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Abstract

Numerous light-based diagnostic and therapeutic devices are routinely used in the clinic. These
devices have a familiar look as items plugged in the wall or placed at patients’ bedsides, but
recently, many new ideas have been proposed for the realization of implantable or wearable
functional devices. Many advances are being fuelled by the development of multifunctional
materials for photonic healthcare devices. However, the finite depth of light penetration in the
body is still a serious constraint for their clinical applications. In this Review, we discuss the basic
concepts and some examples of state-of-the-art implantable and wearable photonic healthcare
devices for diagnostic and therapeutic applications. First, we describe emerging multifunctional
materials critical to the advent of next-generation implantable and wearable photonic healthcare
devices and discuss the path for their clinical translation. Then, we examine implantable photonic
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healthcare devices in terms of their properties and diagnostic and therapeutic functions. We next
describe exemplary cases of noninvasive, wearable photonic healthcare devices across different
anatomical applications. Finally, we discuss the future research directions for the field, in
particular regarding mobile healthcare and personalized medicine.

Light-based healthcare has emerged as a promising approach to improve patient outcomes,
owing to its multifunctionality and minimal invasiveness for biosensing, molecular imaging,
surgery and therapyl=3. When biological tissues are irradiated with light, photons are
absorbed and scattered by cells and proteins, with a penetration depth that depends on the
wavelength (FIG. 1a). Whereas light with a wavelength of 400-500 nm can only go as deep
as the epidermal layer, light with a wavelength longer than 700 nm can reach deeper tissues
beyond the dermis®. Light reflected after photophysical interaction with tissues provides
important biometric information, such as molecular content, morphology and
microstructure?>. In addition, molecular imaging systems can visualize the morphology and
spatial distribution of tissues and organs by detecting signals from imaging probes®’. For
example, a wearable functional brain imaging system in the form of headgear has been
developed by employing functional near-infrared (NIR) spectroscopy. The brain is highly
transparent to NIR light of wavelength 700-900 nm, which can, thus, be used for
noninvasive neuroimaging to monitor neural activity®°. Another example is wearable pulse
oximetry devices, which have been developed to measure the oxygen level within flowing
blood!® (FIG. 1a). Such devices detect oxygenation and deoxygenation of haemoglobin.
They can provide a noninvasive tool to monitor heart rate, peripheral oxygen saturation and
respiration rate for healthcare applications.

Light-based therapy, with its minimal invasiveness, offers therapeutic benefits that can
improve patient compliance. Light activates photoresponsive materials and biological tissues
by inducing photochemical and biological reactions, and by generating heat!l. Many kinds
of therapeutic strategies have been developed (FIG. 1b), including photothermal therapy
(PTT)12, photodynamic therapy (PDT)13, photobiomodulation (PBM)4 and optogenetic
therapyl®. In particular, PBM has been extensively investigated for emerging photonic
healthcare applications1®. PBM devices use red or NIR light generated by light-emitting
diodes (LEDs) or lasers to stimulate wound healing and tissue regeneration. The working
mechanism is based on the biological function of a mitochondrial chromophore, cytochrome
c oxidase (CCO). Upon absorption of red or NIR light, CCO releases nitric oxide via
photodissociation, which increases electron transport, mitochondrial metabolism and
production of adenosine triphosphatel® (FIG. 1b). Light irradiation can also increase the
level of reactive oxygen species (ROS) in the mitochondria, which induces cytoprotective,
antiapoptotic and antioxidant effects on cells}’. PBM has been used for the treatment of
brain injury and neural regeneration, as well as wound healing and hair growth
stimulation16-18_In a broad sense, optogenetic therapy can also be categorized as a kind of
PBM. Optogenetic approaches (BOX 1) introduce light-sensitive actuators into target cells,
which can then be manipulated by light illuminationl®. Optogenetic modulation devices
have been used for the treatment of diabetes and brain, peripheral nerve and bladder
diseases!®22,
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Traditionally, these light-based approaches have been implemented by using instruments
placed in the clinic or at patients’ bedsides. However, recent advances in materials and
mobile devices are accelerating the development of implantable and wearable photonic
healthcare devices3, paving the way for noninvasive point-of-care testing and personalized
medicine. Multifunctional materials can induce and regulate light-based responses in
biological tissues. In this Review, we provide an overview of state-of-the-art multifunctional
materials for the development of implantable and wearable photonic healthcare devices and
discuss the properties required for further translational applications. We also review the
properties and functions of representative implantable and wearable healthcare devices.
Finally, we address the future research directions for the improvement of such devices,
outlining the perspectives for their use in mobile healthcare and personalized medicine.

Multifunctional materials

A wide variety of multifunctional materials have been developed for implantable and
wearable photonic healthcare devices (FIG. 2). This section describes their characteristics
and properties for diagnostic and therapeutic applications.

Light-responsive materials.

Light-responsive materials absorb light and exhibit optical responses such as fluorescence,
phosphorescence, and plasmonic and photothermal effects. The past decade has seen
dramatic progress in the understanding, design and fabrication of light-responsive materials.
They now play a central role in the development of implantable and wearable diagnostic and
therapeutic devices. Examples of light-responsive materials include quantum dots
(QDs)23-26 plasmonic gold nanostructures?’~29, transition-metal dichalcogenides30:32,
upconversion nanoparticles32-34, organic semiconductors3®-4% and compound
semiconductors*142 (FIG. 2a).

