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ABSTRACT

Light has broad applications in medicine as a tool for diagnosis and therapy. Recent advances in optical technology and bioelectronics have
opened opportunities for wearable, ingestible, and implantable devices that use light to continuously monitor health and precisely treat
diseases. In this review, we discuss recent progress in the development and application of light-based bioelectronic devices. We summarize
the key features of the technologies underlying these devices, including light sources, light detectors, energy storage and harvesting, and wire-
less power and communications. We investigate the current state of bioelectronic devices for the continuous measurement of health and on-
demand delivery of therapy. Finally, we highlight major challenges and opportunities associated with light-based bioelectronic devices and
discuss their promise for enabling digital forms of health care.
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I. INTRODUCTION

The development of many important tools in modern medicine
has been driven by advances in technology to generate and detect light.
An early example was the successful treatment of lupus vulgaris using
concentrated ultraviolet (UV) light from quartz lamps, a discovery for
which Niels Finsen was awarded the Nobel prize in 1903 (Fig. 1).1,2 The
invention of lasers and light-emitting diodes (LEDs) in the 1960s laid
the foundation for therapies that exploit the ability to generate light with
high intensities, short pulses, and precise wavelengths. Examples include
laser surgery in ophthalmology3,4 and dermatology,5,6 blue light therapy

Biophysics Rev. 4, 011304 (2023); doi: 10.1063/5.0102811 4, 011304-1

Published under an exclusive license by AIP Publishing

Biophysics Reviews REVIEW scitation.org/journal/bpr

https://doi.org/10.1063/5.0102811
https://doi.org/10.1063/5.0102811
https://doi.org/10.1063/5.0102811
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0102811
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0102811&domain=pdf&date_stamp=2023-01-20
https://orcid.org/0000-0002-7681-0486
https://orcid.org/0000-0003-4306-3637
https://orcid.org/0000-0003-4620-6066
https://orcid.org/0000-0002-9458-9033
mailto:johnho@nus.edu.sg
https://doi.org/10.1063/5.0102811
https://scitation.org/journal/bpr


for neonatal jaundice,7,8 and photodynamic therapy (PDT) for
oncology.9,10 Advances in light detection have similarly led to optical
sensing tools that are used along the entire spectrum of diagnostic medi-
cine. Today, pulse oximetry—which is based on optical absorption dif-
ferences measured by semiconductor photodiodes—is universally used
in emergency medicine,11–13 while optical image sensors are routinely
used by clinicians to examine cavities and guide surgery.14

The miniaturization of electronics over the past few decades has
opened opportunities for the application of light outside of traditional
clinical settings. With integrated light sources and detectors, optical
technologies can be incorporated into wearable, ingestible, and

implantable devices that operate during daily life. As examples, wrist-
worn optoelectronics can track heart rate and oxygen saturation,15,16

swallowable endoscopes can allow minimally invasive optical imaging
of the gastrointestinal tract,17–19 and skin-mounted optical devices can
monitor blood flow and sweat.20–22 Because such devices can facilitate
the collection of rich datasets about a person’s health, they could be
the basis for a more personalized and cost-effective form of health
care.23–25 Therapeutic applications of light can also harness the capa-
bilities of electronics to deliver more precise and personalized care.
Wearable near-infrared (NIR) light sources, for example, have shown
potential for wound healing, hair growth, and pain therapy in home

FIG. 1. Major milestones in the use of light in medicine and in bioelectronic devices. Sunlight has been used to treat skin diseases since ancient times.1,2,174 The invention of
artificial light sources led to the emergence of modern phototherapies, such as treatment of lupus vulgaris with UV light by Niels Finsen who was awarded a Nobel Prize in
Physiology and Medicine.1,174 Advances in optoelectronics have paved the way for the use of light in wearable, implantable, and ingestible devices.25 Major examples include
photoplethysmography (PPG),15,16 which is universal in emergency medicine, and capsule endoscopy,17 which is widely used for the diagnosis of small bowel diseases.
Recent progress in material science,36 electronics,291 energy storage,292 and wireless technology31,279 has enabled new light-based diagnostic and therapeutic tools, including
brain–computer interfaces,186 wireless optogenetic implants,37 drug delivery devices,262 and retinal implants.286,289 Milestones in the use of light in medicine are indicated in
brown,293–295 and key advances in optical technologies are shown in purple.40
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settings.26,27 With recent advances in light-activated nanomedicine28,29

and optogenetics,30–32 innovations in miniaturized light delivery
implants are opening new opportunities to target diseases in regions
that have previously been neglected due to the lack of suitable light
sources.33–35

In this review, we summarize the basic components of light-
based bioelectronic devices, including light sources, photodetectors,
energy storage, and powering strategies. We next investigate major
applications of these devices in both sensing and therapy, focusing on
the requirements that they impose on the performance of the various
components and current solutions. Finally, we discuss the challenges
in the clinical application of light-based bioelectronics and their prom-
ise in enabling new forms of digital health care.

II. LIGHT-BASED BIOELECTRONIC COMPONENTS

Bioelectronic devices that exploit light–tissue interactions com-
bine a variety of functional components, including optical sources and
detectors, energy storage and harvesting solutions, and wireless com-
munication and power transfer interfaces (Fig. 2). These components
need to be integrated into a wearable, ingestible, or implantable pack-
age that is biocompatible over its desired operational lifetime.
Advances in optoelectronics and materials have enabled the optical
interface with biological tissue to take a wide range of forms, such as
skin-conformal patches,36 ingestible pills,17 injectable probes,37 and
miniature implants.28 Progress in energy storage and harvesting solu-
tions as well as wireless power transfer have paved the way for the
miniaturization of such devices and new modes of operation. In this
section, we briefly introduce the fundamental components of light-
based bioelectronic devices, describe their use in current clinical prac-
tice, and highlight emerging directions of research.

A. Light delivery

The use of light in bioelectronics requires an integrated optical
source whose wavelength, intensity, and pulse duration can be pre-
cisely selected. Today, light delivery for bioelectronics relies on various
forms of semiconductor lasers and LEDs to meet requirements in opti-
cal emission, power consumption, form factor, and cost.

