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Abstract

Optical techniques used in medical diagnosis, surgery, and therapy require efficient and flexible 

delivery of light from light sources to target tissues. While this need is currently fulfilled by glass 

and plastic optical fibers, recent emergence of biointegrated approaches, such as optogenetics and 

implanted devices, call for novel waveguides with certain biophysical and biocompatible 

properties and desirable shapes beyond what the conventional optical fibers can offer. To this end, 

exploratory efforts have begun to harness various transparent biomaterials to develop waveguides 

that can serve existing applications better and enable new applications in future photomedicine. 

Here, we review the recent progress in this new area of research for developing biomaterial-based 

optical waveguides. We begin with a survey of biological light-guiding structures found in plants 

and animals, a source of inspiration for biomaterial photonics engineering. We describe natural 

and synthetic polymers and hydrogels that offer appropriate optical properties, biocompatibility, 

biodegradability, and mechanical flexibility have been exploited for light-guiding applications. 

Finally, we briefly discuss perspectives on biomedical applications that may benefit from the 

unique properties and functionalities of light-guiding biomaterials.

Graphical Abstract

A review on Light-Guiding biomaterials for biomedical applications is provided. Some new 

medical applications, including diagnostics, drug delivery, phototherapy, optogenetic, and 

wearable optical devices and sensors require novel optical waveguides with specific optical, 
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mechanical, and biological properties. Various natural and synthetic materials have been 

developed to meet such requirements.
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1. Introduction

Optical waveguides are indispensable in many of today’s technologies for 

telecommunication, manufacturing, aerospace, medicine, defense, and science. Waveguides 

enable us to confine light within narrow conduits and deliver it with minimal loss over long 

distances and around corners. Beyond optical transmission, waveguides can also serve as a 

platform for functional devices in which the intensity, polarization, or spectrum of light is 

altered in a desired manner by interacting with the waveguide materials and external 

environments.

Among optical materials, silica glass (SiO2) has excellent transparency in the visible and 

near-infrared spectral range, high mechanical strength, and chemical inertness. These 

properties make silica optical fibers a leading choice for both long-haul optical 

telecommunication and short-distance data interconnection. Silica fibers are also widely 

utilized in medical settings, delivering laser light for surgery and catheter-based endoscopy. 

While the medical applications of silica optical fibers have been established, demands for 

new types of waveguides continued in medicine as the utilities of light in healthcare, 

diagnosis, therapy, and surgery increased and became more sophisticated.[1] For instance, for 

mid-infrared laser ablation of tissues, new fiber materials[2] and guiding structures[3] with 

lower optical loss than the silica fibers in the mid-infrared range are needed. It has been 

envisioned that many applications of photomedicine may benefit from non-conventional 

optical fibers that are more elastic, more biocompatible, and even biodegradable. Several 

biomaterials have been proposed to meet these requirements.

In this article, we review various biomaterials that can offer adequate optical properties to 

guide light and, simultaneously, provide desirable biophysical, chemical, and biocompatible 

properties not offerred by conventional solid-state materials such as the silica glass and hard 

plastics. We begin this review by presenting some notable examples of biological optical 

waveguides found in living organisms. We then describe various recent examples of bio-

inspired waveguides, material-inspired optical fibers, and need-driven waveguide-based 

devices. Finally, we discuss the potential of light-guiding biomaterials for biomedical 

sensing, diagnostic, and therapeutic applications.

1.1. Natural optical waveguides in living organisms

Life on Earth depends on sunlight from energy harvesting to optical vision. Through 

biological evolution, light-collecting and guiding structures emerged in various organisms. 

Many plants and animals employ specific types of optical waveguides to facilitate 
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photosynthesis and visual acuity. These structures give benefit to the organisms for their 

fitness and survival.[1] The recent advances in our understanding about the role of biological 

waveguides have been a source of inspiration for the development of bio-mimicking 

waveguides.[4]

Photosynthesis in plants and small organisms such as algae converts sunlight energy to 

chemical energy. The stored chemical energy can later be released to fuel the organisms’ 

activities and fed into animals providing them with vital energy. In certain environments, 

some plants have evolved specific optical structures to harness sunlight. For instance, 

Begonias grow on the floor of Asiatic forests where direct sunlight is scarce. The shade-

dwelling Begonias have photonic-crystal-shape iridoplasts that increase the chance of 

absorbing the photons, a working strategy for survival under the low-light condition.[5] 

Other type of Begonia employs an additional scheme: their epidermal cells at the surface of 

leaves are transparent and have a convex shape that focuses feeble sunlight onto the grains of 

mesophyll,[6] which improves light harvest at the sunlight-scarce ground of the forest.[7] 

Sclereids in the evergreen sclerophyll Phillyrea latifolia form a vertically oritented foliar 

structure that delivers photons to mesophyll (Figure 1a). About 40–80% of photons arriving 

at the spongy mesophyll region is collected by the presence of the waveguiding structure, an 

about 30-fold increase compared to mesophyll cells located far from the waveguides.[8]

In Lithops and Haworthia plants, known as “living stones”, tranparent windows on the upper 

part of the plant allow sunlight to penetrate deeper into leaves (Figures 1b). Along the 

leaves, Chlorophyll is increasingly concentrated toward the bottom (Figures 1c). This 

positive grandient of absorbers counteracts with the negative gradient of optical intensity so 

that light absorption occurs uniformly throughout the entire region of the leaves. This 

arrangement ensures high photosynthesis yield while avoiding localized absorption at the 

top of the leaves, which can cause photothermal damage during hot, dry days.[9]

Besides photosynthesis, plants use sunlight for other processes critical for survial and 

growth. Light can coordinate various processes ranging from seed germination to plant 

blooming, root growth angle with respect to gravity and sunlight direction, and even 

elongation and expansion speed of stems and leaves.[10] Plants have several types of sensory 

photoreceptors. Some photoreceptors are present in roots under the ground and enable the 

roots to sense light from the UV-B to far-red spectrum.[11] The root receives light stimuli 

through both diffusion in the soil and transmission along their vascular system that serves as 

natural optical waveguides. The vascular system in plants transports water and minerals 

from roots to leaves and distribute photosynthesized glucose from leaves to other parts of the 

plant. The water pipes of the vascularture capture some light that enters the stem and 

propagate it to the photoreceptors in the roots under the ground[12] (Figures 1d–g). Spectral 

measurements revealed that far-red light was transported most efficiently through the 

vascular pipes.[11] Another study showed that the underground roots of Arabidopsis thaliana 
can receive stem-guided light and sense the aboveground light environment during plant 

environmental adaptation.[13] In the roots, the transported light can photoactivate 

phytochrome B, which triggers the expression and accumulation of elongated hypocotyl 5 

protein, resulting in the light-induced root growth response.
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Bioluminesncence has been widely observed in marine vertebrates, invertebrates, fungi, and 

microorganism species. These animals, especially living in deep ocean, benefit from 

bioluminescence for luring their prey, attracting mates, scaring off predators, 

communicating, camouflaging, and even illuminating nearby area to visualize.[14] The 

photons generated from bioluminescence organs are often guided by some waveguiding 

structures and emitted out in specific patterns. For instance, jellyfish are mostly made of a 

translucent gel-like substance called mesoglea, with large water content of 95–98%.[15] 