QDs are semiconductor nanocrystals, typically a few nanometres in size, known for their
ability to emit light of a specific colour or with a narrow spectral bandwidth23:24, The colour
of the emitted light depends on the quantum confinement effect (and, thus, on the QD size)
and on their chemical composition, which makes QDs suitable for light-mediated diagnosis
and therapy?5:26,

Plasmonic gold nanostructures exhibit a surface plasmon resonance, that is, a resonant
oscillation of free electrons stimulated by the incident light, which considerably enhances
light absorption?7-28, Such absorption enhancement has been harnessed to increase the
contrast of medical images and to amplify spectroscopic signals, which is essential for the
miniaturization of healthcare devices2?,

Transition-metal dichalcogenides are a class of 2D semiconductors formed by a layer of
transition-metal atoms sandwiched between two hexagonal lattices of chalcogenide atoms.
They have a direct band gap, which allows them to interact with light through quantum
mechanical interactions39, and have been used in fluorescence imaging and PTT of
cancers3l,
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Upconversion nanoparticles are composed of lanthanide-doped transition metals and convert
lower-energy photons into higher-energy photons32. They can increase the light-penetration
depth in tissues; most importantly, they make visible light available in the deep tissues33.

Organic semiconductors are carbon-based materials that include conjugated small molecules
and polymers3®, carbon nanotubes36, nanodiamonds3”, graphene oxides3® and carbon dots3°
and have unique mechanical properties, such as flexibility and stretchability, and tuneable
optical properties. These materials have received much attention owing to their
biocompatibility and, in some cases, biodegradability, and have been extensively
investigated for biosensing, biomedical imaging, drug delivery, PTT and optogenetics3940.

Compound semiconductors are semiconducting materials conventionally composed of
elements from groups 111 and V or groups 1l and V1 on the periodic table*L. They have been
recognized for their high electron mobility and sensitivity, and have been used in LEDs and
photodetectors for decades*2.

Light-delivering materials.

Often, light-based healthcare devices, especially those working deep within tissues, require
waveguides to manipulate and transfer light to target sites. Optical waveguides should
constrain the expansion of light in one or two dimensions to deliver it with minimal loss.
Accordingly, they are generally highly transparent and composed of a core with a high
refractive index surrounded by cladding materials with a low refractive index#344, Silica
fibres are commonly used in conventional applications®® but the development of flexible,
biocompatible and biodegradable waveguides (FIG. 2b) has attracted great attention for
implantable healthcare device applications. Light waveguides should employ biomaterials
with a higher refractive index than that of surrounding biological tissues, ranging from 1.34
to 1.47 (REF.%6). Natural fibrous materials with a high refractive index such as cellulose?’
and silk*8 have been actively investigated as optical waveguides owing to their
biocompatibility. Biodegradable polymers have also been developed as optical waveguides
in the forms of fibres*?, films®? and hydrogels19°1.52, For example, a transparent and
flexible poly(L-lactic acid) waveguide (FIG. 2b) was fabricated by a melt-pressing technique
for photochemical tissue bonding®C. The waveguide was tuned to exhibit a reduced refractive
index for light transmission through its surface. In addition, hydrogel waveguides have been
developed by using polyethylene glycol1%51 agarose® and gelatin®3 and endowed with
additional functions or properties through the encapsulation of biomolecules or cells. For
example, hydrogel waveguides encapsulating optogenetically modified cells have been used
as a multifunctional platform for sensing and delivering therapies in vivol?.

Stretchable electronic materials.

To maximize conform-ability, durability and performance, all the components of implantable
or wearable photonic healthcare devices must be highly deformable and, ideally, stretchable
for proper and seamless function within or alongside the body®455, For the development of
such systems, the key components of photonic devices should meet a minimum threshold of
deformability. Many efforts have been made to develop stretchable materials for all
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components, including insulators, conductors and semiconductors (FIG. 2¢); in this section,
we discuss some notable examples.

Elastomers have been used as substrates, encapsulating and insulating layers. These
materials should exhibit biocompatibility as well as adequate mechanical and insulating
properties to avoid foreign-body reactions, because they interface with human tissues and
organs®®. Silicone rubbers such as poly(dimethylsiloxane) (PDMS) and Ecoflex, and other
elastomers such as poly[styrene-block-(ethylene-co-butylene)-block-styrene] and
polyurethane have been successfully used®’.

Stretchable conductors are one of the essential elements of implantable and wearable
systems. They are used for stretchable interconnections between rigid devices or intrinsically
stretchable devices to provide stretchability to the overall system. Thin-film metals or
conductive polymers such as poly(3,4-ethylenedioxy-thiophene):polystyrene sulfonate
become stretchable when made into serpentine®® and wrinklel059 structures. Intrinsically
stretchable conductors have also been extensively investigated, because they enable more
seamless, higher-resolution integration of stretchable systems. Such materials have been
prepared as composites of elastomers and conductive fillers or networks, such as metallic
nanoparticles, nanowires, flakes and carbon nanotubes®0-3, Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate could also be modified to exhibit high
stretchability by mixing it with either plasticizers®4:65 or ionic additives®6. Noticeably, liquid
metals such as eutectic gallium-indium, which has high conductivity and high stretchability,
can also be used for implantable and wearable electronic devices®7-68,

Stretchable semiconductors are challenging to produce but have been made by using
networks of single-walled carbon nanotubes®® and by modifying polymer semiconductors
chemically or physically, without compromising their electrical performance. Three
chemical strategies can be used to prepare stretchable polymeric semiconductors: utilizing
less rigid backbones and side chains’?; adding non-covalent dynamic crosslinkers that allow
energy dissipation upon strain’%; and introducing crosslinkers with amorphous oligomers,
such as PDMS’2. A physical strategy leverages the nanoconfinement effect that modulates
the intrinsic ductility of conjugated polymers by enhancing chain dynamics and suppressing
the growth of large crystalline domains’3. Using these strategies, stretchable polymer
semiconductors have achieved a charge-carrier mobility comparable to or higher than that of
amorphous Si transistors, even at a strain of 100%.

and biodegradable materials.

