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Abstract

Light guiding and manipulation in photonics have become ubiquitous in events ranging from
everyday communications to complex robotics and nanomedicine. The speed and sensitivity of
light-matter interactions offer unprecedented advantages in biomedical optics, data transmission,
photomedicine, and detection of multi-scale phenomena. Recently, hydrogels have emerged as a
promising candidate for interfacing photonics and bioengineering by combining their light-guiding
properties with live tissue compatibility in optical, chemical, physiological, and mechanical
dimensions. Herein, we review the latest progress over hydrogel photonics and its applications

in guiding and manipulation of light. We discuss physics of guiding light through hydrogels and
living tissues and existing technical challenges in translating these tools into biomedical settings.
We provide a comprehensive and thorough overview of the materials, fabrication protocols, and
design architectures used in hydrogel photonics. Finally, we describe recent examples of applying
structures such as hydrogel optical fibers, living photonic constructs and their use as light-driven
hydrogel robots, photomedicine tools, and organ-on-a-chip models. By providing a critical and
selective evaluation of the field’s status, we set a foundation for the next generation of hydrogel
photonics research.
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1. Introduction

Looking into their past and current applications, hydrogel materials are proven to be
versatile tools in biomedicine [1-4]. Since the earliest reports on hydrogel fabrication and
their initial applications, their use and applications have been growing considerably and
continues to do so. They are opening new avenues of research and development in fields
such as tissue engineering and regenerative medicine, not only as biomaterials [5-8] but

also creating more advanced and recent applications such as hydrogel machines [¥] and 3D
organ-on-a-chip technologies [10.111. Among the different fields where hydrogels have been
used, one can find a more recent niche of applications in guiding and manipulating light.
From the time Leonardo da Vinci first schematized the most primitive contact lenses in the
1500s, it would take until the 1960s for their soft versions to be fabricated using synthetic
hydrogels, such as poly(2- hydroxyethylmethacrylate) (pHEMA). In fact, this was likely

the first true biomedical use of hydrogels as we know them today [22]. From that point
onwards, hydrogel research gained gradually increasing momentum and the complexity of
these materials grew accordingly. The first studied hydrogels (1960s) were mainly employed
as cross-linked meshes with interesting swelling and mechanical properties, which then gave
birth to responsive hydrogels (1970s), whose swelling behavior can change as a response to
environmental conditions, such as pH [13]. 1t did not take long for scientists to combine these
highly hydrated meshes with sound nutrient diffusion as supportive environments for cells.
The 1980s were particularly transformative in that regard, as Langer and Vacanti established
the concept of tissue engineering [24] and Lim and Sun reported seminal work on cell
encapsulation within hydrogel structures 151, In the tissue engineering field, hydrogels were
increasingly employed, wet, dried, or cryo-modified, to fabricate the most distinct structures:
ranging from nanoscale [16:17] to macroscale dimensions [18.19] with increasing complexity,
stimuli responsiveness, swelling, and degradation properties. With time, these types of
hydrogels were translated both commercially and clinically, finding many applications as
reviewed recently elsewhere [20.21]. Consequentially, the hydrogel market has also grown
considerably and is predicted to reach a value of over 15 Billion USD by 2022 [21],

Overall, what makes hydrogels so unique is the fact that these are highly hydrophilic,
viscoelastic self-supporting meshes, composed mostly of water like so many biological
tissues [22] and also have mechanical properties in the relevant ranges for living tissues
(23], These properties make hydrogels some of the most suitable candidates for supporting,
transporting, and releasing cells and other biological entities such as growth factors and
proteins [24-27],

Further, in parallel to hydrogels’ direct biological uses, these materials revealed themselves
as essential tools in other fields [28-301. Of note, it did not take long for these highly
hydrated, responsive meshes - with excellent transparency — to populate the optical field
with exciting applications. After the advent of laser light and the simultaneous emergence
of the first hydrogel soft lenses (1960), the first 3D holograms were obtained using Gelatin
[31,32] This very early advance likely represents the first optical application of a natural
hydrogel. Despite this report of natural hydrogel holograms dating 60 years ago, the
combination of optics and hydrogels directly applied to the biomedical field is a recent
development. Henceforth, this topic constitutes the scope of this review.
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Initially, we review hydrogels’ properties in biomedical photonics, specifically focusing

on the behavior of light within biological interfaces and the requirements for hydrogels

to serve as photonic entities, 7.e., to guide and manipulate light. Within that context, we
establish a comparison between hydrogels and classic solid-state optical materials, focusing
on integrating such structures within biological environments, evaluating their compatibility
with living entities such as cells and tissues. From there, we review what techniques have
been employed in the past to fabricate optically relevant hydrogel structures. From earlier
film assembly techniques to more recent 3D fabrication approaches, we also comment on
how advances in different fields such as tissue engineering and bioprinting can be translated
or combined with optical hydrogel architectures. Then, we cover the up-to-date hydrogel
optical structures and their respective biomedical applications. Starting with the earliest thin
hydrogel-film-photonics, we gradually move to more advanced systems such as optical
hydrogel fibers and bioinspired structural hydrogels. These different arrangements and
designs have been explored for different purposes within the biomedical field. They have
proven to be powerful tools in optical sensing, light guiding, and other optical applications,
as reviewed in section 4.

Previous reviews have summarized advances in the biomedical applications of hydrogels
from various perspectives [33-36] some of which have recently evaluated previous
applications of hydrogel photonic constructs 371, In this review, we cover some of these
topics, provide an update on recent advances, and mostly focus this knowledge on how
such photonic systems might evolve in the coming years and integrate distinct fields in

a cross disciplinary manner with parallel advances, informed by current trends. In that
sense, we discuss possible avenues to increase such systems’ functionality through multi-
responsive constructs, where optical properties can be combined with electrical or magnetic
responsiveness for increasing sensing capabilities and/or manipulation and structuring of
hydrogel constructs. Additionally, we delve into the optical interface between engineered
hydrogels and live cells, where photonics might be combined with both entities to create
next-generation /n vitro platforms. In these systems, we discuss how tissue emulation

or disease reconstruction might be combined with real time, label free sensing or light
actuation, namely, for inducing motion in hydrogels — the basal requirement for creating and
controlling movement in micro-sized architectures (microrobots).

Additionally, it is crucial to consider that light might not be simply of interest for stimulating
and sensing different phenomena but rather be delivered to specific locations within the body
for therapeutic purposes. With that in mind, we look at the current landscape of hydrogel-
based photomedicine, where exciting new progress on light-based multifactorial tumor
therapies and tissue regeneration have come to light in the past few years. On a smaller
scale, one might not only consider the full living organism as an essential target but also
state of the art in recreation and micro-modeling of biological tissues and organs. Through
that perspective, we explore the role of hydrogels and their interactions with light using
organ-on-a-chip models, where optical signals might be employed towards the fabrication of
complex 3D architectures on-chip. Simultaneously, we discuss the possibility of integrating
photonic hydrogel sensing components within those micro-sized biological environments,
where small and fast optical readouts might lead to advances with transformative potential.
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Bringing together all these distinct topics, we outline the current state of the art for
hydrogels in biomedical photonics critically and selectively. We discuss the current caveats
of these novel applications of hydrogel structures and outline which new research avenues
might arise soon, considering the ongoing technological advances. By connecting seemingly
distinct fields through an optics-focused perspective, we set a roadmap for integrating
advanced light-hydrogel materials, constructs, and designs in a broad array of novel
biomedical platforms and applications.

2. Hydrogel-based photonics

Photonics can be briefly described as the guidance and manipulation of light, regardless of
its varying characteristics, mostly through specific structures that interact with light [38-401,
Naturally, light guidance cannot be achieved without particular settings, e.g., transparency;,
as opaque materials will not allow photons to move through but rather block them.
Therefore, several photonics applications use surfaces with distinct topographies, in which
air is the medium of light-wave propagation. In most cases, light waves’ interaction with
surface structures such as edges leads to diffraction or plasmonic resonances and consequent
changes in properties such as wavelength (colors in the visible range). This process is the
basis for several surface-based nanophotonic systems, which have been reported in the past
decade for biomedical applications such as sensing and diagnostics [41:42]. In that context,
a specific readout marks the presence of a particular analyte of interest. As such, there is a
need to guide light and ensure that an analyte’s presence will lead to detectable changes in
the incident light properties.

On the other hand, to simply guide light, there doesn’t need to be a specific change in light
properties but rather a way to contain and direct it across space with, e.g., optical fibers.
Therefore, the type of structure and its interactions with light will depend on the intended
application. Their different properties have led to their use for various purposes in hydrogels,
from structural photonics to more general fiber optic light-guiding. In the following sections,
we discuss the behavior of light in the hydrogel and living tissue environments. We describe
which parameters should be taken into account for balancing different optical events, such
as transmission, loss, or scattering, to design hydrogels as complementary alternatives to the
classical materials in the biomedical optics field.

2.1 Optical coupling losses at the material/tissue interface

Hydrogels, just as any other material, interact with light leading to multiple fates upon

such contact. The light might either be transmitted or reflected, scatter after colliding with
specific structures that will change its direction of propagation, leave the medium, or be
contained within v7a the phenomenon of total internal reflection (TIR) (Figure 1). Even
though hydrogels and biological tissues share similar water-based environments, biological
tissues” complexity goes far beyond simple polymeric meshes. As a very complex and
multi-organized structure, biological tissues are lossy for light propagation: as waves interact
with tissues, they suffer from absorption and multiple scattering [431, which significantly
reduce light intensity over traveled distance. It takes less than 1 mm of penetration in soft
tissues for light intensity to reduce to 37% (1/e) [44]. Hence, the power required for light
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to reach as deep as human subcutaneous tissue might already have to be above the safety
thresholds (4 W cm™2), naturally depending also on wavelength and exposure [44]. For a
millimeter of penetration depth, soft biological tissues have losses in the range of tens if not
hundreds of dB cm™L. For comparison, solid-state materials such as silica used in optical
fibers can have optical losses as low as 0.2 dB Km™1 [43]. However, despite their favorable
light-guiding properties, solid-state materials have a critical biomedical limitation, 7.e., they
are far from compatible when interacting with biological tissues [46]. This challenge has

led the scientific community to look for alternatives that could bring together biological
compatibility with proper light guidance in biological tissues.