Some bioluminescence light is guided through optical-fiber-like tentacles (Figure 1h), which 

jellyfish use as a decoy to attract prey.[16]

In insects, vision is achieved in compound eyes that are composed of hundreds and 

thousands of tiny corneal lenses on the surface of the eye. Each corneal lens focuses light 

into an individual light-detecting structure consisting of several photoreceptor cells (retinula 

cells), through crystalline cones called ommatidia. Each ommatidium is typically 5–50 μm 

long and a few microns wide and serves as an optical waveguide connecting the lens to the 

light-sensitive sensory region of retinula cells (rhabdom) (Figure 1i).[17] The ommatidium is 

categorized into two types: photopic, which characterizes insects active during the daytime, 

and scotopic, which characterizes nocturnal insects. In the photopic type, the base of the 

crystalline cone is in contact with the rhabdom, but in the scotopic type there is space, called 

the clear zone, between the crystalline cone and the retinula cells. Under abudant light, 

scotopic ommatidium acts the same as photopic ommatidium, but in a dark environment the 

shielding pigments between scotopic ommatidia contract and allow the light to leak into the 

rhabdom of adjacent ommatidia, leading to visual sensitivity enhancement.[18]

In vertebrate’ eyes, the transparent cornea and lens form an optical image onto the retina. 

Once optical rays enter the retina tissue, they must pass through several layers of cells before 

reaching photoreceptor cells. The optical refraction and scattering in the retinal tissue tend to 

distort the optical image. It has been found that Müller glial cells, in addition to their 

primary role in facilitating cell-cell connection between nerve cells in the retina,[19] serve as 

optical fibers helping image projection through the retinal tissue with less image distortion 

and light scattering loss (Figure 1j).[20] In the human eye, Müller cells have a length of up to 

~150 μm and a width of ~ 12 μm at the top and 2–3 μm in the middle. Müller glial cells have 

a refractive index (RI) of ~ 1.38, slightly higher than their surrounding cells, allowing light 

to be guided through their tube-like cell body extending from the retinal surface to the 

midsection of photoreceptor cells. Remarkably, the spectral properties of Müller cells are 

optimized for photoic and scotopic vision. The green-red part of the visible spectrum is 

delivered to cones that are responsible for color vision, and the blue-purple part of spectrum 

is leaked nearby rods. This arrangement maximizes photon absorption by cones while 

minimally affecting rod-mediated vision.[21]

1.2. History of optical waveguides

One of the first scientific description of optical waveguiding dates back to 1841, when 

Daniel Colladon and his students demonstrated guiding of sunlight through a flowing water 

jet (Figure 2a).[22] In 1842, Jacques Babinet demonstrated guiding of candlelight through a 

glass bottle and a curved glass rod.[23] John Tyndall studied internal reflection angles in 
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water jets[24] and is credited for the discovery of total internal reflection. With the 

electromagnetic theory of Faraday and Maxwell in the late 19th century, the scientific basis 

of optical waveguides has been established. Soon after, various waveguides were devised for 

other applications (Figure 2b).[25] William Wheeler in 1891 devised a lens-based light pipe 

system to transport arc lamp light for home lighting (Figure 2c).[26] The first use of an 

optical waveguide for medical applications was by Roth and Reuss in 1889. They utilized 

glass rods to illuminate tissues in the larynx and nose during surgery.[27]

DuPont developed commercial polymethyl methacrylate (PMMA), marketed as Lucite and 

Pexiglas, in 1937 (Figure 2d).[28] This thermoplastic polymer was commonly used during 

World War II for airplane windshields, canopies, bomber noses, submarine periscopes and 

gunner turrets due to its high transparency, low density and durability against wind, water, 

and UV rays. In 1939 Curvlite Sales developed an PMMA optical waveguide for dental 

illumination (Figure 2e).[29] This might be the first use of a polymer optical waveguide for 

medical applications. Thereafter, many different transparent polymers have been developed.

The first single-mode waveguide that supports only one spatial mode was demonstrated in 

1959[30] by drawing silica glass into a narrow fiber with its core size in the order of the 

optical wavelength (λ). For waveguides consisting of a core diameter d and refractive index 

(RI) ncore and a cladding RI nclad, the number of guided modes is approximately equal to 

5 d /λ 2 ncore
2 − nclad

2 . Single-mode waveguides are preferred over multimode waveguides 

for sending optical signals over a long distance for telecommunication. In multimode 

waveguides, different spatial modes travel at slightly different speeds. As a result, signal is 

distorted over propagation length. In 1961, Georg Goubau proposed hollow optical 

waveguides with regularly spaced phase-correcting plates, lenses or mirrors, but this idea did 

not receive much attention due to high loss and complexity in fabrication.[31]

With the development of semiconductor lasers in early 1962 and the vision for long-distance 

optical telecommunication motivated scientists to look for low-loss optical materals and 

develop optical waveguides that could be produced in a long length at low cost. Until 1970s, 

the material loss of silica fibers was over 1000 dB/km, limiting the maximum transmission 

length to a few meters. Based on a careful spectroscpic analysis of silica glass, Kao et al. in 

1966 reported that the optical loss of silica glass can be made smaller than 20 dB/km by 

removing impurities and proposed silica-based core-clad single-mode optical fibers for 

telecommunications.[32] For this pioneering work, Kao was awarded the Nobel Prize in 

Physics 2009. With the technical advances in glass purification, preform deposition, and 

fiber drawing, the state-of-the-art silica fibers have a loss of 0.2 dB/km at the third optical 

telecom window around 1550 nm.

Nowadays, numerous speciality optical fibers and waveguides with specific optical 

properties and different guiding structures[33] have become available for scientific, 

industrial, and military applications. Besides silica and plastics, researchers are investigating 

various other solid-state materials including chalcogenide glasses, semiconductors, 

ceramics, and metals.[34]
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While the medical applications of the solid-state optical waveguides have been established, 

the recent expansion of biotechnologies and bioengineering and the recognition of the 

potential benefits of waveguides with tissue-like properties, such as biocompatibility, 

biodegradation, and elasticity, have motivated scientists and engineers to pay their attention 

to optically transparent biomaterials. Further, biological optical waveguides found in living 

organisms inspired researchers to learn from the Nature’s indegeneous waveguide designs 

for in vivo use. As a result, many different types of man-made optical waveguides have been 

developed in the past several years. In the sections below, we describe the recent advances in 

the development of novel optical waveguides made with natural and synthetic biomaterials 

with desired characteristics.