Self-healing capability and biodegradability (FIG. 2d) are crucial properties for next-
generation implantable and wearable devices with an optimized lifetime. When wearable
devices are exposed to unexpected damage, the ability to self-heal can significantly enhance
their reliability”4. Self-healing is achieved by dynamic molecular interactions, such as metal-
ligand coordination’®, hydrogen bonding’8, rt-m interaction’” and electrostatic interaction’8.
In addition, it can be obtained by using a self-healing matrix with conductive fillers and self-
healable conductors’®.
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Biodegradability is greatly beneficial for implantable devices because no additional surgery
is needed to remove the device after it has performed its function. The degraded materials
should be bioabsorbable and/or excretable without causing any toxic and negative side
effects in the body. In this context, biopolymers based on silk8?, cellulose8 and gelatin®?,
and synthetic polymers based on poly(lactic-co-glycolic acid) (PLGA)83 and poly(1,8-
octanediol-co-citrate)® have been harnessed as biodegradable insulating polymers and
substrates in electronic and photoelectronic systems. Biodegradable, implantable electronic
devices have also been developed using organic materials based on imine chemistry®! and
inorganic materials based on physiologically safe metals, such as iron8 and transient
magnesium®?,

Biologically triggered photonic materials.

Luciferin, a light-emitting compound, is oxidized in the presence of the enzyme luciferase
and, as a result, it releases energy in the form of light (FIG. 2e). Luciferin and luciferase are
very diverse and are found in fireflies, snails, bacteria, dinoflagellates and fungi. Their
reaction mechanisms are different in different organisms, but every reaction between
luciferin and luciferase requires oxygen to proceed8®. These reactions have mainly been
exploited for bioimaging®”-88 applications in which only one cell or one biological feature is
analysed at a time. To enable the imaging of more features, o-luciferin has been designed to
show various colours for bioimaging. The natural substrates of p-luciferin and the luciferine
coelenterazine are common pairs with luciferase enzymes (Firefly, Renilla reniformisand
Gaussia luciferases)89%0. Because coelenterazine is not suitable for practical applications
owing to its low stability and bioavailability, many studies have focused on making
customized luciferins and mutant luciferases. A general strategy was developed for evolving
and defining Firefly luciferase mutations that could accept chemically modified luciferin®”.
The resulting additional orthogonal pairs contributed to the practical application of luciferin-
luciferase bioimaging.

Bioluminescence resonance energy transfer (FIG. 2e) occurs between a bioluminescent
donor substance that generates light and an acceptor that receives energy, which is
transferred through non-radioactive (dipole-dipole) transport®1—24. The energy-transfer
efficiency is inversely proportional to the sixth power of the distance between the donor and
the acceptor; thus, the phenomenon occurs mainly when the donor-acceptor distance is less
than 10 nm. When energy is transmitted, the acceptor generates light with a longer
wavelength than that of the light emitted by the donor. Through this phenomenon, it is
possible to monitor real-time protein-protein interactions in living cells, cell extracts or
purified preparations. QDs have also been used as acceptors for the detection of
peptidases®.

Translational research.

As we discussed, a wide variety of multifunctional materials have been investigated for the
development of implantable and wearable photonic healthcare devices. The types, properties
and applications of these materials are summarized in TABLE 1. Light-responsive materials
and biologically triggered photonic materials can be used as light-emitting sources under
excitation and mediate light-triggered reactions in biological tissues. Light-delivering
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materials can improve the light-penetration depth by providing efficient routes for light to
travel through tissues. Moreover, stretchable materials and self-healing materials can be used
for the fabrication of flexible healthcare devices, enhancing their wearability.

To bring photonic healthcare devices to the clinic, it is essential to assess the
biocompatibility and clinical feasibility of the materials and of the required light energy. The
first thing to consider is foreign-body reaction. When a device is implanted in the body, it
comes into contact with tissues and induces acute and/or chronic inflammation%. Natural
materials such as silk?8, gelatin® and hyaluronate®’, as well as some synthetic materials
such as PLGA and polyethylene glycol%, have been investigated to reduce foreign-body
reaction. In addition, there have been technical efforts to reduce foreign-body reaction by
coating the devices with non-inflammatory materials like zwitterionic hydrogels®® and
incorporating anti-inflammatory drugs%C. The second issue is toxicity in the body. For
example, QDs are promising fluorescent agents owing to their high quantum yield, facile
chemical modification and tuneable optical properties?®. However, their medical use has
been highly limited because of their cytotoxicity. A further toxicity issue specifically critical
for photonic devices is light toxicity. High optical power can damage tissues by inducing the
denaturation of proteins and DNA, especially in the case of ultraviolet and blue light101,
Thus, devices should be optimized to perform their function with the minimally required
light intensity. Finally, biodegradability is a critical issue for translational applications.
Several kinds of bioresorbable devices have been developed by using biodegradable
polymers such as PLGA and biodegradable metallic components such as Mg to simplify
treatment and improve patient compliance102-104,

Implantable photonic healthcare devices

This section discusses implantable photonic healthcare devices in the form of miniaturized,
stretchable and transient devices for photonic diagnosis and for photodynamic and
optogenetic therapies (FIG. 3).

Miniaturized photonic devices.