Other than light to travel through materials, one other relevant optical parameter is the
refractive index, /.e., how light slows down in a particular medium compared to vacuum [47].
As a baseline reference, the refractive index for water (n) is 1.33. While classical solid-state
materials have a considerably higher refractive index (up to 1.55 for silica oxide-based
materials), biological tissues, most of which have high portions of water [22], have n ranging
from 1.38 to 1.42 [48], This significant mismatch also makes classic solid-state materials
problematic in an optical context: high refractive index differences lead to inherent coupling
losses as light tends to reflect to its origin, as observed in optical fiber-air interfaces. When
combined, both the low biological compatibility and refractive index mismatch make solid-
state materials sub-optimal for integration with biological tissues. Even though solid-state
optical materials can be found in the biomedical field in the form of optical fibers such

as in endoscopes, they are mainly employed to look at inner cavities and surfaces [49.50],

So far, these materials have not been directly integrated into biological tissues for potential
long-term, real-time monitoring applications. The search for a material that would combine
optical guiding capabilities with biological compatibility (both without toxicity and optical
mismatch) points to hydrogels as a potential candidate (Figure 1).

2.2 Hydrogel requirements as photonic entities

Naturally, for hydrogels to perform well in optical settings, the requirement that these
materials need to fulfill are different from those commonly looked after for applications

in tissue engineering and regenerative medicine [4>11. On the one hand, it is essential to
maintain these materials’ cytocompatibility to the greatest extent possible to introduce them
in biological environments. However, beyond biological compatibility, other characteristics
might be needed depending on whether the goal is to guide light or rather to engineer a way
to manipulate changes in the incident light. These changes are relevant when considering the
need to obtain a responsive system (e.g., sensing and diagnostics).

When pursuing sensing applications, a shift in a detectable response marks the target entity’s
presence to be detected. In optical terms, a change in light properties happens as a response
to the target molecule/structure’s presence to be detected. Throughout the literature, different
approaches for engineering such responsive systems, several of which are connected with
structural coloration, are described ahead. As previously referred to, light propagates as
waves that interact with specific structures (e.g., edges or slits), leading to diffraction
(bending), refraction (changing direction), or plasmonics (resonance). Typically, edges, slits,
and other geometric structures are not commonly present in hydrogels. In fact, hydrogels
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are naturally isotropic structures with no specific shape or orientation unless engineered

to obtain anisotropic features such as mesh alignment or space-varying porosity [52:53],

As such, one of the main challenges for hydrogel photonics is engineering structures into
the hydrogels, either in bulk or on the surface. Using distinct patterning and structuring
techniques, hydrogels can have optical interactions that alter when the hydrogel contacts the
target analyte. Frequently, hydrogels and analytes’ interactions lead to a swelling/deswelling
behavior that will change (expand/contract) the patterned structure, leading to a shift in the
characteristics of incident light and therefore creating a readout signal [45],

In a distinct context, one’s goal might be to guide light and not necessarily have it change
properties. In this case, the main challenge then becomes the length at which light guiding
is effectively done with minimal loss. Earlier [44], simple rectangular hydrogel slabs were
used to encapsulate cells and transmit light. Taking advantage of the material’s transparency
and the 1.35 refractive index of PEG 10wt% being higher than that of air (n close to 1),
light traveled throughout the gel in a zig-zag fashion. This phenomenon, which we discussed
in section 2, is due to total internal reflection (TIR) and is also present in standard optical
fibers that are coated with a material (cladding) with a lower refractive index than that of
the silica core [56]. However, biological tissues have a refractive index closer to those of
hydrogels (Figure 1), making light-guiding within tissues and across more extensive lengths
a considerable challenge, which led to the development of hydrogel optical fibers - explored
later in this review.

Overall, one can bring hydrogels’ requirements for light guiding and manipulation down

to two essential parameters. The first is transparency, which ensures that light can move
through the material. The second is structure, which provides that either light can be guided
throughout the material over significant lengths (e.g., through layers with different refractive
indices) or interact with light, giving rise to measurable changes as a response to the
presence of target analytes. As such, when devising any optical hydrogel architecture,

there are two essential points to reflect upon. (i) The choice of polymer, with all its
accompanying characteristics in terms of transparency and refractive index, and (ii) the
fabrication technique, which will be responsible for giving the material a specific structure.
Both points are reviewed in the following sections.

2.3 Common polymers in optical hydrogels

The choice of polymers to fabricate hydrogel structures in the optical context needs
to be informed by the hydrogel’s distinct characteristics and requirements for specific
applications, which can vary greatly (Table 1).

When using hydrogels for optical applications, the material’s interaction with light is

likely the most critical parameter to consider, together with properties like transparency

or particular refractive indices, as previously discussed. Nevertheless, the complexity of
optical hydrogel systems in the biomedical field might require different characteristics, such
as biological compatibility, which also need to be considered when deciding the material to
use.
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Overall, both natural and synthetic polymers have been used for different optical
applications (Table 1). Synthetic polymers are frequently used to fabricate hydrogels

due to the ease of their modification and the ability to obtain tunable responses with a
higher degree of reproducibility in terms of material consistency, mechanical properties,
degradation rates, and optical transparency [57:58]. Acrylamide-based hydrogels are among
the most commonly used for optical applications, being employed in the core of hydrogel
optical fibers and thin hydrogel films that are discussed later in detail in Sections 3

and 4 [59.80], These acrylamide-based structures can be functionalized with chemical
moieties, e.g., phenylboronic acid towards glucose sensing, or simply take advantage of
swelling/de-swelling events for detecting changes in pH and other target analytes [61.62],
Interestingly, acrylamide/methacrylamide blends were proposed to overcome one significant
limitation of hydrogels, 7.¢e., their high water content and consequent low refractive

indices (close to water). Reducing hydrogels’ water content leads to an increase in the
refractive index but brings significant cytocompatibility challenges. By manipulating the
ratio of both acrylamide variants, researchers tuned these hydrogels to achieve a high,
silica-like refractive index (n=1.53) in a structure still containing major water content
(66%), remaining transparent and compatible with skin cells [63]. Overall, acrylamide has
been reported as a versatile platform for optical hydrogel development, further capable of
enduring considerable mechanical stretching, which can be employed for strain sensing
1591, Poly(ethylene glycol) (PEG) has been used as a versatile hydrogel in similar settings,
namely within optical fiber cores [62.64-661 PEG is modified for sensing applications such
as glucose and metal detection, more frequently in its PEGDA (PEG diacrylate) form, which
allows for UV crosslinking within molds [63]. In fact, crosslinking is also an important
parameter, which depending on the experimental setting, might weigh heavily on the
polymer choice [67:68], While UV crosslinking is useful for obtaining fiber-like PEGDA
structures [6] or complex structural colored gelatin methacryloyl (GelMA) hydrogels [69],
thermal crosslinking might be easier to employ for fabricating gelatin layers and films
[70.71] "jonic crosslinking might be a quick and straightforward way to create alginate
cladding layers in optical fibers, bringing the advantage of its high water content and

low refractive index [59.64-66]1 Alginate and gelatin are two examples of natural polymers
used extensively in the optical context, starting with the early hydrogel optical experiments
with gelatin [31:32], Nevertheless, other natural polymers were shown to perform just as
well in optical terms, combining transparency and light guiding capabilities with similar
natural degradability and even biological compatibility [7273]. Examples of such polymers
are agarose [70.741 cellulose [7®]; silk fibroin [76] and chitosan [/7]. All of these polymers
have been classically used for tissue engineering and regenerative medicine applications
(78,791 The fact that they have also been validated within the optical context suggests

that future innovation might bring together 3D cellular engineered structures with light
guiding and manipulation, with interesting possibilities for /n vitro tissue/disease modelling.
Simultaneously, it can allow for the integration of real-time sensing and detection of relevant
events such as pharmacological responses and overall drug testing, as discussed in the
organ-on-chip section 9.

Globally, the choice of polymer for biomedical hydrogel photonics needs to integrate
distinct properties depending on how closely the construct is designed to integrate into
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biological environments. For biomedical platforms used to screen analytes at the bench
and not integrate into tissues, the choice might be of synthetic polymers that can be
widely modified without concerns for biological compatibility. In order to integrate optical
constructs into biological tissues, other properties such as biocompatibility need to be
considered. In this context, naturally derived polymers can potentially receive increased
interest for applications where intricate cell-material interactions might be wanted.

Similarly, some naturally derived polymers can easily be degraded in the tissues, which

is relevant for designing implantable constructs that degrade with time, avoiding removal
surgery if no longer needed. Naturally, degradability is a very elaborate process involving
changes in structure, mechanics, and optical properties. While it is not the scope of this
review to delve into the complex changes of biodegradability in biomaterials, it is essential
to highlight that the process of degradability is most likely to comprise optical performance
of the biomedical constructs. As such, engineering degradable photonic devices depends
on the stability required for the material to perform as desired, delaying any considerable
degradation to the point where the construct is no longer needed, and removal surgery can
therefore be avoided.

Nevertheless, the material alone is not always sufficient to create complex optical/biological
architectures, fabrication steps are also essential to give shape and structure to the final
construct, as discussed in the fabrication techniques section 3.