2. Properties of optical biomaterials

According to the U.S. National Institutes of Health, biomaterials are defined as “any 

substances that are obtained from nature or synthesized in the laboratory for biomedical 

purposes or in contact with biological systems.” Biomaterials include ceramics, metals, 

glasses, polymers, biological tissues, cells and any other materials that are non-toxic, non-

carcinogenic, non-thrombogenic and non-immunogenic.[35] Biomaterials are used in various 

implantable biomedical devices, such as hips joints, intraocular lenses, artificial hearts, 

breast implants, and hearing valves.[36]

While conventional optical materials, such as glass, plastics, and crystals are well known, 

many of these materials are not biocompatible and can cause chemical toxicity. Furthermore, 

waveguides made of these solid-state materials are much stiffer than biological soft tissues 

and must be removed from the body after use because they can mechanically damage 

tissues. To overcome these problems, researchers turned to biomaterials that are softer yet 

tough, like tissues, and either bioinert or biodegradable, while having sufficient transparency 

to transmit light over a desired length.

Soft biomaterials have polymeric structures, consisting of numerous polymers of varying 

lengths interconnected by covalent or ionic crosslinks, pi-pi stacking, and physical 

entanglement. Each polymer chain in the polymer network can rotate and bend relatively 

freely with respect to their neighboring units. This kinetic degree of freedom imparts 

softness to the polymeric material. Shear and Young’s moduli describe the resistance of 

material to deformabtion. In the simple Kuhn’s model of rubber, the mechanical moduli are 

proportional to the number of crosslinks per volume or crosslinking density.

In polymeric biomaterials, the optical loss arises from a few distinct origins. The first loss 

mechanism is absorption of photons by contituent molecules. Organic molecules can 

strongly absorb short wavelengths below 350–400 nm. Certain organic molecules have a 

linear or circular chain of carbon atoms with delocalized electrons through combined p-

orbitals. This conjugation system can have an absorption peak in the visible spectrum. In 

general, conjugated polymers are not considered as a candidate for optical waveguides since 

optical absorption is undesirable for light delivery. However, as we will see below, small 

conjugated molecules, such as dyes and fluorophores, may be incorporated into optical 
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waveguides for specific functionalities, such as biomolecular sensing, optical amplification, 

and strain measurement.

The second loss mechanism is light scattering. In a single crystal with perfect periodic 

arrangement of atoms, light can propagate without any loss in principle. In crystals with 

defects or glasses with amorphous structures, light scattering arises from the structural 

imperfections. Since the size of the inhomogeneity is at the atomic scale, much smaller than 

the optical wavelength, this type of scattering is called Rayleigh scattering and have a 

magnitude proportional to 1/λ4, decreasing rapidly with increasing wavelength. This 

wavelength dependence is a part of the reason why current long-haul fiber-optic 

communication uses long-wavelength near-infrared light near 1550 nm. In state-of-the-art 

silica fibers with low impurities, the optical transmission loss limit is imposed by Rayleigh 

scattering in the amorphous glass.

In polymeric biomaterials, however, additional structural inhomogeneity arises from the 

partially disordered network of long polymer chains and macromolecules. The sizes of the 

inhomogeneity are no longer limited to the atomic scale but extend to tens of nanometers to 

micron scales. When the size scale is greater than about one thenth of the optical 

wavelength, relatively strong Mie-type light scattering occurs. The magnitude of Mie 

scattering in polymeric materials can be several orders of magnitude stronger than Rayleigh 

scattering in transparent solid-state glasses and crystals. Nevertheless, unlike long-haul 

optical telecommunications, the distance of interest in most biomedical applications is 

generally in the range of 1 mm to 1 m at most. Some biological tissues are naturally 

transparent. The cornea and crystalline lenses in the eye are representative examples. The 

optical loss in these tissues are an order of 1 dB/cm. Although this level of transparency is 

sufficient to ensure good transmission to the retina, it is in fact 5 orders of magnitude lower 

than the silica glass. Commonly encountered transparent soft biomaterials have a loss 

coefficient in the range of 0.3 to 1 dB/cm. It will be a worthwhile challenge for material 

scientists to develop biomaterials with a low loss of < 0.1 dB/cm, yet providing desired 

mechanical and biochemical properties. In the next section, we discuss a number of soft 

polymeric biomaterials that offer acceptable transparency for light delivery over a length of 

1 to 10 cm and mechanical modulus similar to native tissue simultaneously. From the 

standpoint of transmission distance, light scattering is undesirable, but it may be a useful 

design factor. For example, suppose an application that requires a spatially extensive 

delivery of light along an implanted waveguide. In this case, designed and controlled 

scattering throught the waveguiede can be an effective mechanism to extract light from the 

device to the surrounding tissues.

The third type of loss is waveguide loss. A waveguide loss can arise from several different 

causes including surface roughness, which cause light scattering, and micro and 

macroscopic bending of the waveguide. Light leakage through optical refraction from the 

waveguide to surrounding medium is another source of waveguide loss. In an ideal situation, 

total internal reflection is the primary mechanism of optical waveguiding. However, the 

condition for total internal reflection condition can be partially disrupted by microscopic or 

macroscopic perturbations along non-ideal waveguides.
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Besides optical transparency, the RI of optical materials plays an important role in 

determining the waveguide loss and, therefore, the efficiency of light guiding. For single-

material waveguides, the RI of the material must be higher than that of the surrounding 

tissue for total internal reflection to occur. The RI of a material originates from molecular 

dielectric polarizability or the displacement of bound electrons by the electromagnetic field 

of light. Although the polarizability and RI of a material vary in principle at the atomic and 

molecular level, it is practically defined as a spatilly averaged quantity over the dimension of 

the optical wavelength. The RI (n) of a tissue can be expressed as[37]:

n = ndry 1 − W + nwaterW ,

where ndry (~1.51) is the RI of tissue’s dry mass, nwater (~ 1.33) the RI of water, and W is 

the water content of the tissue. For biological tissues with a typical water content W ≈ 0.7, 

the RI would be ~1.38. Actual measured RI of various tissues at visible wavelengths are in 

the 1.38 – 1.41 range. The above equation is also valid for synthetic biomaterials, 

particularly hydrogels, for which ndry depends on the specific material composition. 

However, most organic materials have similar ndry.