Implantable photonic devices have been widely investigated for pulse oximetry10°,
intraocular pressure (IOP) monitoringl08, PDT107.108 and optogenetics?0-22.109-111 Thege
photonic devices should be miniaturized for facile implantation into the body. For IOP
sensing, resonance peak shifts in the optical-cavity structure have been exploited to avoid the
need to include electrical-circuit systems18. In general, however, miniaturized implantable
photonic devices have to be prepared by microscale fabrication of inorganic LEDs and
photodetectors, ensuring small-size device control and fine patterning12-113 with wireless
power transmission and remote data communication. Photonic devices fabricated with micro
LEDs (ULEDs, FIG. 3a) have many advantages compared with conventional devices using
optical fibres. In particular, they can be used for diagnosis and therapy inside the body
without an external light source. Moreover, ULEDs allow effective thermal management,
reduce tissue damage and minimize long-term inflammation14. pLEDs have been fabricated
and transferred to a flexible substrate for implantation!13, They are very thin (around 6 pm)
and have a length and width of several tens to hundreds of micrometres, suitable for
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implantation in the body. Precise transfer and localization of such small and fragile devices
in the desired position is important. A chip with a thickness of 6 um was transferred to a
desired location using an elastomer without causing any damagel1®. By contrast,
commercially available pLEDs are much thicker (~150 pm).

A properly designed power system is also very important for the operation of devices
implanted in the body. Power systems can be classified into two types: electrochemical
power systems of super capacitor and battery, and wireless energy-transfer systems. Because
battery and super capacitor systems require heavy and toxic materials and a big space,
miniaturized devices generally use wireless power-transfer systems. Such systems can
supply enough electrical power to operate uLEDs and other energy-demanding components.
Implantable photonic devices can be operated by near-field resonant inductive coupling,
near-field capacitive coupling, ultrasonic transcutaneous energy transfer, mid-field wireless
power transfer and far-field electromagnetic coupling!16. A triboelectric device combined
with ultrasonic transcutaneous energy transfer has also been proposed as a noninvasive
wireless power system for an implant devicell’.

Wireless power-transmission systems have been used in commercially available implant
devices, such as a hearing supplement cochlear devicell8 and a visual acuity improvement
devicell? that uses near-field resonant inductive coupling. A very small implantable
photonic device with a weight of 30 mg and a volume of 15 mm3 was developed for the
treatment of cancerl®”. The device receives a radio frequency of 1-1.5 GHz and its uLED
emits light with two wavelengths of 400 nm and 660 nm. Photosensitizers injected into the
tumour are activated by the light and generate ROS for PDT. Retinal prosthetic devices to
help to restore sight utilizing wireless power transmission have been also developed and are
used in humans?20,

Miniaturized photonic devices have also been effectively harnessed for optogenetic
applications. A uLED with a wavelength of 470 nm was fabricated to stimulate the spinal
cord and peripheral nerves using wireless power at the radio frequency of 2.34 GHz2L. The
photonic device was 0.7 mm thick, 3.8 mm wide and 6 mm long, with a weight of 16 mg.
The motor cortex in the brain has been stimulated by photonic devices with a volume of 10—
25 mm?3 and a weight of 20-50 mg containing pLEDs with a wavelength of 450-470 nm
using 1.5-GHz radio frequency0. In another report!11, uLEDs with a wavelength of 540
nm embedded in a photonic device ~10 mm in length and width were operated at a
frequency of 13.56 MHz to treat bladder pain.

Furthermore, biocompatible photonic devices have been made using living cells121.122 A
green living laser was fabricated by inserting cells expressing enhanced green fluorescent
protein as an optical gain material into a high-quality microcavity resonator'2!, An
intracellular microlaser was also developed122 and might possibly be applied to optogenetic
diabetes therapy®. In addition, a miniaturized transient healthcare device was fabricated
using a biodegradable PLGA substrate and a biodegradable Mg electrode!23, The transient
device was completely decomposed in phosphate-buffered saline at 37 °C within 25 days.
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Stretchable photonic devices.

As well as being miniaturized, implantable photonic healthcare devices need to be integrated
on a stretchable platform with elasticity comparable to that of organs and tissues124:125,
Because implantable photonic devices generally consist of many functional components
occupying a considerably large area, they should be stretchable while maintaining the
function of each component!25126_|n particular, an antenna for power transfer and data
communication is a critical requirement for an implantable system functioning inside the
body without the need of wires (FIG. 3b). Bluetooth wireless communication can use a
small antenna inside an integrated circuit chip but it consumes an unacceptably large amount
of power. Thus, most stand-alone implantable photonic systems use a large antennal27.128,
Stretchable devices have been fabricated by including stretchable interconnections in the
form of serpentine-structured metal electrodes among rigid functional components, such as
LEDs, photodetectors and integrated-circuit chips, combined with stretchable elastomers as
substrate and encapsulation materials125:126 (FI1G. 3c).

Some applications require several photonic devices, such as LED arrays'2® or multiple
LEDs with different colours22108.128 |n these cases, the circuitries, which include multiple
photonic devices and other components, should be configured through stretchable
interconnections on a stretchable platform. Implantable photonic devices should be highly
biocompatible and stably attached for continuous local light delivery inside the body without
causing any damage or disturbance to tissues and organs. A well-known elastomer, PDMS,
is commonly used as a biocompatible stretchable-substrate and encapsulation material.
Remarkably, stable adhesion onto tissues could be achieved by using a polydopamine-
modified PDMS nanosheet108,

Some implantable photonic devices use an external light to stimulate cells adjacent to the
device!30 or to transfer power for device operation!3L. These devices have sensor arrays or
multiple components, which are fabricated on very thin biocompatible plastic substrates
prepared with Parylene. They can be conformally attached to organs and compressively
deformed as a pseudo-stretchable system.

Optogenetic devices.