1. Inorganic light-emitting devices

Inorganic LEDs based on crystalline semiconductors are among
the most mature of light sources and achieve the lowest power con-
sumption. Light emission in inorganic LEDs occurs through the
recombination of electrons and electron holes, with the specific wave-
length of emission corresponding to the energy bandgap of the semi-
conductor.38 Depending on the desired emission wavelength, choices
for the semiconductor include aluminum nitride (<400nm), indium
gallium nitride (400–500nm), gallium phosphide (500–760nm), and
gallium arsenide (>610nm).39 Inorganic LEDs are currently used in a
wide range of wearable healthcare devices, including pulse oximeters
and wrist-based heart rate trackers.40,41 They are also widely used
within the body in clinical endoscopic, ingestible, and implantable
devices, where their electrical efficiency, small dimensions, and ability
to withstand humidity are major advantages. State-of-the-art inorganic
LEDs can achieve quantum efficiencies exceeding 50%, which is about
twofold larger than possible with alternatives based on organic materi-
als.42–44 However, inorganic LEDs are inherently rigid and therefore

pose challenges when directly interfacing with soft tissues.45 This risk
can be mitigated using LEDs with microscale dimensions. For
example, indium gallium nitride LEDs with an area smaller than 100
� 100 lm2 and the thickness of several micrometers have been used
for applications in optogenetics37,46 and PDT.29 LED arrays formed
with flexible interconnects can also be used to achieve macroscopic
conformability with curved tissue surfaces.47

2. Organic light-emitting devices (OLEDs)

Organic LEDs (OLEDs) consist of a multilayer structure in which
a film of organic compound is sandwiched between two conduc-
tors.25,48 They are promising alternatives to crystalline semiconductor
LEDs in a wide range of bioelectronic applications due to their
mechanical flexibility,49,50 low weight,51,52 and broad tunability,53

although the maximum irradiation and spectral selectivity are gener-
ally less than can be achieved with inorganic LEDs.54 The operating
principle of OLEDs is identical to that of inorganic LEDs except that
the emission wavelength is determined by energy gaps associated with
the highest and lowest occupied molecular orbital of the organic com-
pound. Typically, at least one of the electrodes consists of a transparent
conductor such as indium titanium oxide. OLED’s organic materials
and unique structures enable the following advantages: mechanical
robustness, lightweight, and a lack of heating effect, resulting in reli-
able operation in dynamic environments without thermal damage to
tissues.49,54 Ultra-flexible, conformable polymer OLEDs with a thick-
ness of 3lm can be utilized to display and sense physiological sig-
nals.49 The wavelength of emission can be tuned by vertically stacking
multiple LEDs with different emitter layers, which is important for
both sensing and therapy applications that require multi-wavelength
operation.55 The longevity (beyond 10,000 h) and durability of OLEDs
in humid environments also remain challenges that need to be over-
come;56–58 in this regard, encapsulation strategies are critical to
extending their lifetimes.59–61

3. Quantum-dot light-emitting devices (QLEDs)

Quantum-dot LEDs (QLEDs) are of interest due to their high
efficiency, mechanical flexibility, and wavelength tunability.62,63

Structurally, QLEDs resemble OLEDs, but use a layer of solution-
processed colloidal quantum dots for light emission. QLEDs have
been explored for use in phototherapies requiring multiple wave-
lengths in which the tunability of the emission wavelength is a major
advantage.64 For example, a wearable QLED-based device operated by
a coin cell battery was shown to provide an antimicrobial effect via the
emission of blue light with intensities and spectral characteristics com-
parable to an inorganic LED.65 Bioelectronic applications of QLEDs
have been hindered by their limited lifetimes due to charge balance
issues and existence of non-radiative pathways.66 Techniques that bal-
ance charge injection and disrupt non-radiative recombination pro-
cesses have shown the potential to improve device stability.67,68

4. Lasers

Compared with LEDs, lasers can produce coherent light emission
with significantly higher intensity, narrower linewidth, and shorter
pulses. These properties can enable a wide range of optical imaging
modalities, including optical coherence tomography (OCT), diffuse
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optical tomography, and photoacoustic imaging.69 Recent work has
explored the integration of miniaturized pulsed laser sources for wear-
able time-domain diffuse optical imaging and photoacoustic imaging.
Using complementary metal-oxide semiconductor (CMOS) circuits to

drive a laser diode, �100 ps pulses can be generated using an inte-
grated source with dimension 6� 12mm2.70 Laser-based light delivery
could be used by swallowable endoscopes for tomographic imaging,71

by microrobots to perform surgery,72,73 or by light-activated actuators

FIG. 2. Components of light-based bioelectronic devices. Devices consist of a light sources and detectors, electronic components for signal acquisition and processing, and power
management components. Wearable: Reprinted with permission from Kim et al., Sci. Adv. 2, e1600418 (2016). Copyright 2016 Authors, licensed under a Creative Commons
Attribution (CC BY) License;78 Reprinted with permission from Park et al., Sci. Adv. 4, eaap9841 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution
(CC BY) License;296 Reprinted with permission from Jinno et al., Nat. Commun. 12, 2234 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY)
License;297 Reprinted with permission from Rein et al., Nature 560, 214–218 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY) License;298

Reprinted with permission from Baldinger et al., IEEE Pervasive Comput. 20, 58–62 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC BY)
License;23 Ingestible: Reprinted with permission from Ciuti et al., IEEE Rev. Biomed. Eng. 4, 59–72 (2011). Copyright 2011 Authors, licensed under a Creative Commons Attribution
(CC BY) License;99 Reprinted with permission from Liang et al., Optica 5, 36–43 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC BY)
License;209 Implantable: Reprinted with permission from Shin et al., Neuron 93, 509–521 (2017). Copyright 2017 Authors licensed under a Creative Commons Attribution (CC BY)
License;31 Reprinted with permission from Zhang et al., Sci. Adv. 5, eqqw0873 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) License;299

Reprinted with permission from Kim et al., Sci. Rep. 9, 1395 (2019). Copyright 2019 Authors, licensed under a Creative Commons Attribution (CC BY) License;29 Reprinted with per-
mission from Burton et al., Proc. Natl. Acad. Sci. U. S. A. 117, 1835–1845 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY) License.88
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to trigger drug release.74 However, challenges in safety, reliability, and
power consumption, particularly when there is physiological motion,
will need to be addressed before clinical applications are feasible.

B. Light detection

Light detectors can be used in combination with integrated or
ambient light sources to probe physiological changes in the optical
properties of tissue.75–77 When integrated into a bioelectronic device,
they can extend the diagnostic use of light beyond the clinical setting
and enable the real-time assessment of health. Light detector technolo-
gies are based on either inorganic or organic materials and are used in
applications such as measurement hemodynamic activity,12,78,79

assessment of skin lesions,21 and imaging of the gastrointestinal
tract.17,18,24 They can cater to a wide range of optical wavelengths,
from visible light to the NIR and UV regions, and can achieve both
broadband or narrowband operation.