Besides the mechanical and optical properties, the chemical and biological properties of 

biomaterials are cruicial for biomedical waveguides. Several natural materials are suitable 

for this purpose. However, a wide range of synthetic polymers and hydrogels can be tailored 

to meet the needs. Some representative biomaterials are summarized in Table 1.

3. Biomaterial-based optical waveguides

3.1. Biological materials

The discovery of light-guiding Müller cells inspired researchers to build optical waveguides 

from biological cells. This is largely curiosity-driven research, but cellular waveguides may 

have some practical relevance to biophysical studies of cells and potentially tissue 

engineering. Bezryadina et al.[38] investigated light propagation through cyanobacteria, and 

demonstrated intensity-dependent light guiding efficiency (Figure 3a). Xin et al.[39] reported 

the formation of optical waveguides via optical trapping of live E. coli bacteria cells in 

aqueous solution along the beam path (Figure 3b). The RI of E. coli cells are ~ 1.39, higher 

than the water (~1.33), thus allowing light to be guided through the chain of cells over 

several tens of μm by total internal reflection at the interface of the cell membrane and the 

water. Humar et al.[4f, 4i] inserted spherical optical resonators, such as droplets of bioinert 

oil, lipid droplets, and polystyrene microbeads, into cells and demonstrated the generation of 

whispering gallery modes (WGM) and intracellular lasing. (Figure 3c)

Silk fibers, a natural polymer produced in silkworms and spiders, have been exploited as a 

biocompatible optical material. Silk offers excellent biocompatibility and tunable 

biodegradability, and can form substrates with optically uniform and smooth surfaces. In 

addition, good mechanical strength and optical clarity makes silk an excellent optical 

biomaterial.[40] Omenetto et al.[40a] fabricated lenses, micro-lens arrays, diffraction gratings, 

and pattern generators out of silk proteins obtained from silkworm cocoons by boiling in 
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LiBr solution and then dializing in aqueous solution (Figure 4a). Lawrence et al.[41] 

controlled surface morphology down to 125 nm to fabricate 2-dimensional diffraction 

gratings, and Perry et al.[42] constructed 3-dimensional silk fibroin-based nano- and micro-

patterned films. Optical waveguides have been fabricated from silk. Parker et al.[40b] 

developed a technique to print out silk optical waveguides on glass from silk fibroin 

solutions. The waveguides showed 0.1 dB/cm propagation loss in the air/glass interface due 

to the relatively high RI (~ 1.54) of the silk and can guide visible wavelength light over 

centimeters (Figure 4b). Besides the silkworm silk, spider silk proteins have also been used 

for optical waveguides (Figure 4c). Qiao et al.[43] fabricated optical fibers with recombinant 

spider silk proteins (Figure 4d). Core-only fibers without a cladding tend to suffer from 

waveguide loss in tissue by scattering due to microscopically inhomogeneous RI of the 

surrounding tissue.[37] To resolve this issue, a step-indexed core-cladding silk optical 

waveguide was proposed in which the core was a silk film and the cladding was a silk 

hydrogel (Figure 4e).[44] The propagation loss of the core-clad fibers were smaller than the 

core-only fibers and less sensitive to the surrounding environment.

3.2. Hydrogels

Various types of hydrogels have been explored for flexible, biocompatible optical 

waveguides. Hydrogel is a crosslinkined network of hydrophilic polymers and contains 

water in its nano- and micron-size pores. The optical and mechanical properties of hydrogels 

can be controlled by adjusting their polymer content, molecular weights and crosslinking 

density and can closely match those of soft tissues, which will help to avoid a mechanical 

damage on tissue and also improve cell viability properties. Mazzoccoli et al.[45] reported 

mechanical and cell viability properties of various molecular weight PEGDA blended 

hydrogels (Figure 5a, b). The magnitude of shear modulus of a hydrogel increases with 

increasing crosslinking density and can cover the typical range of tissues from 1 kPa to 1 

MPa. Hydrogels made with biocompatible polymers are an excellent scaffold for tissue 

engineering.[46] The degree of crystallinity and the size of crystallite of hydrogels are a 

function of water content and molecular weight of polymers. Therefore, hydrogels can be 

optically transparent with a material loss of 0.1 – 1 dB/cm by choosing appropriate polymer 

chain lengths and water content. For example, hydrogels are typically transparent and 

flexible when the water content exceeds 70% and their precursor moleculuar sizes are 

greater than ~1 kDa (Figure 5c–e).[4g] As described earlier, the RI of a hydrogel is variable 

with the water content (W) in a range from ~1.34 (W ≈ 1) and 1.54 (W << 1).

In addition, the presence of water-swollen pores in hydrogels makes it relatively easy to 

incorporate functional molecules into the network. The pore size can be controlled by 

varying the molecular size of polymer precursors and the water content. Depending on the 

pore sizes, desired biomolecules such as specific proteins, nutrients, and chemical 

substances can be embedded physically or covalently into hydrogels. With the tissue, the 

trapped molecules can be released and diffused out of the hydrogels. This feature makes 

hydrogels an attractive choice of material to make functional biophotonic waveguides 

providing drug delivery and controlled drug release.[47] Furthermore, hydrogel swelling 

capacity is subject to change by environmental variation of pH, temperature, ion 

concentration, surfactants, ligand attachment, degree of crosslinking, and interaction with 
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other molecules. The variable swelling property may be harnessed for hydrogel-based 

optical waveguide biosensors (Figure 5f).

Natural polymers, such as polysaccharides and protein fibers, can form hydrogels. Alginate 

gels, agarose gels, and collagen-derived gelatin have been widely investigated for tissue 

regeneration scaffolds[48] and long-term cell encapsulation.[49] A number of step-index 

optical waveguides made of natural hydrogels have been demonstrated. Manocchi et al.[50] 

demonstrated a 2-dimensional optical waveguide with a biocompatible and biodegradable 

gelatin core (n =1.54) and agarose cladding (n =1.50) using layer-by-layer spin-coating on a 

plastic substrate. The cladding layer improved light transmission efficiency. Jain et al.[51] 

demonstrated an agarose hydrogel-based optofluidic platform for incorporation of 

biomolecules and cells (Figure 6a).