Optogenetics has been actively investigated to optically control the function of living
cells®132 (BOX 1). Although optogenetics has been implemented in a variety of fields,
including cardiology33, immunology34 and urology3%, most of the advances have been
achieved in neurology and psychobiology. The approach, because of its high spatial and
temporal resolution, is a promising strategy to control biological systems1:136,

For example, a fibre-pigtailed hydrogel waveguide was implanted in freely moving mice for
cell-based optogenetic nanotoxicity sensing and optogenetic diabetes therapyl9. Cytotoxicity
reporter cells were encapsulated in the hydrogel waveguide and emitted green fluorescence
under cytotoxic stress, to detect the toxicity of QDs in situ in live mice. The data were
consistent with ex vivo data. Optogenetic cells were also encapsulated in a hydrogel
waveguide to produce glucagon-like peptide 1 under blue light, which improved glucose
homeostasis in mice with chemically induced diabetes.
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Progress in miniaturized and stretchable devices has greatly contributed to the development
of implantable optogenetic devices, including a device with injectable uLEDs and a
multichannel stretchable antennal28, The uLEDs were fabricated on a needle-shaped
substrate for use in the deep brain. The antenna could transmit radio-frequency energy and
remotely control multiple uLEDs. This optogenetic device was used to investigate the brain
regions involved in sleep arousal and preference and aversion. An optogenetic device with a
stimulation-and-sensing module and a wireless control-and-power module was also
developed for the neuromodulation of bladder function2. The bladder could be stimulated
by ULEDs on the stimulation-and-sensing module in vivo. The wireless control-and-power
module recorded the response monitored by a stretchable strain gauge, controlled the pPLEDs
and transmitted wireless power by resonant magnetic coupling.

Gamma waves in the brain are disrupted in mouse models of Alzheimer disease!37,
Optogenetically driven gamma oscillations were used to reduce the level of amyloid B (AB);
in addition, flickering gamma light (40 Hz) applied for 1 h reduced the level of Ap in the
visual cortex and attenuated the plaque load via optogenetic stimulation. Gamma oscillations
appeared to recruit microglia to the site of Ap deposition and induce AP phagocytosis by
triggering the activated shape of microglial38. These findings might be helpful for future
optogenetic treatments of neurological disorders.

Despite all these works, the control of optogenetic gene expression is a big challenge for the
clinical translation of optogenetic therapies. Most optogenetic approaches include the use of
viral delivery systems for introducing genes and suffer from the toxicity of viral vectors and
the long-term instability of gene expressionl36. Although transgenic animals have been used
for preclinical studies3%, transgenic approaches cannot be used in clinical applications.
Thus, more advanced optogenetic gene-delivery systems are required.

Concerning photonic devices for optogenetic applications, the goal is to integrate all the
components of optogenetics, including gene-delivery systems, actuators and sensors, into
one miniaturized implantable device. Moreover, optogenetic modulation should be achieved
in large areas, covering substantial portions of tissues and organs. For example, neuronal
manipulation should be performed within a wide area of the brain with precise spatial
resolution to activate populations of neurons, mimicking natural neuronal modulation. To
this end, novel optogenetic methods using spatial light modulators to regulate multiple
individual neurons simultaneously have been investigated!3°.

Translational optoelectroceutical applications.

Electroceutical is a term used to indicate an electronic device or system used to alleviate
pathologies in the body; examples are deep-brain stimulation devices and pacemakers40.141,
Most electroceuticals stimulate nerves by applying an electrical signal to affect biological
systems. Optoelectroceuticals are electronic devices that affect biological systems through
light (FIG. 3d). PDT for the treatment of cancer and keratosis is a good example of an
optoelectroceutical treatment using photonic devices. Conventionally, PDT has suffered
from limited light penetration in opaque biological tissues. Light has generally been
transmitted to a deep-region organ using optical fibres. By implanting a photonic device,

Nat Rev Mater. Author manuscript; available in PMC 2020 July 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leeetal.

Page 11

light could be transmitted directly without any obstruction, which was successfully applied
to cancer PDT107.108,

When a photonic device is implanted, it should be sutured to the surrounding tissue to fix it
inside the body. For this purpose, PDMS was modified with a bio-adhesive polydopamine
underlayer108, A metronomic PDT with a small dose of light was performed by implanting
ULEDs. As a result, the photonic device showed a local anticancer effect via the emission of
low-intensity light for an extended period of time. Owing to the direct proximity of the
irradiation, the light intensity was 1,000 times lower than that used in conventional PDT.
Importantly, it was possible to treat delicate tissues such as brain tissue through
polydopamine-based adhesion, without the need to suture the device to the underlying
tissuel08,

Wearable photonic healthcare devices

This section describes wearable photonic devices fabricated with rigid or thin-film electronic
components for health monitoring and health intervention, including skin rejuvenation,
wound treatment, mental healthcare and brain-disease therapy (FIG. 4).

Evolution of wearable photonic devices.

Wearable photonic devices have been extensively investigated for healthcare applications:
wrist bands, patches, nails, eyeglasses and contact lenses have been tested. Photonic devices
can be prepared in several ways, with the goal of achieving seamless integration in the
human body. One method is to integrate rigid-component photonic devices and peripherals
on a thin and stretchable platform, similar to the strategy described above for implantable
devices. This method utilizes rigid electronic components such as LEDs, photodetectors and
integrated-circuit chips connected by serpentine electrodes that provide stretchable electrical
connections between the components42: 143, Rigid but smaller components such as uLEDs
can provide higher stretchability and versatility to the system. Another possibility is to use
flexible or stretchable thin-film photonic devices, which enable uniform illumination over a
large area close to the device and provide conformal coverage. Buckling and wavy structures
have been introduced into thin-film devices to make stretchable light sources and
detectors144-146_ For example, small-molecule organic LEDs (OLEDs) with high
performance were fabricated, achieving a luminous current efficiency of ~70 cd/A with a
stretchability of up to 100%47:148, Stretchable photonic devices have also been fabricated
using intrinsically stretchable materials. The emitting layer was prepared with polymers,
nanoparticles or their composites, and stretchable transparent electrodes were prepared with
polymers, liquid metals and composites of elastomers and conductive networks4%-151,
Moreover, a self-healable and stretchable light-emitting capacitor was developed using a Cu-
doped emissive layer incorporating ZnS particles and self-healable transparent electrodes!®2,
Photonic devices based on such intrinsically stretchable materials could be stretched up to
4009%153. Despite these advancements, performance and stability still need to be improved
for practical applications of intrinsically stretchable photonic healthcare devices.
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Smart contact lenses and eyeglasses.