1. Inorganic photodetectors

Inorganic photodetectors are the sensing counterparts of inor-
ganic LEDs and are based on the same set of crystalline semiconduc-
tors. Owing to their maturity, low cost, and ease of integration with
other electronic components, they are the widely used type of photo-
detector in bioelectronic applications.80,81 Photodiodes consisting of a
semiconductor p–n junction represent the simplest and most com-
monly used variety. Other types include phototransistors, which do
not require an external amplifier but suffer from larger dark current.82

Most sensing applications operate photodiodes in the photoconductive
mode (reverse bias) to achieve a large linear range of operation.82 They
can also be operated in the photovoltaic mode (forward bias) to
improve the detection of low-intensity light or for applications in opti-
cal energy harvesting. Current clinical devices such as pulse oximeters
and heart rate trackers use inorganic photodetectors integrated in rigid
packaging. Recent research has explored ways to interface photodetec-
tors intimately with biological tissue for improved sensing. For exam-
ple, reducing the film thickness to 400lm can yield flexible crystalline
photodetectors.83,84 A photodetector based on graphene oxide and
zinc oxide on 25-lm-thick mica substrate was used for UV dosimetry
and exhibited 4% photocurrent deviation over 500 bending cycles.85

The low optical absorptivity of two-dimensional materials can be over-
come by crumpling: a photodetector based on crumpled graphene
achieved 12.5 times higher optical extinction and 370% higher photo-
responsivity.86 Micro-scale photodetectors have also been mounted on
injectable probes for calcium imaging of deep brain neural activity in
rodents.87,88 Bioresorbable photodetectors based on silicon nanomem-
branes can dissolve in physiological environments via hydrolysis. For
example, an injectable bioresorbable spectrometer based on comb-
structured silicon membranes with zinc electrodes was demonstrated
for cerebral monitoring in mice.89

2. Organic photodetectors

Photodetectors based on organic semiconductors have several
potential advantages over inorganic photodetectors, including
mechanical flexibility,90 tunability of the absorption band through
chemical modifications,91 low cost, and ease of processing. Their
mechanical flexibility results from both the intrinsic properties of the

organic film and the ability to achieve a high extinction coefficient in
thin films that are less than 200nm. Flexible OLED devices can be
achieved by bonding organic photodiodes to thin and transparent sub-
strates, such as polyimide or Parylene-C, via transfer printing.92,93

OLEDs have been used to develop a variety of flexible optoelectronic
sensors with mechanical properties comparable to that of human skin.
For instance, flexible NIR-sensitive organic photodetectors have been
used to provide continuous monitoring of heart rate variability,
enabling more precise pulse pressure tracking than conventional pulse
oximeters during user activity.94 Multilayered films can be applied on
OLEDs for achieving spectral selectivity, which can reduce noise from
environment illumination.95,96 Noise due to dark current can be miti-
gated using charge blocking layers between the active layer and the
electrodes.97 Applications of OLEDs within the body will require fur-
ther advances in their lifetime and robustness in humid and hot envi-
ronments. Encapsulation strategies based on flexible ultrathin
passivation layers have shown promise in prolonging OLED
lifetimes.81

3. Image sensors

Image sensors are arrays of photodetectors in which each detec-
tor (pixel) can be read out to form an image.80 Image sensors can be
classified into two types: charge-coupled device (CCD) sensors that
deliver analog signals directly and CMOS sensors that convert analog
signals on each pixel to digital signals.98,99 While CCD sensors can
produce higher quality images than CMOS sensors, the latter is fre-
quently preferred due to its low power consumption and low
manufacturing cost.100 CMOS sensors are also compatible with
CMOS-based circuits and benefit from the miniaturization of transis-
tors.99,100 A miniaturized wireless CMOS sensor with dimensions of
300� 300 lm2 and a thickness of 25lm, for example, has shown
potential for capturing fluorescence images for optical recording of
genetically encoded calcium indicators in the brain.101 Capsule endo-
scopes have been made possible by advances in CMOS sensors.
Clinically used capsule endoscopes vary the frame rate varies depend-
ing on the target application.99 For example, a low frame rate of
2–4 fps is appropriate for small-bowel or colonoscopy, which occurs
over about 10 h, whereas esophagogastroduodenoscopy uses a high
frame rate of 18 fps that limits the battery life to only 30min.102

A limitation of inorganic image sensors is that their broad
absorption spectrum necessitates the use of color filters, which intro-
duce optical losses. Organic image sensors, in contrast, do not require
color filters because their active layers absorb selectively in certain nar-
row color bands.103 Furthermore, they can detect NIR light and x rays
in a narrowband manner, which has applications in medical imag-
ing.104 For instance, by exploiting the differential transmittance of
muscle and fat to 1200nm light, a 4� 4 NIR organic photodiode array
was used to improve the contrast between organs and surrounding tis-
sues during laparoscopic surgery.105 Organic NIR photodiode arrays
have also been used as retinal prosthetics that convert pulsed NIR
(880–915nm) light into photocurrent for neural stimulation.106 These
pixel arrays can be monolithically stacked, allowing for high spatial res-
olution without increasing the pixel size.107 Fabrication methods based
on solution-processing, such as inkjet printing and spray coating, have
the potential to create flexible, large-area, and low-cost organic sen-
sors.108,109 Recent work has demonstrated solution-processed organic
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phototransistor arrays with high photoconductive gain and dynamic
range.91,110

C. Energy storage and harvesting

Electrical power is a fundamental requirement for bioelectronic
devices that determines their operational lifetime and range of func-
tionalities. Light-based bioelectronic devices generally require signifi-
cant power (from 1 mW to more than 100 mW) for both sensing and
therapy. To meet the power requirements for long-term use, a wide
range of solutions for energy storage and harvesting are being
explored.

