materials have been reported, namely, chitosan,>*®
agarose,”®® CA,**” and PVA,>*® HPMC demonstrates superior
biocompatibility.>*® The proposed sensor comprised of three
parts - 100 pm HCF fused with SMF through a fiber fusion
splicer and a 10 pm HPMC hydrogel covering at the end face of
HCF (Fig. 7d). An HPMC film coating was placed at the end of
HCF to create a Fabry-Perot interferometer (FPI) structure. But
the fusing process remains challenging as it may cause trans-
mission loss and interference through the collapse of the
welding surface. Although the reflection spectrum of the sensor
was designed to have three reflection beams, due to the non-
uniform waveguide property of HPMC, HPMC/air end face
reflection does not contribute to interference phenomena.
Moreover, the faster dynamic response of the designed
sensor is partially dependent on the decreasing thickness of
HPMC. The technological limitation for HPMC hinders the
coating thickness below 10 pnm due to mechanical strength.
The calcium alginate (CaAlg) hydrogel was also used to replace
HMPC in similar structures owing to its excellent water absorp-
tion, retention, and expansion property.>®® However, the dia-
meter of the interconnected nano-channels of the cross-linked
hydrogel polymer was not uniform, which caused multiple
reflections and scattering. Furthermore, the fabricated sensor
was reported to accumulate stress at the hydrogel end face with
increasing temperature, limiting the sensing up to 50 °C.
Nevertheless, roughening treatment at the end face is reported
to increase the sensing limit. Multiple efforts have been
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focused on fabricating Fabry-Perot-based interferometric sen-
sors, despite the requirement of complex post-processing of the
interference spectrum for demodulating the optical path length
changes. Moreover, to observe interference fringes within a
reasonable bandwidth, a minimum gel coating thickness is
needed (approximately 60 pm), which can limit the responsive
property of the sensor.”®"

Mach-Zehnder interferometry (MZI)-based hydrogel fibers
as a heavy metal cation sensor with a simple set-up and easy
coating procedure have been reported, which are fabricated by
splicing a 30 mm segment of the PCF (10.1/125 pm) between
two SMFs (8.2/125 um) using an electric arc splicer.'*"*** The
precursor solution for coating was prepared by adding PVA and
PAA in de-ionized water to make a polymer blend which was left
to cool overnight with continuous stirring. The PCF segment
was separately immersed in piranha solution (sulphuric acid
and hydrogen peroxide in 7 : 3 volume ratio) at 80 °C for 60 min
to remove any organic residue and hydroxylates from the fiber
surface and later rinsed and dried with purified nitrogen gas.
Afterward, the spliced structure was immersed in a dip coater at
100 mm min~ ', dried at room temperature, and heated at
130 °C. Finally, it was submerged in de-ionized water to remove
the excess polymer. The PVA/PAA hydrogel-coated fiber was
immersed in pH 6 phosphate buffer as a finishing process for
chemical modification. Recently, another MZI-based novel
humidity sensor has been developed for superior sensitivity
where two MMF fibers were spliced between three SMF fibers,
as demonstrated in Fig. 7e.”®® The sensor was fabricated by
etching the upper layer of the MMF using hydrofluoric acid and
coating the MMF with CaAlg. Later, the MMFs were spliced
between three SMFs to manufacture the designed sensor with
high sensitivity, good repeatability, stability, and fast response
time. The key to improving sensitivity was the novel use of a
superior hygroscopic material like CaAlg (which can absorb
water more than ten times its weight) as a cladding layer with
an MZI-based humidity sensor.*®*

Interferometry-based hydrogel sensors offer a platform
with high sensitivity for detecting chemicals with high concen-
tration resolution, low cost, remote detection ability, and good
application prospects. However, the biomedical use of
hydrogel-based biosensors necessitates the use of bioreceptors,
and methods for immobilizing bioreceptors on hydrogels must
be optimized.

5.6. Hydrogel optical fibers as Bragg grating sensors

Various FBG-based sensors have been fabricated utilizing
the wavelength-shifting property of FBGs due to external per-
turbations such as pH, electric and magnetic fields, light, salt
concentrations, and specific ions.>**>%” Recently, a Bragg
grating-based fiber optic sensor was fabricated for pH measure-
ment, where a blend of PVA and PAA was used to prepare the
core (Fig. 7f).>°® The preparation process of PVA-PAA included
mixing PVA and PAA in hot water of 90 °C for 7 h, followed by
5 h of stirring until a uniform blend of translucent gel was
achieved. The periodic change of the refractive index in the core
can be achieved by indenting an intense interferometric pattern
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formed by UV light, the point-by-point method, or the phase
mask method. To combine the strain and stimuli sensing
behavior of FBGs, a sensing head was prepared by coating the
hydrogel over an optical fiber’s unclad region. Cross-linking
between PVA hydroxyl groups and PAA carboxyl groups is
ensured by drying the hydrogel-coated fiber at 80 °C for
20 min, followed by annealing in a tubular furnace for 1 h at
130 °C.

Moreover, the sensitivity of these sensors was reported to be
increased by 66% using a coating of elastomeric material below
the hydrogel coating.'”® However, the accuracy of the FBG
sensor depends on the linear response of hydrogel swelling
with respect to pH change. Thus, non-uniform hydrogel cross-
linking significantly hampers the detection accuracy of the
FBG-based sensors.

5.7. Fiber optic probes based on asymmetric microlens arrays

Fiber optic probe-based sensors have emerged as suitable
candidates for detecting devices in diverse fields like biosen-
sing, industrial biotechnology, and environmental monitoring.
Various methods have been implemented, such as interfero-
metry, fluorescence, and SPR-based sensing. But these previous
devices have several requirements, including coherent light
sources and output signal processing.>®® To overcome the
drawbacks of the existing fiber optic probe, an asymmetric
microlens array-based glucose sensor has been developed
where a light diffuser is imprinted on stimuli-responsive hydro-
gels for glucose, pH, and alcohol monitoring.”>?%%*”® By cross-
linking glucose-responsive PBA with acrylamide, a sensing
probe containing an asymmetric microlens array was devel-
oped, which can reach equilibrium within 15 min.*”*

The precursor solution for fiber tip functionalization was
prepared from acrylamide, MBAm, and 3-APBA mixed with
DMPA. As shown in Fig. 8a, the precursor solution was drop-
cast on the asymmetric microlens array surface. It was later
covered with a salinized glass piece and UV cured for 5 min.
Thus, an inverse replica of the master was prepared. The
polymerized structure was preserved with PBS at pH 7.4. The
hydrogel fiber’s fabrication procedure included preparing
the hydrogel precursor by mixing PEGDA with 2-hydroxy-2-
methylpropiophenone (2-HMP) in DI water. The prepared
solution for fiber was injected into a PVC tube mold and
subjected to polymerization by UV-induced cross-linking.
Finally, the biocompatible PEGDA-hydrogel fiber was extracted
(Fig. 8b-(i-v)). Finally, the functionalized light-diffusing micro-
lens (LDMs) with sensing material was attached separately with
the PEGDA-hydrogel fiber and silica optical fiber for a com-
parative study (Fig. 8c(i-v)). In the presence of glucose, LDMs
implanted on the fabricated biocompatible hydrogel bend due
to the volumetric shift (osmotic Donnan pressure) of the
hydrogel network when immobilized 3-APBA forms anionic
boronate. Due to this glucose-induced swelling, the curvature
of the asymmetric microlens array was modified, affecting the
power transmitted through the hydrogel. Moreover, a faster
glucose diffusion rate is the key to reaching equilibrium in the
shortest possible time. Thus, other geometries such as the
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porous structure>’>>”® of the sensing region and microgel

particles>”**”> can significantly reduce the sensing time.

The functionalization approach at the fiber tip has become
advantageous over previously developed fluorescence- and SPR-
based fiber optic probes. The fluorescent glucose sensor
involves a multi-step process with time-consuming synthesis
and purification.””® On the other hand, SPR-based probes need
a complex fabrication process with pretreatment, de-cladding,
depositing the thin metal layer, and immobilizing the glucose-
sensitive layer.”*>?””*”% However, the cladding layer was not
integrated with the fabricated hydrogel in this designed
sensor, which resulted in a higher loss (1 dB em ™" for 50%
precursor concentration at 532 nm).”> Coating a bio-compatible
hydrogel layer as cladding can significantly increase the guid-
ing efficiency.>*"

6. Sensor applications

The stimuli-response characteristics and the capability of incor-
porating functional recognition motifs into the hydrogel matrix

9402 | J Mater. Chem. C, 2023, 11, 9383-9424

have made hydrogel-integrated optical fibers a considerable
candidate for various sensing applications. Many hydrogels like
PVA, PAAm, and PEGDA have been employed in biomedical and
biosensing applications. Hydrogels have been used both
actively, where stimuli-responsive hydrogels are the sensing
elements and exhibit phase or volume alterations proportional
to environmental changes, or passively, where hydrogels act as
matrices to host main sensing elements (nanoparticles, bio-
molecules, etc.) that respond to the corresponding changes.
The use of hydrogel materials in sensing applications can
improve bio-mechanical compatibility owing to their pivotal
features, such as improved softness, lower friction, and
flexibility."**

6.1. Glucose biosensors

Diabetes - the elevation of blood glucose (hyperglycemia)
caused by insulin deficiency - has been a serious concern
for millions worldwide. Today, it is incurable and if not con-
trolled properly, it can cause long-term issues like kidney
failure, cardiovascular complications, diabetic nephropathy,

