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Traditional optical waveguides or mediums are often silica-based materials, but their applications in biomedicine
and healthcare are limited due to the poor biocompatibility and unsuitable mechanical properties. In term of the
applications in human body, a biocompatible hydrogel system with excellent optical transparency and me-
chanical flexibility could be beneficial. In this review, we explore the different designs of hydrogel-based optical
waveguides derived from natural and synthetic sources. We highlighted key developments such as light emitting

contact lenses, implantable optical fibres, biosensing systems, luminating and fluorescent materials. Finally, we
expand further on the challenges and perspectives for hydrogel waveguides to achieve clinical applications.

1. Introduction

Optical techniques have long been established in the diagnosis and
treatment of patients. A simple torch light to the tiniest of scopes is
vastly utilized to evaluate the human body. However, the ability of light
is heavily reliant on its waveguiding medium. The development of an
ideal waveguide or light responsive platforms for biomedical applica-
tions requires extensive considerations and challenges to overcome. The
observation of light propagation in different mediums can be defined
with an optical parameter called Refractive Index (RI) and it is a
fundamental step to determine in the development of light guiding
techniques [1].

Traditionally, the optical waveguides or mediums are silica-based
materials (glass) that possess excellent optical transparency with very
minimal propagation loss. These silica optical fibres (SOF) can only be a
temporary insertion into the body for treatment or diagnostics as it is
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limited by other aspects such as compatibility, brittleness, and rigidity
[2]. A typical endoscope generally consists of a bundle of optical fibres,
and it is the simplest but effective form of visualization in the body. In
the ablation of kidney stones, SOF are a common medium for laser de-
livery in the body [3]. However, its mechanical fragility increases the
chances of injury in a dynamic body environment and the hardness of
such material conflicts with the soft tissue environment which may lead
to rejection and damage [4]. Undoubtedly, biocompatibility and surface
morphology of the implantable system plays a significant role in its
suitability. Polymeric Optic Fibres (POF) are advantageous in this aspect
due to its functionalization abilities with surface chemistry techniques,
whereas in SOF, coatings are able to play significant role in improving
biocompatibility [5].

Subsequently, polymeric-based materials have been developed to
address these shortcomings by achieving similar optical transparency
with better biocompatibility and mechanical properties. An example
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would be polymethyl methacrylate (PMMA), which is widely used to
fabricate these POFs for connectivity and telecommunications, but also
in medicine as health monitoring and treatment. Unlike the traditional
SOF waveguides, POFs are able to expand into other applications in
medicine due to its low cost and inert properties. However, POFs still
exhibit extremely high Young’s Modulus (1 MPa-10 GPa) as compared
to soft human tissues that are only in the 10 kPa range [6,7]. The me-
chanical properties of these waveguides are critical when it comes im-
plantation in the human body. The need for implantation brings about
additional considerations to the material such as biocompatibility,
adverse interactions, biodegradation, as well as mechanical compliance
[8,9].

In recent years, soft biocompatible optical guides to be worn or
implanted in the body have become an interest in research. Hydrogels
are considered a promising candidate for biomedical waveguides me-
diums to achieve the requirements of biocompatibility, elasticity, and
optical transparency. Hydrogels are a class of polymeric materials with
three-dimensional crosslinked network, that has the ability to uptake
aqueous solutions and can be functionalized to respond to pH, temper-
ature, UV light, or other stimuli [10]. It’s tunability can potentially
generate hydrogels with mechanical properties similar to body tissues,
favourable for implantation and remain sufficiently transparent for light
guiding applications [11]. In comparison to hydrogels, the Young’s
Modulus, E of SOF and POF is much larger and deviates further from
human tissues (Fig. 1a). Looking into hydrogels specifically the Ashby
plot of Fig. 1b as well as Table 1 demonstrates certain overlaps of
characteristics between different hydrogel-based materials and the
human tissue. In the rapidly growing field of photomedicine, hydrogels
are an ideal alternative material to incorporate biocompatibility and
biodegradability to the system.

While the interest of this remains relatively niche, it has gained more
attention of late. Yang’s group dives deep into a wider perspective of
biopolymers for optical techniques [25]. The review covers living bio-
materials to a combination of natural and synthetic polymers for ap-
plications such as optical waveguides and arrays. Albeit brief, Zhao’s
group discussed the various systems of hydrogels and its key compo-
nents for its ability to be tuned for the desired outcome [26]. Yun’s
group narrows down into optical technologies for medical applications,
exploring nature’s own waveguides, to different types of polymeric
wave guides, not limited to hydrogels [9]. Recently, Demirci’s and Kim’s
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Fig. 1. a) An overview of the optical materials across the mechanical properties
and refractive index, b) An Ashby Plot of the different hydrogels [9,12-24].
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Table 1
The refractive index of human tissues extracted from Ref. [1] and hydrogels
extracted from [9].

Human Tissues Refractive Index, n Hydrogels Refractive Index, n
Epidermis 1.37-1.56 PEG-based 1.33-1.47
Skin 1.32-1.52 PAM-based 1.46-1.50
Adipose Tissues 1.44-1.46 Alginate-based 1.34-1.54
Muscles 1.37-1.39 Silk-based 1.50-1.70
Neck 1.40 Chitosan-based 1.40-1.50
Myocardium 1.51 Cellulose 1.48
Stomach 1.45

Liver 1.51

Intestine 1.33

Blood 1.42

Malignant tumour 1.43

group had published a comprehensive review on hydrogel-based
biomedical photonics [27,28]. del Campo expanded into light delivery
and responsive strategies for photoactivation, and highlights the chal-
lenges and promising outlook [29]. While there are existing summaries
in their respective field, there are no comprehensive summary of
hydrogels as waveguides or light manipulating materials in biomedical
applications. In the perspective of material development, we summarize
the recent work on hydrogel waveguides and light manipulation systems
in biomedical applications. The review was structured to highlight
firstly, the requirements of an ideal hydrogel waveguide, the challenges
of light delivery in the human body, and then the appeal of hydrogels as
a promising medium. Subsequently, we discuss the different reported
approaches of light guiding, categorized as natural-, synthetic-, or
hybrid-based hydrogels. We summarized the work through the
perspective of light guiding in the human body such as light trans-
mittance, biocompatibility, and mechanical friendliness. Moreover, we
discussed the applications of hydrogels and their competitive edge in
biomedical fields such as the future of contact lenses, in vivo light de-
livery for therapy and diagnostics, and biosensing. The niche area of
light-guided hydrogel plays an important role in paving the pathway for
unconventional but necessary materials in biomedicine.

2. Light propagation in hydrogels

To achieve good light propagation, light needs travel through the
medium with minimal loss of energy (high optical transparency) and in
between two mediums of a similar RI. The RI of a material indicates the
bending and speed of light when travelling across, thus giving an idea on
the loss of energy if the mediums are drastically different. Snell’s law can
be used to describe the relation of the light travel between two mediums
expressed as follows,

ny X sin(6;) =ny x sin(6,)

whereby, n; and ny are the refractive indices of the medium and 0; is the
incident angle and 65 is the refracted angle [30]. This concept is suitable
for light bending and delivery through transparent mediums, applicable
for ocular vitreous tamponades, contact lenses, and wound dressings. On
another hand, for waveguides to achieve excellent efficiency, matching
the RI of the waveguide materials is not ideal, but instead, manipulating
light such that Total Internal Reflection (TIR) occurs. This is a funda-
mental concept of waveguiding to trap and facilitate light delivery. For
TIR to happen within the body, the RI of a single material system must
be higher than the surrounding tissues (1.38-1.41) [31]. Whereas, for a
multi-material system, the core must exhibit higher RI than the cladding
(Fig. 2). The conventional design of a waveguide involves a single di-
rection guide, typically cylindrical and is guided by the principles of
step-index or graded-index (Fig. 2), Single mode fibres are generally
step-index and multimode can be both step-index and graded-index fi-
bres [32,33]. For TIR to occur, the incident angle must be larger than the
critical angle and light must travel from a higher RI medium to a lower
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Fig. 2. An overview of the light propagation in human tissues without waveguides, that leads to scattering and absorption of light. The longer wavelength of red light
(625-750 nm) is able to penetrate deeper into the skin as compared to shorter wavelengths of blue light (450-485 nm). The use of a waveguide enables direct and
greater depth access in the delivery of light through the concept of total internal reflection with two conventional designs, step index fibre and graded index fibre.

RI medium. With incident angles less than the critical angle between the
mediums, light will be split into refraction and reflection, resulting in
less effective reflection. The critical angle, 6., can be determined from
the aforementioned Snell’s law,

ny

sin(6,)

ny

To confine the light propagation, the RI and incident angle 6; needs
to be carefully designed to achieve the ideal guided mode, as opposed to
the radiation and substrate radiation mode [33].