1. Batteries and supercapacitors

Wearable bioelectronic devices can take advantage of lithium-ion
batteries developed for consumer applications, which achieve among
the highest energy densities at low cost.111–113 For implantable and
ingestible applications, standard battery technologies are associated
with safety concerns, such as risk of toxicity and self-ignition, and
thus, more specialized systems are used. Silver oxide batteries are pre-
ferred for capsule endoscopes,99 and lithium iodine batteries are the
main option for implantable cardiac pacemakers. Because batteries
usually occupy a large part of the device volume, improvements in
their properties and performance are important to facilitate miniaturi-
zation and enable long-term use. Stretchable batteries made by layer-
ing intrinsically flexible active materials on such as substrates like
polymers or by interconnecting arrays of rigid islands with serpentine
wires can mitigate the mechanical mismatch with soft tissues.114

Intrinsically flexible batteries based on ceramic, organic polymer, or
gel polymer electrolytes have shown promise for biomedical applica-
tions.115 Solid-state batteries have also been explored for implantable
devices owing to their mechanical strength, thermal stability, and
increased energy density.112 For example, a millimeter-scale and flexi-
ble thin-film battery weighing just 236lg was used to power a smart
dental brace that delivers 640 nm light to accelerate bone regeneration
and protect enamel health.116

Bioresorbable batteries are useful technologies for short-term
implanted devices because they eliminate the need for additional sur-
gery to remove implanted devices after therapy or monitoring is com-
pleted.117 While magnesium or zinc metal-based galvanic cells have
been used in the development of bioresorbable batteries due to their
good biosafety and electrochemical activity, they are difficult to use in
implantable devices due to their unstable output power and uncontrol-
lable lifetime.118,119 A possible solution is a battery composed of an
anode filament based on a zinc microparticle network coated with chi-
tosan and aluminum oxide double shells. Its lifetime can be adjusted
from 80 to 200h by adjusting the filament length from 5 to 15mm.120

Supercapacitors are used in bioelectronic applications requiring
many rapid charging and discharging cycles. They can support signifi-
cantly higher power densities than batteries, at the expense of 3–30
times lower energy density.121–123 The charge storage mechanism can
be based on electrostatic double layers using carbon electrodes, electro-
chemical capacitance using metal oxide or conducting polymer elec-
trodes, or a combination of both.124 Supercapacitors can facilitate
pulsatile delivery of high-intensity light for therapy or actuation.124–126

They can also mitigate issues related to the intermittency of energy
harvesting or wireless power transfer, providing a stable power supply

despite variations in the power supply over the storage time-
scale.127–129 For instance, flexible supercapacitors have been used in
wearable and implantable devices to store power collected from piezo-
electrics, photovoltaics, and antennas.130,131 Supercapacitors based on
graphene and other nanomaterials can also be woven into textiles for
wearable energy storage.121,132 Supercapacitors can also be made flexi-
ble and bioabsorbable, such as by layering defective amorphous
molybdenum oxide flakes on molybdenum foil.133

2. Energy harvesting

The human body presents opportunities to harvest mechanical
and thermal energy to power bioelectronic devices. One of the most
significant natural sources of energy in the human body is physical
movements, for example, walking with a full 5-cm stroke can generate
up to 67W of power, while arm lift consumes up to 60W.134 This
energy can be directly converted using piezoelectric materials such as
lead zirconate titanate, which achieve among the highest mechanical-
to-electrical conversion efficiencies. Up to 2 mW, for example, can be
harvested by using a piezoelectric harvester in the insole of a shoe dur-
ing running. Owing to issues such as brittleness and toxicity,135 more
biocompatible alternatives such as zinc niobate, lithium niobate, and
barium titanate are being explored as alternatives.136 Because these
sources are generally intermittent, energy harvesters need to be com-
bined with energy storage components to provide a steady power
supply.

Triboelectric generators covert mechanical motion to electricity
through frictional charge transfer between two materials.137–139 The
interfaces between a wide variety of materials can be used, including
polytetrafluoroethylene and silicone for attaining net negative tribo-
electric charges and nylon and metals like aluminum and gold for net
positive charges.140 Using a nanostructured polytetrafluoroethylene
(50lm) and aluminum layer (100lm), the motion of a beating heart
was used to charge a flexible battery and power a commercial pace-
maker implanted in a pig.141,142 Material strategies to overcome their
sensitivity to humidity and increase power density are being explored.

Physiological thermal gradients can also be harnessed for
electrical power generation via thermoelectrics, which include materi-
als such as bismuth telluride, lead telluride, and calcium manganese
oxide.123,143 They have been widely explored for wearable applications
where relatively a large temperature difference exists between the sur-
face of the body and the surrounding environment. For instance, ther-
moelectric materials integrated into clothing have been used to harvest
up to 4 mW between the skin and the ambient environment.144

They have also been investigated for implantable devices, but the
lack of large thermal gradients within the body has limited
performance.145,146

D. Wireless power and communications

Wireless communication and power transfer allow light-based
bioelectronic devices to transmit sensor data and deliver therapies on
demand. Various forms of energy—including radio frequency fields,
acoustic waves, and light—can be used to transfer energy and data to
and from a bioelectronic device. These forms of energy interact differ-
ently with biological tissue and lead to systems with different form fac-
tors, operating characteristics, and safety considerations.
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1. Radio-frequency

Radio-frequency wireless communication and power transfer
technologies are standard in many clinical devices owing to their rela-
tive maturity, safety, and ease of use. Leveraging technologies devel-
oped for consumer electronics, wireless protocols adapted for medical
frequency bands can support digital communication with high data
rates, such as for video streaming from ingestible endoscopes. Proper
design of the antenna is essential because the human body profoundly
affects the performance of the antenna. For example, the size of the
antenna needs to be on the scale of a quarter of the wavelength in bio-
logical tissue to achieve high radiation efficiency and absorption in tis-
sue must be minimized for thermal safety.

Near-field wireless power based on pairs of inductively coupled
coils can be used to operate implantable devices and avoid complica-
tions associated with surgery to replace batteries. They generally
require that the separation distance be comparable to the coil size in
order to achieve high efficiency.147,148 Operating at frequencies less
than 100MHz, up to 10W can be safely transferred through the
human chest wall with this approach.149 Near-field systems have also
been adapted for use in freely moving rodents, where the tether-free
mode operation can open many opportunities for light-based sensing
and therapy. Implantable LEDs powered by near-field systems, for
example, have been used to enable rodents to freely move within a cir-
cular region of 30� 60 cm2 for closed-loop optogenetic experi-
ments.150 Flexible, near-field powered devices have been used to
interface with the musculoskeletal system as long-term biological
interfaces for applications such as phototherapeutic stimulation for
bone regeneration and optogenetic control of muscle contraction.151

Near-field systems can also support short-range, low data rate com-
munications in parallel with power transfer. For example, battery-free
optoelectronic skin patches can be operated by smartphones using
near-field communication (NFC) to monitor heart rate, oxygen satu-
ration, and skin color.78,79

Radiative wireless power transfer techniques can overcome cer-
tain limitations in the operating range and miniaturization of the
device.152 For instance, mid-field wireless power operating between 1
and 5GHz can focus energy and power millimeter-sized devices sev-
eral centimeters deep in tissue.37,153,154 Using this approach, miniatur-
ized (<15mm3) wireless LEDs were activated 4 cm deep at light
intensities exceeding 1 mW cm�2 for PDT.28 Owing to increased tis-
sue absorption, radiative wireless power systems typically operate near
consumer limits for the specific absorption rate, although medical
applications will require judicious assessment of the risks and potential
benefits.