Polyethylene gycol (PEG) has been one of the most promising biomaterials in drug delivery, 

tissue engineering, and surface coating of nanoparticles due to its outstanding biological 

properties. PEG has excellent biocompatibility, non-immunogenity, resistence to protein 

adsorption, and high water-storage capacity. PEG hydrogels are commonly fabricated by 

crosslinking PEG diacrylate (PEGDA) in aqueous solution. Relatively higher RI and high 

optical transparency obtained over a broad range of precursor lengths and water content 

allows fabrication of PEG based hydrogel optical waveguides (Figure 6b).[4g] Within this 

range, the mechanical properties are tunable by adjusting the molecular weights and water 

content.[52]

Light-induced manipulation of cells has become more versatile and efficient by using 

optogenetic tools. Ye et al.[53] developed a synthetic optogenetic system to enhance blood-

glucose homeostasis. However, its application to humans would be difficult because the 

optical intensity required to induce optogenetic effects on cells implanted under the skin 

exceeds the safety limit (0.2–4 W/cm2 in the visible to near-infrared range). To overcome 

this limitation, Choi et al.[4g] encapsulated optogenetically engineered cells within a PEG 

hydrogel waveguide (Figure 6c). For in vivo tests, inserted the waveguide in the 

subcutaneous space in a mouse model. The hydrogel waveguide delivered blue light 

uniformly onto the encapsulated cells, and the optogenetic circuit of the cells was activated 

to produce and secrete glucacon-like peptide 1 (GLP-1), a substance that helps the body 

respond to insulin. The hydrogel protected the cells from the host immune response and 

allowed the secreted therapeutic protein to diffuse to the surrounding tissue. As a result, the 

implanted hydrogel waveguide effectively regulated the blood glucose level of the diabetic 

mouse. Choi et al. also developed a PEG hydrogel incorporating green fluorescent protein 

(GFP) reporter cells for cytotoxic stress and demonstrated the feasibility of continuous 

monitoring of quantum dot toxicity in vivo in mice using the optical waveguide implant.[4g]

Choi et al.[4h] further developed a core-clad hydrogel fiber using a PEG core and an alginate 

cladding. The PEG hydrogel core was made by crosslinking of a PEGDA monomer solution 

in a tubular mold and extracted after incubation in dichloromethane, and a cladding layer 

was added onto the core by dipping it in a sodium alginate and calcium chloride solution 

(Figure 6d). The hydrogel fibers are flexible and had a relatively low propagation loss of 0.3 

dB/cm in the air and 0.49 dB/cm in a tissue (Figure 6e). The porous structure of hydrogels 
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allows functional dopant molecules to easily enter the waveguide. PEG hydrogel fibers 

doped with Rhodamine 6G organic dyes produced amplified spontaneous emission and 

generated WGM lasing when the dyes were optically pumped at sufficient intensity levels 

(Figure 6f). The potential of hydrogel fibers for endoscopy and monitoring of oxygenated 

and deoxygenated hemoglubin concentrations in vivo have also been demonstrated in live 

mice (Figure 6g).[4h]

Polyacrylamide (PAM) hydrogel is a non-toxic, bioinert, and non-absorbable biomaterial. 

Due to its flexibility, optical clarity, and long working lifetime, PAM is used in ophthalmic 

operations and plastic and aesthetic surgeries. PAM hydrogels have a potential for in situ 
monitoring of blood glucose levels.[54] Heo et al.[55] developed of an glucose-responsive 

hydrogel optical probe implantable in the skin and measured the concentration of interstitial 

glucose in a mouse model in vivo for a month. However, the optical readout through the 

intact skin layer was prone to errors[55–56] due to varying tissue properties.[57] To solve this 

problem, Yetisen et al[4d] developed an implantable hydrogel optical fiber using a PAM-

PEGDA block co-polymer hydrogel core and a calcium alginate hydrogel cladding. 3-

acrylamido phenylboronic acid molecules were covalently incorporated into the fiber core as 

glucose sensing receptors. As glucose molecules bind with the boronic acids, the swelling 

property of the hydrogel was altered, and the hydrogel volume change could be in principle 

measured by measuring optical scattering loss.

The combination of covalent and electrostatic bonding of PAM and alginate results in highly 

elastic and tough hydrogels.[58] Guo et al.[4e] fabricated highly stretchable, tough step-index 

hydrogel optical fibers using alginate-PAM, which could be axially elongated by 700%. 

Organic dyes were incorporated into the alginate-PAM fiber, and when stretched, the total 

optical absorption loss by the dyes increased with the increasing strain. This principle was 

used to develop strain sensing. Different dyes were doped at different locations along the 

length of the fiber, allowing distributed strain sening along the fiber (Figure 6h–j).

Surface plasmon resonance immunoassay[59] is a promising label-free spectroscopic 

approach for real-time biosensing. Surface plasmon sensors were integrated into hydrogel 

waveguides.[60] Knoll et al.[61] demonstrated a variety of hydrogel waveguide-based 

plasmonic sensors.[61] Mohamed et al.[62] fabricated a plasmonic sensor with a waveguiding 

layer made of silica sol-gel and agarose hydrogel, which incportated immobilized glucose 

oxidase enzymes and antibodies for analyte detection. Pasche et al.[63] demonstrated a 

wearable hydrogel plasmonic sensor detecting C-reactive protein for monitoring of patient’s 

wound healing. Hong et al.[64] demonstrated hydrogel-coated grating waveguides for 

detecting specific biochemical ligands.

3.3. Synthetic bioabsorbable polymers

Soft biomaterials tend to change their properties over time due to material aging and also 

interactions with the environment. Hydrolysis and enzymatic reaction are major 

biodegradation processes in vivo. The speed of biodegradation depends on the type of 

polymers and surface conditions. Whereas some biomaterials, such as PEG, are relatively 

bioinert and could provide a long functional lifetime. On the other hands, biodegradable 

materials can be judiciously used to build implantable devices. These biodegradable devices 
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remain functional during an intended period of operation but, after that, further degrade and 

eventually are absorbed in the body. Therefore, they do not need to be removed from the 

body after use by human intervention. For instance, surgical suture threads are made of 

synthetic biodegradable polymers. Among various biodegradable polymers, the group of 

polylactic acid (PLA), polyglycolic acid (PGA), and poly(lactic-co-glycolic) acid (PLGA) 

have received most attention for drug delivery and tissue engineering applications.[65] 

Different forms of PLGA can be obtained depending on the ratio of lactide to glycolide (e.g. 

PLGA 75:25 refers to a copolymer with 75% lactic acid and 25% glycolic acid). In general, 

the biodegradation speed of PLGA increses with decreasing glycolide unit content. PLGA 

50:50 exhibits a biodegradation half-life of a few weeks to months depending on the device 

size. The degraded monomers are resorbable in the body. The enantiomeric forms of PLA 

are PDLA, PLLA and PDLLA, in which the ratio of D to L determines the degree of 

crystallinity. In general, PGA has a higher degree of crystallinity than PDLA or PLLA due 

to absence of any methyl side groups. The flexibility and rigidity of the polymers can be 

tuned by controlling polymer molecular weight, degree of crosslinking, functional group 

modification, and additional monomer blending.

Various biodegradable polymers have been employed to form implantable photonic devices. 