Biomedical waveguides require not only good light guiding proper-
ties, but also flexibility and biocompatibility if implantable. The dy-
namic nature of the human body and the softness of the internal tissues
makes traditional silica-based waveguides difficult to be implanted or
utilized for long. The difference in stiffness of the internal tissues and the
waveguides can lead to inflammation and incompatibility.

The inherent nature of human tissues is an unfavourable environ-
ment for light delivery as optical signals are often interfered and influ-
enced by tissue scattering and absorption [34]. This is a major obstacle
of light delivery in the body in biomedical applications. The heteroge-
neous properties of living tissues contribute to the scattering of light
which can be indicated with the scattering coefficient, g (cm’l),
defined the probability of single scattering in the cross section, ps and the
density of the particles present in the volume, o

us = p,osThis is the probability of scatter to happen during a unit
length of photon travel, describing the light distribution profile [35]. In
simulation models of light scattering studies, Mie scattering is a common
theory to apply as it indicates the scattering of particles larger than the
wavelength of light as oppose to Rayleigh [36]. However, both Mie and
Rayleigh theories are vastly applied in biomedical optics to evaluate the
scattering properties in the body. Human tissues consist of both strong
and weak scattering, whereby the in blood dominant regions such as the
skin, brain, and vascular systems exhibit absorption and multiple scat-
tering model. Whereas, for the cornea and lens, the scattering model can
be described as low-step scattering [34,37]. Aside from scattering,
human tissues also absorb light, denoted by the absorption coefficient,
Mo, and is particularly prominent in the circulatory system. In an
assumed homogenous medium of particles, the u, is defined by the
probability of the absorption in the cross section, p, and the density of
the particles present in the volume, o,
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The coefficient indicates the probability of photon absorption in the
medium per unit photon travel [36]. The scattering coefficient of tissues
decreases as the incident wavelength increases, whereas the absorption
coefficient varies across the different tissues and light spectrum [38].
The presences of chromophores (haemoglobin and melanin) contribute
heavily to the absorption of light internally. Therefore, the path of light
delivery in the human body is a significant challenge, and perhaps we
can seek guidance from other organisms.

Over the years of evolution, some organisms have adapted to maxi-
mize the capture of light to generate chemical energy, to scatter light for
camouflage, and to emit light for defence or signalling. For example,
Diphylleia grayi flowers will appear white when dry and transparent
when wet due to the loose structural arrangement of cells. The flower
petals appear transparent as they achieve the same refractive index
between (water-cytolymph), allowing unobstructed light to pass
through to maximize energy acquisition at the leaves or signalling
pollination [39]. This reversible transparency kindled various strategies
in material developments for optical applications [40-42]. On another
hand, Leachia sp. and many other deep sea creatures exhibit translucent
body void of pigment contents, allowing light to bend through the body
for camouflage [43]. Midwater squid, Galiteuthis phyllura, emit biolu-
minescent light due to the production of photophores that aids in
counterillumination and communication. The structural cross section of
photophores function as leaky light guides that counterilluminate to
match downwelling sunlight for camouflage [44]. Deep-sea creatures
are an excellent source of inspiration for light manipulating strategies
such as the leaky waveguides in Galiteuthis phyllura [45], transparent
teeth from Idiacanthus atlanticus [46,47], and the body of jellyfishes [48,
49]. By studying these natural wonders, the capabilities in light guiding
and manipulation can be applied to innovative materials not only in
biomedical fields but others as well.

Hydrogels are three dimensional crosslinked polymeric networks
that is able to maintain its soft 3D structure by the stability of its swell
state in aqueous environment [50]. These polymeric chains are gener-
ally held together by hydrogen bonding, van der Waals interactions, or
covalent bonding, through either chemical or physical crosslinks [51,
52]. In recent years, the use of hydrogels to facilitate light exposure has
gained traction, as a promising non-invasive approach to monitor body
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conditions [53,54], triggering the release of therapeutic drugs [55,56],
and tumour ablation capabilities [57,58]. Due to its tailorability,
hydrogels can be classified by many different categories depending on
its size, precursors, bonding characteristics, physical nature, or synthesis
route. Fig. 3 is a schematic on the classification, requirements, and
application of hydrogels in light guiding and manipulating. Mahinroosta
et al. Thakur et al., and Bashir et al. had summarized the different ways
of classifying a hydrogel in the aforementioned ways comprehensively
[10,51,52].

The versatility of hydrogels holds promise to enhance various ap-
plications, including optics, tissue engineering scaffolds, drug delivery
systems, and tamponade systems for wound healing. A notable example
is the development of soft contact lens (CL) in the early 1970s, denoting
the first era of hydrogel development [51]. The breakthrough of soft CLs
led to a surge of hydrogel research, resulting with critical understanding
of how hydrogels can facilitate light delivery and manipulation. Peng
et al. wrote a comprehensive overview of hydrogelations via light and
hydrogel responses after light exposure. Light-responsive mechanisms
such as bond cleaving and link formation, photoisomerization, and
photothermy were discussed. Despite progress in this area, Peng et al.
acknowledged that gaps are still wide and more needs to be done to
match application needs [59]. Nonetheless, the dynamic nature of
hydrogels is considerably a significant advantage in biomedical appli-
cations. Li et al. explored designs of light responsive hydrogels and the
emerging applications such as controlled drug delivery, smart bio-
interfaces and self-healing properties [60]. Tomatsu et al. describes the
use of light to control the properties of hydrogels through photo-
responsive groups, suitable for drug release and cell culturing applica-
tions [61]. Since inception, the field of hydrogels experienced
exponential growth, resulting in the development hydrogels in
biomedical applications.

3. Optical hydrogels

Among the recent developments, hydrogel-based waveguides or light
manipulators are one of the emerging technologies aim to better photo-
based theragnostic. However, the realization of this ideation has been
proven difficult due to the surrounding environment under the skin that
hinders the optical intensity. Hydrogels from natural sources such as silk
and alginate have been exploited for optical waveguides and

Natural Hydrogels

Silk Agarose
Chitosan  Alginate
Cellulose

Synthetic Hydrogels

PAM

PEG
PEGDA
PEGDMA

-

Hybrid Hydrogels

Alg- Ca?* Double Network
Luminescent Hydrogels
Fluorescent Hydrogels

Light Source

Mechanical Friendliness:
Soft human tissues (10-30kPa)

Optical Transmittance:
High transmittance (more than 80%)
Low attenuation in 400-1000nm range

Biocompatible and/or biodegradable
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optogenetic modulations. Hydrogels from synthetic sources such as
polyethylene glycol (PEG) and polyacrylamide (PAM) have been studied
for its flexible, non-degradable waveguide properties. Here, we explore
the hydrogels capabilities for the use of light delivery and stimulation in
biomedical applications.

3.1. Optical hydrogels from natural polymers

Naturally occurring polymers are prized for its biocompatibility and
biodegradation, making them suitable for medical applications. These
polymers are commonly derived from plants, animals, or bacterial
sources. A well explored strategy of utilising natural polymers is to
create composites, be it all natural or hybrid. Herein, we explore the
design and properties of these naturally occurring polymers and short-
comings as a light guiding hydrogel (Table 2).

3.1.1. Silk

The naturally occurring silk fibre obtained from silkworms is mainly
divided into two fractions of silk fibroin (SF) (almost 75%) and silk
sericin. The degumming process solubilizes silk sericin, leaving zig-zag
polypeptide chains of SF. The SF structure comprises of heavy and
light molecular chains linked with a disulphide bond. In the typical
Bombyx mori SF, silk I (a-helix) and silk II (§-sheets) are two components
of the crystalline structure [68]. The flexibility of SF is attributed to the
interaction and formation of f-sheets, allowing hydrogen bond and van
der Waals interactions to occur inter- and intra-chains [69,70]. The
mechanical properties of SF can be tailored through hydrogel formation
to accommodate to natural tissues. Furthermore, SF hydrogels possesses
various key properties for biomedical applications, such as its inherent
biocompatibility, biodegradability and ease of manipulation [71-73].
Optical losses of SF exhibit as low as 0.25 dB/cm at 846 nm and 0.25 at
1549 nm, suggesting a strong potential for waveguiding mediums [74].
Through the different extraction methods of SF such as physically [75],
chemically [76], enzymatic [77] or a combination of methods [78],
waveguiding SF hydrogels were developed over the years.