2. Ultrasound

Ultrasound—widely used for diagnostic imaging—can also be a
modality for wireless communication and power. Compared to radio
frequency waves, key advantages of ultrasound include millimeter-
scale wavelengths, which can facilitate miniaturization, and high pene-
tration depth through tissue, potentially exceeding 10 cm.155,156

Ultrasonically operated devices use a miniaturized piezoelectric trans-
ducer to harvest energy from ultrasound transmitted into the body.
Efficient power transfer requires good acoustic coupling between the
transducers and skin, minimal reflection at hard–soft tissue interfaces,
and alignment between the transducer and the incident acoustic

wave.157 Wireless LED-based devices with dimensions as small as
2� 4 � 2mm3 have achieved an output light intensity of 6.5 mW
cm�2 when illuminated with an acoustic power density of 185 mW
cm2.29 Ultrasound-based millimeter-sized devices with lLEDs have
also been developed for optogenetics of peripheral and brain neu-
rons.158,159 Bidirectional ultrasound links can also be established using
backscattering techniques. A wireless battery-free millimeter-sized
(4.5mm3) device implanted at 10-cm-deep inside tissue has the poten-
tial to prevent vascular complications after solid organ transplantation
by sending the oxygen level information from deep tissues with low
power consumption and high resolution.160

3. Optical

Light can be harnessed to power bioelectronic devices using pho-
tovoltaics.161–163 Indoor ambient light can provide a power density of
100 mW cm�2 and direct sunlight up to 500 mW cm�2.164 To maxi-
mize the area of illumination, photovoltaics based on flexible165–167 or
textile materials168 can be used. The penetration of light through bio-
logical tissue can be maximized in the near-infrared window
(650–1350nm) to power or communicate with implantable devices.169

Using deep-red light at 638 or 660nm, an organic electrolytic photoca-
pacitor was powered 10mm below the surface of the skin using a laser
to stimulate the sciatic nerve in rats.170 Optically powered devices can
achieve microscale dimensions if the power density in tissue is suffi-
cient. Serially connected photovoltaic diodes integrated into a device
with dimensions 220� 220 lm2, for example, were used to convert
infrared light (810 nm) to visible red light (630 nm) for
optogenetics.171

4. Tissue conduction

The ionic conductivity of biological tissue can be exploited for
wireless communication. In this approach, an electrode in contact
with tissue creates an alternating voltage with amplitude and frequency
outside of the window of physiological effect, which can be detected by
an electrode mounted elsewhere on the body. For example, an elec-
trode forming 0.3-mm-long dipole with a 2.5-mm-radius skirt was
used in an ingestible sensor to communicate with a patch mounted on
the abdomen in order to measure medical adherence.172 Power trans-
fer through tissue conduction has also been demonstrated using capac-
itive coupling between 30 and 90MHz. Using a skin-coupled
transmitter that injects 1.2 mW into the body, about 2lW was trans-
ferred at a distance of 160 cm, which was sufficient to operate a digital
calculator. The efficiency of transfer can be 35 dB higher than radio
frequency communication when the path between the transmitter and
receiver is obstructed by the body.173

III. LIGHT-BASED BIOELECTRONIC DIAGNOSTICS

Probing light scattering and absorption by tissue constituents can
enable the measurement of physiological parameters. Light-based bio-
electronic devices exploit this capability to track diagnostic markers
continuously and reveal insight about a person’s health.

A. Hemodynamic monitoring

The distinct absorption spectra of oxygenated and deoxygenated
hemoglobin provide the basis for optical hemodynamic
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monitoring.21,77,174 Photoplethysmography (PPG) is the most promi-
nent example that is universally used in emergency medicine to track
blood oxygen saturation. In the clinical setting, PPG is typically
obtained using a pulse oximeter that measures differential absorption
of red (typically 660nm) and infrared light (typically 940 nm) trans-
mitted through the finger [Fig. 3(a)]; modern wearables such as smart-
watches are also able to acquire PPG signals through differential
reflection measurements from the skin [Fig. 3(d)].175–177 Heart rate
trackers are based on a similar principle and typically use the reflection
of green light (520 nm),75,178,179 which is preferred due to its high
absorption by hemoglobin and shallow penetration depth.175,180,181

Hemodynamic monitoring during daily life can be challenging because
of motion artifacts and interference from ambient light. Mounting
optoelectronic components against the skin in the form of a conformal
patch can greatly reduce noise and increase the reliability of tracking.
Using near-field wireless power transfer, a binodal network of soft
optical and electrophysiological sensors was used to track oxygen satu-
ration, heart rate, and pulse transit times in neonates.182 NFC can also
be used to operate PPG sensors just a few millimeters in size using a
smartphone.78,79,182 Combining PPG sensors with pneumatic actua-
tors can enable the estimation of a person’s blood pressure by measur-
ing the pressure at which inflow and outflow are balanced.12 The

design of the encapsulation layers is important to reduce noise: black
elastomeric layers can reduce interference due to ambient light.21

Radiative cooling implemented using a polymer structured with nano-
and micro-voids has also been used to improve outdoor performance
by reflecting sunlight while maximizing thermal radiation.79 Ingestible
and implantable devices can also provide localized hemodynamic
monitoring using optical techniques. A telemetric gastric sensor, for
example, could detect gastric bleeding in porcine studies using differ-
ential absorption at 415 and 720nm with >80% sensitivity and
specificity.183

Functional near-infrared spectroscopy (fNIRS) is a noninvasive
tool for monitoring brain activity based on inferring cortical hemody-
namic activity through hemoglobin absorption [Fig. 3(d)].184–186