This journal is © The Royal Society of Chemistry 2023
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and atherosclerosis due to its central role in homeo-
stasis.”>?*”*?%° Moreover, there have been reports of hypergly-
cemia among intensive care patients such as those suffering
from high-degree burns, shock, sepsis, and hypoxia, who had
no prior history of diabetes, which is due to the stress of acute
illness that results in increased glucose production, insulin
resistance, and insulin deficiency.”®'">** Therefore, developing
systems that can monitor blood glucose to control the level and
evaluate the effectiveness of the implemented treatment is
necessary.>®®

Enzyme-based sensing mechanisms have been majorly
applied to glucose sensors through electrochemical or colori-
metric modalities.?®* % A glucose sensor was proposed where
pH-sensitive chitosan-based microspheres, immobilized in
optical fibers, were incorporated with a pair of FRET fluoro-
phores and glucose oxidase (GOD).>*° The oxidation of glucose
catalyzed by GOD produces gluconic acid and hydrogen per-
oxide, leading to a drop in the pH value from approximately 6.8
to 3.8, proportional to a glucose concentration increment from
0 to 12000 ug. At lower pH, NH;" groups formed, and electro-
static repulsion between cationic chains increased. Subse-
quently, the polymer became more hydrophilic, causing an
increment in the hydration of the polymer chain that caused
microsphere swelling, resulting in a FRET signal shift, and the
opposite happened at higher pH. PNIPAAm, a temperature-
sensitive hydrogel with an LCST of ~32 °C in an aqueous
solution, was reported with GOD immobilized on nanoparticles
like SiO, for glucose detection.>*'>°* Hydrogel swelling at a
lower LCST temperature allowed the enzyme to contact the
substrate, causing an enzymatic catalysis reaction. On the other
hand, when the temperature was higher than the LCST, the
PNIPAAmM/GOD complex (PIGC) was not able to perform enzy-
matic catalysis due to the isolation of the capsulated GOD from
the substrate because of the shrinkage of the hydrogel. This
caused an on-off switch-like effect through temperature for
glucose oxidation, which is useful for multifunctional sensors.

An optical fiber-based glucose sensor was prepared using
this PIGC-based approach and multiparameter sensing cap-
ability could be implemented in the sensor (with cholesterol
oxidase for cholesterol sensing). The sensor exhibited a detec-
tion limit of 11.8 mg dL ™" for glucose and a response time
of 200 seconds in the glucose concentration range of 50-
700 mg dL~" with an optimal detection condition of pH 6.5
and temperature 35 °C.>>> GOD immobilized Fe;0,@Si0,(F)@
meso-SiO, nanoparticles combined with the poly(N-isopro-
pylacrylamide-co-acrylamide) complex could improve the
performance.’**??* Adding the AAm segment to PNIPAAmM
increased the LCST closer to the temperature of the human
body. The developed sensor showed a linear increment in the
phase delay change with increasing glucose concentration in
the range of 50-700 mg dL'. However, the sensor could not
detect glucose at 38 °C due to the failure to perform glucose
oxidation. The sensor demonstrated a detection limit of
8.33 mg dL™' with a response time of 200 s.>°>
healthy person typically has a glucose concentration of 70.1-
109.7 mg dL ™", this type of sensor has practical potential. In

Since a
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addition, this system could be used to develop a multipara-
meter sensor (for instance, with cholesterol) using temperature
regulation as a switch. P(NIPAAm-co-AAm) could shrink above
the LCST, separating GOD from the analyte. This isolation of
GOD prevented the catalysis of glucose. Another enzyme was
immobilized, capable of performing sensing activity for
another analyte, such as cholesterol, at temperature above the
LCST for glucose sensing, and the temperature was used as a
regulator to activate and deactivate the enzymes sequentially.”*?
However, these sensors had some drawbacks, including
inferior long-term performance, lower sensitivity in low-
concentration glucose, and instability regarding enzymes,
which necessitated regular calibration and they showed
incompatibility for long-term applications.

Phenylboronic acid derivatives, as another example, can
regulate the fiber’s optical properties by forming a glucose-
boron complex and have demonstrated potential as glucose
sensors (Fig. 9a).>°> Cationic boronic acid and anionic fluor-
escent dye-containing hydrogels were added to the PMMA fiber
optic cable tip to develop a glucose sensor.>*® The electrostatic
interaction between boronic acid and the dye resulted in the
diminution of the fluorescent dye. Upon glucose addition into
the system, the interaction between the glucose and the boronic
acid groups generated negative boronate complexes leading to
fluorescence recovery.

PAAm and PEGDA hydrogels, in combination with phenyl-
boronic acid, were used to develop fiber optic glucose sensors.
A fiber optic hydrogel was prepared by using p(AM-co-PEGDA)
as the core and Ca alginate as the cladding and was functio-
nalized with 3-(acrylamido) phenylboronic acid (3-APBA)
(Fig. 9b). PEGDA resisted the adsorption of proteins like
fibrinogen, albumin, and fibronectin, which reduced inflam-
matory cell interactions. This hydrogel optical fiber sensor was
able to provide a readout rate of 1.33 mmol L' min~" for a
glucose concentration shift of 8.0 to 15.0 mmol L%, a 17-fold
higher rate than the requirement for a typical diabetic patient
(0.078 mmol L' min~'). However, the p(AM-co-PEGDA-co-3-
APBA) fiber required a relatively long time (almost 45 min) to
reach the glucose complexion equilibrium.”® 3-APBA cross-
linked with acrylamide to formulate a glucose-sensing hydro-
gel, followed by the imprinting of asymmetric microlens
(LDMs), was proposed to address this impediment. These
microlens arrays controlled the beam shape of both monochro-
matic and white light and thus could consistently detect
glucose concentrations for both monochromatic and broad-
band white light. Then, this glucose-responsive hydrogel was
chemically attached to the tip of the optical fiber derived from
the PEGDA (60 v%) monomer using the photopolymerization
process.”” The hydrogel could form anionic boronate leading to
an osmotic Donnan pressure that caused a volumetric shift.
This consequently modified the asymmetric microlens array
curvature stamped on the hydrogel’s surface, which changed
the focal lenses of the microlenses, and eventually affected the
maximum transmitted/reflected power. The sensor exhibited a
linear response for a glucose concentration range of 0-20 mM.
The output signal increment was 48 pW increasing from 602 to
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650 uW, when the glucose concentration was increased from 0
to 20 mM. However, for an increase in concentration from 20
mM to 50 mM, the output signal increment was lower (30 pW),
indicating a sensitivity reduction. The limited availability of
boronate binding sites and reduced elasticity of the hydrogel
matrix competing against the volumetric swelling required for
the detection mechanism were the reasons behind declined
sensitivity at higher concentration.>®” The developed device
had a readout rate of 0.66 mM min ', whereas the required
readout rate for a diabetic patient is 0.078 mM min~'. More-
over, it took one-third of the equilibrium time (15 min) com-
pared to a previous study (45 min). However, the hydrogel fiber
still exhibited less sensitivity compared to silica fiber perfor-
mance due to the higher light loss than the silica fiber.”®

A similar approach has also been reported for an
acrylamide-integrated hydrogel, which was incorporated at
the end of an optical fiber forming a Fabry-Perot cavity by
curing a pre-gel solution using a photoinduced polymerization-
crosslinking process.”® PBA and dimethyl-amino-propyl-
acrylamide (DMAPAA) were incorporated as the sensing mate-
rial. It exhibited excellent sensitivity performance and compat-
ibility with in vivo sensing due to its smaller size and faster
swelling. 3-Acrylamido phenylboronic acid has a pK, of 8.2-8.6,
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making it difficult to detect glucose at the physiological pH
level (pH 7.4),>°® and further adding the amino group amelio-
rated this problem. The electrostatic interaction between boro-
nic acid and the amino group (creates aminophenylboronic
acid) stabilized the boronic acid moiety.>*® Another issue was
that hydrogel sensors containing boronic acid suffered from a
higher affinity towards other carbohydrates like fructose, man-
nose, and galactose than glucose. With only boronic acid, the
addition of glucose showed an optical path length change of
117 nm mM ' through swelling.