3. Techniques for Fabricating Photonic Hydrogel Constructs

Different fabrication strategies have been adopted to create photonic hydrogel structures
(Figure 2), with the earliest ones focusing on creating thin hydrogel films by deposition

onto clean surfaces. Even though there might be slight variations in the specific protocols

to develop these films depending on the processing requirements of the materials (e.g.
temperature, type of crosslinking), two main fabrication routes are used to create hydrogel
thin films (Figure 2a). The first and most straightforward one consists of depositing the
hydrogel precursor onto a clean surface and then crosslink the precursor through various
means, including chemical, thermal, or light-based (UV) stimuli. This type of approach

has been used for fabricating synthetic films such as acrylamide ones [6% or natural gelatin-
alginate films [53]. In this technique, there are essentially two critical steps for obtaining the
thin film configuration. The first is the attachment of the hydrogel to the working surface [89]
with the deposition of a thin layer, which is frequently done through spin coating techniques
that use centrifugal forces to uniformly deposit materials on a surface, leading to hydrogel
films ranging from tens to hundreds of micrometers in thickness [8]. The second widely
used approach to fabricate hydrogel thin films is based on layer-by-layer assembly. This
method uses sequential and alternated deposition of differently charged (positive versus
negative) polymer solutions, which will gradually assemble on top of each other, growing
towards a thin film [0, The number of deposited bilayers will then dictate the thickness of
this film. Each molecular bilayer is naturally very thin (nanometer-sized). As such, hundreds
of bilayers are needed to reach thicknesses of hundreds of micrometers [91] as those obtained
by spin-coating deposition. In both cases (single-step or layer-by-layer), hydrogel films

can swell/de-swell depending on distinct stimuli. Swelling is frequently the main change
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leading to optical shifts, often exploited for different biomedical applications, as discussed
in the thin film section. Further details on hydrogel thin film fabrication specifics, types of
crosslinking, and surface manipulation have been reviewed elsewhere [92.93],

Hydrogel films have been demonstrated as powerful devices for photonics in the biomedical
field in detection and sensing applications, and are usually employed at laboratory benchtop
experiments and not directly integrated into biological tissues. In these films, physiologically
relevant molecules and fluids can be tested for analyte detection [77] as within other

types of surface-based assays such as lateral flow chips [94.95] which are not required to
integrate into biological tissues. For that purpose, different kinds of structures have been
fabricated, where 3D complexity adds to the optical capabilities and biological compatibility
of constructs. One such type of construct is hydrogel fibers (Figure 2b). Hydrogel fibers
and microfibers are truly versatile structures in the fields of biofabrication and tissue
engineering, being highly suitable to recapitulate biological-like tissue structures with
meter-long lengths [%6.97]. They have seen gradually increasing shape and architectural
complexity [98-1001 |n the optical context, fiber-like designs are also motivated by the
paradigm-shifting invention of optical fibers, representing the fastest and more efficient
solution for transporting information [43]. As previously discussed, optical fibers are built
with non-biocompatible materials, namely solid-state silica. As such, hydrogels have been
increasingly studied as candidates for fabricating biologically relevant optical fibers. The
fabrication and complexity of these hydrogel architectures in the photonic field are still
limited using relatively simple techniques. Mostly, hydrogel fibers for optical applications
have been fabricated by injecting precursors into a transparent tube that facilitates light-
based crosslinking of the material which is then extruded towards a fiber-shaped gel,
frequently made of PEGDA [65.66] or Acrylamide [62]. This single-material fiber represents
a core structure, which can then be coated by another material of low refractive index as

a cladding structure for approaching Total Internal Reflection (TIR) and improved light
propagation. Recently, alginate has been used for cladding optical fiber cores, mainly due
to the ease of dipping the core material into the alginate solution and then crosslinking the
alginate shell by dipping it into a divalent cationic solution such as CaCI2* [64.66] This
simple strategy appears to dominate recent advances in optical hydrogel fiber fabrication
strategies and could still evolve by taking advantage of the progress happening in hydrogel
fiber biofabrication [101-103] The translation of these technologies, which allow multi-
material and multi-compartment hydrogel fiber biofabrication towards the field of optical
fibers, can lead to the creation of faster single-step methods for fabricating optical hydrogel
fibers. Such methods bring not only higher fabrication efficiency. Further, they can also
facilitate the encapsulation of micro and nanostructures in different compartments for, e.g.,
multi-responsive characteristics or inclusion of living cells. Nevertheless, the simple core-
clad optical hydrogel fibers so far fabricated are interesting complementary tools to solid
state fibers, performing well in the biomedical field as we discuss in the optical hydrogel
fiber section 4.

One other fabrication technique that has truly grown in biofabrication is 3D printing that
enables integrating complex shapes, precise deposition of distinct materials and cells. Due
to this precise control on cell/material deposition, this technique facilitates the recapitulation
of biological tissue complexity, topics discussed in other reviews [104105] However,
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while 3D bioprinting has already reached outer space [106] bridging those advances to

the photonics field is still an emerging area of study. Nevertheless, the capabilities of

3D printing allow envisioning interesting applications for matching complex 3D shapes
and tissue-like architectures with optically functional structures. 3D bioprinting employs
different biomaterials as inks, which in the biomedical field are frequently hydrogel-based
bioinks, named so due to their ability to support cells and maintain their viability while
having favorable rheological properties. [197.108] Even though the combination of hydrogel
photonics and 3D printing has not yet been extensively explored, optical inks can also
emerge soon, where hydrogels are structured or combined with optically-relevant entities
such as particles for plasmonic resonance. 3D printing can then be employed to introduce
these shapes and materials within complex environments. Printing optical inks could enable
biofabrication of optical channels within a tissue-like construct that can guide light and
report on different relevant events such as cellular proliferation and ECM remodeling
(Figure 2c). Researchers recently created bioinks of alginate and cells, containing optical
sensor particles which responded to oxygen levels by imageable fluorescent changes [87,
This work can be seen as one of the first examples of an optical bioink. Similar approaches
can be further tuned to not only derive fluorescent signals but guide and manipulate light
within 3D printed channels and shapes.

Additionally, hydrogels for optical applications can depend on the introduction of 3D
structuring, which allows for more complex light interactions such as structural colors.
These interactions can be used for either sensing, holographic imaging, or biomechanical-
optical transduction, as discussed in the structured hydrogel section 4. Once again, the
distinct techniques employed to fabricate structural hydrogels revolve around simple
concepts that can be brought down to one essential step. Usually, structuring starts by
depositing hydrogel precursors on a previously structured array, frequently with shapes on
the nanometer size (Figure 2d). Once the hydrogel is crosslinked around this template, two
distinct paths can be followed to fabricate different structures.

On one hand, this template might be kept within the hydrogel, creating an array within

the 3D water mesh that can interact with light and even be arranged optically (1991, This

type of structure is highly relevant for holographic-related applications. Even if not directly
employed in biological environments, it could still be used for biomedical-data encoding and
sensing applications [199.110]. On the other hand, once the hydrogel is crosslinked around the
nanostructured template, the latter can be etched out, leaving only the hydrogel containing
the negative shape of the structure that was once within. These structures, frequently named
inverse opal scaffolds, obtain structural colors, in which the interaction of physical patterns
with light will give rise to varying shades [69.87]. Changes in these colors can be employed
for highly relevant biomedical sensing through real-time optical transduction of biological
events, as discussed in the structured hydrogel applications section 4.

As we have outlined in section 3, different techniques with allow fabricating hydrogel-
based structures with interesting optical properties. Some of these approaches still have
room for development, such as 3D printing and more complex optical hydrogel fibers.

The combination of distinct fabrication techniques such as 3D printing and optical fiber
integration within constructs is not impossible. This approach might be explored to combine
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advanced /n vitro tissue emulation with real-time sensing and reporting of relevant responses
through light-based readouts. Overall, the fabrication method depends on the optical
structure required by the target application, and such examples are discussed in the next
section.

4. Photonic applications of hydrogel structures

Applying hydrogels as optical and photonic entities in the biomedical field is related to the
type, architecture and materials of the construct that is fabricated, as previously discussed.
Next, we review the recent applications of hydrogels by focusing on the main types of
optical constructs with validated applications: Hydrogel Thin Films, Optical Fibers and
Waveguides, and Bioinspired Nanostructured Hydrogels.

4.1 Thin hydrogel films

Thin hydrogel films are one of the earliest types of photonic constructs used in biomedical
sensing applications—some of the first examples of such platforms date back to the early
2000s [111.112] Hydrogel thin films rely mostly on polymer mesh swelling/deswelling
changes, causing the film thickness/height to shift leading to changes in its interaction with
light 541, Functionalized hydrogels can have selective molecule binding and drive a shift in
water content where they can be employed as a sensing platform. Most optical thin films
have also been assembled with other structures, e.g., nanoparticles, to integrate hydrogel
film properties with plasmonic-like sensing or even holographic arrangements [71.85],

Some interesting approaches to engineer hydrogels where swelling alone can be used for
thin film optical sensing showed that the combination with nanostructures might not be
necessary to achieve detectable shifts in light behavior. Researchers used a layer-by-layer
approach to obtain phenylboronic-acid-functionalized, acrylamide-based hydrogel films with
sub-micrometer thickness, where the direct binding of glucose molecules could lead to
hydrogel swelling. This swelling caused a shift in incident light wavelength and allowed
analyte detection without further structuring 4. One other study reported the engineering
of block-copolymer lamellar hydrogel films, which could bind to distinct counterions and
lead to varying degrees of hydration, changing the wavelength of interacting light and
hydrogel film color accordingly [84]. Even though these films were not directly used for
biomedical applications, they represent an exciting advance on pure swelling-based optical
thin film applications. A more recent example is that where layer-by-layer assembly was
used to form hydrogel films of dextran, chitosan, and glucose oxidase, creating a multi-step
change in film characteristics resulting in the shift of light properties. Glucose oxidase
converts glucose to gluconic acid, lowering the film’s local pH, which, being pH-sensitive,
swells, leading to a shift in optical properties that was be used for detection [77]. pH sensing
has also been approached with hydrogels containing nanostructures, such as the inclusion of
nanoparticles on a pH-sensitive P2VP hydrogel, in which pH-induced changes in swelling
altered the distance between particles leading to a pH-dependent shift in wavelength [83]
(Figure 3a). pHEMA hydrogels were also used for structured pH sensing, where researchers
introduced nanoparticles in the hydrogel through diffusing silver ions and then reducing
these ions to nanoparticles. By then slightly tilting the film and backing it with a mirror,

Adv Mater. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Guimardes et al. Page 12

the authors obtained a holographic system where pH-induced changes in swelling led to
changes in the wavelength of light resulting in distinct colors across a broad range of pH [83],
The strategy of taking advantage of holographic changes was also more recently bridged to
natural, biocompatible gelatin films. Silver nanostructures could also be embedded in the
films and lead to swelling-induced changes in detectable wavelength ["X] (Figure 3b). The
inclusion of nanostructures was combined with phenylboronic functionalization to obtain
glucose-induced swelling in the hydrogel and subsequent optical shifts based on analyte
concentration [6%. This responsiveness was further expanded to sense not only glucose but
other sugars such as lactate and fructose, representing a versatile, adaptable system [60]
(Figure 3c).