Sahoo et al. for example had synthesized a range of biocompatible SF
hydrogels by using the enzyme, horseradish peroxidase, coupled with
hydrogen peroxide [77]. By increasing the degumming (extraction) time
(DT), the content of p-sheet (crystals) drops and better optical trans-
parency can be achieved. The mean transmittance at 700 nm was

Applications

Light emitting
contact lens

/
>

Waveguiding
Implants

Biosensors

Fig. 3. Illustrates one of the classification methods of hydrogel-based light guides in terms of its polymers and the biomedical applications.
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Fig. 4. Silk hydrogel for optic applications. a) i) Schematic illustration of the SF hydrogel fabrication from treating silk cocoons in 0.02 M sodium carbonate,
dissolving the SF in lithium bromide to purifying through dialysis and forming hydrogel by mixing the purified SF solution with acetone. ii) Transparent hydrogel
formed from SF solution mixed with acetone. Scale bar = 7.5 mm. iii) SF hydrogel prepared in the shape of meniscus lens. Scale bar = 5 mm, adapted with permission
from © 2015 American Chemical Society [79], b)i) Illustration of using SF ink to attain both straight and curvy silk waveguides via direct-write assembly. ii)
Schematic representation of the set up for capturing and analyzing the transverse face of silk waveguides and the optimization could be attained by controlling the
position of the optical condenser. These images were adapted with permission from © 2009 Advanced Materials [81]. ¢) i) Schematic representation of printed SF
with straight and curved designs. ii) Absolute irradiance measured for the different wavelengths using cool white LED and warm white LED. iii) Influence of the
concentration of silk hydrogels on the transmittance, adapted © 2017 Springer Nature [64].

reported to be 91% for the 120 DT as compared to 70% at 1 DT. The
shorter DT hydrogels have longer p-sheet chains that would likely
contribute to larger clusters of hetero-structures which increases light
scattering in the silk structure. However, SF hydrogels with the longest
DT exhibited the largest hysteresis loss in compressive loading cycles of
30%. The heterogenous networks of 1DT contributed to quick gelation
and plastic deformation. In terms of its cytocompatibility, all SF
hydrogels exhibit at least 90% survival rates, however after 8 days, the
30DT exhibited the best metabolic activity, alluding to an optimal
stiffness for cellular activity compared to both end extremities of 1DT
and 120DT [77]. The hydrogels can be implemented in diverse appli-
cations such as tissue engineering and vitreous substitutions, to name a
few. The appeal of transparency and tunable mechanical properties of SF
hydrogels makes it an ideal material for biological optical components in
diagnostics and sensing applications. The fabrication of SF hydrogels is
straightforward and results in a flexible gel suitable for lens applications
(Fig. 4ai,ii,iii) [79].

In another approach, Shu et al. developed birefringent SF hydrogels
with the use of binary solvent-exchange-induced self-assembly
(BSEISA). These SF hydrogels exhibit mechanical properties similar to
cartilage, skin and eye crystalline lens [62]. In general, the modulus of
SF hydrogels can be tailored in between 0.07 and 6.5 MPa, similar to soft
tissues [80]. The BSEISA derived SF hydrogels transparent and mostly in
the visible spectrum. Soft birefringent materials are highly desired in
photomedicine, diagnostics and tissue engineering, as it is able to
accommodate irregular geometries. The development of such materials
is difficult, but SF can provide a potential solution.

As a waveguide, Applegate et al. reported the use of SF to fabricate a
functioning prototype for in vivo photomedicine. The design incorpo-
rated two different silk components - silk film and silk hydrogel in a
standard fibre optic design. The silk film acts as a core and the silk gel is
the cladding to guide light within the core and minimise propagation
loss [63]. The SF waveguide exhibited refractive index of 1.33-1.36
collectively and the optical loss at 540 nm was reported to be 2.0 dB/cm,
within the range of conventional POF [63]. Although it was not re-
ported, the work summarizes that the waveguide would eventually be
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consumed by cells due to the biocompatibility and biodegradation na-
ture of silk. Melikov et al. explored the use of SF hydrogels as an alter-
native green lens to optoelectronics such as light-emitting diodes (LEDs).
As opposed to the waveguide shape, here the SF hydrogels were shaped
into a spherical dome shape and its light extraction efficiency for 3 wt%
was reported as the most favourable (Fig. 4ai). Similarly Parker et al.
printed optical SF waveguides (Fig. 4bi,ii) with propagation losses of
0.25 dB/cm and 0.81 dB/cm for straight and curved light guides
respectively at 633 nm, indicating good guiding abilities of innate SF ink
[64,81]. The average transmittance of (3-18 wt%) SF hydrogels exhibit a
drop of only 0.41 dB/com in the visible spectrum and the irradiation of

3.1.2. Chitosan

Chitosan is a derivative of chitin and is the second most abundant
natural polymer after cellulose. Chitin is most commonly found in shells
of crustaceans, exoskeletons of insects and cell walls of fungi [82]. The
structure of chitosan is positively charged due to the amino groups.
Similarly to silk, chitosan is capable of forming a transparent gel with
good compatibility and degradation, all of which are ideal characteris-
tics for hydrogel waveguides [83]. Therefore, the addition of chitosan in
hydrogels provides an excellent platform to explore light guiding and
sensing materials to be integrated with soft tissues.

Alamrani et al. developed a mesoporous chitosan-based leaky
waveguide sensor to detect thrombin presence in blood [84]. The
porosity of the waveguide allows species to diffuse in an interact with
immobilized aptamers. The interaction between the chitosan free amine
groups, the aptamers and the concentration of thrombin will alter the
resonance angle in the waveguide. Following up, the group evolved
diffraction-based leaky waveguide to have the self-referencing ability
that minimised environmental and non-specific effect during the analyte
measurement. This was achieved through the covalent attachment of
biotinylated linker to chitosan, photocleavable at 365 nm. Through se-
lective exposure, regions of high and low loading of proteins were
established to serve as sensor and reference respectively [65]. A follow
up study revealed that the chitosan diffraction-based leaky waveguide
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Table 2
A summary of transparent hydrogels derived from natural polymers.
Polymer Resource Gelation Hydrogel Applications Reference
Silk Silkworm cocoon, Binary solvent-exchange- ' Light waveguide for photodynamic therapy,  [62]
a oH 5 o spider silk induced self-assembly lenses for light emitting diode (LED),
H H H i i
X"\)Lu i \)J\ﬁ N\)Lﬁ E birefringence
o o o
Gel with horseradish [63]
peroxidase and hydrogen Q%‘
peroxide ~
[64]
Chitosan Crusteacean shells, Crosslink with glutaraldehyde - Biosensors, leaky waveguides [65]
OH Mushrooms prepared in HEPES buffer
NH,
o o §°
HO o
NH,
OH n
Cellulose Trees, plants Crosslink with AI** ions biosensor and signal transmission [66]
OH
o HO OH
Ho o o
OH
OH
n
Agarose Brown seaweed Gel upon cooling - in vivo imaging, light delivery, biosensor [15]
OH
HO o
OH
o
&/o\ﬁ\o OH
Hro OH
n
Alginate Green seaweed Crosslink with calcium tamponading agent for vitreous substitute [67]1

OH
OH ° OH .
o 9 Lo
.0 o
' HO HO n
o OH
m

sulphate dihydrate solution

could differentiate the non-specific adsorption of bovine serum albumin
(BSA) from the antibody binding even when the BSA concentration was
more than 30 000 times of the maximum antibody concentration [18].

The transparency and biocompatibility of chitosan makes it a suit-
able precursor to hydrogels for tissue engineering scaffolds, particularly
for cornea regeneration. Feng et al. developed a thermogel scaffold
derived from oligoethylene glycol (G1) (OEG)-based dendronized chi-
tosan (DCs), with transition temperature of 37 °C (Fig. 5ai,ii). The
resulting hydrogel exhibit transmittance of over 90% at visible light
range from 25 °C to 40 °C, and the sol-gel transition point decreases as
the concentration increases (Fig. 5aiii) [85]. The naked chitosan chain is
populated with hydrophilic amino groups and hydroxyl groups that
contributes to the self-assembly and formation of supramolecular fibres.
Similarly, Ding et al. demonstrated a tough chitosan hydrogel for stem
cell and tissue engineering (Fig. 5b). The chitosan hydrogel exhibit a
94% optical transmittance compared to 81% of chitin hydrogel at 800
nm, with Young’s Modulus, E ranging from 7.9 MPa to 92.0 MPa
(increasing with the degree of deacetylation) [86]. Isobe et al. developed
a highly transparent and hydrogel network comprising of highly crys-
talline a-chitin. The hydrogel exhibits similar light transmission to
regular contact lenses with robust mechanical properties [87].