In contrast, fructose showed an optical path length change
of 4416 nm mM ™" (galactose 595 nm mM ' and mannose
366 nm mM ). The incorporation of DMAPAA could help with
this noise issue. A decrease in the sensitivity towards fructose
(also galactose and mannose) and an increase in the sensitivity
towards glucose were observed with increasing mol% of DMA-
PAA. When 4 mol% was used, the optical path length reduced
from 117 nm mM ! to —692 nm mM ", indicating shrinkage,
whereas the other carbohydrates still exhibited swelling. This
behavior endowed the system with increasing sensitivity
towards glucose and decreasing sensitivity towards fructose,
galactose, and mannose. However, the use of DMAPAA beyond
10 mol% reduced the selectivity for glucose due to the increase
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in the response magnitude towards other carbohydrates. This
phenomenon might be due to DMAPAA resulting in charged
boronic acid groups that suppressed the stabilization of fruc-
tose or increased charged groups due to DMAPAA causing an
increased ionic and mixing contribution for swelling, produ-
cing a highly swollen gel, and additional negative charges from
fructose-stabilized boronic acid groups, which were less
impactful since the gel was already highly swollen.>**

Cladding the optical fiber with a low refractive index mate-
rial like CaAlg was also considered as a solution to this
sensitivity problem.”® The cladded hydrogel fiber reported an
optical loss range of 1 to 6 dB cm™ ' compared to the loss of the
bare fiber core of 2-11 dB cm '. Besides, the longer ray
propagation distances before reflecting off light from the
core-air interface resulted in higher light transmission than
thinner fibers. Integrating more 3-APBA and using a tertiary
amine-like dimethylaminopropyl acrylamide improved the sen-
sitivity and selectivity.”® Yet, the issue with direct dependence
on transmitted light intensity was that fiber deformation and
environmental changes interfered with the transmitted light
intensity; this resulted in light loss and interfered with the
precision of the glucose sensing. The use of covalently immo-
bilized gold nanoparticles improved the device’s sensitivity
due to the LSPR effect. A higher amount of gold nano-
particle doping (0.02% w/v) achieved superior sensitivity
(0.13 dB mM ") in comparison to the lower amount of doping
(0.05 dB mM™ ' for 0.01% w/v) due to the LSPR effect
(Fig. 9¢)."*” Viologen-substituted boronic acid has also been
used as a glucose recognition element.*

Another intriguing application area for developing sensors
is microfluidics. As an example, a long-period grating-based
single-mode fiber (SMF) optical refractive sensor was imple-
mented in a microfluidic device (Fig. 9d).**' The sensor was
developed using a layer-by-layer assembly of poly(ethylenimine)
(PEI) and PAA, with GOD as the outer layer sensing element
that was integrated into a PDMS-based microfluidic chip.
Although the sensitivity did not change upon microfluidic
integration (sensing capability of 1 nm glucose concentration),
the microfluidic device showed an increase in the detection
range (from 2 uM to 10 uM). Also, the requirement of much less
glucose volume for testing in the microfluidic device enabled a
fast reaction between glucose and GOD, resulting in a quicker
swelling/deswelling equilibrium. This significantly decreased
the response time of the sensing system from 6 min to 70 s.

6.2. pH sensor

The pH value is another pivotal parameter in the field of
chemistry and also medical science. The pH value is related
to different electrolyte concentrations in the human body and
is a crucial biomarker for indicating physiological conditions
and diseases. So, substantial research has been done in devel-
oping reliable pH sensors, and also developing optical fiber-
based pH sensors has been attempted. Optical fiber-based pH
sensors are loosely divided into two categories: fluorescent dye-
based sensors, which measure the absorption, and pH-sensitive
material-based hydrogels, which measure the volume and
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refractive index change.’**°* In fluorescence-based sensing
methods, porous matrices have been coated on the optical fiber
(surface or fiber tip), and the pH-sensitive fluorescents have
been integrated on the coated matrices. Encapsulating pH-
sensitive dyes in nanocapsules has also been attempted to
develop pH sensors (Fig. 10a).>*®> Fluorescence methods could
provide simple operations and faster response time, but they
also came with several issues. These sensors had a short shelf-
life and poor fluorescence collection efficiency and exhibited
temperature interference, excitation light intensity fluctuation,
indicator leaching, limited evanescent field penetration depth,
and short light-matter interaction distance. Evaluation of a
ratiometric fluorescence-based pH sensor showed that increas-
ing the molecular diameter of the fluorescent probe could be
considered as way to improve the long-term stability of the
sensor. Sensors with a higher core/clad diameter exhibited
lower propagation loss. A thick core diameter with thin clad-
ding could also be a considerable approach to achieve stability
(thick cladding could increase the response time).

The sensor was designed by integrating dextran labeled with
fluorescein (DLF), which exhibits pH-sensitive fluorescence,
and Pt(u) meso-tetraphenyl tetrabenzoporphine (PtTPTBP) as
the reference dye incorporated with the hydrogel optical
fiber.'®® Tapered multimode quartz optical fibers modified
with CdSe/ZnS quantum dots exhibited a minimum sensitivity
of 0.5 pH units in the pH range of 4-12, and a point-of-care
system was developed with the capability of smartphone detec-
tion and analysis of the fluorescence signal.**® Another
fluorescence-based pH sensor with photo-polymerized 1:1
HBMA/DMAEA  (4-hydroxybutyl —methacrylate/dimethylami-
noethyl acrylate) hydrogel was applicable in measuring the
pH across the ovine lung and distinguishing between normal
and tumorous tissue."®” The sensor was operational in the pH
range of 5.5 to 8 with a linear performance, a response time
below 30 s and an average precision of 0.10 pH units. The MZI
has been another viable option for optical fiber pH sensors
owing to its simple structure and good stability.'®*%” The
SMF-PCF-SMF interferometer coated with a pH-sensitive
hydrogel (poly(2-hydroxyethyl methacrylate-co-2-(dimethyla-
mino) ethyl methacrylate)) enabled the system to achieve
1.71 nm pH ' in the pH range of 6.75-8.25 pH with a detection
limit of 0.004. However, cross-sensitivity due to temperature
was a critical issue in such sensors. Fiber Bragg grating (FBG)
sensors were considered a potential solution to this tempera-
ture cross-sensitivity. A hydrogel coated (synthesized from
methacrylic acid, acrylamide, ammonium persulphate, N,N'-
methylene bisacrylamide (BAAM), and tetraethyl ethylenedia-
mine)) Mach-Zehnder interferometer with FBG was reported
for sensing pH (along with temperature).*® The sensor could
operate in the pH range of 2 to 12 and exhibited a pH sensitivity
of —0.27 nm pH '. The PCF-MZI combination had a higher
sensitivity than the FBG; however, this also made it more
vulnerable to vibration, light source intensity, and other dis-
turbances. PVA-integrated hydrogels have been able to exhibit
good film-forming properties and could be made insoluble by
cross-linking with PAA.*°® PVA/PAA-based sensors were capable
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of faster response and higher repeatability. This PVA/PAA
hydrogel has been implemented in an FBG-based fiber optic
Sensor.268,309,310

An FBG coated with the cross-linked PVA/PAA hydrogel
could achieve a linear sensing performance between the pH
of 3 and 7 with a sensitivity of 12.16 pm pH ™ ".>°® Developing a
thin multilayer structure on the FBG achieved 53 pm pH "
for the pH range of 6 to 9.>"' The use of a PMMA-based
microstructured polymer optical fiber Bragg grating coated
with a pH-responsive hydrogel even achieved a sensitivity of
73 pm pH ' for the pH range of 5 to 7."”° However, the
performance of these sensors in most cases was limited to a
specific small range of pH. A sensor with a spiral coating layer
of continuous and uniform structure on an FBG with a hydrogel
developed from N-isopropylacrylamide and NaAlg was capable
of performing with a uniform wavelength shift for the overall
pH range (0 to 14) and could achieve up to 23.6 pm pH '.>*

The long-period fiber had the advantage of light coupling
capability between core and cladding modes. Coating the LPFG
with a hydrogel facilitated a sensitivity of 0.66 nm pH ™" in the

9406 | J Mater. Chem. C, 2023, 11, 9383-9424

pH range of 2 to 12."®" However, the long-period grating was

incapable of multipoint sensing and showed broad transmis-
sion resonance; leaky modes also resulted in multiple peaks
leading to less accuracy. Combining the performance of hydro-
gels with different components has also been attempted to
broaden the operating pH range. A single mode-no-core-single
mode fiber configuration no-core fiber interferometer (NCFI)
with diverse no-core fiber diameter achieved by HF etching for
enhanced evanescent fields and sensitivity was coated with
PVA/PAA for the measurement of pH in the range of 1 to 7
and SiO, embedded PVA/PAA for measuring in the range of pH
8 to 14 (Fig. 10b).>"> The sensor achieved a sensitivity of
3.42 nm pH ' for the acidic range (pH 1-7) and 3.2 nm pH "
for the basic range (pH 8-14).

SPR has been another well-reported pathway for developing
pH sensors.>'* SPR sensors based on pH-sensitive hydrogels
could offer advantages such as ultra-high sensitivity, fast
response time, and the requirement of fewer samples. An
LSPR-based fiber optic system with immobilized GNPs was
developed for pH sensing.’’® A fiber-optic system was
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developed using a single-mode waist-enlarged fiber with a
tantalum pentoxide outer layer and by coating it with the
PVA/PAA hydrogel.’®” The enlarged waist prevented Fabry-Perot
interference refractive index mismatch at the splicing interface.
It exhibited a sensitivity of 1.58 nm pH ™" for a pH range of 2.48
to 6.47. It has been reported that using a dielectric thin film as
the top layer for an SPR configuration improved the sensitivity
of the sensor.?** A pH sensor was developed based on this
concept by implementing a pH-sensitive hydrogel layer on an
unclad core coated with a combined layer of silver and silicon,
where adding a high refractive index material like Si improved
the sensitivity of the sensor.”*® The sensor could achieve a
maximum sensitivity of 12.5 nm pH™'. However, this particular
sensor could only perform at a higher (9-12) or lower (3-6)
range of pH and could not show necessary sensitivity perfor-
mance in the middle pH range (7-9) hypothetically due to the
ionic group ionization in this range. Though the optical fiber
core was generally coated with gold or silver, ITO integration
led to superior properties and higher sensitivity.>** It achieved
a maximum sensitivity of 19.5 nm pH ' but with a similar
performance trend, i.e., inadequate performance in the middle
range. The sensor showed a broad SPR curve resulting in
inferior detection accuracy of the resonance wavelength, which
could have been avoided by implementing a thin layer of
aluminum between the hydrogel and ITO. Even though the
ITO-based sensor achieved higher sensitivity, it had several
shortcomings such as non-biocompatible, less flexible, and
costly since it worked in the infrared region with higher
spectrometry cost. Stimuli-responsive hydrogels with imprinted
asymmetric microlens structures functioning as the light dif-
fuser integrated on the tips of the optical fibers (silica) showed
a maximum sensitivity in the acidic region, especially in the pH
range of 5-7, but poor performance in the basic region. The
sensitivity of the system in the acidic region was found to be
40 nW pH '.%®® The use of silica in practical applications is
unsuitable since it may cause inflammation and infection at
the implant site. Hence, a biocompatible fiber based on PEGDA
was also considered in developing the pH sensor. The PEGDA
optical fiber has exhibited cell viability against the NIH-3T3
fibroblast cell line in another work, where a glucose sensor was
developed.”® The PEGDA-based setup for pH sensing exhibited
a similar but inferior performance trend, achieving 10 nW pH "
in the range of pH 5-pH 7 due to insufficient light guiding of
the biocompatible bare core fiber. Enveloping the core with a
biocompatible low refractive index cladding improved the
performance by decreasing guided loss.>®’