These hydrogel film platforms have also been engineered to sense other molecules such
as alcohols and heavy metals [113.114] Even though thin-film research has been around for
some time, it is still possible to see significant advances in their use towards increasingly
complex applications such as smart displays. Very recently, researchers showed how
PEGDA/P2VP hydrogel films could be combined with hygroscopic ionic liquids to obtain
variations in structural colors on a surface depending on the relative humidity (1131 This
principle was then used to obtain a touchless display where a human finger could trigger a
response from a distance [11°] (Figure 3d).

Overall, thin films have seen significant evolution in the past decade and are undoubtedly
powerful platforms for sensing distinct analytes based on label-free, fast optical shifts.
Nevertheless, despite some advances in including biologically compatible, natural, and
degradable materials in these structures, their use in close contact with biological systems
is still limited. This limitation is either due to toxic components or simply because these
films are engineered as surfaces to be used in an air/film interface for sensing. The thin
film sensors are not integrated into biological tissues. These sensors have potential to be
integrated at the skin-air interface [117:118] |n addition to the thin films, other hydrogel
architectures and constructs (e.g., hydrogel fibers) have been used to take optical hydrogel
engineering closer to biological environments, /.e., from cell-material constructs to living
tissues. Such structures are discussed in the next section.

4.2 Optical hydrogel fibers and waveguides

It is essential to start this discussion by differentiating optical fibers from waveguides.
Generally, optical waveguides include a broad range of structures capable of guiding light
across space. Optical fibers can be included in that definition as a type of waveguide [119],
However, optical fibers represent a more sophisticated structure that improves light-guiding,
such as fiber-like geometry when compared to the optical waveguides. Therefore, optical
fibers typically perform better than more rudimentary waveguide structures. In the text, we
will refer to optical fibers and waveguides independently, where we see waveguides as more
general structures with an asymmetrical shape that can guide light but do not present a
fiber-like shape.

Focusing on waveguide structures, a strategy was reported to obtain a core of gelatin within
two agarose layers (cladding) to guide light through gelatin, as one of the earliest degradable
waveguides reported 791, This study presented a simple planar structure, /.e., a core with a
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lower refractive index than the cladding leading to light being conducted across the space
inside the core via total internal reflection (TIR). Others also resorted to agarose to create
optical waveguide structures combined with live-cell encapsulation [741. Further, synthetic
PEG hydrogels were used to create planar hydrogel waveguides and encapsulated cells to
screen cytotoxicity in vitroand in vivo 144, Similar PEGDA waveguides were also used
more recently to detect heavy metal ions [120], Other natural materials have also been used
to fabricate waveguides, such as silk fibroin, which not only brings exciting compatibility
and cell interaction properties but can also be genetically engineered for optimized light-
guiding [88]. Although all these waveguide studies represent significant advances in light
guiding with demonstrated applicability to sense target analytes and screen cytotoxicity,
these structures of planar or tubular shape have limited efficiency in guidance for light to
travel. This limitation is due to increased loss vig asymmetrical cladding as light moves
through the planar architectures, making it such that these structures frequently are designed
to be no more than 4 cm in length [44.120] As a more efficient alternative, optical fibers
have been fabricated to overcome this limitation, granting much more efficient light-guiding
due to the fiber-like geometry where the tubular organization of different material layers
ensures that the core is fully covered with cladding material. Therein, a beam of light can

be conducted in a confined space due to TIR, leading to low losses and amplifying the
possibility of transporting light across more considerable lengths (Figure 4a).

Solid-state silica optical fibers have been around for a long time, but complex core-clad
hydrogel optical fibers are more recent. In that work, researchers used two hydrogels to
obtain a step-index optical fiber with a PEG core and an alginate shell, to guide light due to
refractive index differences (around 1.45 for PEG and 1.33 for alginate) [65]. Here, authors
showed that while core-only fibers enabled only tissue penetration depths of around 5 cm,
the core-shell optical fiber provides a penetration depth of up to 15 cm depending on the
wavelength. Shortly after, by replacing the PEG core with acrylamide, researchers obtained
mechanically resilient optical fibers (Figure 4b), which were able to report on applied
strain levels upon tensile deformation [5%1. Both technologies were later combined when a
PEGDA-Acrylamide core that were shelled with alginate and combined with phenylboronic
acid functionalization for glucose sensing [66]. These fibers were shown to guide light
through 3D hydrogel environments (Figure 4c) as well as in biological tissues (Figure 4d).
The change in swelling due to glucose-phenylboronic acid interactions was then used to
sense glucose levels /n vitro (Figure 4e). Previously, researchers evaluated oxygen levels /n

vivo showing how these fibers could be directly implanted into biological tissues (Figure 4f)
[65],

Other labs have also focused on similar strategies, such as the use of quantum-dot-doped
PEGDA core-alginate Shell fibers for metal sensing [121]. Researchers also created a
smartphone-based approach to detect glucose levels, again using PEGDA fibers [62],
Acrylamide/PEGDA core, alginate clad fibers were also adapted for laser photomedicine
purposes. [122], Recently, scientists combined similar PEG-based optical fiber structures with
3D printing to guide light into tissues, demonstrating its capability to trigger the exposure of
RGD (arg-gly-asp) amino acidic motifs and control cellular adhesion 1231, Recently, agarose
was used to create optical fibers in a slightly different manner in fabrication. By pouring
agarose in a mold with rods, authors fabricated cylindrical fibers with a core surrounded by
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air-filled holes. The core was able to guide light and generate speckle fields due to being
surrounded by these holes. Solutions could be perfused into these holes and lead to light
behavior changes for potential sensing applications [124],

Overall, hydrogel optical fibers have demonstrated exemplary performance in guiding light
in terms of distance and coupling with living tissues. This property adds to their advantages
over solid-state fibers in terms of improved biological compatibility. Nevertheless, the
materials explored so far for these structures and their fabrication methods are still

limited. One can expect that future studies on this topic, will take advantage of different
materials and crosslinking methods. These methods can lead to faster throughput in fiber
fabrication, possibly taking advantage of current developments in core-shell microfluidics
and bioprinting [98:100.125] ' Adapting this knowledge to the optical context will potentiate
core-cladding fabrication and light guiding properties with unprecedented efficiency while
maintaining or further improving biological performance and compatibility using polymers
capable of improved cell-material interactions.

4.3 Bioinspired structured hydrogels

Among the various pigments and colors found in nature, structural colors are amongst

the most fascinating. Unlike dies or pigments, these are observable colors due to light
interaction with sub-micron shapes present in structures as those found in plants, flowers,
bird feathers, or insect shells [126-128] Stryctural colors are the basis of chameleon’s
changing colors due to alterations in organized 3D lattices present on the skin (Figure

5a) [129]. |n an approach to mimic nature, scientists have used similar strategies to generate
and engineer structurally colored materials [130]. Also, in hydrogels, fabrication of reverse
opal scaffolds - as discussed in the fabrication section (section 3) - has been pursued

to obtain intricate shapes leading to structural coloration. In the earliest examples, the
materials used lacked biological compatibility, hence limiting their biomedical applications.
An excellent example of this concept is the vast body of literature focusing on the

use of poly-dodecyl glyceryl itaconate/polyacrylamide networks (PDGI/PAAM ) [131-133]
which have been successfully engineered for various color properties combined with their
mechanical responsiveness. Even if these materials have potential use in devices for sensing
and diagnostics outside of living tissues, they are not particularly compatible with biological
entities. On the other hand, inverse opal scaffolds have been engineered with materials
widely known to be cyto-compatible and were further employed as direct scaffolds for tissue
engineering due to their intricate shapes that provide cues for cell adhesion and orientation
[134] These studies, however, neglect the photonic properties of the opal hydrogels.