Although the utility of fNIRS is limited to the cortical surface,187 its
simplicity compared to other brain imaging techniques has motivated
applications in brain computer interfaces, hypoxia studies, and func-
tional connectivity estimation.188–190 Wearable fNIRS devices have
many applications in both research and clinical diagnostics due to
their ability to monitor brain activity during everyday life.191 A wire-
less fNIRS patch consisting of a pair of LEDs and multiple photodio-
des, for example, can monitor systemic and cerebral hemodynamics in
pediatric patients with and without congenital central hypoventilation

FIG. 3. Bioelectronics for light-based diagnosis. (a) Architecture for heart rate monitoring and two different types of hemodynamic mechanisms. (b) Simple schematic of ingest-
ible imaging devices. (c) Mechanism of fluorescence detection. (d) Portable fNIRS device and Apple watch. (e) Capsule endoscopes and OCT capsule endoscope. (f) Glove
type wearable fluorescence sensor. (d) Reprinted with permission from Saghir et al., Cardiovasc. Digital Health J. 1, 30–36 (2020). Copyright 2020 Authors, licensed under a
Creative Commons Attribution (CC BY) license;15 Reprinted with permission from Kwon et al., Front. Neurol. 898, (2018). Copyright 2018 Authors, licensed under a Creative
Commons Attribution (CC BY) license;193 (e) Reprinted with permission from Ciuti et al., IEEE Rev. Biomed. Eng. 4, 59–72 (2011). Copyright 2011 Authors, licensed under a
Creative Commons Attribution (CC BY) license;99 Reprinted with permission from Gora et al., Nat. Med. 19, 238–240 (2013). Copyright (2013) Authors, licensed under a
Creative Commons Attribution (CC BY) License;207 (f) Reprinted with permission from Liu et al., Proc. Natl. Acad. Sci. U. S. A. 114, 2200–2205 (2017). Copyright 2017
Authors, licensed under a Creative Commons Attribution (CC BY) License.222
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syndrome.192 Commercially available, wearable fNIRS devices with
hundreds of channels have shown promise for early detection of
stroke193 and Alzheimer’s disease.194 Wearable fNIRS devices have
also been explored for a wide range of other applications, including
neurodevelopment studies, social perception and interaction research,
and augmented and virtual reality applications.195

B. Optical imaging

Bioelectronic devices can be used to image regions of body that are
otherwise difficult to access. Endoscopic imaging, for example, has had
a major impact on the way that surgeries are performed, enabling proce-
dures to be less invasive and precise despite lack of direct visual
access.196–198 Capsule endoscopes integrate image sensors, lenses, LEDs,
microprocessors, and antennas in an ingestible form factor to enable
wireless video transmission from the gastrointestinal track [Fig.
3(b)].199,200 Current clinically used capsule endoscopes have typical
dimensions of 26� 11mm2 and can operate for up to 12h at 2 fps with
a resolution of 1920� 1080 pixels.19 Over two decades of clinical data
provide evidence of its benefits for the diagnosis of occult gastrointesti-
nal bleeding and assessment of Crohn’s disease after negative ileo-
scopy.201 The design of capsule endoscopes requires a balance of
achieving high-resolution images at a high frame rate for better diagnos-
tic performance while ensuring adequate battery life in a small form fac-
tor that minimizes the risk of retention.19,202,203 Because conventional
white-light imaging may miss certain abnormalities, the integration of
other surface imaging techniques such as chromoendoscopy, virtual
chromoendoscopy, magnification endoscopy, and autofluorescence
imaging has been investigated.19 Combining optical imaging with tem-
perature, pressure, and pH sensors may also improve diagnostic accu-
racy. The broad success of artificial intelligence in medical image
analysis has also motivated efforts to incorporate deep learning in imag-
ing devices to detect diseases automatically.204 Convolutional neural net-
works applied to capsule endoscopy, for example, have shown promise
for automatic detection of protruding lesions205 and angioectasia.206

Optical coherence tomography (OCT) is an established technique
for label-free, high-resolution imaging. OCT can provide near-
histological resolution (10–30lm) at up to 3mm depth and is the
standard of care in ophthalmic applications and intracoronary imag-
ing [Fig. 3(e)].207,208 OCT-based capsule endoscopes can provide
30lm lateral and 7lm axial resolution, although the scanning speed
is limited to about 20 fps.207 Using a distal scanner, scanning speeds of
up to 250 fps have been demonstrated with 8.5lm axial and 30lm
transverse resolution.208,209

Optical imaging has also been used in wearable devices to track
skin color changes over time. Using reflection measurements with
three LEDs across the range of melanin-sensitive wavelengths, a wear-
able device can distinguish between three different skin tones.78 This
technology could have applications in monitoring gradual changes in
skin tone linked to liver and kidney-related diseases.

C. Biochemical sensing

Bioelectronic devices can incorporate optical detectors to sense
the molecular constituents of biological fluids and tissues.210 These
devices typically exploit fluorescent sensors in combination with an
excitation source (LED or laser), a photodetector, optical filters, and
electronics for signal processing and data transmission [Fig. 3(c)].211

The design of the fluorescent sensor is challenging because the molec-
ular probe needs to be capable of real-time, continuous tracking of
analyte concentrations. Oxygen and pH sensors based on fluorescein
derivatives and platinum porphyrins are among the most widely inves-
tigated of real-time fluorescent sensors. Their interaction with biologi-
cal substrates can be controlled by physically or chemically trapping
the probes in polymer matrices such as silicone, polystyrene, cellulose
derivatives, and polyurethane hydrogels.212 Ratiometric measurements
of the intensity ratio or lifetime of two different fluorescent sensors
can improve the stability and accuracy by subtracting interference
from sources such as dye concentration, fluctuations in the source
intensity, and background fluorescence.213,214 Fluorescent calcium
indicators can be used to monitor neural dynamics in animals for neu-
roscientific applications. A subdermally implanted, battery-free pho-
tometer consisting of a micro-scale blue LED and photodiode
mounted on an injectable probe was used to record neural activity
during freely moving behavioral experiments.88 The recent develop-
ment of an integrated circuit consisting of 36� 40 pixel array, a laser
driver, a power management unit demonstrates the technological fea-
sibility of wireless, implantable fluorescence imaging.215

Bioluminescent probes enable optical sensing without the need for a
light excitation source.216 For instance, the luciferase reporter, which emits
broad-spectrum light centered around 560nm, is a commonly used tool
for studies of gene expression and tumorigenesis in animal models.217