The evanescent wave excitation and SPW stimulation
through cladding removal at the interface between the environ-
ment medium and the metal film resulted in decreased
mechanical strength.*’® A multimode-single mode-multimode
fiber splicing structure solved this problem by enabling propa-
gation along the interface between the cladding and metal
layer.®® The used hydrogel was synthesized from AAM, BAAM,
N,N,N,N-tetramethylethylenediamine (TEMED), and methacry-
lic acid. The system showed excellent stability and reproduci-
bility. It could work with a wide range of pH (1 to 12) and
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exhibited a maximum sensitivity of 13 nm pH ™" (for a pH range
of pH 8 to pH 10). Even though the sensor exhibited tempera-
ture sensitivity (—0.15 nm pH '), the performance was insig-
nificant compared to the pH sensitivity within the range of 20—
40 °C. Hydrothermally grown ZnO micro flowers on tapered
multimode optical fibers have also been used to enhance the
evanescent wave (Fig. 10c).>® The high surface-to-volume ratio
of ZnO microflowers was complementary to pH sensing and
improved the response time, and the sensor achieved a sensi-
tivity of 2.59 nm pH " for a pH range of 3 to 7 and a sensitivity
of 0.7 nm pH " for a pH range of 7 to 11.

Developing the PVA/PAA hydrogel on a photonic crystal
fiber interferometer has been attempted to fabricate pH
sensors.'®*>* This FPI sensor achieved a maximum sensitivity
of 11 nm pH ' while maintaining a linear performance in the
pH range of 4.1 to 6.9.>® However, a screen effect resulted from
the high ionic strength and consequently led to critical hyster-
esis, limiting the potential of the sensor in biological applica-
tions beyond pH 9 (with a high concentration of Na®).
Implementing ionizable NaAlg (working pH range of up to
10.55) was considered as a potential solution to this issue. This
exhibited a low-temperature cross-sensitivity of 0.011 pH °C™,
mainly attributed to the thermal instability of the hydrogel. But,
even with higher sensitivity, having a short pH operating range
limited the sensor’s potential in practical applications. This
practicality issue was addressed in another Fabry-Perot-based
interferometric sensor, where fiber-Bragg grating embedded
single-mode fiber was inserted into a fused silica capillary,
and the pH-sensitive hydrogel was coated on the tip of this
fused silica.>’” The sensor achieved an average sensitivity of
0.3 nm pH ', which, although relatively inferior in comparison,
exhibited a linear sensing performance for a much longer pH
range (for a pH range of 1 to 7) with a fast response time.
However, the reported cross-temperature sensitivity was rela-
tively high (—1.87 pH °C™ ).

Systems other than hydrogel optical fiber-based approaches
like the Fresnel lens were also considered to develop optical
sensors for pH measurements.*'® The pH-responsive hydrogel
was developed using HEMA, EGDMA (ethylene glycol dimetha-
crylate), DMPA photo-initiator (2,2-dimethoxy-2-phenylaceto-
phenone), and isopropanol, which was dropped on an acrylic
polymer-based Fresnel lens to develop the sensor. The devel-
oped sensor had an operating pH range of 4.5 to 7 with a
negligible temperature cross-sensitivity between 20 °C and
40 °C. The sensitivity performance of this sensor was non-
linear and showed the highest sensitivity in the pH range of
4.5 to 5.5. Moreover, a longer storage time (in a PBS buffer
solution of pH 7.4) resulted in improved sensitivity and perfor-

mance consistency.’'®

6.3. Humidity sensors

Humidity is an important environmental condition in many
fields, such as agricultural production, food storage and pre-
servation, biomedicine, and corrosion monitoring in the con-
struction and manufacturing industry (such as automobile and
aerospace). Relative humidity is the parameter that is used in
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quantifying the humidity measurement. It is a measure of water
vapor content in an air-water vapor mixture. It is expressed as
the ratio of the humidity of a specific air-water vapor mixture
and the saturation humidity at a given temperature.®'® Numer-
ous attempts have been made to develop low-cost, reliable, and
robust humidity sensors based on various principles such as
physical changes (surface acoustic wave), electrical responses
(resistance and capacitance), and optical responses (reflection,
diffraction, transmittance, and fluorescence); along with that
various materials have also been considered such as polymers,
electrolytes, porous metal oxides, and ceramics.’*>**! Although
electrical sensors have been widely used for humidity sensing,
they have several inherent disadvantages, such as vulnerable
electromagnetic interference and cross-sensitivity. Fiber optic
sensors have addressed these limitations and have advantages
like low cost, lightweight, corrosion resistance, better stability,
and higher sensitivity. Thus, fiber optic systems for humidity
sensing have been getting strong attention, and extensive research
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has been done in this field over the last few decades. Internal
reflection spectroscopy was utilized in a humidity sensor devel-
oped by coating an optical fiber with cobalt chloride.>** Another
cobalt chloride-coated plastic-clad silica fiber humidity sensor
utilized the evanescent wave absorption spectroscopy.®*®
Hydrogels have exceptional water absorption, swelling prop-
erty, film-forming ability, and adhesiveness, making them an
excellent candidate for humidity sensing. The agarose gel has
been an attractive option for developing relative humidity
sensors due to their better performance, superior stability,
and lower response time compared to the other hydrogels used
in humidity sensing (like poly(hydroxyethyl methacrylate),
PAAM, and poly(N-vinyl pyrrolidinone)).*** It was used for the
first time in developing an optical fiber humidity sensor to coat
a biconically tapered SMF utilizing the biconically tapered
optical fiber as a refractometer (Fig. 11a).*>® The refractive
index changed with humidity, which changed the transmitted
optical power. The sensor operated at a % RH range of 30-80%
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Fig. 11 Hydrogel-based optical fiber sensors for humidity sensing. (a) Schematic of a biconically tapered optical fiber. Reproduced with permission from
ref. 325, Copyright © 2000 Elsevier Ltd. (b) FPI-based sensor with chitosan hydrogel. Reproduced with permission from ref. 327, Copyright © 2015
Taylor & Francis Ltd. (c) Preparation of hydrogel from renewable biomass for fiber optic humidity sensor. (d) Microscopic images of (i) a cut fiber end and
(i) an optical fiber sensor with cellulose film at the tip. (c and d) Reproduced with permission from ref. 26, Copyright © 2021 Elsevier Ltd. (e) Practical
application of the U-bend fiber optic RH sensor (sensor implemented oxygen mask, cladding stripped plastic optical fiber U-bend sensor, and a polymer
bare fiber laminated flexible device between two PMMA substrate layers). Reproduced from ref. 331, Copyright © 2017 The Author. Published by MDPI. (f)
Illustration of the hydrogel sphere-based fiber optic sensor. Reproduced with permission from ref. 339, Copyright © 2015 Elsevier Ltd.
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with a dynamic range of 6.5 dB and a response time of less than 1
min. The agarose hydrogel integrated with FBG hollow-core fibers
(HCF) provided enhanced sensitivity through the influence of the
coating thickness and the concentration of the hydrogel at the
cost of increased response time.**® The HPMC hydrogel demon-
strated desired properties (like dispersion suspension, emulsify-
ing, thickening, biocompatibility, stability, and adhesiveness) for
developing humidity sensors by coating with HCF/SMF."*” The
sensor had an operating range of 40-99% RH with an excellent
response time of 2.25 s. Another FBG humidity sensor with
polyimide coating had a sensitivity of (2.21 + 0.10) x 10™° nm
per % RH for 10-90% RH.>** A chitosan hydrogel film-coated FPI-
based humidity sensor was developed using a hollow-core photo-
nic crystal fiber (HCPCF) spliced SMF, where the refractive index
and thickness change with humidity changed the reflected inter-
ference spectrum of the FPI (Fig. 11b).**” The developed sensor
measured an RH of 35-95% with a response time of 1 min.
However, the performance was non-linear, and an interference
fringe shift towards a shorter wavelength (maximum sensitivity
0.28 nm per % RH) and a decrease in fringe contrast (maximum
sensitivity 0.5 dB per % RH) were observed with increasing % RH.