Most of the studies on structured hydrogels where biological compatibility and optical
properties are reported in the recent years. In this period, researchers used a nanostructured
template to introduce colors in gelatin methacryloyl (GelMA) hydrogels, combined with
enzymatic glutaraldehyde crosslinking to give them self-healing properties [6°]. Here,
authors demonstrated that these hydrogels could exhibit exuberant structural colors, be
arranged in complex 3D architectures, and had no negative impact on cell viability

(Figure 5b). Almost at the same time, it was reported that silk hydrogels could also

be templated similarly, and could have remarkable light interactions, and be suitable
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for smart contact lenses that could potentially grant night vision [135]. Even though the
authors did not evaluate biological compatibility of the constructs, silk fibroin is long
known to be biocompatible and is widely used as a biomaterial for various applications
[136] Both studies are examples of the combination of biologically compatible materials
and structural coloration. Later, a group of researchers took the nanostructured GelMA
inverse opal scaffolds one step forward by engineering living structural color hydrogels

[87], By combining the structural-colored scaffolds with cardiomyocytes, authors obtained

a construct where the mechanical forces induced by cardiac cell contraction could lead to
changes in the hydrogel lattice (Figure 5c). Then, just like the color changes in chameleons’
skin, this shape change led to color shifting in the engineered hydrogel - direct transduction
of physiological response (cardiomyocyte contraction) to an optical signal (change in
structural color) [871. This work represents hydrogel photonics for fast, label-free detection
of cellular events by a simple analysis of the material’s interaction with light and subsequent
changes in color wavelength. Exciting future studies might outline the potential of these
rapidly detectable changes to elucidate the mechanics of single cells and multi-cellular
structures, much of which yet remains to be investigated fully [23.137],

Further, organized nanostructures not only serve as a template for structurally colored
architectures but can also remain within hydrogel meshes and interact with light in such a
way that their organization forms a holographic representation of a particular image (Figure
5d) [109], These structures are sometimes also combined with hydrogel film technology and
are discussed in section 4.1. The holographic hydrogels can potentially be used for coding
relevant information and data can be used in the biomedical data context, ever-growing in
complexity [138],

5. Active optics at the cell/hydrogel interface

As previously discussed, the various ways to engineer hydrogels and obtain optically
relevant architectures for guiding and manipulating light in close contact with biological
tissues have developed significantly over the past years. Nevertheless, the direct combination
of hydrogels, cellular structures, and light-guidance is still under development and can
further lead to new exciting applications. Initial approaches from different labs on light-
guiding hydrogels have shown that light guiding can be simultaneously associated with

cell encapsulation, such as in agarose waveguides with encapsulated cancer cells [74] or
light-guiding PEG hydrogels with HeLa cells [44]. These reports represent two of the

earliest studies where there was a direct combination between light-guiding hydrogels and
cellular components. Simultaneously, on the other side of the spectrum, researchers have
assembled £. Colito obtain cell-only waveguides (139 (Figure 6a). More recently, it was
demonstrated that cells in suspension could also guide light by obtaining cyanobacteria
waveguides (Figure 6b). The suspended cells were shown to trap light beams, guiding light
with reduced diffraction [140]. These experiments demonstrate that, unlike studies where
cells had no influence on the construct’s light-guiding properties, they can take an active role
by trapping and directing light.

Moreover, similar to hydrogels being highly hydrated meshes, one can envision that cells
can be used to guide light in hydrogels, as demonstrated in water and glycerol suspensions
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(1401 Additionally, these studies resorted mostly to the use of bacteria. It was also recently
shown that eukaryotic cells and their intracellular constituents also have very particular
interactions with light [143], Light-cell interaction becomes even more interesting as we
consider that cells are highly active structures. As such, they might not only be able

to manipulate light passively but also simultaneously respond to it, as observed by the
capability of polarized light to affect cellular cytoskeleton organization [144]. Very recent
evidence further hints at the possibility of genetically manipulating the optical properties
(refractive index) of living cells by taking advantage of reflectins (proteins), which are
natively responsible for the structural coloration of cephalopods [14%]. These results suggest
that exciting discoveries and applications of cell-light interactions will likely become a
reality in the near future.

Further, hydrogels themselves can also be engineered to respond to light actively, leading
to changes in crosslinking and influencing encapsulated cells. An excellent example of

this process happens with hydrogels based on the photoswitchable protein dronpa. Light-
based crosslinking changes can dynamically control the hydrogel formation and mechanical
properties (Figure 6¢), influencing the migration of cells [141.146] Another recent example
of protein-based, light-responsive environments was reported, where light-induced hydrogel
mechanical changes could function as a cyclic mechanical loading platform [142]. Therein,
this mechanical responsiveness to light induced myofibroblast activation (Figure 6d) [142],
Overall, there are very distinct ways to approach the interface between light guidance,

cells, and hydrogels, and engineering active responses from both entities to light. The
transition from passive light manipulation to the dynamic interaction between light, cells,
and materials can lead to more exciting developments such as live hydrogel photonic
structures. These constructs might inform on changes within the biological environment,
simultaneously responding to it from a mechanical point of view and subsequent cell
mechanotransduction.

Moreover, engineered hydrogel systems can present additional degrees of complexity and
functionality, especially if they are also engineered to respond to other types of stimuli that
can be combined with light interactions, as explored next.

6. Multi-responsive hydrogels in light-based applications

Hydrogels have been engineered to respond to a wide variety of stimuli, a topic which

has been broadly discussed in the literature by others [147-150] Here, we focus on

the combination of hydrogel responsiveness with photonic applications. We previously
discussed some responsive hydrogels and their swelling behavior in response to changes in,
e.g., pH or upon the presence of analytes such as glucose. However, there are other stimuli
that hydrogels have been engineered to respond to such as electrical, thermal, and magnetic,
which can be combined with their optical characteristics. These stimuli can be interesting
complementary approaches for multi-responsive detection and also for the fabrication and
assembly of optically-relevant hydrogel constructs. [151]

Regarding the combination of hydrogel photonics and magnetic responsiveness, there have
been recent advances where magnetic-based manipulation of hydrogel structures was proven
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to be relevant for tuning optical properties. It was shown that by nanostructuring the
hydrogels with magnetic particles, it was possible to arrange their orientation and lead

to distinct shifts in the wavelength of the incident light, obtaining a photonic hydrogel
structure which responded to alternating magnetic fields (Figure 7a) [52]. In this study, the
previously discussed photonic hydrogel structures were combined with multi-responsiveness
strategies. Similarly, it was shown that hydrogels can be patterned with magnetic regions,
becoming inherently responsive to magnetic fields and simultaneously capable of changing
the polarization plane of incident light [153]. In another study on polarization, coupled
gelatin hydrogels with magnetically responsive bicelles were manipulated to polarize light
viatemperature changes. This work represents an engaging multi-responsive platform
integrating distinct stimuli (magnetic, thermal, and optical) into a single construct [154],
Further, a multi-responsive platform that combined thermo-responsive hydrogels with gold
nanorods and magnetic silica particles was reported to employ magnetic stimuli to control
swelling/de-swelling states causing a detectable shift in the plasmonic light resonance
[155] Indeed, these studies present optically engineered hydrogels that might benefit from
additional responsiveness, where distinct stimuli can then be recognized and translated
into an optical change. Additionally, magnetic manipulation of hydrogels has been used
for assembling complex structures in the biofabrication field [156.1571 which can also be
applied for hydrogel optical structuring. This magnetic manipulation can potentially be
used to assemble different parts with heterogenous properties, leading to platforms with
multi-stimuli responsiveness actuated by optical, magnetic, thermal, or chemical stimuli.

Similarly, thermoresponsive hydrogels have been mostly used for temperature-induced
gelation changes and consequent applications for drug and cell delivery [161.162] However,
temperature as a response-triggering stimulus has also been combined with photonic
hydrogel engineering. For example, thin-film structures described in this review can be
combined with thermoresponsive hydrogels leading to films where temperature can also
affect the photonic properties and lead to changes in interacting light characteristics [163.164],
This property might be further applied to distinct hydrogel structures, namely particle-
based systems [165] and films with transparency/opacity transitions above or below certain
temperature levels (Figure 7b). Further, the fact that temperature can also play a role in

the performance of optical-fiber structures suggests it can also be explored for additional
functionality, .., in the proximity of tissues at body temperature levels [166],

Electrically responsive hydrogels have also gathered significant attention, namely as muscle
tissue engineering platforms where electrical stimulation and conductivity are important
[167,168] Nevertheless, electro-responsive hydrogels brings another dimension to the range
of stimuli that photonic hydrogel structures can respond to. Even though not widely
explored yet, some interesting examples of this combination, such as temperature-responsive
polymers with conductive particles, allowed researchers to obtain conducting hydrogel thin
films [169]. Further, scientists combined hydrogel photonics and electric responsiveness
towards applications in direct biomedical sensing [1691. This work reported electroactive
polyacrylamide hydrogels that could respond to an electric field leading to a change

in the light passing through the construct and facilitating the transduction of electrical
signals for wireless optical detection (Figure 7d). More recently, researchers have also
shown that hydrogel surface topography [2591 and swelling states [179] could also lead to
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electrically-induced changes in the interaction with incident light (Figure 7c). This kind

of electrical-induced changes can be coupled with well-established systems where surface
topography is employed for highly sensitive and specific plasmonic sensing [172-1731_ Al|
these results show that the combination of electrically responsive hydrogels and photonics is
relevant for approaches to analyze electrical changes such as those happening in muscle
tissues. Alternatively, it can allow using electrical fields to manipulate light-hydrogel
interactions within sensing devices and platforms. Simultaneously, progress is being made
on incorporating graphene - known for extraordinary electrical and optical performance
[174.175] _ within hydrogels [176]. Exciting advances in electro-optical platforms will likely
derive new application through these advances in the future.

7. Light-driven hydrogel robots

Engineering hydrogels can translate optical signals not only into bulk mechanics or
structural changes but also into motion, 7.e., hydrogel robots - particularly microrobots.
Inducing controlled movement in small structures is very interesting for biomedical
applications due to the possibility of moving and transporting biologically-relevant cargo to
locations that are typically hard to reach within an organism [1771. Additionally, integration
of cells with hydrogels and their manipulation towards motion can further lead to living
robots [178.179] Qverall, these are very lively fields of research, and the topic of soft
microrobots has been extensively reviewed throughout recent years [180-1831. As such, here,
we focus our discussion on the recent advances in light-driven hydrogel robots.