3.1.3. Cellulose

Cellulose is the most abundant polymer, commonly found in cell
walls of vascular plants, marine organisms and produced organically by
microbial biosynthesis [88]. The structure of cellulose is highly crys-
talline and extensively networked with a large degree of polymerization.
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Due to the complex structure and interactions between the chains, the
solubility of cellulose is highly restricted [13]. Therefore, further
pre-treatments are necessary to break and depolymerize these chains to
better exploit the polymer. Organic light guiding systems can benefit
from the characteristics of cellulose, such as biocompatibility, degra-
dation, and the ease of functionalization [89]. In terms of light manip-
ulation strategies, the form of cellulose can vary widely from facile
top-down approaches of transparent wood to the addition of nano-
cellulose (NC) in hydrogels [90-92].

Orelma et al. developed an optical fibre from regenerated cellulose as
the core and cellulose acetate as the cladding through a dry-jet wet
spinning method. The cellulose fibre guides light from 500 to 1400 nm
range while absorbing UV range. The reported attenuation constant
stands at 6.3 dB/cm (1300 nm), higher than conventional silica fibres,
while the maximum tensile strength was found to be 120 MPa [93].
While the focal point of the study is towards water sensing applications,
the inherent biocompatibility properties warrant additional in-
vestigations for potential photomedicine uses.

In a study conducted by Li et al. carboxymethyl cellulose (CMC) was
incorporated with carbon nanotubes (CNT) to generate hydrogel com-
posite that was subsequently used to build optical fibre sensor [94]. The
advantages of such sensors as compared to traditional electrical sensors
lie in overcoming the issues of corrosion and interference from complex
electromagnetic environments, with the addition of better response
speed. Kuddushi et al. fabricated a transparent hydrogel film
(PVA-CMC-Na-Alg) that exhibit light transmittance at 85% between 400
and 800 nm [95]. This facile mixture of different gelation components
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Fig. 5. Chitosan hydrogels. a) i) Schematic illustration of the fabrication of dendronized chitosan hydrogel via self-assembly and heating ii) Chemical structure
representation of the dendronized chitosan hydrogel synthesis iii) Optical image of the thermoresponsive dendronized chitosan hydrogel. Adapted with permission
from © 2021 American Chemical Society [85]. b) Optical image of transparent chitosan hydrogels after different rounds of deacetylation. Adapted with permission
from © 2016 American Chemical Society [86]. ¢) i) Optical image of N-acetylated chitosan hydrogel ii) Benchmark of the light transmittance capability of the
N-acetylated chitosan hydrogel based on high degree of polymerization against commercial contact lens iii) Photo of the N-acetylated chitosan hydrogel fabricated
into the shape of contact lens. Adapted with permission from © 2020 American Chemical Society [87].

exhibits excellent mechanical properties due to their hydrogen bonding,
resulting in maximum breakage at 100 MPa. The transparency of the
film enables the user to visually check on the area without removing the
film, enhancing the convenience of wound healing. Light guiding can be
a potential application from this material as it already exhibit good
transmittance and mechanical properties. Similarly, Agate et al. devel-
oped a method of fabricating unconventional hydrogels such as
CMC/riboflavin-based hydrogels by photoablation to crease the
lens-shape of contact lens [96].

On another hand, Zhou et al. demonstrated state-switchable cellulose
hydrogels with the use of Ca®* and Zn?" ion exchange. The hydrogels
are able to shift from rigid, fluid, and brittle characteristics depending
on the concentration of ZnCly; and CaCl, The addition of Ca®" ions
greatly improve the cross-linking stability and the recovery area ratio of
Gel-L-Ca?* is 75%, indicating good recoverability [97]. These trans-
parent gels exhibit good pressure sensing properties and can be further
explored for multi-responsive sensor or light guiding.

3.1.4. Agarose

Agarose is a seaweed-derived linear polysaccharide that has been
explored for hydrogel waveguiding application. In addition to being
biocompatible [98], agarose is often low cost and food grade which are
ultimately appealing for biomedical usage [15]. As a waveguiding ma-
terial, agarose exhibit high transparency in the visible range, with
adjustable refractive index and thermo-reversible gelation property
[15]. The change in agarose concentration by 0.5% (w/v) can alter the
refractive index of its hydrogel by approximately 0.001 [99].

To develop a light guide, Fujiwara et al. demonstrated a simple
method to utilize agarose to craft structured optical fibre. This involves
pouring the agarose solution over stacked rods arranged in a mould, and
upon cooling, the rods and the mould were removed freeing the solidi-
fied waveguide. The waveguides exhibit relatively higher optical losses
at 3.2 dB/cm (633 nm) compared to silica waveguides but the trans-
mission can be improved to (0.8 dB/cm losses) by eliminating noise and
incorporating glycerol [100]. Through the control of agarose composi-
tion and mould design, the refractive index and the fibre geometry of the
optical fibre could be altered accordingly to the needs respectively.
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Gupta and Goddard demonstrated the use of agarose hydrogel and
reactive blue 4 dye (RB4) to form leaky waveguide. The success was
exhibited in the reduction of the response time and the detection limit of
bovine serum albumin. The resonance of the waveguide can be visual-
ised due to the addition of the dye and the RI can be measured real time
at any location [101].

3.1.5. Alginate

Alginate is an anionic charged block copolymer that is found in
structures of algae and capsular polysaccharides in bacteria such as
Pseudomonas sp. and Azotobacter sp. [102]. The structure of alginate is
derived from randomized polymerization of 2 units; $-1,4-d-mannuronic
acid (M block) and a-1,4-I-guluronic acid (G block). The rich hydroxyl
and carboxyl groups in its chains proves to be useful in gelation,
biodegradation, and compatibility [103]. The use of alginate is often
coupled other synthetic polymers, such as polyethylene glycol (PEG)
and polyacrylamide to create hydrogel waveguides [17,19,22].

A notable study revolves around the potential alginate in the
development of vitreous substitute. The high molecular weight alginate
gels with the presence of calcium sulphate resulting in a hydrogel
exhibiting a RI value of 1.33 in both sol and gel states. The hydrogel
achieved 90% transmittance in the visible light range, suitable for light
manipulation, not only for vitreous substitution but potentially for de-
livery [67]. Wang et al. fabricated an alginate-polyacrylamide (alg--
PAAm) hydrogel optical fibre for in vivo optogenetics applications. The
optical fibre exhibits a propagation loss 0.25 dB/cm and Young’'s
modulus of 48-91 kPa, similar to certain human tissues. The biocom-
patible fibre provides an alternative to silica fibres and alleviate tissues
responses [55].

3.2. Optical hydrogels from synthetic materials

The demands on biomaterials for optical purposes are numerous,
calling for characteristics such as biocompatibility and appropriate
chemical and mechanical properties, while necessitating optimal
material-light interactions. While there are several natural materials
have met these criteria as described in the previous section, there is also
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an expansive range of synthetic materials that offer the added benefits
such as better mechanical properties, extensive functional techniques,
and reproducibility [104-106]. As such, various synthetic polymers
have found their places as important candidates in this area (Fig. 6) [9,
271.

3.2.1. PEG

PEG has been known for its functionalities in optical fibre cores, and
have been proposed to be a suitable material for optical fibres with soft
mechanical properties [27,107]. This can be attributed to their high
optical transparency and low light attenuation, as well as their low
Young’s modulus and high flexibility [108]. This combination of prop-
erties also allowed for the development of PEG-based hydrogels with
reversible photo-induced stiffness switching, through the incorporation
of Dronpal45 N, a photo switchable protein, as a crosslinker between
4-armed PEGs, which lends further tunability to its mechanical prop-
erties. The hydrogel could be spatially and temporally tuned to be
softened by approximately 20 times within 14min of illumination by
505 nm light, serving to control cell migration through this change of
substrate stiffness [109]. PEG’s optimal optical properties have also seen
used in being incorporated into other less optically desirable systems,
such as elastin-like protein (ELP)-based biomaterial scaffolds, in order to
improve their optical properties for cellular imaging purposes.

There are two main derivatives of modified PEG that are commonly
used in the development of hydrogels optical fibres: PEG diacrylate
(PEGDA) form, and PEG in its dimethacrylate (PEGDMA) form, and they
can be used to develop hydrogels of varying properties based on the
underlying polymer structures (Fig. 7) [27,107]. As a PEG derivative,
PEGDMA gels also possess properties, such as elasticity, refractive index
and optical transparency, which are affected by monomer length and
concentration. This allows for tuning of the refractive index within the
wide range of 1.344-1.437 to accomplish waveguiding within a
core-clad structure while preventing total reflection at increased angles
of incidence [110]. In particular, PEGDA-based hydrogels are thought
highly of due to their ability to balance transparency and biocompati-
bility, achieving non-immunogenicity and resisting protein adsorption
[114].