The utilization of renewable resources such as lignocellulose
biomass has also been attempted in developing humidity-
sensitive hydrogels by novel methods (Fig. 11c).*® Lignin-
containing fibers (LFs) were extracted from lignocellulose by
combining a recyclable p-TsOH and ultrasonic treatment. The
LFs were used in developing the hydrogel by reinforcing PVA.>
Fig. 11d(i and ii) shows the tip of a cut fiber end and LF-
reinforced PVA hydrogel deposited fiber end, respectively. This
hydrogel coated on an SMF-based RH sensor showed a sensi-
tivity of 4.7 dB within the humidity range of 45-80%.

CaAlg is another hydrogel (crosslinked NaAlg and calcium
ion) with relevant properties that has been used in developing
fiber optic humidity sensors. A humidity sensor was developed
by crosslinking CaAlg on an HCF-SMF spliced structure which
operated in the range of 20 to 90% RH.**° In many cases, the
indirect sensing method of FBG resulted in an inferior sensi-
tivity performance. On the other hand, the FPI-based humidity
sensor has been reported to need a high amount of coating,
increasing the complexity of the sensor. In contrast, the MZI
could provide higher sensitivity and the involved coating pro-
cess was easier. More importantly, the process of sensing
material incorporation could also complement the sensitivity
improvement. A PVA-coated PCF-MZI-based humidity sensor
exhibited a humidity resolution of 0.13% RH with an RH range
of 30-95% and also measured temperature simultaneously.**®
A CaAlg-coated MZI fabricated with two sections of hydrofluoric
acid-etched MMF (MMF cladding removed and replaced with
the CaAlg hydrogel for sensitivity enhancement) and spliced
between three sections of SMF exhibited a sensitivity of 0.48346
dB per % RH within the humidity range of 15-80%.%%

A RH sensor fabricated by dip-coating the multimode silica
fiber optic tip with core-shell polystyrene-PNIPAM nano-
sphere-based colloidal photonic crystals showed a maximum
sensitivity of 6 nm per % RH.>*° But the sensor exhibited a non-
linear performance, where the sensitivity increased with the
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relative humidity (30 pm per % RH for 30% RH, 300 pm per %
RH for 80% RH, and 6 nm per % RH for 95% RH). Dip-coating
of hydroxyethyl cellulose/polyvinylidene fluoride (HEC/PVDF)
on a no-core optical fiber spliced between two SMFs was also
reported. The power transfer from the guided modes to the
leaky modes of this no-core fiber structure gave more power to
the sensing region to interact with the analyte resulting in high
sensitivity with less interaction. The sensor exhibited the max-
imum sensitivity (0.196 dB per % RH) at a wavelength of
1310 nm for a 2 cm no-core fiber length between the two
applied wavelengths (1310 nm and 1550 nm), and the perfor-
mance was better in the RH range of 40% to 70%. Although
thinner coating increased the sensitivity, it also caused a
higher loss of transmitted light, making the measurements
difficult.**® Dip coating was also attempted in combination
with cross-linking. A U-bend fiber optic humidity sensor was
developed using a hydrogel-implemented plastic optical fiber,
where the hydrogel poly(dimethylacrylamide) (PDMAAm) was
first dip-coated on the fiber and then cross-linked by UV-
irradiation.*®" The developed humidity sensing system was
used for respiratory monitoring in a medical oxygen mask
and the possibility of using the sensor in flexible microelec-
tromechanical systems (MEMS) was also considered (Fig. 11e).

Hydrogel-coated (based on acrylic acid, vinyl pyridine, ben-
zoyl peroxide, and dimethyl bisacrylamide) long-period grating
humidity sensors were developed that could achieve 99.5%
linearity with +2.3% accuracy for an RH range of 38.9 to
100%.%***** When hydrogel-coated cascaded LPG was used to
develop an RH sensor that was based on Mach-Zehnder inter-
ference, it showed a sensitivity of 9.9 x 10> per % RH and an
accuracy of 0.39% RH.*** However, the linear performance
range for this sensing setup was smaller (60% RH to 100%
RH), and the accuracy decreased below the range. In another
attempt, two different configurations, e.g., hydrogel coating of
the entire length and hydrogel coating of the separation section
between two LPGs, were attempted for a sensing system.*** The
configuration with hydrogel coating on both the gratings and
the separation between fibers was able to exhibit higher sensi-
tivity (7.71 x 10~° per % RH) compared to the separation
section coating configuration (7.08 x 10™* per % RH) due to
the change of fringe visibility at a higher magnitude. Both
configurations had an operating range of 50-100% with linear-
ity. The first configuration had an accuracy of £0.45%, and the
second configuration had an accuracy of +0.32%. The long
period grating based gelatin-coated fiber optic RH sensors
exhibited a sensitivity of 1.2 dB per % RH with soil relative
humidity application measurement for agriculture and geology
(soil % RH range is 90-100%) since gelatin is sensitive to
humidity of only 90% and above.**® Another RH sensor was
also implemented for the same application based on optical
time domain reflectometry, which sends short laser pulses
through the optical fiber and measures the light scattered back,
with the hydrogel (poly(ethylene oxide)-co-poly(propylene oxide)
block copolymer polyurethaneurea) coating that was able to
detect RH from 70 to almost 100% with an operating tempera-
ture range of 5 to 60 °C.**” Implementation of PVA led to non-
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linear performance and showed superior performance only in the
higher region with a shorter RH range.**® The performance of the
sensor was 0.066 dB per % RH for 55-85% RH and 0.53 dB per %
RH for 72-85% RH. A hydrogel sphere-integrated optical fiber RH
sensor has been reported to exhibit better performance compared
to hydrogel coating (Fig. 11f).** When poly(ethylene glycol)
dimethacrylate (PEGDMA) hydrogel sphere was incorporated with
a bare optical fiber core, transmittance decreased from 62.9% to
9%, with the increase of sphere diameter from 0.6 mm to 2 mm,
showing that the superior capability of the sphere to couple out
the light from the fiber than the coating resulted in higher
sensitivity. However, other possible alternatives to PEGDMA are
needed to be researched due to its narrow operation range of 70-
90%.

6.4. Ion sensing

Water plays a significant role in the biological systems of all
living creatures; hence, ensuring the purity of water is a critical

View Article Online
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issue. However, in recent years, due to environmental pollution
and increased usage of heavy metal ions such as chromium and
lead, impurities have increased in the aquatic and terrestrial
environment.**® Chromium is a hazardous and carcinogenic
element and can have a detrimental effect on the human body.
In the environment, it exists in two primary oxidation forms,
trivalent chromium Cr** and hexavalent chromium Cr®". A
controlled amount of Cr*" is vital for the proper functioning
of the biological system, while Cr®" is known to be up to 1000
times more toxic than the Cr** ion."”® A fiber optic sensor probe
containing three layers of coating on the core (Fig. 12a), silver
(Ag), indium-tin-oxide (ITO), and hydrogel with ATAC ((3-
acrylamidopropyl)-trimethylammonium chloride), was used to
detect the CrO,>” ion in the aqueous medium through poly-
merization reaction.**! Here changing the concentration of
CrO4>~ around the probe led to the polymerization of ATAC
on the hydrogel, which eventually caused a change in the
refractive index of the medium. It also led to a red shift in
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Fig. 12 Hydrogel-based optical fiber sensors for ion sensing. (a) Schematic representation of the experimental design. Reproduced with permission
from ref. 341, Copyright © 2014 Royal Society of Chemistry. (b) Experimental design of the sensing equipment. Reproduced with permission from ref.
262, Copyright © 2014 Elsevier Ltd. (c) Interaction between Pb2* ions and probe molecules. Reproduced with permission from ref. 161, Copyright ©
2022 Elsevier Ltd. (d) Change of fluorescence intensity after A** immersion. Reproduced with permission from ref. 349, Copyright © 2021 Elsevier Ltd.
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the SPR spectra, further confirming the hydrogel’s role in
detecting Cr®". Subsequently, this sensor was found to show
optimum performance at pH 7.0 with a background electrolyte
(NaCl) concentration of 107> M, and the limit of detection
(LOD) for this sensor was found to be 0.5 x 107> M with a
sensitivity of 6.67 x 10'® nm M. Another approach involved a
phase-modulated fiber optic sensor for detecting the lead ion
(Pb>"), and the fiber sensor was coated with an AM-integrated
smart hydrogel between two no-core-fiber (NCF) (Fig. 12b). The
HEMA used in the hydrogel allows the trapping of the Pb>" ion
in the hydrogel via forming an “O-Pb-O” crosslink structure
with the help of the oxygen atom in the structure (Fig. 12¢).>*?
This sensor showed a relatively high sensitivity of 8.155 x
10° nm mol ™" L™" and a low standard deviation of <1.28 x
10 *mol L.

Moreover, the estimated LOD was 2.452 x 108 mol L1,
with a spectral resolution of 0.02 nm."®" The spliced few-mode
MZI, prepared by intertwining a photonic crystal fiber (PCF)
between two single-mode fibers (SMF), was also used for
monitoring heavy metal Ni** ions and pH with high
sensitivity.>®> The hydrogel composition included PVA/PAA,
which induces cross-linkage between hydroxyl and carboxyl
groups upon further heating and eliminates the need for
crosslinkers and initiators.*** Subsequently, the swelling and
deswelling rate of the hydrogel decreased upon further mod-
ification with 8-hydroxyquinoline (8-HQ) and it acted as a
receptor for Ni** ions.