As previously described, hydrogels can respond to multiple stimuli, sometimes even in a
single structure. Naturally, these distinct responses have been exploited to create motion in
hydrogel structures via, e.g., pH responsiveness and magnetic stimuli [184.185] However,

it is possible to observe cases where light and hydrogel interaction is the main driving

force for hydrogel motion and robotic function. Moreover, motion can be obtained with
light alone, coupled with thermal responsiveness and light-triggered plasmonic heating.
Indeed, a large volume of recent research has focused on combining thermo-responsive
hydrogels with optically active structures, such as gold nanoparticles, for inducing light-
triggered changes in the local hydrogel environment. The most common example of such
systems employs PNIPAAm (Poly(N-isopropyl acrylamide) hydrogels, which encapsulate
gold particles that lead to an increase in temperature upon exposure to visible light. This
temperature increase causes the hydrogel to contract towards the light (positive phototaxis)
(Figure 8a) [188]. Different variations of this strategy have been reported in the past year,
such as gold nanopatterned-disks that wrinkle at the air-water interface when exposed

to light [187] spiral-shaped structures which move through light-controlled spinning [188],
and photo-responsive microcrawlers motioned by light-modulated friction [18]. Researchers
have recently combined these advances with 3D printing technology to print PNIPAAmM/
Gold nanorod actuators with designer shape and improved resolution (1901, Similar hydrogels
have also been previously integrated within microfluidic devices [191.192],

Overall, combination of PNIPAAmM hydrogels and heat-generating gold plasmonic structures
dominates the current landscape of light-driven hydrogel robots. However, there are also
exciting advances in developing gels that can directly respond to light without plasmonic-
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based photothermal changes. This possibility was explored by using molecular switches
that, unlike the previously discussed examples, can trigger a volumetric expansion in the
hydrogels (instead of contraction) 193], This difference in behavior leads to a relatively
novel type of negative phototaxis, where motion happens away from and not towards

light (193] (Figure 8b). On another exciting approach, scientists took inspiration from
aquatic invertebrates to create liquid crystal gels (LCGs), which can molecularly respond
to light and bend through photothermal changes that can be translated into crawling,
walking, jumping, and swimming [194]. Even though these structures differ significantly
from classical hydrogels, it is interesting to see how the combination of specific molecular
changes and their incorporation into hydrogel meshes can be employed. These approaches
can soon replace the need to incorporate plasmonic structures or even bypass the need

for thermal changes and obtain purely light-responsive hydrogel robots. Finally, it is also
relevant to mention that light-responsive hydrogels might not necessarily be used to fabricate
microrobots but rather serve as the 3D environments for motion. This phenomenon was
demonstrated with light-controlled local hydrogel melting and consequent induction of
traveling-wave motions in elastomer robots [195],

8. Hydrogels in photomedicine

Focusing on the biomedical use of hydrogels as light-interacting entities, we also discuss the
field of photomedicine, where hydrogels are used as entities that can aid or potentiate light-
driven therapeutics. These therapeutic strategies usually gravitate around photodynamic
events, /.e., events that can be modulated by light, such as Photodynamic Therapy (PDT),
already established at the clinical level for cancer treatment [196.197] photodynamic
strategies integrate a broad set of approaches that aim to destroy unwanted biological
entities, such as bacteria or tumor cells. Recent advances in this field have taken advantage
of hydrogels as structures that can carry other photo-responsive and photo-active structures,
respond themselves to light, or combine both. The topic of photodynamic therapies was
broadly reviewed elsewhere [198-201] Here we will explore how hydrogels have been
engineered as a tool for optical modulation of therapeutically relevant strategies.

In the case of antibacterial- and antimicrobial-focused approaches, hydrogels are frequently
used as a passive carrier for the transport and release of photosensitizers - molecules that can
increase the sensitivity of specific bacterial strains to light (e.g., methylene blue) [202-204],
These approaches can take advantage of hydrogels such as chitosan, with natural anti-
bacterial properties [29%]. However, more interesting for this review’s scope are strategies
wherein hydrogel interactions with light can be weaponized to kill unwanted microbes

and promote healthy tissue healing. An excellent example of this duality is a study that
combined thermoresponsive hydrogels with copper/silica nanoparticles. Upon interaction
with near-infrared (NIR) light, these constructs experienced an increase in temperature
(photothermal) combined with a release of radical oxygen species (ROS) (photodynamic)
and of copper ions, which directly stimulated cell proliferation and angiogenesis (pro-
regenerative) [206], This work is an example of a complete synergy between killing

bacteria and promoting healthy cell responses. This process was controlled by NIR light
and consequent volumetric changes on the hydrogel composites [29¢]. Photodynamic anti-
bacterial therapies have also been approached by combining peptide self-assembly with
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photosensitizer molecules. In such strategies, the hydrogel structure itself is reinforced by
the photosensitizer’s presence, allowing the latter to be locally delivered for improving
responses, €.g., wound-healing outcomes [293]. As reviewed elsewhere, self-assembling

biomolecular hydrogels have gained significant traction for phototherapy in recent years
[207]

In anti-tumor strategies, a vast body of literature focuses on using various hydrogels

to enhance light-driven therapeutics. Similar to anti-bacterial approaches, some of

these strategies share standard features and employ hydrogels to efficiently deliver
photosensitizers for improving light-induced killing of cancer cells [208-213] Fyrther,
another recent avenue of studies focuses on killing cancer cells and stimulating anti-tumor
immunogenic responses. In these approaches, hydrogels were used to transport structures of
interest, such as drug-carrying nanosheets [214] or taking advantage of oxygen-generating
events to revert intratumoral hypoxia [215]. Light-driven changes in gelation have also

been recently studied to enhance therapeutic approaches. With that in mind, researchers
engineered PEGDA-based solutions, which could be injected in the vicinity of solid tumors,
and posteriorly form a gel upon light actuation. The authors were then able to fixate the
whole structure in the desired region to deliver toxic radical oxygen species (ROS) and pro-
immunogenic nanoparticles simultaneously [216], resulting in a complex network of tumor-
suppressive events (Figure 9a). On another approach, researchers created a method where
the light was delivered to the tumor site by integrating luminescent materials within calcium
alginate hydrogels [217]. These hydrogels fixated in the desired region, persistently releasing
light and leading to continuous ROS production and significant tumor size decreases [217],

Even though most of the discussed studies use hydrogel-light interactions to kill certain
biological entities, there are other recent approaches where the goal is quite the opposite:

to potentiate cell proliferation and differentiation towards achieving benign phenotypic
conversion for tissue engineering and regeneration purposes. In two distinct studies, collagen
hydrogels were engineered to change in mechanical properties upon a light trigger, causing
an increase in hydrogel stiffness combined with moderate ROS release. ROS were shown
not to be cytotoxic at that level but instead favored the chondrogenic commitment of
mesenchymal stem cells [218.219] significantly improving cartilage healing (Figure 9b).
These two recent studies demonstrate that light-responsive structures can synergize with the
hydrogels for complex chemical changes, mechanics, and release of molecules. As shown by
these advances, this process can have applications that go far beyond killing unwanted cells
and instead be tuned so that cytotoxic effects turn into cyto-compatible and bioactive events.
Future studies exploring these concepts will likely yield exciting phototherapy solutions
where light stimuli and hydrogels can heal damaged tissues. This process might not only
happen by removing unwanted biological players but also by actively promoting phenotypic
reversion or regeneration through cell proliferation and guided stem cell differentiation.

9. Hydrogel-light interactions for organ-on-chip applications

Recent advances in hydrogels and microfluidics enable recapitulating critical physiological
events in miniaturized platforms. These platforms frequently referred to as organ-on-chip
or even body-on-chip, are fascinating alternatives to simpler models such as 2D static
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cultures that lack important architectural and biological tissue dynamics. Organ-on-chip
models present potential advantages over more complex animal models, as animals have
fundamentally different physiological characteristics compared to human organs and tissues.

In this field, hydrogels have been used as important components to miniaturize cell culture
compartments with 3-dimensional arrangements as complex and vascularized structures or
bone marrow niches [220-222] ithin this field, hydrogel light interactions can be employed
for two essential processes: The first is the fabrication of such intricate architectures and
biologically relevant 3D niches. The second focuses on integrating the fast, label-free optical
on-chip sensing to detect and track critical biological events.

Fabrication-wise, the most exciting advances in light-based hydrogel uses hydrogel
precursors within microfluidic chips and takes advantage of light-based crosslinking to
generate 3D structures with controlled shape and architecture. Using this approach, PEGDA
and GelMA hydrogels were arranged through flow alone and led to intricate shapes without
needing light-covering masks [223]. By shining light to crosslink hydrogel precursors in
specific stages of flow, researchers were able to mimic 3D arrangements of distinct tissues
such as tumor, muscle, and tendon-bone interfaces (Figure 10a). Indeed, the potential

for light-based laser-writing might have further applications in the organ-on-chip context.
Recently, optical manipulation of drug-containing particles combined with light-based
hydrogel writing was employed to engineer tunable drug cocktails [224], This strategy

can be utilized to obtain on-chip drug depots with varying characteristics allowing the
combination of 3D environment, cell culture, and drug testing, all with controllable shape
and positioning. Further, light-based hydrogel crosslinking and manipulation have proven
to be valuable tools for fabricating 3D gradients that combine ranges of chemical and
mechanical properties for faster (high-throughput) screening of cellular responses to the
surrounding environment [225.2261Sych approaches to modulate the 3D microenvironment
of cells can be further explored to recreate naturally space-varying niches such as
hematopoietic stem cells within microfluidic devices [227]. Additionally, hydrogels might be
manipulated by light to recreate environments within which cells can be integrated and serve
as translucent 3D platforms wherein cells can be exposed to light to promote differentiation
towards specific phenotypes. This idea was earlier utilized to obtain neural-muscular motor
units on-a-chip [228],

Even though light-hydrogel interactions have led to exciting advances in microfabricating
3D environments for chip-based cell culture, hydrogel photonics might have a more
significant role to play. Indeed, it can facilitate integration of fast, label-free optical
sensing and detection within microfluidic chips of higher design complexity. At present,
microfluidics and organ-on-chip techniques rely mostly on imaging, image processing,

and analysis to derive quantitative data from biological assays [230.231], Nevertheless, this
process is likely to change once hydrogel photonic structures come into play to obtain real-
time readouts without needing for fixation, staining, or other sample-destructive procedures.
Even if this possibility is still explored little, recent studies demonstrate its feasibility.
Some of these studies are close to the field of optofluidics, where micro-optical events

are combined with microfluidic structures. On such an approach, researchers introduced
PEGDA microlenses on microfluidic chips, showing that these hydrogel structures could
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react to presence of salts, changing their shape and leading to a shifting of focal planes,
which could be used to evaluate the concentrations of analytes of interest [232]. |t was

also demonstrated that PEGDA waveguides could be integrated into PDMS structures [229],
Therein, the authors showed that PEGDA waveguides were capable of guiding light through
the 3D PDMS structures; function as beam splitters with multiple outputs, and possibly
facilitate the measurement of relevant on-chip events (Figure 10b).