Studies have shown that their transparency was improved upon
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increasing the molecular weight of these constituent polymers, as well as
their concentrations [116]. At the same time, the large refractive index
difference between the waveguide and its surrounding environment
increases linearly with polymer content, rendering high polymeric
concentrations more favourable in these circumstances. Therefore, a
balance must be struck between the different parameters to optimize the
properties. It is critical to understand as each polymer can interact
differently, for example, low molar mass PEG is associated with
improved dissolution but lowered optical transparency and undesirable
stiffness and vice versa. Therefore, using higher molecular weight PEG is
far suitable for this application. To explore other possible functional-
ities, the addition of methacrylic acid (MAA) to PEGDMA results in a
copolymer with carboxylic groups that facilitates in cell attachment and
proliferation. The dual function waveguide not only delivers light for
optogenetics but also create a bioactive environment to the surround-
ings [111].

3.2.2. PAM

A common water-soluble polymer that easily forms hydrogels, [117],
PAM is one of the most commonly used polymers in the fabrication of
waveguides and optical fibres [107]. When considering its potential as
an optical biomaterial, it has many desirable properties, such as flexi-
bility and optical clarity, as well as non-toxicity, bio-inertness,
non-absorbability and a long working lifetime [9].

Notably, PAM has been used in the detection of uric acid in aqueous
samples through surface plasmon resonance in a fibre optic biosensor.
The setup was achieved entrapping Uricase in a PAM gel and subse-
quently coating this onto silver and silicon layers with a small unclad
length of silica optic fibre in the middle. During the increase of uric acid
solution concentration, a reaction between oxygen, uric acid, and the
uricase forms a complex that increases the refractive index of the PAM
layer, resulting in a red shift in resonance wavelength that can be
detected [118]. A similar sensor has also been created using SPR prin-
ciples through the entrapment of tyrosinase in PAM for the detection of
phenolic compounds [119].

PAM hydrogels have also been explored as coatings to improve op-
tical fibres through the imparting of three different properties: me-
chanical similarities to native tissue, low-loss light transmission, the
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a)i

1000 pm

Fig. 7. Fabrication of transparent hydrogels from synthetic polymers for biomedical purposes. a) (i) Printing setup for the printing of (ii) degradable and optically
transparent 70% wt% PEGDA-DTT fibres. Adapted with permission from © 2020 Wiley-VCH GmbH [115], b) PEGDA hydrogel (i) used in an optical setup in a
microfluidic chip as an integrated waveguide (ii) exhibiting excellent transparency at 60% w/v concentration (iii) fabricated into a 1 x 4 waveguide splitter. Adapted
from © 2019 Sensors [112]. ¢) PEGDMA hydrogel with fibre inserted, adapted with permission from © 2019 Optical Publishing Group [113].

providing of a 3D network for additional functionalization. In the study,
the PAM hydrogel was coated over PDMS as the core and was found to
function with insignificant effects on the bulk mechanical properties on
the optical fibre, while increasing its effectiveness in light propagation.
Compared to the uncoated optical fibre which had a propagation loss of
0.52 dB/cm in air, the PAM hydrogel showed reduced light loss at the
core-air interface, at only 0.39 dB/cm [4]. Preliminary studies have also
attempted to use PAM as a substrate for opto-regulated drug release
through an engineered self-replenishing living material. This study
made use of PAM and agarose hydrogel matrices as a substrate for the
sustenance of active endotoxin-free Escherichia coli that have been
engineered to secrete deoxy-viocin, an antimicrobial and antitumoral
drug, upon photo-stimulation, which could be spatially and temporally
controlled with a focused light beam [120].

3.3. Hybrid systems

Both naturally derived and synthetic hydrogels possess their own set

of advantages and limitations. While natural hydrogels excel in
biocompatibility and biodegradation capabilities, their capabilities as
waveguides on its own is challenging and minimally explored. In addi-
tion to the aforementioned strategies, natural and synthetic origins or
even inorganic additives can interact to achieve synergistic and multi-
functional properties for their applications [17,53,55,121,122].

A transparent and conductive hydrogel was derived from cross-
linking carboxymethyl chitosan (CMCS) using N-methylol acrylamide
(NMA), and the addition of CaCly introduces conductivity and me-
chanical enhancement additive through the carboxymethyl group in
CMCS. The CMCS-Ca?"/PAAm/PNMA hydrogel with water content
~74.29%. The hydrogel exhibited rapid response and recovery, excel-
lent toughness and good fatigue resistance [123]. N-(Hydroxymethyl)
acrylamide (NMA) forms the main skeleton and has strong hydrogen
bonds with PAAm. The non-covalent bonds between CMCS, PAAm, and
Ca?* act as sacrificial bonds when subjected to external forces. In the
hydrogel, hydrogen bonds between CMCS and PAAm molecules forms
the transient non-covalent bonds cross-linking networks, as well as the
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noncovalent interactions, adapted with permission from © 2021 American Chemical Society [126].
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metal-ligand coordination bonds between Ca?* and CMCS. This im-
proves the density and mechanical properties of the hydrogel cross-
linked network. These transparent conductive hydrogels demonstrated
applications in monitor of the movement of body joints, including the
movements of wrists, elbows, and knee joints.

Similarly, calcium alginate-zwitterionic copolymers ADN double
network also showed high transparent (transmittance 92.2%) (Fig. 8a)
[124]. Ca?* crosslinked alginate as dense network, and copolymer of
anionic sodium p-styrene sulfonate (NAS) and cationic acryloxyethyl
trimethyl ammonium chloride (DAC) as interpenetrating loose network.
The hydrogel exhibits transparency, mechanically resilience with
stretchability (1375%) and toughness (0.57 MJ/m3), as well as
self-healing and high conductivity (0.25 S/m). All these properties
together enable the hydrogel as a flexible wearable strain sensor for
large joint flexion (such as finger, elbow, and knee), foot planter pres-
sure measurement, and local muscle movement (such as eyebrow and
mouth). ion-conductive alginate hydrogel network was developed in the
present of Ca®" with remarkable stretchability (~975%) and high op-
tical transmittance (~96.2%) [126]. The hydrogels were physically
cross-linked by Ca?* and semi-interpenetrating copolymers consisting of
zwitterionic  [2-(methacryloyloxy) ethyl] dimethyl-(3-sulfopropyl)
ammonium hydroxide (SBMA) and 2-hydroxyethyl methacrylate
(HEMA) and is able to self-adhesive to diverse substrates (Fig. 8b). A
prototype of sensor was created to assess bioactivities of the human body
in real-time, by detecting force and temperature signals.

On another hand, Ding et al. developed a transparent magneto-
birefringence-based hydrogel system with synthetic precursor poly
(ethylene glycol) diacrylate (PEGDA), and Irgacure 2959 with cobalt-
doped titanium oxide (CTO) embedded in the system (Fig. 8c) [125].
The hydrogel exhibited sensitive magnetic responses, uniform optical
capable of multiple transmitted interference colours. This
magneto-birefringence hydrogel showed mechanochromic and ther-
mochromic property as well. It shows promising optical applications
such as the optical phase retarder, gradient optical attenuator, magnetic
see-through colour imager, and mechano-chromic indicator.

In another form of light manipulation, hydrogels have been studied
as a holding medium and strategy for luminating materials. The lumi-
nescent hydrogels can be fabricated by physical embedding of lumi-
nescent particles or covalently conjugating luminophors onto the
hydrogel chains [127,128]. Typically, a stimuli response such as pH,
temperature, or redox will activate the luminating hydrogels. Ning et al.
developed an HRP/COD/luminol/Alg hydrogel-based chemilumines-
cent sensor to detect the levels of cholesterol. The addition of luminol
exhibit a characteristic peak at 410 nm and the hydrogel system shows
minimal absorbance of light at visible light range. The luminating light
is stable in the presence of cholesterol and have a limit of detection of
7.2 pM [129]. Luminol is a chemiluminescent reagent that luminates
blue light when oxidised, exhibiting a glow-type luminescence. As it
does not require an external power source, it is a good alternative as a
cold light or as a marker for biological interactions. Ye et al. developed a
stable self-assembled guanosine-borate hydrogel with luminol and
hemin embedded in the gel. The gel exhibited stable luminating in-
tensity over time after 500s and excellent response to HyO5 [130].