The hydrogel also demonstrated a pH responsiveness of
3.14 nm pH ' in the pH range of 3 to 5, whereas the respon-
siveness of the 8-HQ modified hydrogel declined. Furthermore,
in the concentration range of 50 uM, the modified hydrogel
exhibited a sensitivity of 0.214 nm uM ' with a LOD of 1 nM,
which is lower than the limit for drinking water.>** Addition-
ally, the hydrogel composition affected the sensitivity, i.e., the
PVA/PAA ratio of 12:3 to 12:6 was more sensitive than other
ratios.

The FBG demonstrated better sensitivity to Cr®* detection
utilizing a chemo-mechanical approach.'”® The highly respon-
sive hydrogel prepared from the blend of ATAC, azobisisobutyr-
onitrile (AIBN), and AM mixed with tetraalkylammonium salt
was highly sensitive to the metal Cr®" ion. When the hydrogel-
coated FBG tip was submerged in Cr solutions, the FBG peaks
shifted due to mechanical strain on the sensor brought on by
the hydrogel’s swelling and shrinkage properties. Moreover, the
sensor was 5 to 10 times more sensitive toward Cr®* compared
to other heavy metals such as lead (Pb), mercury (Hg), arsenic
(As), and cadmium (Cd).>*® The sensitivity level of 10 pm ppb "
with a standard deviation of 0.0027 and a resolution of 0.83 ppb
provided evidence for this sensor’s high sensitivity, repeatabil-
ity, and selectivity. This sensor also showed a comparatively
shorter response time for swelling and deswelling time of 5 min
and 6.1 min, respectively. The sensitivity of this sensor was
further improved by reducing the diameter of the cladding of
the sensor and thereby reducing the loss of forces on the
hydrogel.’”'’® The etching of cladding improved sensitivity
and resolution to 13.9 pm ppb~* and 0.072 ppb, respectively.
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Additionally, this proposed sensor affected the response time,
with a mean swelling time of 4.9 min and a mean deswelling
time of 5.8 min.*”""”

FBG-based chemical sensors for monitoring water salinity
using the hydrophilic PAA hydrogel as an active element have
also been reported.’®>**® The hydrogel shrank when the
sensor was submerged in NaCl, which shifted the grating’s
Bragg wavelength to blue, and different concentrations corre-
spond to different Bragg wavelengths. Additionally, by using
hydrofluoric acid (HF) etching to reduce the diameter of
the FBG cladding, it was possible to achieve a sensitivity of
0.07 nm M, which is 8 times greater than that of the FBG
without coating.

An LPFG sensor improves the response time while enabling
water salinity monitoring with a strong ion-responsive
hydrogel.'*® The hydrogel was prepared by layer-by-layer dip-
assisted deposition of 37% quaternized poly(4-vinylpyridine)
(37qP4VP) and PAA, followed by crosslinking with glutaralde-
hyde. This resulted in a linear response (R* = 0.999) with a good
swelling/deswelling ability at a concentration of 0.4 M to 0.8 M
at a pH of about 8.1. Besides, the fabricated sensor showed a
high sensitivity of 7 nm resonance wavelength (RW)/M, which
is 3 times higher than that of pristine LPFGs, and a fast
response time of about 5 s.

Excessive aluminium (Al) accumulation is also harmful
and may cause Parkinson’s disease, amyotrophic lateral sclero-
sis, and Alzheimer’s illness.*****"?*® A lumogallion-doped
hydrogel-containing optical fiber probe can detect AI*" ions
using the fluorescence method.**® The optical fiber structure,
containing a core with a refractive index of 1.465 and a cladding
refractive of 1.395, was coated with the PEGDA-integrated
hydrogel, where the chemical lumogallion functions as a
fluorescence indicator. Metal ions of Pb*", Cr®*, cu*", Zn*",
Mn”*, Na*, Fe*", and AI** having a concentration of 15 uM were
added to lumogallion solutions of 150 puM concentration. The
fluorescence intensity ratio of the lumogallion solution did not
change for other ions except AI*" (Fig. 12d). Additionally,
fluorescence intensity decreased with the increased concen-
tration of AI** ions, and the sensor showed high linearity
(R* = 0.991) in the concentration range of 0 to 35 mM.

Another vital element, iron (Fe), can be found in the human
body (total 4 to 5 g) in a wide variety of forms, and an
excess amount of this element can lead to organ or tissue
damage due to hemochromatosis, hepatitis, and neurodegen-
erative diseases.’”**' QDs with a comparable or larger size
than the pore of hydrogels can be immobilized in the polymer
hydrogel.>*¥**° A QD-doped hydrogel fiber has been used in
fluorescence sensors for detecting Fe** ions in water solution
(Fig. 12e).”* A core-clad structure with a refractive index differ-
ence of 0.048 allowed the effective guidance of light along the
fiber and provided effective excitation and collection of the
emission laser in water. Green emissive QDs (gQDs) coated with
TGA were insensitive to ions and exhibited a green emission
signal and were used as a reference. N-Acetyl-L-cysteine (NAC)
coated red emissive QDs (rQDs) showed a red emissive signal
and demonstrated fluorescence quenching when exposed to
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Fe®" ions. When gQDs and rQDs were stimulated with a single
wavelength, it resulted in two well-resolved emission band
peaks at 520 nm and 628 nm. While the gQDs showed stable
fluorescence emission in all the metal ions, the rQDs exhibited
selective quenching towards Fe®" ions.”* Fluorescence ratio-
metric sensing showed a linearity of 0.9866 and a LOD of 14 nM
throughout the 0 to 35 uM concentration range.

Although there is a relatively low amount of zinc ion (Zn>")
in the human body, it plays a significant role in physiology. The
Zn>" ion activates approximately 300 enzymes and has roles in
males’ reproduction and nervous system.**> For instance,
researchers have reported the release of the Zn>" ion in
higher concentration during acute brain injuries such as sei-
zure, trauma, and ischemia.?”®*** Hence, the Zn*' ion is an
excellent biochemical indicator for monitoring neural injury. A
hydrogel material was mixed with probe molecules TPN-CI,
(meso-2,6-dichlorophenyltripyrrinone) for Zn>' detection.’>
The fluorescence of the probe molecule increased with the
concentration of Zn>" ions released by artificial stress of rodent
neural cells. To prevent probe molecule degradation, the opti-
cal diffuser in the sensor converted the high peak intensity at
405 nm near the fiber end into a moderate intensity at 622 nm.
This variation in intensity was monitored by the optical
sensor.>>> A tip-shaped solid-state sensor allowed the real-
time detection of Zn** ions under aqueous conditions
(Fig. 12f).>*® The sensor consisted of two parallel fibers covered
with a hydrogel film made of poly-HEMA attached to a fluores-
cence probe of TPN-Cl,. The probe molecule TPN-Cl, is sensi-
tive to the Zn*' ion, and it increases red fluorescence in
solution (Fig. 12g).>*® This sensor was proven to work in a
living organism such as an oyster that has a complex body
fluid and was capable of sensing Zn ion (Zn**) concentrations
of 10~° M with traceable signal for 10”7 M. Additionally, the time-
resolution was found to be 5 min for 10~* M concentration, and it
decreased to 1 min as the concentration decreased to 10™°> M.
Such low limit of detection makes it suitable for the sensing of low
concentration of Zn>* ions released due to stress in neural cells
induced by ischemia, intoxication, and inflammation.

6.5. Other sensing applications

Despite being an alcoholic chemical, ethanol is crucial for
forensic and clinical analyses of substances, including blood,
serum, urine, and saliva.>®”**® An optical transducer contain-
ing a hydrogel made of PAA and bisacrylamide with nanos-
tructured gold (Au) (Fig. 13a) can detect ethanol concentrations
between 0 and 30 vol%.**° It demonstrated a reaction time of
5.2 min and a 10 day operational life. The sensor showed a red
shift of the resonance wavelength as the refractive index was
increased, and the predicted sensitivity of the probe was
287 nm per RIU (refractive index unit).

An SPR-based sensing probe for the detection of ethanol was
fabricated by coating Ag and Si films on the unclad parts of
optical fibers and further immobilizing an enzyme (ADH) and a
coenzyme (NAD) in a layer of PAA hydrogel (Fig. 13b).>*" This
sensor worked on the spectral mode of interrogations, where
the increase in ethanol concentration from 0 to 10 mM showed
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a total shift of 30 nm in the resonance wavelength. Moreover,
the sensor showed a maximum sensitivity of 21.70 nm mM " at
close to zero ethanol concentrations. In addition, the LOD and
limit of quantification (LOQ) were reported to be 29.63 pM and
15.34 pM, respectively. Additionally, a silicon layer of 8 nm
thickness improved the efficacy of the sensing probe, increas-
ing the maximum shift of resonance wavelength to 30 nm. The
optimum performance was in ethanol solutions with a pH
of 7.0.

A fiber optic sensor based on a chitosan and silver nano-
particle (AgNP) doped hydrogel was used to detect trichloroa-
cetic acid (TCA).>**® When TCA comes in contact with AgNPs,
the interactions between the positive amino group of chitosan
and the negative group of TCA allow the transfer of electrons
altering the refractive index of the nanocomposite hydrogel
layer. The sensor exhibited linearity (R*> = 0.99481) at concen-
trations ranging from 40 to 100 uM with a sensitivity of
0.587 nm pM~'. The peak extension wavelength similarly
showed a shift of around 42 nm when the concentrations of
TCA were increased from 0 to 120 pM, and the device also
demonstrated a quick response time of 10 s.