Overall, even if some of these recent approaches for responsive hydrogel structures are
integrated within microfluidic chips and have been effectively used to obtain fast optical
readouts, they are not yet integrated within organ-on-chip systems. Together, these earlier
microfluidic studies pave the way for combining photonic structures with miniaturized 3D
biological architectures. The possibility of having real-time sensing through optical hydrogel
components in organ-on-chip applications is likely to emerge in the near future.

10. Conclusions and outlook

Over the past decade, we have observed considerable advances in engineering of hydrogels
towards photonic biomedical applications. These hydrogels emerge as complementary
materials within the biomedical scope to the solid-state materials that are classically used
for light guiding and manipulation applications. Hydrogels represent a safer, biocompatible,
and adaptable platform technology for efficient optical interactions and contact with cells,
tissues, and organs.

Overall, a wide range of polymers has been utilized for this purpose, both from synthetic
and natural origins (Table 1). On the one hand, synthetic polymers have a higher degree of
purity and capability to be modified and tuned to enhance optical or biological performance.
On the other hand, natural polymers are more variable and harder to modify, but were also
presented as good candidates in photonic structures due to potential advantages related

to degradability and biological compatibility. Nevertheless, both branches of polymers
have been shown to have equally important roles in hydrogel photonics. As we keep
moving forward, we will potentially see some of these polymers being replaced by

smarter engineered alternatives that can further push the optical performance of photonic
systems, such as guiding characteristics. This advance can occur by modifying refractive
indexes by decreasing water content to lower levels while maintaining cytocompatibility.
Also, in a hydrogel-fabrication landscape that is still dominated by UV-based crosslinking,
future studies will likely focus on distinct crosslinking methods. For example, visible-light
crosslinking can lead to similar structures like those reported with UV but with higher
biological safety, e.g., for encapsulating cells within constructs [233234]. Other types of
crosslinking, such as ionic and supramolecular assembly, represent more recent alternatives
that can become substantial players in hydrogel photonics.

In addition to the choice of material, the construct architecture dictates the capabilities of
these materials to interact with light for guiding and manipulating its properties towards
sensing. Here, we identified four main types of optical hydrogel structures and respective
fabrication techniques (Figure 2). Thin films are the earliest used constructs for hydrogel
photonics, and these structures can be obtained mainly through either layer-by-layer or
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single-step deposition techniques. Thin hydrogel films have been engineered and adapted to
various scenarios but commonly represent platforms used on surfaces interfacing air outside
of biological environments. However, thin films are still extremely efficient in detecting
biologically relevant targets such as glucose, changes in pH, or heavy metals. Despite being
a part of the hydrogel photonic landscape for a long time, there are recent creative ways

to use thin films and to combine distinct responsiveness for fabricating, e.g., touchless
screens. These recent breakthroughs will potentially have broad implications for the future
of electronic devices and interactive surfaces and their multitude of applications.

Hydrogel optical fibers pose more complex 3D structures than these films and they can
transport light across considerable lengths. They have been engineered to respond and
shift light properties from their interaction with several analytes of interest. Interestingly,
most hydrogel optical fibers have focused on similar materials and relatively simple
fabrication approaches. On that note, we expect significant advances in hydrogel fiber-
optics as complex hydrogel fiber biofabrication methods merge towards the optical field.
This translation will likely improve optical fiber performance and increase complexity in
both shape and stimuli responsiveness. Similarly, 3D printing of hydrogels has presented
remarkable developments in tissue engineering and regenerative medicine in recent years.
Few studies have explored the possibility of combining the precise material deposition and
organization of 3D printing technologies with optically relevant shapes, where novel types
of optical inks can introduce light-guiding channels and conduits within complex 3D printed
constructs [69.80],

As an alternative at smaller dimensions, nanostructured hydrogels have been shown to
recapitulate the structural coloring found in nature. Similarly, by engineering hydrogels,
scientists created structurally colored arrangements that can be assembled into complex
optical structures that can actively respond to deformation. These constructs have been
explored for tracking forces such as those made by contractile cells in novel real-time
mechano-optical transduction platforms and living robots. Further, structuring of hydrogels
and their active optical arrangement have been applied for holographic imaging and
recapitulating shapes and information, which can be useful for bio medically relevant data
storage and encryption.

One other important point we outlined is the need for hydrogel photonics to be combined
with living entities such as encapsulated cells. Even though cells are considered optically
inert in multiple studies, there have been others where cells are considered as an integral
part of the active optical entity, e.g., biological waveguides. Simultaneously, hydrogels might
not only passively guide light but also respond to it, as in reversible cross-linking events.
Combined, the possibility of having light not only guided but also actively shaping the
hydrogel/cell interface will likely lead to exciting advances in hydrogel optics. When these
optics are fully integrated with live constructs, light can direct materials and cells towards
distinct mechanical states and cellular phenotypes. At the same time, optical readouts might
facilitate real-time screening. These readouts can inform on complex cellular events such

as proliferation, differentiation, and matrix deposition, or even assess drug efficacy in 3D
engineered tissues.

Adv Mater. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Guimarées et al.

Page 24

Further, we explored the possibility of combining hydrogel photonics with multi-responsive
hydrogel systems, taking advantage of the years of scientific research in the topic. Therein,
we presented examples of hydrogel photonic responsiveness combined with magnetic,
thermal, and electric stimuli. The combination of these distinct responses in a single
structure is shown to be possible and will likely allow systems to respond to and inform

on a plethora of stimuli. These can be further leveraged towards assembling and structuring
of complex hydrogel constructs as sensors.

Moreover, combination of multiple responses in hydrogel structures has also enabled
impressive light-driven locomotion capabilities. Hydrogel robots have emerged as capable
tools with motion omnidirectionality and exciting possibilities in micro-robotics which
might reach clinical applications soon. Overcoming the challenge of combining both
negative and positive hydrogel phototaxis within the same structure is likely the next step to
obtain more comprehensive motion ranges of these soft, biocompatible structures.

We also discussed how the combination and engineering of multi-responsive hydrogel
systems led to recent advances in photomedicine. In this scope, light actuation as a
therapeutic trigger has been shown to modulate complex tumor microenvironmental events.
Further, light-based therapies can go far beyond simple cancer cell death. These complex
photosystems with aggressive anti-cancer effects might be tuned down and converted

into healthy stem-cell friendly tools. Also, the possibility of actively promoting tissue
regeneration with these systems is opening up an entirely new avenue of investigations.

As a final topic, we explored the field of organ-on-a-chip technologies, which have yielded
complex biological models in recent years, with proven applications in drug testing and
optimization. Hydrogels, commonly used as 3D environments within these systems, can be
leveraged for designing intricate shapes and architectures on-chip via hydrogel precursor
flow and controlled light-based crosslinking. Moreover, the integration of photonic hydrogel
structures within on-chip models can potentially reveal a game-changing addition to the
field by enabling rapid, label-free detection of on-chip events in real-time. This advance

is likely to add entirely a new time-dependent dimension to the collected information,
bringing the science ever closer to modelling the actual physiological microenvironment as a
complementary alternative to animal models.

Globally, under the light of all recent advances and the broadening scope of emerging

ideas and applications, the field of hydrogel photonics has a promising long path forward

as an emerging field with broad applications that span from biosensing to tissue models.
Additionally, the close relationship between the materials and the fabrication techniques,
accelerated by advances in these fields across interdisciplinary areas, will likely bring along
exciting new engineered photonic structures and innovative applications. Optical platforms
are likely to remain - as light itself - the fastest and most efficient solutions for biomedical
detection, sensing, and screening. Transposing these platforms towards living environments
is becoming a reality through engineering hydrogels as photonic materials cutting across
multiple disciplines. As we observe the advances in this promising field currently, hydrogels
are continuing to emerge as biologically compatible alternatives or complementary tools for
the creation of next generation of living tissue photonics, spanning broad applications from
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scientific experiments on the benchtop to serving the needs of patients at the clinic or at the
point of care in the future.
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Figure 1: Overview of Hydrogel Optics:
Schematic of the main events behind light going through biological tissues, solid-state silica,

and hydrogels. The denser media have inherently higher refractive indexes (n,), leading

to a slowing down of light going through and an angle of refraction (e,) inferior to that

of incidence (ej). The refractive index difference allows for total internal reflection (TIR)
when the incident angle is equal or below the critical angle (e;), containing light within the
denser material. This process leads to coupling losses when there is a high refractive index
difference (mismatch), as with silica versus living tissues. The light which is transmitted (T)
results from the Incident light (1) minus the light that is reflected (R) and/or scattered (S).
The general mathematical equations that connect these different concepts, namely Snell’s
Law, are represented on the right panel. An overview of the main properties that make
hydrogels more like biological tissues than classical solid-state alternatives is also outlined.
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Figure 2: Fabrication techniques for obtaining hydrogel structures with relevant photonic

properties.