Choi et al.[66] proposed a 400-μm-thick surgical suture thread made of PGA, which served 

as an optical waveguide delivering light for a few centimeters into the tissue (Figure 7a). 

Biodegradable citrate-based step-index optical fibers exhibited controllable opto-

mechanobiological properties and a propagation loss of 0.4 dB/cm, and showed potential for 

deep-tissue light delivery and collection (Figure 7b).[67] Using biodegradable cellulose 

butyrate, Dupuis et al.[68] made double-cladding microstructured optical fibers with a 

transmission loss of ~1 dB/cm (Figure 7c). Nizamoglu et al.[4b] developed a flexible bio-

absorbable PLLA optical waveguide comb (Figure 7d) and investigated its potential 

application to photochemical tissue bonding (PTB). PTB uses a dye and activation light to 

induce photo-crosslinking between collagen fibers present in tissues for suture-less bonding 

between tissues. Conventional PTB is applicable to only shallow wounds (< 2–3 mm deep 

cut) due to limited optical penetration into tissues. Nizamoglue et al. inserted the 

biodgrdable PLA waveguide into a full-thickness cut in the porcine skin. The waveguide 

delivered activation light uniformly over the tissue interface and produced considerably 

improved tissue bonding strength compared to conventional PTB performed without a 

waveguide. Biodegradability is critical for this application because the waveguide can be left 

in the crosslinked tissue and gradually bioabsorbed over time (Figure 7e). Kim et al.[69] 

developed a PLA microneedle array suitable for cutaneous light delivery (Figure 7f).

Chitosan, a natural biodegradable polymer, has been used for nanocomposite films.[70] 

Using the property of chitosan films to absorb and release water vapor and gas molecules in 

the environment, Chen and Voznesenskiya et al.[71] developed chitosan-based fiber-optic 

humidity sensors. Mironenko et al.[72] controlled the RI of a chitosan thin film by in-situ 
reduction of pre-absorbed silver ions in the film. Chitosan composite films containing 

metallic nanoparticles can have a high RI tunable from 1.53 to 1.69 depending on the 

metallic dopant concentration. Chitosan/Ag and chitosan/Au composite planar optical 

waveguides have been developed for hydrogen sulfide gas sensing.[73]
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3.4. Elastomers

The mechanical properties, such as elasticity and tensile strength, of optical waveguides are 

an important specification for biomedical applications. When used in implantable and 

wearable devices, too stiff materials may break and cause damages to the tissues. Although 

hydrogels can satify the mechanical requirment by offering mechanical moduli similar to 

those of soft tissues, hydrogels are typically designed to operate in fully-swollen wet 

conditions, and as they lose water, the mechanical and optical characteristics can degrade, 

and eventually the dried polymer can become stiff and brittle. For proper operations in non-

wet environments, various elastic polymers, or elastomers, have been investigated as 

biomedical optical materials.

Polydimethylsiloxane (PDMS) is a representative elastomeic biomaterial. PDMS is bioinert 

and non-toxic and have good optical clarity. Stretchable PDMS optical waveguides with a 

propagation loss of 0.3–0.5 dB/cm at visible wavelengths have been developed for flexible 

optical links to laser sources.[74] Kwok et al.[4c] developed a bendable PDMS optical 

waveguide for uniform illumination on the sclera around the eye globe. A gold-coated 

PDMS optical waveguide was developed for the motion detection of the human body,[75] in 

which strain generated micro-cracks within a reflective gold layer and increased optical 

transmission loss, allowing the magnitude of strain to be monitored by meauring the loss 

(Figure 8a). A strain sensor using a dye-doped PDMS fiber was demonstrated for human 

motion detection and health monitoring, in which strain increased optical loss due to the 

absorption of the dye molecules.[76] Kolle et al.[77] fabricated a hollow bandgap fiber by 

rolling PDMS and polyisoprene-polystyrene triblock copolymer (PSPI), a thermoplastic 

elastomer, films with a RI contrast of 0.13 between the two layers. The concentric layered 

waveguides were stretchable up to 200%. Upon elongation, the layer thicknesses decreased, 

and the photonic bandgap spectrum of the multilayer structure were tuned accordingly. 

PDMS optical waveguide tapers were fabricated via locally stretching and curing PDMS 

liquid and tested for strain sensing[78] and for optical airflow sensing.[79] J. Missinne et al.
[80] devised a flat pressure sensor using crossing polymer waveguide arrays within a PDMS 

matrix. A localized force changes the distance between the two individual crossing 

waveguides and affects the light coupling between the waveguides, which can be optically 

measured (Figure 8b). Zhao et al.[81] developed an optical waveguide consisting of a 

transparent polyurethane rubber core and a highly absorptive silicone composite cladding 

and introduced the waveguide into a rotobic hand for optical haptic sensors (Figure 8c).

Optogenetic techniques based on light-sensitive channel rhodopsins allow the control of 

neuronal signals by light (Figure 8d). Silica-based optical fibers (Figure 8e)[82] and micro-

fabricated waveguide arrays[83] have been applied to access the brain of live mice in 

optogenetic experiments. The shear moduli of the glass and plastic fibers are as high as a 

few GPa, whereas the shear moduli of brain tissues and spincal cords are in the range of 10 

to 300 kPa.[84] The large mistmatch in mechanical stiffness poses significant challenges to 

protect the tissues from being damaged by the implanted waveguides. To solve this problem, 

Canales et al.[85] developed polymeric multifunctional fibers that provided simultaneous 

optical stimulation, neural recording, and microfluidic drug delivery over two months in 
vivo (Figure 8f). Chi Lu et al.[86] reported a flexible and stretchable optical fibers using a 
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cyclic olefin copolymer elastomer core and PDMS cladding that is coated with a thin 

conductive layer of silver nanowires for recording neuronal electric signals from spinal cords 

(Figure 8g). The fiber had a shear modulus of about 10 MPa, two orders of magnitude lower 

than conventional optical fibers and was highly stretchable up to twice the original length. 

The optical loss of the fiber was relatively high (~ 4 dB/cm) but improved to 1.9 dB/cm 

when a stiffer polycarbonate polymer was used for the core.

4. Biomedical Applications

We have reviewed the recent progress in optical biomaterials and waveguides made from 

them. Some of the waveguide devices are in early conceptual stages, but others are more 

advanced and have shown a promising feasibility for biomedical applications. Further 

advances in both the material and device levels are fully expected, and efforts to translate 

successful technologies to the clinic will follow. Certainly, the introduction of light-guiding 

biomaterials has opened the door to novel wearable, implantable, injectable optical 

waveguides and waveguide-integrated biophotonic devices for a broad range of applications 

from sensing and diagnosis to drug delivery to phototherapy (Figure 9). Here we discuss 

some examples of the anticipated applications.