Nitric oxide (NO) is a vital small molecule that works as a
chemical messenger and can transfer information between
cells. It affects the nervous system and plays various patholo-
gical and physiological roles, such as controlling cerebral blood
flow and inducing vasodilation.?*"**! A NO-detecting tip was
fabricated by introducing the 1,2-diaminoanthraquinone
(DAQ)-doped poly-HEMA hydrogel into two parallel optical
fibers with a 1 mm length difference (Fig. 13c).**> When the
probe molecule (DAQ) captured the target molecule (NO), it
shifted the waveguide’s resonance frequency and enabled
signal detection. This fabricated 1.2 mm-diameter sensing tip
identified changes in NO concentrations in about 5 min with a
LOD of 1 uM with a resolution time of around 5 min. It could
detect nitrite ions (NO®~) only under hypothetical physiological
circumstances.

An FPI covered with a crosslinked hydrogel based on PVA
and PAA was utilized to identify dangerous compounds like
ammonia.**® PVA/PAA hydrogel films were dip coated on the
fiber ends to enable the binding of ammonia or volatile acids
(Fig. 12d). Due to the inherent characteristics of the hydrogel,
the pH changes with volume, resulting in a shift in the
wavelength, enabling the detection of ammonia. The sensor
demonstrated consistent linearity (R* = 0.99705) and a sensi-
tivity of 20.85 nm ppm ™.

The term “‘dissolved oxygen” (DO) refers to the amount of
oxygen molecules dissolved in water. Measuring DO concentra-
tions in living organisms is essential for disease diagnosis and
therapy. An optical fiber coated with the PEGDA-made hydrogel
precursor doped with different concentrations of a fluorescence
indicator in both the core and the cladding was used for
detecting DO using fluorescence quenching (Fig. 12e).***
The sensor reduced the response time from 15 min to 10 min
while reducing the optical loss from 4.2468 + 0.1396 dB cm ™'
to 1.3193 =+ 0.0355 dB cm '. However, weak interactions
between the evanescent wave and the fluorescent indicator

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 Hydrogel-based optical fiber sensors for miscellaneous sensing applications: (a) scanning electron micrograph of nanopillars fabricated by
lithography. Reproduced from ref. 359, Copyright © 2019 The Author. Published by MDPI. (b) Schematic representation of the designed sensing probe.
Reproduced with permission from ref. 221, Copyright © 2016 Elsevier Ltd. (c) Sensing of NO gas by the prepared sensing tip. Reproduced with permission
from ref. 362, Copyright © 2017 AIP Publishing LLC. (d) Fabrication schematic of the optical fiber. Reproduced with permission from ref. 363, Copyright
© 2015 SPIE. (e) The variable scattering intensity along the fiber length. Reproduced with permission from ref. 364, Copyright © 2021 Elsevier Ltd. (f)
Picture of the plastic optical fiber (POF) used for determining iodine concentrations. Reproduced with permission from ref. 245, Copyright © 2020
Elsevier Ltd. (g) Demonstration of real-life application of organohydrogel fibers in the biomedical field. (i) Schematic of organohydrogel's potential
application in photogenetics and ECG. (i) ECG signal collected using an organohydrogel electrode integrated device. (iii) Laser light guiding through the

organohydrogel fiber. Reproduced with permission from ref. 215, Copyright © 2020 John Wiley & Sons, Inc.

reduced the sensitivity value (I/I,) from 3.47 to 2.12.*** The
oxygen fluorescence indicator (dichlorotris(1,10-phenanthroline)
ruthenium()) doped PEGDA hydrogel detected dissolved oxygen
at different temperatures while maintaining linearity.>*® The
sensor demonstrated an increased sensitivity from 2 mg mL "
to 8 mg mL " fluorescent indicator concentration and later
experienced a loss of sensitivity. The sensor featured a low LOD
of 0.126 mg mL ', with high linearity (R> = 0.9863) and a fast
response time of 10 s.

A chemical sensor was used to detect the explosive sub-
stance 2,4,6-trinitro toluene (TNT) using a molecularly
imprinted polymer (MIP) hydrogel that displayed superior
sensitivity.>**>®” The MIP was prepared using the standard
method by mixing TNT, MAA, and divinylbenzene (DVB) fol-
lowed by sputtering of gold film.**>*%*” This sensor
showed linear performance up to 1.3 x 10~* M, where the
linearity is R* = 0.92, and LOD is 5.1 x 10~° M. Additionally,

This journal is © The Royal Society of Chemistry 2023

this sensor showed a sensitivity of 2.7 x 10 nm M " or
118 nm mg~ ' mL ™"

A molecularly imprinted acrylamide hydrogel integrated
with colloidal crystals to create SPR-based optical fibers
was proposed for vitamin B3 molecule detection.’*® The
SPR spectra revealed a red shift as the interaction with the
vitamin B3 molecule increased. For concentrations ranging
from 0 to 10 mg mL ™', the wavelength experienced a total
shift of 16.651 nm. The sensor also had a sensitivity of
1.48 nm mg ' mL .

Detecting iodine in the human body is crucial. Iodine short-
age can lead to conditions such as cretinism and goiter. A
PEGDA-based hydrogel optical fiber doped with fluorescein was
used to detect iodine ions (Fig. 12f).>*> The unclad hydrogel
fiber showed a loss of 1.669 dB cm™* 4 0.4 dB cm ™, and the
core-cladding hydrogel exhibited a loss of 0.597 dB cm ' +
0.2 dB cm . Although the sensitivity of the hydrogel optical
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Table 1 Hydrogel optical fiber-integrated sensors and their sensing performance

Limit of Response
Sensor Sensing principle  Optical setup Hydrogel Sensitivity Range detection time Ref.
Glucose  Microlens array Silica MMF PEGDA 2.6 W mM " 520 mM = — 30s 75
Glucose  Fluorescence — PNIPAAmM 8.33 mg dL ! 50—7100 mg 8.331mg 200 s 292
dL™ dL™
Glucose  Fluorescence — PNIPAAmM 11.8 mg dL ™" 50—7]00 mg 5.3 mg 200 s 293
dL™ dL™
Glucose  Fluorescence PMMA fiber optic HEMA — — — — 296
Glucose  Fluorescence — PEGDA 1.33 mmol L™" 8.0- — — 76
min~" 15.0 mmol
I-
Glucose LSPR — PAAmM —013dBmM ' 0-40mM 0.75mM — 137
pH Fluorescence MMF HBMA/DMAEA 0.10 pH units 55-8 pH — 30s 167
pH MZI PCF spliced between Poly(2-HEMA-co-2-(dime-  1.71 nm pH ™" 6.75-8.25 pH 0.004 — 307
two SMFs thylamino)ethyl pH
methacrylate)
pH FBG + MZI PCF spliced between Synthesized from MAA, —0.27nmpH ' 2-12pH — — 88
two SMFs acrylamide, ammonium
persulphate, BAAM (N,N’ -
methylene acrylamide) and
tetraethyl ethylenediamine
pH FBG SMF PVA/PAA 12.16 pm pH '  3-7 pH — — 268
pH FBG — — 52 pm pH ! 6-12pH — — 311
pH FBG PMMA-based micro- HEMA 73 pm pH ™’ 5-7 pH — — 179
structured polymer
optical fiber
pH FBG SMF Developed from N- 23.6 pm pH ! 0-14 pH — 1.33 min 312
isopropylacrylamide and pH!
NaAlg
pH LPG SMF — 0.66 nm pH '  2-12pH — <2s 181
pH NCFI SMF-no-core-SMF PVA/PAA, SiO, embedded 3.42 nm pH ', 1-7 pH, 8- — — 313
PVA/PAA 3.2 nm pH ™" 14 pH
pH Waist enlarged bita- Waist-enlarged SMF PVA/PAA 1.58 nm pH ™" 2.48-6.47 — — 107
per SMF pH
interferometer
pH SPR MMF Hydrogel with a combined 12.5 nm pH ' Higher — 1 min 220
layer of silver and silicon (9-12 pH)
or lower
(3-6 pH)
pH SPR MMF-SMF-MMF Synthesized from acryla- 13 nm pH™ ' (8- 1-12 pH — — 35
mide, N,N'-BAAM, N,N,N,N- 10)
TEMED, and MAA
pPH Microflower Tapered MMF Hydrogel + ZnO 2.59 nm pH ', 3to7pH, 7 — — 304
microflowers 0.7 nm pH ™' to 11 pH
pH FPI HCPCF PVA/PAA 11 nm pH* 41t06.9 — — 253
pH
pH FPI + FBG SMF — 0.3 nm pH! 1to7 pH — 15-20s 317
Humidity Refractometer Biconically tapered SMF Agarose gel 6.5 dB 30-80% RH — <1min 325
Humidity FPI HCF-SMF HPMC — 40-99% RH — 2.25 day 147
Humidity FPI HCPCF spliced SMF Chitosan hydrogel 0.28 nm per % RH 35-95% RH — 1 min 327
Humidity RI shift SMF Lignin-containing fibers 4.7 dB 45-80% RH — — 26
Humidity RI shift HCF spliced with an CaAlg — 20-90% RH — — 260
SMF
Humidity MZI PCF PVA —99.5 pm per % 30-95% — ~28 328
RH
Humidity MZI Two HF etched MMF CaAlg 0.48346 dB per % 15-80% RH — — 38
spliced between three RH
SMFs
Humidity RI shift No-core optical fiber HEC/PVDF 0.196 dB per %  40-75% RH — 10-60s 330
spliced between two RH
SMFs
Humidity LPG-MZI SMF — 9.9 x 107 60-100%  — — 334
per % RH
Humidity LPG — — 7.71 x 1073 50-100%  — — 335
per % RH
Humidity LPG SMF Gelatin 1.2 dB per % RH 90% and — — 336
above
Humidity RI shift SMF PVA 0.066 dB per % 55-85% — — 338
RH, 0.53 dB per % RH, 72—
RH 85% RH
Humidity RI shift — PEGDMA sphere — 70-90% — — 339
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Table 1 (continued)
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Limit of Response