a | Hydrogel thin films can be produced by deposition on a surface of either layer-by-layer
molecular structures or single-step precursor deposition and crosslinking. b | Hydrogel
fibers for optical applications are usually fabricated through UV crosslinking materials,
structured in fiber-like shapes inside a tube, and then pushed out. These fibers can then be
coated with a different hydrogel by, e.g., ionic crosslinking, as frequently pursued core-clad
architectures. ¢ | 3D printing techniques allow precise deposition of other materials and be
further explored in the optical context. These techniques facilitate the fabrication of complex
3D structures where inks and bioinks are combined with novel types of optical inks that
can interact with light differently in, e.g., optical channels within constructs. d | Structured
hydrogels are frequently fabricated by depositing these materials within a nano-structured
template, which can then be kept inside the hydrogel (e.g., spaced particles) to add further
optical interactions (e.g., plasmonic resonance). Alternatively, these nanostructures can be
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etched out (by, e.g., thermal or chemical processes), leaving only their shape in the hydrogel,
as used to obtain hydrogels with structural colors (/.¢e., the color given by the interaction of
light with nanostructures and not by the presence of dyes)
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Figure 3: Thin Hydrogel Films —
al Engineered hydrogel films incorporating silver particles for pH sensing. Adapted with

permission [116]. Copyright 2008, Wiley. b| Gelatin-based holographic films with swelling-
shrinking shifts in wavelength and color. Adapted under the terms of CC BY License

[71], Copyright 2016, the authors. c| Thin-Film holographic sensors with phenylboronic
modifications for glucose and another analyte sensing. Reproduced with permission from
reference [60]. Copyright 2014, American Chemical Society. d| Block co-polymer hydrogels
with varying hydration levels respond to proximity to the human finger as touchless
response platforms. Adapted under the terms of CC-BY-NC license [115]. Copyright 2020,
the authors.
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Figure 4 - Optical Hydrogel Fibers:-

a | Step-Index Optical Hydrogel Fiber Light Guiding due to refractive index differences

b |Light Coupling and Guidance through an engineered hydrogel optical fiber. Adapted

with permission from ref. [591. Copyright 2016, Wiley c| Core-Clad light-guiding across 3D
Gelatin matrixes and d| Porcine Tissue. Adapted under the terms of CC-BY license from ref.
[66] Copyright 2017, the authors. e| /n Vitro Hydrogel Optical Fiber for Glucose Sensing.
Adapted under the terms of CC-BY license from ref.[66] Copyright 2017, the authors. |

In Vivo hydrogel optical fiber implementation and Oxygen Level Real-Time Detection.
Reproduced with permission from ref. [65] Copyright 2015, Wiley.
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Figure 5 - Structured Hydrogels:
al Naturally inspired biomimetic structural tissues. Adapted under the terms of CC-BY

license. [129] Copyright 2015, the authors. b| Structural color hydrogels as channels

and assembled structures with cyto-compatible properties. Adapted, with permission,

from references [69.871. Copyright 2017, National Academy of Sciences and Copyright
2018, AAAS. c| Structural hydrogels use for biomechanical-optical transduction through
cardiomyocyte-induced hydrogel contraction and color change. Adapted with permission
from reference [87]. Copyright 2018, AAAS. d| Hydrogels with nanostructures as assembled
by light and holographic image generation for data encoding. Adapted under the terms of
CC-BY license from reference [109]. Copyright 2016, the authors.
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Figure 6: Active Cell/Hydrogel interfaces:
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al Cell-only optical waveguide structures made from E. Coli. Adapted with permission
from ref. [139]. Copyright 2013, American Chemical Society. b| Cell-only waveguide of
cyanobacteria in suspension. Adapted with permission from ref. [140]. Copyright 2017,
American Physical Society. c| Hydrogel-only light-responsiveness can be engineered as
demonstrated for polymeric gels, with light-induced gelling and mechanical switching.
Adapted with permission from ref. [1411. Copyright 2018, Springer. d| Light effects in
hydrogel and cells can be combined to translate optical signals into hydrogel mechanical
dynamics and tune the phenotype of fibroblasts as an example of a living, light-responsive
construct. Adapted with permission from ref [142]. Copyright 2018, Wiley.
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al The conjugation of hydrogel magnetic responsiveness and optical structuring allows to
modulate incident light wavelength by changing the structure via the changing magnetic
field. Adapted with permission from ref. [152]. Copyright 2017, Wiley. b| Thermo-responsive
PNIPAAmM (Poly(N-isopropy! acrylamide) hydrogel films with cellulose nanocrystals can
change their structure and shift their interaction with the light on temperatures above or
below the critical value. Adapted with permission from ref. [158]. Copyright 2019, Elsevier.
c| Electro-responsive hydrogels can change their shape and light interactions with varying
voltage. Adapted under the terms of CC-BY license from ref. [1591. Copyright 2018, the
authors. d| Electro-responsive hydrogels in devices capable of optical sensing electric field
variations such as those in cardiac muscle contraction. Adapted with permission from ref.
[160]. Copyright 2010, Elsevier.
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a| Thermo-responsive PNIPAAm hydrogels containing plasmonic gold structures can
respond to light by the local increase in temperature through gold-photon interactions,
contracting the gel and leading to positive (towards light) phototaxis. Reproduced with
permission from ref. [186]_Copyright 2019, AAAS. b] Distinctly, specific molecular switches
can be integrated within hydrogels, directly responding to light and causing a local
expansion of the hydrogel mesh, leading to motion against the light source (negative
phototaxis). The integration of both behaviors can lead to 180° motion ranges capable

of moving both towards and away from light. Adapted with permission from ref. [193].

Copyright 2020, American Chemical Society.
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Figure 9: New Paradigms in Hydrogel Photomedicine:
a | Engineered PEGDA precursor solutions with pro-immunogenic entities can be locally

immobilized through light-induced hydrogel crosslinking to modulate a wide variety of
tumor-suppressing events. Reproduced with permission from ref. [216]. Copyright 2019,
Wiley. b | Similar light-hydrogel interactions can be employed on collagen-based hydrogels
to direct mechanical stiffening and ROS production towards cell proliferation, chondrogenic
differentiation, and improve cartilage healing. Adapted under the terms of CC-BY license
from ref. [218]. Copyright 2019, the authors.
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Figure 10: Light-hydrogel interactions for on-chip applications:
al Manipulation of hydrogel precursors within microfluidic devices combined with light-

based crosslinking to fabricate on-chip biologically relevant architectures such as b| Tumor,
muscle, and tendon-bone interfaces. Adapted with permission from ref. [223]. Copyright
2018, Wiley. c| Integration of hydrogel waveguides within PDMS chips for light guiding and
multi-output detection. Adapted under the terms of CC-BY license from ref. [229]. Copyright
2019, the authors.
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Table 1:

Commonly Used Polymers in Hydrogel-based Photonics
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Material

Alginate

Alginate

Agarose

Agarose

Acrylamide

Acrylamide
Poly-Acrylamide

Acrylamide/
Methacrylamide

Polymethacrylic Acid

(PMAA)

Poly(ethylene glycol)
Diacrylate (PEGDA)

Poly(2-vinyl pyridine)
P2VvP

Poly(hydroxy-ethyl
methacrylate)
(PHEMA)
Chitosan

Chitosan

Gelatin

Gelatin

Gelatin/Alginate

Gelatin Methacryloyl

(GeIMA)

Cellulose

Silk Fibroin

Source

Natural
(Seaweed)

Natural
(Seaweed)

Natural (Algae)

Natural (Algae)

Synthetic

Synthetic
Synthetic
Synthetic

Synthetic

Synthetic

Synthetic

Synthetic

Natural (Chitin)

Natural (Chitin)

Natural
(Collagen)

Natural
(Collagen)

Natural

Natural
Modified
(Collagen)

Natural (Plants)
Natural (Silk)

Type of Structure
Optical Fiber Shell
(Cladding)

Optical Bioinks
Thin Films

Linear Fibers,
Cladding layers
No-Core Fiber

Optical Fiber Core
Thin Films

Classic Hydrogel

Thin Films

Optical Fiber Core

Thin Films

Thin Films

Hydrogel Photonic
Crystals

Lbl films with
Dextran
Uniform Layer Core

Thin Films

Thin Films

Inverse Opal Scaffold

Multi-core Fibers

Core (film) — Clad

(hydrogel) structures

Exploited Property

Low Refractive Index
Adequate Printing Rheology,
Particle Encapsulation

Electrostatic Interaction with
Carbon dots

Cytocompatibility
Analyte-induced Refractive
index changes

Mechanical Stretchability
Easy Functionalization

High Refractive index, high
water content

Ph Sensitivity

High refractive index

pH Responsiveness, dynamic
swelling

UV Crosslinking, lon
perfusion

No particular property
Charge Interactions with

Dextran

Thermal Crosslinking,
Transparency

Thermal Crosslinking

Tunable pH Swelling

UV crosslinking on templated
structures

Degradability

Biological Compatibility,
Transparency

Application

Optical Fiber Sensing
(Metals, Strain, Glucose)

0O, Imaging

Heavy-Metal Sensing

Waveguide

Ph Sensing, Glucose
sensing

Strain Sensing
Glucose Sensing

Ophthalmological

Ph Sensing

Glucose Sensing, Metal

Sensing

pH Sensing, molecule-

induced holographic
changes

Holographic pH Sensing

pH Sensing

Glucose Sensing

Waveguide

Holographic
Retroreflection
pH Sensing
Structural Colored
Hydrogels
Waveguide
Waveguide

Refs.

[59,64-66]

[80]

[81]

[70,74]

[61,62]

[59]
[60]

[63]

[82]

[62,64-66]

[83,84]

[85]

[86]

77

[70]

71

[55]

[69.87]

[75]

[76,88]

Abbreviations: Lbl — Layer-by-layer
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