The lack of endogenous bioluminescence in mammalian tissues results in
little background interference, enabling measurements with relatively
high signal-to-noise ratio (SNR).217,218 A portable bioluminescent detector
consisting of an injectable luciferase-based probe and a sensitive light
detector has been developed to facilitate functional bioluminescent studies
in large animals.219 Miniaturization of the light detector is enabled by the
use of a 1-cm2 silicon photodiode operated in the photovoltaic mode
instead of a conventional cooled CCD camera. Time-resolved biolumines-
cence within the body can also be measured using an implantable device.
By tuning the quality factor of a resonant circuit with a photodiode, biolu-
minescence from engineered luciferase in a rodent brain was measured
by locally modulating the magnetic resonance imaging signal.220

Microorganisms, which are innately resilient in physiological envi-
ronments, can also be used to transduce biochemical signals for readout
by a bioelectronic device.221 Bacterial biosensors trapped in hydrogel-
elastomer hybrids have been used to create wearable bioelectronic
patches and gloves that can detect rhamnose, b-D-1-thiogalactopyrano-
side, and N-acyl homoserine lactones [Fig. 3(f)].222 After 4h of contact
with the biomarkers of interest, the devices produce fluorescence visible
to the naked eye. An ingestible bacterial-electronic sensor has also been
developed to detect gastric bleeding. The sensor is based on engineered
probiotic Escherichia coli that provides a luminescence output upon
exposure to extracellular heme, which is read out by phototransistors
operated by an integrated luminometer chip with a microprocessor and
wireless transmitter.223 Synthetic biology methods could enable the
engineering of more complex genetic circuits to implement sensing
logic.224,225 Challenges in the clinical use of bacterial sensors include the
need for immobilization, low sensitivity, and slow response times.226–228

IV. LIGHT-BASED BIOELECTRONIC THERAPY
A. Antimicrobial therapy

Blue light (400–500nm) has been shown to be effective for treat-
ing a variety of bacterial infections, including Propionibacterium acnes
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associated with acne vulgaris and Helicobacter pylori associated with
gastritis.229–231 Studies in animal wound models have also demon-
strated their efficacy in treating antibiotic-resistant bacteria, such as
methicillin-resistant Staphylococcus aureus (MRSA). The therapeutic

effect arises from light-induced activation of endogenous porphyrins,
which produces cytotoxic reactive oxygen species (ROS) [Fig.
4(a)].232–234 Efficient blue LEDs based on gallium nitride can enable
the integration of antimicrobial light sources into wearable form

FIG. 4. Bioelectronics for light-based therapeutics. Schematic of antimicrobial (a), photobiomodulation (b), photodynamic therapy (c), light-triggered drug delivery (g), micro-robot actu-
ation (h), and neural stimulation mechanisms with light (i). Examples of each application, UV antibacterial skin patch (d), OLED-based stretchable photobiomodulation skin patch (e),
wireless photodynamic therapy devices for cancer treatments (f), hydrogel-based UV triggered drug release skin patch (j), light-actuated microrobot (k), and flexible optotrode for opto-
genetics (l). (d) Reprinted with permission from Zhang et al., Adv. Funct. Mater. 31, 2100576 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution (CC
BY) license;235 (e) Reprinted with permission from Jeon et al., Adv. Mater. Technol. 3, 1700391 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution (CC
BY) License;26 (f) Reprinted with permission from Bansal et al., Proc. Natl. Acad. Sci. U. S. A. 115, 1469–1474 (2018). Copyright 2018 Authors, licensed under a Creative Commons
Attribution (CC BY) License;28 (j) Reprinted with permission from Pang et al., Adv. Sci. 7, 1902673 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution
(CC BY) License;260 (k) Reprinted with permission from Miskin et al., Nature 584, 557–561 (2020). Copyright 2020 Authors, licensed under a Creative Commons Attribution (CC BY)
License;268 (l) Reprinted with permission from Kim et al., Science 340, 211–216 (2013). Copyright 2013 Authors, licensed under a Creative Commons Attribution (CC BY) License.37
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factors. For example, electronic bandages that emit blue light with
optical intensities up to 44.5 mW cm�2 have been shown to provide
complete extermination of MRSA after 2 h of irradiation in in vitro
studies.230 Microneedles can act as optical waveguides to deliver thera-
peutic light beyond the blue-light penetration depth [Fig. 4(d)].235 A
light-emitting dental implant producing 15 mW cm�2 of 410 nm light
has been shown to provide a stronger antimicrobial effect compared to
calcium hydroxide, which is the standard of care, in an Enterococcus
faecalis-infected root canal.236

B. Photobiomodulation

Photobiomodulation (PBM), also called low-level light therapy,
uses red and NIR light (600–1000nm) for applications related to stim-
ulating or enhancing cell function.237 PBM generally involves fluence
of 1–10 J cm�2 at intensities of 3–90 mW cm�2 and has shown thera-
peutic potential for wound healing,231,238 tissue repair,239 anti-
inflammation therapy,240 and pain therapy.241,242 The mechanisms of
PBM are thought to arise from the absorption of light by cytochrome
C oxidase in mitochondria, which dissociates inhibitory nitric oxide
and leads to increased adenosine triphosphate synthesis [Fig. 4(b)].243

Other potential mechanisms include the generation of ROS and the
modulation of gene transcription. Because these mechanisms are still
not well understood, the clinical use of PBM remains controversial.
Regardless, a wide range of portable and wearable applicators are com-
mercially available, including handheld sources for pain relief244 and
LED-integrated helmets for promoting hair growth.245 OLEDs, in par-
ticular, have been used to develop PBM applicators with thicknesses
less than 1mm and weight less than 1 g. Using OLEDs with light emis-
sion tunable between 600 and 700nm, a patch delivering 10 mW cm�2

was shown to promote wound healing in animal models [Fig. 4(e)].26

Flexible lLEDs utilizing pulsed stimulation of 650nm at 10Hz can
facilitate hair removal without thermal damage to tissues.27