Aside from chemiluminescence, luminescent additives such as
lanthanide ions, carbon dots (CDs), quantum dots (QDs), and organic dyes
contribute to the luminating properties of the hydrogel [127,131].
Lanthanide ions such as Eu®>* or Tb®>" complexes emits light when energy
is transferred from the ligand to the core of the ions. Wei et al. developed
an electrical stimulated multi coloured hydrogel as a biomimetic skin for
robotic applications. The red- and green-luminescent hydrogels were
prepared with lanthanide ions complexes as core, using potassium 6-acryl-
amidopicolinate (K6APA) as a ligand, thus forming, Eu-K6APA complex
and Tb-K6APA complex. Whereas, the blue luminescent hydrogel was
developed via radical polymerization of AlE-active 4-(dimethylamino)
ethoxy-N-allyl-1,8-naphthalimide (DAEAN), and methylene-bis-acrylamid
e (MBAA) with N-isopropylacrylamide (NIPAM), DAEAN-PNIPAM [132].
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Zhi et al. developed a luminous hydrogel by embedding Eu®* ion com-
plexes into poly (vinyl alcohol) (PVA) hydrogels and boric acid. The
Eu-PVA gels exhibited stable luminescent property in dry and wetted state.
In its natural state, it exists as a transparent gel but luminates under 385
nm excitation to display red intensity peaks [133].

Fluorescence is a phenomenon whereby longer wavelength of light
(low energy) is emitted after absorbing light of a lower wavelength
(higher energy) from a material. Here, that material is fluorescent
hydrogels that incorporates various moieties such as organic dye protein
molecules, lanthanide metal ions, QDs, and CDs [134-138]. Sophisti-
cated strategies vary in terms of the assembly of moieties in the hydrogel
and the mechanism of fluorescence. Hydrogels possess the ability to
provide a transparent system that supports these fluorescent moieties in
terms of physical and chemical stability. In return, the hydrogels are
able to exhibit fluorescence and potentially boost the mechanical
properties. Fluorescent materials are significantly important in the next
generation methods of biosensing, therapeutics, and diagnostics. Guo
et al. developed a tapered PEGDA hydrogel waveguide and coated with
glutathione-coated QDs and thioglycolic acid (TGA)-coated QDs for
metal ion sensing. Total internal reflection was achieved in the wave-
guide with a refractive index of 1.402. The fluorescence in the wave-
guide exhibited slight drop in light emission in water or tissue, but the
relatively strong emission would still be suitable for in vivo applications.
The fluorescence of QDs at 615 nm were significantly quenched by Pb2*
as compared to other metal ions, indicating the selectivity of
glutathione-coated QDs [139].

In addition, fluorescent hydrogels can be incorporated into
biomedical applications that most sensing devices and systems are
limited by. Li et al. developed a multifunctional NIR-based fluorescent
hydrogel to monitor and facilitate wound healing. Chitosan was grafted
with dihydrocaffeic acid, an antioxidant drug, r-arginine, to facilitate
angiogenesis and insulin secretion, and then metformin hydrochloride
was grafted onto aldehyde groups of polyionic liquid. The resulting PIL-
CS hydrogel absorb NIR at 820 nm and emit at increasing intensities as
the pH at the microenvironment decreases [140].

4. Potential applications of optical hydrogels

In terms of optical applications, hydrogels have been studied on for
vitreous tamponades [11], drug delivery contact lenses [141,142],
delivering light into deep tissue for clinical applications including
optogenetic stimulation [55], photodynamic therapy, [143], real-time
in-vivo tissue imaging, [144], as well as biological sensing [145,146].
Hydrogels are able to break the limitations of traditional optical mate-
rials such as glass, crystals, rigid polymer, semi-conductors which are
prone to injuring the soft tissues when implanted due to their stiffness
and brittleness [147]. Moreover, hydrogels are easily designed to be
biodegradable, [148], thus the implanted hydrogel based waveguides
and optic fibres often do not require secondary removal procedures and
this significantly improves patient comfort levels.

4.1. Contact lens devices

Ophthalmic lenses (or CLs) are the hallmark of hydrogels in com-
mercial applications and has now taken a step further as potential drug
delivery systems and smart CLs [149]. Hydrogels are especially suitable
in ocular applications as they can be designed to possess high optical
clarity with the correct toughness [150]. While most commercial CLs
today are for the sole purpose of correcting visual acuity, [151],
hydrogel-based CLs have been explored to enhance the drive the future
of smart CLs [152]. The pores in the hydrogel matrix allow oxygen to
permeate through it to the cornea and sufficient oxygenation is essential
to the patient’s comfort [153]. High water content in the hydrogels
would allow the cornea to remain well hydrated, [154], which is a key
factor that determines comfort level for the user. A well explored
example would be Poly (2-hydroxyethyl methacrylate) (pHEMA)-based
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hydrogel [155] and silicone hydrogel [156] as medicated ophthalmic
lenses. In addition to the previously mention characteristics, the poly-
meric matrix of the hydrogel can be employed to encapsulate drugs or
therapeutic proteins and also act as the physical barrier to slow diffusion
in order to achieve sustained and localised delivery of therapeutics [70].
As the medicated hydrogel lenses are better at resisting clearance due to
frequent blinking, permanent tear production (0.5-2.2 pL min-1), [157],
and nasolacrimal drainage than eye drops, [149], they allow drugs and
biologics to penetrate the cornea more effectively and thus have been
reported to enhance therapeutic effectiveness [158]. On another hand,
smart CLs have been explored as electronic CLs devices [159], bio-
sensing CLs [160,161], and light mediated ocular therapies [162].
Phototherapeutic approaches have attracted interests over the years
as a non-invasive method of medicine. The tradition usage of CLs is no
longer limited to visual correction but have been explored as a wearable
ophthalmologic treatment modality. Through printing miniaturized
inorganic light emitting diodes (ILED) pixel onto soft CLs, 645 nm can be
emitted directly to the retina without disrupting visual clarity. The CLs
device remained functional after a week of storage in the storing liquid
and can be turned on wirelessly through a nanofiber antenna [162].
Similarly, Lee et al. developed a wireless light emitting diode (LED) CLs
to combat diabetic retinopathy using red/NIR wavelength light
(630-1000 nm) (Fig. 9a) [163]. Diabetic retinopathy can lead to
blindness if not treated early. The typical treatment modalities for the
condition are drug delivery, surgery, and laser photocoagulation [164].
The CLs exhibit 90% light transmittance in the 300-800 nm light range
and minimal inflammatory responses were detected. However, in both
of these approaches, heat generated is a large concern. The temperature
rise is not acutely damaging but is restricted by the duration of exposure.
Intraocular pressure (IOP) is a critical aspect of eye health that in-
dicates glaucoma diagnosis and progression. As IOP fluctuates consid-
erably over time, it is difficult to accurately monitor and confirm the
condition of the eye [165]. In a study conducted by Zhu et al. smart
hydrogel CLs capable of wireless IOP monitoring based on
inductor-capacitor-resistor (LCR) sensor was developed (Fig. 9b). The
smart CLs consists of pyramid-shaped micro-structures that increases the
sensitivity of LCR sensor. This coupled with an impedance-matching
tuneable reader (IMTR) on the glass wear results in a sensitive IOP
sensor to measure real-time with convenience [161]. CLs sensing devices
not only detect ocular health but may potentially monitor glucose levels
from tears in the eyes. Kim et al. fabricated nanoporous hydrogels to
embed gold-platinum bimetallic nanocrystals (HA-Au@Pt BiNCs)
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(Fig. 9c). The diffused glucose and oxygen molecules interact with
glucose oxidase in the hydrogel pores which results in hydrogen
peroxide that quicky gets decomposed by the nanoparticles and emit
two electrons for amperometry responses. The smart CLs was able to
accurately detect glucose levels of 94.9% acceptance with no tempera-
ture increase for 30 min [160]. The rise of smart CLs is a promising
indication of new horizons in biomedical applications. The development
to clinical applications is limited as biocompatibility over usage has yet
to be explored, the durability in wet environment, and safety of
inorganic-based sensors would raise concerns. As discussed previously,
heat generated can be of concern in prolonged usage. Furthermore, so-
phistication and miniaturization of other components are crucial to
integrate on a thin and soft lens.

4.2. Light-guiding implants

While ophthalmic lenses are targeted for application to the eyes,
hydrogel-based waveguides and optical fibres are also being developed
rapidly with potential applications throughout the body. In the field of
optogenetics, hydrogel waveguides have opened a new horizon in light
delivery to excite cells as it can facilitate light delivery in deep tissues,
expanding the potential of optogenetics. Hydrogel waveguides devel-
oped for optogenetics and photodynamic therapies are commonly
implanted into tissue of significant depth and connected to light source
at the external end [139]. Light coming in from the external thin optic
fibre will spread out as it enters the waveguide before being extracted by
the surrounding tissue [115,166]. This enables deep-tissue stimulation
and overcomes the poor penetration of light via the skin (1-2 mm for
visible light and ~ 3 mm for near-infrared light) [167] (Fig. 10).