Sensor Sensing principle  Optical setup Hydrogel Sensitivity Range detection time Ref.
Crion  SPR — Acrylamide + bis- 6.67 x 10" nm  — 0.5 x 10 — 341

acrylamide M M
Pb ion MZI FMF Acrylamide 8.155 x 10° nm — 2.452 X = — 161

mol 'L ! 10~% mol
L71

Ni**ion MZI SMF PVA/PAA 0.214 nm pM~'  3-5 pH 1 nM — 262
Cr ion FBG — Acrylamide 1.2 pm ppb ! — 10 ppb — 176
NaCl FBG SMF Acrylamide + bis- 0.07 nm M — 265

acrylamide and

346
NacCl LPFG SMF PAA 7 nm RW/M — — <5s 180
Al ion Fluorescence — PEGDA — 0-35mM — — 349
Fe’" ions Fluorescence MMF PEGDA — 0-3.5uM 14 nM — 74
Zn*" ions Fluorescence Parallel fibers covered Poly-HEMA — — 0,1,2, — 352
with the hydrogel and 5 pM
Zn*" jons Fluorescence SMF Poly-HEMA — — 10°°M — 355
Ethanol Plasmonic sensor — PAA and bisacrylamide 287 nm per RIU — — — 359
Ethanol SPR MMF PAA hydrogel 21.70nmmM ' 0-10 mM  29.63 uM — 221
(TCA) SPR Multimodal plastic clad Acrylamide 0.587 nm pm ' 0-120 pm  — 10s 360
silica
(NO) SPR — Poly-HEMA — — 1 uM 5min 362
Ammonia FPI SMF + HCF + SMF PVA/PAA 28.85 nm ppm ' — — — 363
Dissolved Fluorescence Plastic optical fiber PEGDA — — 0.18mg 10 min 364
oxygen (POF) Lt
Dissolved Fluorescence POF PEGDA 0.003 mg ' L* 0.126 mg 10 s 246
oxygen mL !
TNT SPR POF MAA 2.7 x 10 nm M~ " — 5.1 x — 365
107°M

Vitamin  SPR-based Multimodal POF Acrylamide 1.48 nm mg " — 366
B3 mL ™"
Iodine Fluorescence Core cladding bilayer =~ PEGDA/PMMA — 26 nM — 245

structure

fiber was tested from 0 to 60 mM, the proposed sensor showed
optimal performance in the concentration range of up to 36
mM. The sensor demonstrated high linearity (R*> = 0.99545)
with a detection limit of 26 nM.

Electrically conductive hydrogels or smart hydrogels, pos-
sessing high water content, biocompatibility, and electrical
conductivity, have found their applications in diverse
research fields, including tissue engineering and
biomedicine,**® energy storage,®*® sensing (capacitance,
temperature, strain, humidity),>°**"°>’®> and flexible
electronics.’’**”> However, their widespread application in
optoelectronic devices is hampered by conductive hydrogel’s
poor optical guidance. In this respect, ionically conductive
organohydrogels present a significant opportunity with their
moderate conductivity along with superior optical
transparency.’’®> An organohydrogel fiber-based electrophy-
siological probe has been reported where the organogydrogel
is used as an electrode for electrocardiogram (ECG) signal
monitoring (Fig. 12¢g(i and ii)).>"®> Organohydrogel fibers can
provide a low modulus of elasticity while maintaining mod-
erate conductivity, enabling them to fit on the skin’s surface
and provide a high signal-to-noise (SNR) ratio for electro-
physiological measurements. Moreover, the fiber was also
reported to demonstrate its potential for optogenetics as a
flexible optical fiber with 90% optical transparency from 350
to 900 nm while maintaining light guiding property at 300%
elongation (Fig. 12g(iii)).

This journal is © The Royal Society of Chemistry 2023

7. Conclusion and outlook

Hydrogels have superior performance in terms of their biocom-
patibility and biodegradability, enabling immense leverage in
biosensor development. In particular, hydrogels have been
integrated with optical fibers to exploit various optical sensing
principles. As elaborated by a zoo of examples in this review,
hydrogel-integrated optical fiber sensors have demonstrated
responsive properties toward biomarker detection and beyond,
such as ion, pH, temperature, and humidity sensing. Table 1
compiles a list of some of these developments. Nevertheless,
there are several major challenges to be addressed to realize
more-advanced applications:

(I) Despite the availability of a large pool of natural and
synthetic hydrogels, there is still a significant necessity for the
exploration of newfangled hydrogel materials for integration
with optical fibers. Further research on hydrogels to improve
light guiding and polarization capabilities is crucial to increase
the performance of fibers. Moreover, the mechanical properties
of hydrogels require careful tailoring while maintaining optical
properties and longer shelf life.

(I1) Although the currently available methods to fabricate
hydrogel-based optical fibers are relatively simple, scalability is
a major concern. The thermal drawing process still dominates
the manufacturing of optical fibers, and hydrogels are incom-
patible with this method. Exploration of hydrogel materials
capable of preserving the physical and chemical properties at
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elevated temperatures and high stress is of paramount impor-
tance for large-scale hydrogel fabrication. This will allow the
fabrication of hydrogel optical fibers beyond step-index fibers
with a core-clad structure. For instance, micro-structured hol-
low core optical fibers (PCFs and NCFs) are promising alter-
natives for low-loss guidance and higher power delivery.
Integration of hydrogels in such fibers may allow the detection
of biomolecules with higher sensitivity and selectivity.

() Integration of hydrogels in polymer and silica optical
fibers requires complex step-by-step fabrication, primarily due
to the dominant mechanism of hydrogel UV crosslinking.
Crosslinking compatibility of hydrogels with visible light or
infrared light and even with the guiding bandwidth of the
optical fiber is essential to simplify the integration process.

(IV) Adaptation of sensing principles like SPR, LSPR, inter-
ferometry, and fluorescence phenomena in hydrogel-integrated
optical fibers has significantly enhanced the performance
of the sensors. However, adding these sensing principles
requires nanomaterials and labels integrated within the hydro-
gel optical fiber structure, and detection is often performed
through a complex experimental process. Developing optical
fiber sensors with relatively less complicated optoelectronic
circuitry is important for mass fabrication and wide usage of
these sensors.

(V) Despite the superior sensitivity and selectivity of the
optics and photonics-based sensors, the reliability and stability
of the hydrogel-integrated sensor are critical. Hydrogel-
integrated optical fiber sensors are inherently sensitive to
environmental interferences such as temperature and humid-
ity. Moreover, the hydrogel is also prone to structural degrada-
tion and loss of interfacial adhesion over time. Significant
effort is required to ensure the development of hydrogel-
integrated optical fiber sensors with long-time stability
while maintaining the sensing performance in a dynamic
environment.

(VI) The hydrogel-integrated sensors have demonstrated
limited multi-functionalization capabilities. Although the opti-
cal detection principle provides higher precision, multiple
analyte sensing capabilities are necessary to compete with
recent advances in the realm of biosensing. Moreover, simulta-
neously detecting chemical and physiological signals will
provide a significant advantage for wearable sensors. The
combination of light-guided actuation and sensing may facil-
itate the fabrication of a lucrative platform for invasive surgery.

(VII) Very few studies have been conducted regarding
hydrogel-based optoelectronic devices combining hydrogel
fibers’ electrical and optical properties. Electron-conductive
hydrogel fibers demonstrate low optical transparency and low
stretchability due to a high percentage of filler material. On the
other hand, ion-conductive organohydrogel fibers provide an
alternative option with superior optical transparency; however,
the conductivity of ionically conductive hydrogel materials is
still very low compared to that of conductive filler-based
materials, limiting their applications in advanced optoelectro-
nic devices. Thus, extensive investigation is required to improve
organo-hydrogel fibers’ optical and electrical properties.

9416 | J Mater. Chem. C, 2023, 11, 9383-9424
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Moreover, dehydration and hysteresis of the conductive hydro-
gel fiber (CHF) are still a major concern. Thus, an effective
strategy must be developed to fabricate hydrogel-based optoe-
lectronic fibers with good water retention capacity, good optical
transparency, high conductivity, preferable temperature toler-
ance, and stable mechanical properties.

(VIID) There has not been any reported work on hydrogel
fiber-based semiconductor devices. Even though this field is
largely unexplored, it has significant prospects as hydrogel-
based semiconductor fibers can offer tunable optical properties
allowing control over the wavelength, intensity, and transmis-
sion window. This tunability can make them an attractive
option for displays, lighting, and optical sensor applications.

In conclusion, hydrogel-integrated optical fiber sensors pre-
sent attractive opportunities for integrating sensors with biolo-
gical tissues due to the high degree of their biocompatibility.
Careful engineering of materials and precise device architec-
tures are crucial factors to be considered for the realization of
their potential. With the development of new hydrogels and
optical fiber fabrication techniques, hydrogel-integrated optical
fiber sensors would become an essential medium for the future
of biosensing studies.
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