In the field of wearable photonic devices, smart contact lenses are especially promising for
healthcare applications, because the eye can be an excellent interface between an electronic
device and the body2®4. In particular, smart contact lenses have been used for the continuous
monitoring of tear glucose concentration155-158 and 10P159, Glucose sensors were
fabricated on a contact lens using glucose oxidase to measure the glucose concentration in
tears, which is strongly correlated with blood glucose concentration. Moreover, JLEDs have
been attached to the contact lens to act as a display: when the glucose concentration in the
tear decreases below a certain threshold, a high current flows through the uLED (instead of
through the sensor) and the uLED turns on16

Smart contact lenses have also been developed using volume-changing18:160-162 or colour-
changing!63-166 materials, which do not require an electrical power source. The glucose
concentration in tears was measured from a change in the colour of the photonic device
using phenylboronic acid8, When phenylboronic acid binds to glucose, the volume of
phenylboronic-acid hydrogels increases. The glucose concentration in tears could be
measured with a sensitivity of 12 nm mmol~1 within a concentration range of 0-50 mM.

Despite the progress in the development of smart contact lenses for tear glucose monitoring,
the lag time between blood and tear glucose concentration profiles remains a major
challengel67:168 Thus, a smart photonic contact lens that measures glucose concentration in
eye blood vessels rather than in tears has been developed6® (FIG. 4a). A uLED on the
contact lens irradiates NIR light to detect glucose in conjunctival blood vessels and the
reflected light is analysed by a photodetector to determine glucose concentrations in real
time. The photonic current is proportional to the glucose concentration in the sample. Smart
photonic contact lenses thus hold promise for real-time blood glucose monitoring in
diabetes.

In addition to photonic diagnosis, light can be used for the treatment of ocular diseases.
Most treatments are based on PBM applied to diseases such as diabetic retin-opathy17°,
methanol-induced retinal toxicity!’ and light-induced photoreceptor degeneration’2, For
example, for the treatment of diabetic retinopathy, light with a wavelength of 670 nm was
transmitted for 240 s per day with an output of 25 mW cm™2, and a total light delivery of 6.0
Jcm™2 per day. The PBM resulted in the effective reduction of superoxide production,
leucostasis and intercellular adhesion molecule 1.

Although most eyeglass-type wearable devices have been developed for applications in
virtual reality and augmented reality, recent studies have shown that photonic glasses can be
used for phototherapy with comfortable accessibility to the eye (FIG. 4b). Blue light can
control circadian rhythms73-177 and prevent seasonal affective disorder (SAD)178-181,
Circadian rhythms are significantly impaired by the absence of cytochrome Y1 and
cytochrome Y2, members of the blue-light photoreceptor family75. Moreover, human
hormone secretion is also influenced by the intensity and wavelength of light. Thus, many
patients with SAD easily become depressed in autumn and winter, when light has a
relatively low intensity. One approach to alleviate the problem is to shine more light, in a
controlled way, onto the eye. AYO and Luminette are commercial eyeglasses fitted with blue
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LEDs that transmit blue light to the user’s eyes to modulate the circadian rhythm and treat
SAD182_184.

Health-monitoring skin devices.

Photonic skin devices can be utilized for health-monitoring applications. The most common
example is photoplethysmography (PPG), which monitors blood perfusion to the dermis and
subcutaneous tissues by measuring the temporal change in photon absorption, which is
related to the blood-volume change associated with cardiac cycles. The monitoring system
in general is composed of light-emitting devices and photodetectors, and has been used to
acquire a spectrum of healthcare information, such as heart rate, saturation of peripheral
oxygen (SpO,) and respiration rate. There have also been efforts to estimate blood pressure
via PPG, but more work is still needed to establish a firm link between them185.186_ py|se
oximeters for heart rate and SpO, already play a critical role in hospitals and in personal
mobile healthcare. Most of the current wearable products, including smart watches and
bands, have a PPG sensor based on rigid LEDs, photodetectors and other components.
Flexible and stretchable PPG patch systems using rigid components for LEDs and
photodetectors, and interconnections with serpentine electrodes or liquid metals have been
developed for on-nail and on-skin applications42:143.187 (FIG. 4a). In addition, fully flexible
and stretchable wearable PPG systems have been developed using thin-film photonic
devices®8:188.189 A very thin PPG sensor system with a total thickness of 3 pm has not only
enabled conformal integration onto the skin but also improved PPG sensing performancel89,
Thin-film photonic devices with a ring-shaped organic photodetector surrounding circular
OLEDs have significantly reduced the power consumption of pulse oximeters, bringing it
down to ~24 pW, which is important for the continuous monitoring of health signals with
small-capacity batteries!®. A printed array of flexible polymer LEDs and photodetectors
could obtain a map of SpO, levels from the skin191, Wearable devices will enable the
collection of healthcare information throughout the day in a noninvasive way192,

Health-intervention skin devices.