4.1. Continuous sensing inside the body

A wide range of fluorescent and luminescent probes are available and have been used in 

hospital pathology labs to examine tissue slices, blood samples, and cells harvested from 

tissues. These probes include antibody-conjugated organic dyes against target proteins and 

biomakers, dye-conjugated nucleic acids for detecting specific gene expression levels, PH-

sensitive fluorophores, and Förster resonance energy transfer (FRET) fluorescence sensors. 

Almost all of these standard probes can be incorporated into implantable, transparent light-

guiding hydrogels (Figure 9a) and can be fiber-optically accessed from outside the body. 

This approach allows continuous monitoring of certain proteins, peptides, RNAs, and 

electrolytes and detection of biomarkers and toxic substances in vivo. This continuous 

sensing approach requires the implantation of the hydrogel sensors. Although this invasive 

procedure may not be readily acceptable for healthy individuals, patients who have medical 

problems may be more receptive to having a personalized implant tailored for the specific 

medical conditions of the patient.

4.2. Post-surgical monitoring of tissues in situ

Another potential role of optical waveguide implants is post-surgery monitoring of a patient. 

For example, for a patient receiving organ transplanation, a pair of optical fibers or a 2-

dimensional mesh-type waveguide device may be placed near the grafted organ during the 

transplanation operation (Figure 9b). Various physiological conditions, such as blood 

perfusion, oxygen consumption, and tissue viability, in the grafted organ can in principle be 

monitored by performing label-free optical spectroscopy by the implanted waveguide.[4h] In 

addition, specific fluorescence probes may be embedded in the waveguide to complement 

label-free sensing. Another example is post-operative monitoring of patient’s condition, 

recovery, or rehabilitation. In all these cases, biodegradable materials would be 
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appropropriate so that implanted waveguides are absorbed and disapper over time without 

needing to surgically remove them afterwards.

4.3. Phototherapies and optogenetic treatments

Phototherapies, such as blue light therapy, photodynamic therapy (PDT), and 

photobiomodulation, are established treatment modalities in the clinic.[1] However, light 

attenuation in tissues limits the maximum therapeutic depths to several millimeters. A 

needle-type waveguide may be used to deliver light into deeper target tissues. This 

minimally invasive approach may be adopted most easily in dermatologic applications, for 

example, to treat non-melanoma skin cancer. Currently, PDT is effective only for small 

tumors located at a shallow depth below the skin surface. Percutaneous light delivery using 

an optical microneedle array may enable PDT to be applicable to larger and deeper tumors 

(Figure 9c).[69]

Photochemical crosslinking is a clinical procedure to treat keratoconus and corneal ectasia. 

Similar to PTB, corneal crosslinking uses riboflavin and light to activate photosensitizers, 

such as riboflavin, to induce crosslinking in the collagen-rich corneal stroma. This improves 

the mechanical properties of the corneal tissue and promotes collagen fiber regeneration. A 

similar procedure on the sclera has been proposed for the treatment of myopia. The 

underlying idea is to stiffen the sclera to impede the growth of the eye globe during 

childhood and, thereby, to prevent exccessive eye legnthening associated with pathologic 

myopia. While the biological effects and efficacy of this proposed technique have yet to be 

understood, practically scleral crosslinking poses a challenge in delivering light to the scleral 

tissues around the eye globe. For this purpose, flexible elastomer optical waveguides may be 

used (Figure 9d). With a proper waveguide design, the magnitude and uniformity of light 

extraction to the sclera can be optimized while light leakage to the surrounding extraocular 

tissues is minimized.

Optogenetics is currently a research tool requiring a safe and efficient gene transfection of 

specifically targeted cells. Significant efforts are being made to translate this power 

technique to the clinic for the treatment of degenerative brain disorders, spincal injuries, and 

other neurological problems. Elastically flexible optical waveguides can provide an 

attractive option for delivering therapeutic light to target regions in the brain and spinal 

cords. Biomaterial fibers may be injected via a minimally-invasive procedure. For cases 

when a surgical procedure is necessary for other reasons such as optogenetic gene 

transfection, biodegradable optical fibers or an optical mesh waveguide with a custom shape 

may be implanted during the surgery (Figure 9e).

Besides channel rhodopsins, various other light-sensitive proteins and light-sensing domains 

may be incorporated into cells for light-controlled gene expression. This technique has a 

potential in cell therapy and gene therapy with an advantage that the therapeutic process can 

be controlled and monitored optically. In this case, biomaterial optical waveguides can serve 

as a communication channel between the genetically modified cells and an external control 

device. Furthermore, light-guiding hydrogels can encapsulate optogenetically engineered 

cells in their porous polymer network or in embedded microfluidic channels, providing 

adequate phsiological and biophysical, as well as optical, environment (Figure 9f).
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4.4. Wearable optical devices

Wearable healthcare devices are of great interest for real-time monitoring of individuals 

during normal life outside hospital settings. The devices can collect longitudinal data over 

time to assess the health of the individuals. For patients, such devices may assist to evalute 

the progression of diesease and detect life-threatening conditions and generate alarm signals. 

Together with various electronics options,[87] optical sensing[88] using integrated 

waveguides and fiber-optic connection to an external portable device is an attractive option 

as it does not require electrical power within the wearables, is free from electromagnetic 

interference and lightweight, and can utilize various luminescent chemical and biological 

probes. Optical wearables can also incorporate therapeuics such as photobiomodulation. For 

example, one may imagine a photonic bandage (Figure 9g) that is wrapped around a 

wounded area, measuring temperature using temperature-sensitive fluorescent probes, 

monitoring oxygen perfusion using diffuse spectroscopy, and infusing near-infrared light 

into the wound to relieve pain and promote healing.
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Figure 1. 
Optical waveguiding structures in living organisms. (a) Hand-cut transverse section of a 

matur leaf of P. latifolia under polarized light. E1: adaxial epidermis, E2: abaxial epidermis, 

m: mesophyll, S: osteosclereids. Yellow arrows indicates veins, and dotted line indicates 

paradermal section.[8] Scale bar, 100 μm. (b) Lithops olivacea with green bodies and large 

pinkish translucent windows through which sunlight penetrate into the leaf.[9] (c) 

Fenestrated Haworthia and Lithops with translucent tissues.[89] (d) Optical images of red 

laser light guided in (left) in a corn root and (right) in an oat seedling.[10] Scale bar, 1 mm. 