The waveguides generally have refractive indices in between that of
the optic fibre and the extraction medium and the shape and surface of
the waveguides are specially designed to control the intensity and
spatial extraction of light [139,166,169]. There are various design and
fabrication methods to achieve hydrogel-based waveguides. The com-
mon fabrication techniques involve small-scale assembly templates that
utilizes moulding and coating methods [170], 3D printing [169] with
nano or micro scale features fabricated via imprinting [171] or laser
direct writing [172] methods. It is essential for these hydrogels to
possess low absorbance and low scattering in order to reduce attenua-
tion of optical power [173]. Hydrogel-based optical fibres are generally
more challenging to fabricate compared to the traditional means. This is
due to the swelling nature of the material and the softness that may
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Fig. 9. a) Two photographic images of smart CLs that emits red, blue, and green light for phototherapy in diabetes retinopathy. Images were adapted with permission
from ©Advanced Science, 2022 [163], b) a photograph image of the pHEMA hydrogel substrate and functional device sensing IOP and the SEM image of the pyramid
microstructures. Images were retrieved with permission from ©ACS Sensors, 2022 [161] c) the schematic diagram of glucose monitoring smart CLs. Images were

adapted with permission from ©Advanced Materials, 2022 [160].



P.Y.M. Yew et al.

Bioactive Materials 37 (2024) 407-423

i Wi With iii
waveguide waveguide

\4

Y Laser

Y

1
0
Tissue

Tissue (ex vivo)  |j

Tissue

Distance (cm)
123465867

@ o
YA obj z i 200 600 1000 1200
2 Time (s)
g 0.30 dB/cm Gu*:]m.,....-.a with PMMA Fiber
v Q planted with THFOW

2 2 = R Light iradiating onto the Muscle

2 = 049dB/cm § . 3

w - E 94

xyz stage i S -51 g

= = £ ]

g 3 £
[} . 2

3 § | o Ar@o0r100) 115dBlem  § 3]
» * Tissue (800/100) E (B | R | e | TREEAT ...

-10- o Tissue (800/0) - Heat Conduction

|

Ceramic Ferrule

Tumor Site

In vivo -

Photothermal Therapy Implanted THFO' (\

NIR Light

. Implanted
THFOW

O © Photothermal
Nanoparticles

‘ Cancer Cell

ep:nﬁaAeM

[3~50°C

Mouse

Tumor Site

—— NIR light irradiating onto the muscle
= Implanted with PMMA fiber
—— Implanted with THFOW

Temperature (°C)
£ 8.8 8

O~ First Stage Second Stage Third Stage

Fig. 10. I) Comb-shaped waveguide connected to a light source via optical fibre with light being distributed via each protrusion, ii) difference int the delivery of light
between waveguide and without, iii) the employment of waveguide significantly increased the depth of light penetration Adapted from, © 2016 Springer Nature
[166], b) the blue laser light (492 nm) delivery of step-index hydrogel optic fibre in air, (ii) in tissues (ex vivo), (iii) the light propagation loss in different mediums.
Adapted from © 2015 John Wiley and Sons [17] c) a diagram excerpt of i) the PDT activation in mouse model, ii) the H&E staining of muscle slices, iii) the
temperature change during activation and an illustration of heat conductivity at the localised area. Adapted from © Nature Communications [168].

impede its structural integrity. However, between traditional phosphate
glass based optic fibres and hydrogel or polymeric based ones, the latter
group generally have attenuations that are one order of magnitude
higher than the former [174]. The advantages of hydrogel based optic
fibres still lie in their flexibility and biocompatibility, but there are still
significant challenges to overcome in terms of the mechanical strength
and batch-to-batch variations of these hydrogel optic fibres [175].

The key design feature to minimise attenuation in optic fibres is to
clad the fibre with a material of lower refractive index as compared to
the fibre core [22]. For example, this step index profile allows for total
internal reflection and thus entraps the light to within the optic fibre
[176]. The fabrication of step-index hydrogel based optic fibre is usually
done by first casting the inner core in a tube mould followed by
dip-coating the core in another hydrogel precursor solution to form the
cladding [17]. During the casting phase, the hydrogel core is commonly
formed by thermal- or photo-polymerization of the monomers. Of the
cladding material, alginate-based hydrogel is frequently employed as it
can easily adhere to the core and also solidify by exposing to calcium
ions [17]. Recently Zhu et al. fabricated a novel method of in situ growth
via surface polymerization of a slippery cladding layer on PEGDA with
poly (N-acryloylglycinamide) (PNAGA). Iron ions (Fe*") were loaded
onto PEGDA core fibres and subsequently submerged into NAGA
monomers to form the PNAGA cladding over the core at different con-
centration and growth timing. The resulted fibre exhibits decreasing
attenuation as the wavelength increase from 450 nm, 532 nm and 660
nm. Furthermore, the Young’s modulus can be closely matched to soft
tissues in the body. The PEGDA@PNAGA hydrogel optical fibre can
potentially regulate the release of drug through light stimuli [177]. An
alternative method involves creating a double network hydrogel system
within a microfluidic device that enable the assembly of aligned capil-
laries to realise the formation of either one or two core structures.
Covalently crosslinked acrylamide (AAm) and ionically crosslinked
alginate (Alg) were combined to form the hydrogel system and dopa-
mine methacrylamide (DMA) was incorporated to better
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microenvironment interactions with the biological tissues. The optical
fibres exhibited relatively low attenuations of 0.10-0.12 dB/cm attrib-
uting to the uniformly fabricated core-cladding structure. Through the
use of microfluidics, the geometry and structures of the fibre can be
easily manipulated [121].

In the aspect of light delivery in optogenetics, Feng et al. proposed
the incorporation of DL-dithiothreitol (DTT) as a bridge to form PEGDA-
DTT hydrogels through the reaction between the acrylate groups of
PEGDA and the thiol groups of DTT. The resulting optical waveguide
facilitated sufficient light delivery under the tissue to activate opto-
genetic switches in the cells. The hydrogel demonstrated a reduction of
scattering of approximately 15% compared to a pure PEGDA hydrogel at
a polymer concentration of 70%, and a tuneable refractive index which
increased with increased DTT concentration, or polymer content, pro-
ducing more optically optimal hydrogels for the formation of wave-
guides. The addition of DTT also imparted greater biodegradability, and
the resulting PEGDA-DTT solutions were found to be printable through
the coupling of an extrusion-based printing and in-situ photo-
polymerization. The hydrogels to exhibit low attenuation of 0.1-0.4 dB/
cm in air and 0.25-0.70 in tissue. Adjustments to the PEGDA-DTT molar
mass can tailor the Young’s modulus within the range of 100 kPa-8MPa
[115] Johannsmeier et al. developed hydrogel PEGMA waveguides that
enables optogenetic activation whilst enabling cell attachment on the
surface via coating [110,111]. In another interesting aspect, Chen et al.
proposed a versatile integrated light-triggered dynamic wet spinning
(ILDWS) method to fabricate core-sheath hydrogel fibres. It demon-
strated large-scale fabrication capabilities that current fabrication
techniques are grossly limited by. The method is able to fabricate
core-sheath type hydrogels from a variety of monomers for optogenetic
stimulations, with the ability to fine tune the diameter, mechanical
properties and optical transmission capabilities [178]. In the recent
years, different fabrication methods have been reported in the devel-
opment of hydrogel waveguides, one in particular is the use of 3D
printing [179,180]. In a recent approach, a graded-index hydrogel
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optical fibre made from PAM was fabricated using a novel method of
projection-suspended photocuring (PSP) 3D printing. The high resolu-
tion of the 3D printer enabled microscopic sizes to be printed, suitable
for gradual gradient modulation for the graded index characteristics.
The optical fibre exhibited the lowest transmission loss at 0.25 dB/cm at
635 cm with favourable bending performances [179].