Light illumination can impact human health in many ways, collectively classified as PBM14,
Light with red or NIR wavelength is absorbed by the chromophores in mitochondria and
increases the activity of CCO93, Photonic healthcare devices based on LEDs and low-power
lasers, such as wearable mask-shaped facial skin-care and wound-care devices, are already
in commercial use (FIG. 4b). If such devices were developed on a seamless wearable
platform, they would enable photonic health intervention at any time in daily life. Flexible
OLEDs with a wavelength of 600-700 nm were proposed as a band-type wound-care device
and have shown visible improvement of fibroblast migration for the recovery of deep
wounds194, Flexible uLED arrays with a wavelength of 650 nm have been applied to
promote hair growth1; in addition, ultraviolet B LED illumination showed a statistically
significant effect on vitamin-D formation19. Seamlessly attachable wearable devices with
high performance, low power consumption and low heat generation that minimize thermal
damage to cells for long-term use on the skin might provide a new paradigm for healthcare
applications. Uniform light illumination over a wide area is also essential for photonic skin
devices. Although some PBM technologies have been clinically validated and obtained Food
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and Drug Administration clearance, further studies are required to elucidate the exact
mechanism of PBM in the body.

Future perspectives

We have provided an overview of implantable and wearable photonic devices for smart
healthcare using multifunctional materials platforms (TABLE 2). As diagnostic tools, optical
sensing and imaging probes have been developed for the optical detection of biomarkers and
for the molecular imaging and spectroscopic analysis of biological tissues. Light-based
therapy has evolved in terms of the specificity of the interactions of light with biological
matters. Light can induce heat generation from photothermal agents for PTT and production
of ROS for PDT. In addition, light can initiate biological reactions, which have been
exploited for PBM and optogenetic therapies. Progress in multifunctional materials has
improved their light responsiveness, stretchability, biodegradability and ability to deliver
light into deep tissues, enhancing the efficacy of wireless photonic healthcare systems and
patient compliance.

Photonic healthcare has a great potential to be beneficial with minimal use of chemical or
biological drugs. Whereas optogenetic therapy requires genetic modification to introduce
light-sensitive ion channels, PBM activates natural chromophores and photoreceptors. PBM
can affect circadian rhythm, SAD and pathological responses such as tissue regeneration
without the administration of drugs. However, although light-based therapies are attractive
for patients, there are still big technical hurdles for their clinical translation. The
mechanisms underlying some light-based therapies are still under investigation, and their
therapeutic effect should be optimized to be comparable or superior to that obtained with
conventional medicines. In addition, light-based therapy is currently available only for
certain applications. Further studies on multifunctional materials for implantable and
wearable photonic healthcare devices will expand their clinical feasibility.

In the fabrication of photonic devices, the choice of the type of light source is important and
depends on the desired biomedical photonic application. Light sources include lasers, LEDs,
MLEDs and OLEDs and determine the light spectrum and temperature change, resulting in
different biological effects (TABLE 3). In a laser, light with a single wavelength is
concentrated at one point, which is suitable for strong light irradiation of a narrow
areal97:198 | EDs and pLEDs provide strong point illumination; thus, they are suitable for
applications in miniaturized implants20:21.107 Because OLEDs are thin-film devices using
an organic emitter, they can be used as flexible and stretchable surface light sources, which
are effectively used for wearable devices!99194, QD LEDs and perovskite LEDs have high
colour purity and are suitable for emitting light of a desired wavelength with a very narrow
spectrum?3.151 However, their biophotonic applications are limited owing to their low
external quantum efficiency and stability. In addition, some light sources can cause
problematic heating in the body, which can be reduced by increasing the luminescence
efficiency. Because the optical power depends on the light source, radiation time, radiation
pulse and light wavelength, its optimal value should be determined after careful
consideration of the purpose of the photonic diagnosis or therapy. In the case of PDT, the
choice of optical system should also be made with the type of photosensitizer in mind.
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Because photonic healthcare devices, particularly wearable devices, can be easily used in
households, they can contribute to point-of-care testing and personalized medicine, which
can be particularly important for anticancer!®® and diabetic treatment290, For personalized
medicine, real-time diagnosis and statistical analysis of case studies are necessary to provide
appropriate remedies (FIG. 5). Point-of-care testing provides readily accessible diagnosis at
the bedside, and the data can be wirelessly sent to a patient’s mobile phone and/or to
providers at hospitals and medical centres via transmission systems compliant with the
secure Health Insurance Portability and Accountability Act of 1996 (HIPAA or the
Kennedy-Kassebaum Act). This way, patients can be treated by telemedicine, either
synchronously or asynchronously, in the comfort of their homes with the aid of their
smartphones or similar products. While store-and-forward-type telemedicine has been
established by connecting traditional tabletop diagnostics and computers, the advent of
ubiquitous smartphones with round-the-clock Internet connectivity now enables the
continuous collection of vast amounts of data on individual patients’ biometrics that may
guide diagnosis and targeted therapies. How to cull, interpret and use such volumes of data
for clinical care remains an active area of enquiry to which artificial intelligence and
machine learning undoubtedly hold the key.
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Box 1 |
Basics of optogenetics
Concept

Optogenetics enables the optical control of cells that are genetically modified to express
light-sensitive ion channels. The concept of optically controllable neurons was first
suggested by Francis Crick in 1979. The successful development of light-sensitive
neurons through the introduction of a microbial opsin gene in 2011 initiated a wave of
breakthroughs in optogenetic studies®. various ion channels responsive to light of
different colours have been developed and have contributed to the diverse applications of
optogenetics. optogenetic control can be realized with high temporal and spatial precision
for specific cell types, and optogenetic approaches have provided probes for genetically
defined targets. Such approaches can manipulate and record nervous system functions at
different levels, ranging from synapses to animal behaviour, as shown in part a of the
figure. The optogenetic tools can manipulate and record the activity of individual
neurons. If neuronal manipulation can be set up to activate assemblies of neurons in a
wide area of the brain with precise spatial resolution, it can control the behaviour of
treated animals.