(e) Artistic drawing of a plant, illustrating light guiding through the stem to the roots.[13] (f) 

A cross-section image of the stem of a one-year-old Aesculus turbinate. More efficient light 

guiding in the vascular tissue than in pith.[12a] Scale bar, 1 mm. (g) A cross-section image of 

the stem of a Fallopia japonica var. uzenensis. More efficient light conduction in pith than in 

vascular bundles.[12b] Scale bar, 1 cm. (h) An inch-long jellyfish emitting bioluminescence 

light guided through its transparent tissues.[90] (i) A cross-section imaging showing the 

longitudinal organization of ommatidia in Australian desert ant..[91] Scale bar, 10 μm. (j) A 
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cross-sectional fluorescence imaging of a pig retina tissue slice, showing Muller cells 

stained with a fluorescent dye (green). IPL: inner plexiform layer, OPL: outer plexiform 

layer, NFL: nerve fiber layer.[20a] Scale bar, 10 μm.
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Figure 2. 
Early forms of light pipes: (a) Illustration of Colladon’s experiment showing arc-lamp light 

traveling through a curved water path.[92] (b) The illuminated fountains, one of the first 

optical waveguide designs for decorative application, in the 1889 Paris world fair.[25] (c) 

First light pipes design for home illumination.[26] (d) Lucite headboard designed by Ladislas 

Medgyes in the late 1930s, with fluorescent light for nighttime reading.[28] (e) Lucite optical 

waveguides in 1930s providing sterile beams devoid of heat, glare, or the danger of electrical 

shock, carries light around curves and bends.[29]
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Figure 3. 
Optical waveguides made from biological cells. (a) Pictures showing light scattering of a 

laser beam propagating in seawater containing suspended Synechococcus cyanobacteria 
when the optical power is low (top) or high (bottom) enough to optically trap the tiny 

bacteria along the beam so that they form a light guide.[38] (b) Simulation of optical trapping 

of E. coli bacteria by a laser beam light and light propagation.[39] (c) Adipocyte cells 

containing lipid droplets that generate WGM optical resonance.[4i]
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Figure 4. 
Optical waveguides made of silk. (a) Silkworm fibroin preparation steps.[40a, 43] (b) Light 

propagation along silk waveguides directly written on a glass substrate.[40b] (c) Light 

guiding along spider silk fibers.[93] (d) Schematic of making an silk fibroin optical 

waveguide out of genetically engineered spider silk.[43] (e) Demonstration of light guiding 

through a core/clad silk fiber in contact with a tissue.[44]
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Figure 5. 
Optical and mechanical properties of hydrogels. (a) Hydrogel discs with 20 wt% (top) and 

40 wt% (bottom) polymer concentrations and various blending ratios of precursors with two 

different PEGDA molecular weights: 3400 and 400 Da. Different polymer concentrations 

and molecular weights result in different optical clarity.[45] (b) A contour plot of measured 

Young’s modulus of PEGDA hydrogels with respect to polymer concentration (horizontal 

axis) and blending ratio of PEGDA 3400/400 (vertical axis).[45] (c) Comparison of PEGDA 

hydrogels made from 10% wt PEGDA solution with molecular weights of 0.5, 2, 5, and 10 

kDa, respectively.[4g] (d) Optical attenuation spectra of the hydrogels depending on 

precursor molecular weights. (e) Mechanical flexibility of a PEG hydrogel made of 5 kDa 

PEGDA at 10 wt%.[4g] (f) Illustration of the stimuli-responsive swelling and shirinking 

property of hydrogels.
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Figure 6. 
Hydrogel-based optical waveguides. (a) Agarose-gel waveguides containing cells.[51] (b) 

Demonstration of total internal reflection in a slab PEG hydrogel.[4g] (c) Optical attenuation 

in PEG hydrogel waveguides containing cells at different concentrations.[4g] (d) A 

fabrication method of core-clad hydrogel fibers.[4h] (e) An implanted hydrogel optical fiber 

in a tissue.[4h] Light leakage along the fiber is seen. (f) Optically pumped, dye-doped 

hydrogel waveguides for generating WGM-type lasing (left) and amplified spontaneous 

emission (right).[4h] (g) Demonstration of in vivo continuous measurement of oxygenated 

and deoxygenated hemoglubin concentrations using a pair of implanted hydrogel optical 

fibers.[4h] (h) Cross-section images of step-index alginate-PAM hydrogel optical fibers.[4e] 

(i) High stretchability of an alginate-PAM hydrogel optical fiber.[4e] (j) A hydrogel fiber 

doped with three different organic dyes, rose Bengal (RB), methylene blue (MB), and 

fluoresceine (FL), for axial strain sensing.[4e]
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Figure 7. 
Optical waveguides made from biodegradable polymers. (a) A biodegradable PGA surgical 

suture thread delivering light into a tissue.[66] (b) Side-view and cross-section of a POMC-

POC optical fiber.[67] (c) Cross-section of a multifunctional biodegradable cellulose optical 

fiber with a central microchannel and a ring core for guiding light.[68a] (d) Comb-shape 

PLLA waveguides designed to deliver photochemical activation light into a thick skin tissue.
[4b] (e) Time-lapse images showing the biodegradation of a PLA optical waveguide 

implanted in a subcutaneous region of a mouse.[72] (f) A PLA microneedle array developed 

for percutaneous light delivery.[69]
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Figure 8. 
Stretchable and flexible optical waveguides made from elastomeric polymers. (a) A gold-

coated PDMS optical waveguide sensitive to applied pressure, strain, and bending.[75] (b) 

Crossed PDMS waveguide arrays for artificial skin sensitive to local pressure.[80] (c) Optical 

waveguide made of a polyurethane rubber core and PDMS cladding used in a prosthesis 

hand capable of sensing the shape and softness of an object.[81] (d) Illustration of an 

optogenetic process: light can open or close genetically engineered ion channels on specific 

neurons to activate or inhibit neuronal signaling. (e) A typical setup to perform optogenetic 

experiment in deep brain using a rigid optical fiber.[82] (f) Polymer-based, multifunctional 

fibers for simultaneous optical, electrical and chemical interrogation of neural circuits.[85] 

(g) Flexible and stretchable PMMA-COCE optical fibers for optogenetic stimulation of 

spinal cords.[86]
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Figure 9. 
Potential medical applications of biomaterial waveguides. (a) Continuous monitoring of 

biological analytes using an implanted optical fiber. (b) Monitoring of the viability and 

function of a transplanted kidney using a mesh-type optical waveguide. (c) Photodynamic 

therapy of skin tumors using an optical microneedle array. (d) Minimally-invasive 

photochemical crosslinking of the sclera using a flexible waveguide. (e) Long-term 

optogenetic treatment of brain disorders using implanted optical waveguides. (f) On-demand 

synthesis of therapeutic substances from optogenetic cells encapsulated in a light-guiding 

hydrogel implant. (g) Photomodulation of wound healing using a wearable photonic 

bandage.
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