On another hand, the optical properties of PEGDA have also seen use
when coupled with upconversion nanoparticles (UCNPs) for photody-
namic therapeutic applications. Through the use of a PEGDA hydrogel
core, and a fluorinated ethylene propylene (FEP) cladding to tune the
refractive index for light guiding purposes in tissue environments, two
types of silica coated UCNPs could be encapsulated in the PEGDA
hydrogel core in a 1:1 ratio. This wireless UCNPs implantable could be
inserted into the brain of mice and secured using only surgical glue, and
the applied photodynamic therapy was able to shrink tumour size 16
days just after the transplantation [57]. In the application of PDT, there
are possible risks of during the light exposure. Although the adverse
effects can be managed with controlled dosage and exposure, hydrogel
waveguides have also been studied to dampen the thermal impact on the
surrounding areas. A thermal regulated hydrogel waveguide (THFOW)
was developed with PEGDA, N-isopropylacrylamide (NIPAM) and N,
N-dimethylacrylamide (DMAAm) via an integrated
homogeneous-dynamic-crosslinking-spinning method, exhibiting high
transparency [168]. The resulting hydrogel waveguide minimises tem-
perature rise in the surrounding areas as compared to the PMMA fibre
for PDT (Fig. 10c).

The use of hydrogels and PDT extends further than cancer therapy
with a recent studies of stimuli responsive gelation systems fabricated
with hydrogels for on-demand theranostics against bacterial infections
in wound management. The materials facilitate dual responses and are
not necessarily exploiting light delivery capabilities. Wang et al.
developed a thermos-responsive chitosan-based hydrogel that is pH-
sensitive to indicate colour changes which facilitates fast diagnosis for
PTT [181]. In another example, an antimicrobial peptide (e-poly-
lysine)-derived hydrogel system does not deliver light for activation but
instead gets activated to undergo sol-gel transition to induce PDT. The
hydrogel was also designed to be pH responsive with quick reversible
colour changes for bacterial detection [182].

4.3. Biosensing systems

Biosensor can be defined as a device or a component of a machine,
which uses biological molecules to detect the environment inputs. The
use of optics taps on to the interactions of light and specific set of sensing
molecules in the biological tissues, enabling minimally invasive alter-
natives. However, it is severely limited by the depth of which light can
reach and real time monitoring. In this field of application, the use of
hydrogels generally acts as a system to embed the critical molecules and
allow light interactions or as a enhanced response system to the sur-
roundings [183]. For example, lysophosphatidic acid (LPA) is an
early-stage ovarian cancer biomarker that is challenging to detect on its
own. A dually crosslinked supramolecular hydrogel based on the RAFT
polymerization of N,N'-dimethylacrylamide (DMAAm) and 2-vinyl-4,
4-dimethylazlactone (VDMA) was fabricated and has been explored to
facilitate the detection via its swelling response to LPA which in return
enables detection from surface plasmon resonance [184,185].

On another hand, hydrogel-based optical fibres have been intensely
studied as a suitable material for diagnostic applications [22,53,54].
There is a need for a suitable implant that can achieve real-time moni-
toring of the internal body conditions via illumination and detection.
This is prominent in the detection of glucose levels of the body for
diabetic patients. Yetisen et al. developed a poly (acrylamide-co-poly
(ethylene glycol) diacrylate) p (AMco-PEGDA) core guide cladded with
calcium alginate for glucose sensing via 3-(acrylamido)-phenylboronic
acid (3-APBA) molecules in the core. The glucose levels in the envi-
ronment reversibly changes the fibre diameter of the hydrogel
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waveguide, thus altering the light propagation properties. This response
enables the quantitate measurements of glucose in a set of range [19]. In
addition, Chen et al. incorporated photonic crystals (PhC) and phenyl-
boronic acid on to a hydrogel platform as an optical glucose sensor. The
PhC converts the environment stimuli to optical signals that can be
picked up easily with a detector. The fabricated gel can additionally
detect saccharides and self-heal due to the boronate ester bond [186].

In recent years, research has not only focused on the application of
hydrogel as a carrier but also to better the development and fabrication
of the hydrogel system for in vivo applications. A novel method of
fabricating hydrogel optical fibres through using multichannel micro-
fluidic device had recently been reported that may path the way for
facile fabrication techniques. The fabrication design was able to achieve
dual-core optical fibre that is able to simultaneously deliver lights of two
different wavelengths. The double network structure of acrylamide
(Aam) and Alg, coupled with further functionalization with meth-
acrylamide (DMA) developed a tough fibre with high tunability on the
mechanical and optical properties suitable for spectroscopic measure-
ments [121].

5. Perspective and conclusion

The current field of hydrogel research has been vastly developed,
with potential applications in almost all industries, particularly promi-
nent in the biomedical and agriculture applications. In this review, we
explore a niche area of hydrogel waveguides for light delivery and
manipulation. The appeal of hydrogels lies in the various amalgamation
and modalities it can achieve. In many of the hydrogel waveguide
research, it is not only of its own nature but also incorporates other
disciplinary studies of nanomaterials, inorganic moieties, biological
molecules, and printed electronics. The versatility of hydrogels, stimuli
responsiveness, and tailorable properties of hydrogels give rise to
multifaceted light manipulation and delivery platforms for devices,
treatments, sensors, and monitoring in biomedical applications. In
comparison to silica- and polymeric-based materials, hydrogels show
great promise for in vivo applications.

Over the years, the pursuit of hydrogel waveguides and light
manipulating systems for biomedical applications have continued to
progress and innovate. However, there are challenges that prevents the
implementation of these waveguides that needs to be further investi-
gated. Poor mechanical property is a significant limitation in hydrogel
development which would result in material damage during storage,
handling, or dynamic body movement. Through the adjustments in the
molecular weight of polymers, the crosslinking density, double network
strategies, or the concentration of additives added, the mechanical
strength of the hydrogel can be tailored. In the recent developments,
double network strategies have been vastly explored to improve me-
chanical properties. Highly entangled double network hydrogels were
developed by introducing an already densely entangled polymer
network into a second network monomer solution resulting in excellent
mechanical performance with high fracture energy under deformation
[187]. This indicates promising potential to be adapted into hydrogel
fabrication for light delivery.

Typically, hydrogels would swell or dehydrate depending on the
water content, and water loss in the hydrogel system can lead to a stiff
and brittle state. The swelling of hydrogels and swelling rate is depen-
dent on the molecular weight or the crosslinking density of the polymer
network. The increase in crosslinking density would cause a reduction in
the swelling ratio, indicating lesser water uptake. The transparency of
the hydrogels can be comprised if the swelling is not ideal. Furthermore,
the swelling state of hydrogels can be utilized to better the mechanical
properties of the hydrogel. A recent study indicated a swelling-stiffening
property of 4D printed hydrogel scaffold, that may be beneficial in
aqueous environments [188].

With the availability of natural and synthetic precursors, the devel-
opment of hydrogel waveguides is still considerably challenging due the



P.Y.M. Yew et al.

various mix of requirements, and most importantly, transparency. In the
development of waveguides or light systems, additives to improve
hydrogel characteristics or incorporate multifunctional capabilities can
result in further light scattering and absorption that reduces the trans-
mission of the hydrogels. As a result, majority of light-guiding hydrogel
systems discussed are single functional materials. Notably, recent
studies have developed dual function or switch-like waveguides through
novel fabrication methods [168,177]. This indicates a promising direc-
tion towards multifunctional light guiding systems.

As we move forward, hydrogels are favourable candidates for light-
guiding or photonic applications as the ideal refractive index can be
achieve, and sophisticated fabrication methods shows a promising
future. By understanding the intention of hydrogels, the fabrication
methods can vary from a conventional highly transparent hydrogel to
waveguiding strategies. In light manipulation of hydrogels, matching
refractive index is ideal to ensure efficient light transfer between me-
diums. The shape of the hydrogel and the direction of light can also
influence the direction of light propagation, for example a dome-like
shape and cylindrical-shape fibres. In addition to the fibres, hydrogel
waveguides commonly employ the concept of TIR. In some approaches,
waveguides can be developed from a single core material without
cladding and is dependent on the surrounding tissues to enclose the light
propagation. These waveguides exhibit equally effective light guides in
vivo applications. In most cases, hydrogel waveguide is made with at
least two layers via mould injection and dip coating [19], co-axial
extrusion [168], microfluidic channels [121], and most recently re-
ported, surface polymerization of cladding [177]. In these approaches
the refractive index of the cladding must be made lower than the core.
Attributing to hydrogels low refractive index, many POF and SOF turn to
hydrogels as a biocompatible cladding for in vivo applications.

In many research approaches, long-term stability of hydrogels in vivo
has yet to be explored. There are multiple factors affecting the stability
of waveguides, such as the exposure in the surrounding environment,
erosion of the networks and the movement in the surroundings. Most
research studies evaluate primarily on the biocompatibility of the
hydrogels and not the biodegradation. The long-term stability is a crit-
ical aspect of hydrogels that can be estimated, possibly through erosion,
repeated cycling, and simulation studies before moving forward into
clinical applications.
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