Steps in optogenetics studies

. Introduction of the effector. Genes encoding light-sensitive ion channels are
introduced into target cells on which to exert optogenetic control. These genes
are introduced by either direct viral transduction or implantation of light-
sensitive cells291. The most frequently used microbial opsins are
bacteriorhodopsin, halorhodopsin and channelrhodopsin.

. Light delivery. Light needs to be delivered to the target site to elicit
optogenetic responses. This has been achieved by using waveguides'® and
diverse light sources, including multiphoton lasers with an extended

penetration depth292 and micro light-emitting diodes implanted at the target
site20128,

. Sensing the optogenetic responses. The responses of optogenetically modified
cells can be monitored by detecting the changes in the membrane potential
using, for example, voltage-sensitive fluorescent proteins293, genetically
encoded calcium indicators2%4 or patch clamps2%°.

Applications

. Brain function control. optogenetic systems can manipulate the signal
transduction of neural networks. They have been used to investigate the
relationship between brain functions and activated regions of the brain128 and
to analyse the pathology of neural disorders such as Alzheimer diseasel3’ and
Parkinson disease2%8. For example, flickering gamma light recruited
microglia to the site of amyloid B (AB) deposition and induced AB
phagocytosis by triggering the activated shape of microglia (part b of the
figure).
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. Cardiac function control. optogenetic systems can regulate cardiac pacing
when applied to cardiomyocytes. They can be used for heart-rate-dependent
drug screening under optogenetic stimulation2?” and cardiac
resynchronization therapies for cardiac arrhythmia and heart failurel33,

. bladder function control. When opsins are introduced into bladder smooth
muscle cells, bladder contraction can be controlled by light. This optogenetic
method can be used for the treatment of urinary tract dysfunctions. The
bladder can be wrapped with a stretchable strain gauge to monitor its volume
change and be stimulated by micro light-emitting diodes on the module2®
(part c of the figure).

. optogenetic synthesis of therapeutics. optogenetically modified cells can be
used for the light-responsive production of therapeutics; for example,
glucagon-like peptide 1 can be produced under blue light to improve glucose
homeostasis™®.

A Microglia

Part a of the figure is adapted from REF.136, Springer Nature limited. Part b of the figure
is adapted from REF.138, Springer Nature limited. Part ¢ of the figure is adapted from
REF.20, Springer Nature limited.
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Fig. 1 |. Fundamental mechanisms underlying representative photonic healthcare applications.
a | Schematic illustration of wavelength-dependent light-penetration depth and of photonic

diagnosis via pulse oximetry, in which light absorption is detected in peripheral blood using
a light-emitting diode (LED) and a photodetector (PD). b | Schematic illustrations of:
photothermal therapy, in which light-triggered thermal ablation is used on diseased tissues;
photodynamic therapy, which uses reactive oxygen species (ROS) generated by a
photosensitizer; and photobiomodulation, which uses photonic stimulation of mitochondrial
chromophores to produce nitric oxide (NO) and ROS. ATP, adenosine triphosphate.
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Fig. 2 |. Multifunctional material platforms for implantable and wearable photonic healthcare

devices.

Materials platforms include: a | light-responsive materials, b | light-delivering materials, ¢ |
stretchable electronic materials, d | self-healing materials and biodegradable materials and e |
biologically triggered photonic materials. BRET, bioluminescence resonance energy
transfer; CNT, carbon nanotube; NIR, near infrared; PEG, polyethylene glycol; PLA,
poLy(L-Lactic acid). Part a is adapted from REFs24:35, Springer Nature Limited, and with
permission from REF.3, Wiley-VCH. Part b is reproduced from Valentyn Volkov/Alamy
Stock Photo and adapted from REFs1990, Springer Nature Limited, and with permission
from REF.#8, Wiley-VCH. In panel c, the image of conjugated polymers is adapted with
permission from REF.”3, AAAS. Part d (left) is adapted with permission from REF.76,
Wiley-VCH. Part d (right) is adapted with permission from REF.81, National Academy of
Sciences. Part e is adapted with permission from REF.208, Elsevier and REF.93, Frontiers.
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Fig. 3 |. Implantable photonic healthcare devices.
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The essential components include micro light-emitting diodes uLEDSs) and their stretchable
arrays (part a), flexible and stretchable antennas for wireless power and communication (part
b) and stretchable interconnections between the components (part ¢). Photonic healthcare
devices can be used for different applications, including health monitoring and
photodynamic and optogenetic therapies (part d). IOP, intraocular pressure. Part a is adapted
from REF.129, Springer Nature Limited, and with permission from REF.109, Elsevier. Part b
is adapted from REF.2!, Springer Nature Limited, and with permission from REF.22,
Elsevier. Part ¢ is adapted from REF.129, Springer Nature Limited and with permission from

REF.142 AAAS.
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a Wearable devices for photonic health monitoring

Smart contact lenses
Battery, Control unit

Photodetector

b Wearable devices for photonic health intervention

Glasses for mental healthcare

Fig. 4 |. Wearable photonic healthcare devices.
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Skin pulse oximetry device
LED 1 and 2 with different wavelengths

LED 1

LED 2

LED mask for skin healthcare

Applications of wearable photonic devices for photonic health monitoring using smart
contact lenses and skin pulse oximetry devices (part a) and health intervention for mental
and skin disorders (part b). DDS, drug-delivery system (can also be used for theranostic
applications); LED, light-emitting diode. The skin device in part a is adapted with
permission from REF.142, AAAS. Part b is reprinted from Hugh Threlfall/Alamy Stock
Photo and Guy Corbishley/Alamy Stock Photo.
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Fig. 5 |. Schematic illustration of mobile health and personalized telemedicine.
Implantable and wearable healthcare devices, combined with the Internet of things, big data

and artificial intelligence, will, in the future, enable mobile and personalized telemedicine.
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