C. Photodynamic therapy

PDT uses light and a photosensitizer in combination with cellular
oxygen to selectively eliminate diseased cells. Following the absorption
of light by the photosensitizer, cell death is elicited by the conversion
of cellular oxygen to cytotoxic ROS [Fig. 4(c)]. PDT is a clinically
established treatment of a range of cancers—including bladder, skin,
esophageal, bile ducts, and brain—where the ability to target diseased
cells while sparing healthy cells can provide advantages over systemic
treatments such as chemotherapy.246,247 Current use of PDT relies on
light sources such as lamps or fiber optics, which limits its use to clini-
cal settings.248 Wearable PDT devices based on inorganic LEDs or
OLEDs, which have the advantage of being more lightweight, can
enable ambulatory PDT with lower irradiance, longer exposure times,
and greater convenience. Clinical studies have shown that ambulatory
PDT of non-melanoma skin cancer based on LEDs resulted in compa-
rable clearance rates and lower pain scores compared to conventional
PDT, and is preferred by most patients.249,250

PDT is currently limited to treating lesions less than a centimeter
in depth because of the low tissue penetration depth of light.
Implantable light delivery devices have the potential to overcome this
limitation and enable PDT to be repeatably performed deep in the
body. These devices need to be miniaturized in order to be implanted
during standard procedures, such as during biopsy of the tumor or

during surgical resection to combat tumor recurrence. LED-based
devices for PDT powered by ultrasound as well as near-field and mid-
field wireless power transfer have been successfully demonstrated in
rodent cancer models.28,29,251 In particular, mid-field wireless power
transfer was used to operate a device less than 30mg in weight and
15mm3 in volume with an output light intensity of 1 mW cm�2 at
5 cm depth in a pig model [Fig. 4(f)].28 Using multiple LEDs, multi-
wavelength emission can be tailored to the absorption peaks of the
photosensitizer.28,251 Flexible devices can be attached on tumor surfa-
ces using tissue adhesives to increase the efficacy of PDT.252 Artificial
intelligence techniques can be used to perform multiple PDT studies
in parallel.253

The effective depth of PDT can also be enhanced using upcon-
version nanoparticles based on lanthanide- or actinide-doped transi-
tion metals, which convert more deeply penetrating NIR light to
visible wavelengths suitable for photosensitizer activation.254 An
implantable optical guide containing upconversion nanoparticles was
used in combination with an external NIR laser to suppress glioblas-
toma multiforme (GBM) tumor growth in a mouse model.255

D. Light-triggered drug release

Materials engineered to respond to light can be used for on-
demand, spatiotemporally targeted drug release [Fig. 4(g)].256 The
photo-responsive properties of such materials can be based on a wide
range of wavelengths and chemistries. UV light can trigger changes in
material structure and properties through photoisomerization, photo-
cleavage, or photopolymerization for applications in drug release and
tissue adhesives.257–259 For instance, a flexible LED-based device emit-
ting 365nm light was integrated with a UV-cleavable hydrogel for pro-
grammable antibiotic wound therapy [Fig. 4(j)].260 A bioelectronic-
tissue adhesive combining UV-photocurable covalent networks with
ionic networks can also provide interfaces that allow optical, electrical,
and chemical exchange.261 NIR light can activate changes in the
properties of materials incorporating photothermal nanoparticles.
Hydrogels comprising polydopamine nanoparticles and graphene
aerogel, for example, can be programmed for drug release via volume
shrinkage when irradiated with a 808nm laser.262

Gold nanoparticles have broad therapeutic applications owing to
their versatile functionalization capabilities and unique optical proper-
ties. In particular, they support plasmonic resonances, which can be
broadly tuned by their size and shape, that lead to strong photother-
mal effects at specific wavelengths.263,264 Gold–silica nanoshells coated
with a drug-eluting hydrogel, for example, can be designed for ther-
mally triggered drug release when exposed to NIR light.265 Using
intratumorally injected gold nanostars coated with an active layer of
trans-1,2-bi-(4-pyridyl) ethylene (BPE) and polyethylene glycol
(PEG), a wireless NIR-emitting device was shown to prolong survival
in a rat model of GBM.266

Light can also potentially be used to manipulate micro-robots for
applications in drug delivery and surgery [Fig. 4(h)]. A wide range of
manipulation mechanisms have been demonstrated in vitro, including
optical trapping, photothermal actuation, and photo-induced electro-
phoresis.73,267 Photolithographic fabrication can enable mass produc-
tion of microrobots and facilitate integration with other
semiconductor devices for expanded functionality. For example, more
than 1 � 106 light-controllable electrochemical actuator-based micro-
robots were fabricated on a 4-in. wafer with a 9% yield [Fig. 4(k)].268
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E. Neural modulation

Light can provide a spatiotemporally targeted stimulus to control
neural activity for clinical and scientific applications.269 Photothermal
neuromodulation uses pulsed infrared light (1800–2100nm) at high
intensities for stimulation through the induction of membrane-
capacitive current or low intensities for inhibition through thermal
suppression of axon conductance.270 Auditory nerve responses, for
example, can be modulated by illumination at wavelengths of
1844–2120nm using pulse lengths between 0.035 and 1.6 ms and
stimulation thresholds of 1.6–27 mJ cm�2.271 The efficiency and selec-
tivity of photothermal neuromodulation can be further enhanced
using nanoparticles with optical properties, such as those comprising
of gold, carbon, or polymers. A study found that gold nanoparticles
increased the neuronal responsivity of a rat sciatic nerve to NIR light
by 5.7 times.272 The mechanisms of photothermal neuromodulation,
however, are still not well understood and demonstrations have been
largely limited to animal studies, in part due to the need for careful
control of light intensities to prevent thermal damage.270,271

Optogenetics enables genetically targeted, optical control over
cellular activity through the genetic integration of light-gated ion chan-
nels [Fig. 4(i)].273 In a typical protocol, target neurons are genetically
modified to express depolarizing or hyperpolarizing microbial
opsins, which are activated at visible wavelengths at intensities above
1 mW cm�2.274–276 Optogenetics has revolutionized the study of neu-
ral circuits and revealed many insights with far-reaching clinical
impact, such the design of deep-brain stimulation protocols for
Parkinson’s.277,278 To enable optogenetic behavioral investigations in
freely moving animals, a variety of wireless optogenetic devices have
been developed. lLEDs mounted on injectable probes can be stereo-
tactically placed in the brain and wirelessly activated with light intensi-
ties up to 17.7 mW cm�2 using an headset-integrated antenna [Fig.
4(l)].37 Fully implantable optogenetic devices capable of targeting the
peripheral nervous system as well as the brain have been demonstrated
using self-tracking wireless powering techniques to enable millimeter-
scale miniaturization34,279 or using stretchable design strategies to
facilitate implantation in soft tissues.30,280 Battery-free NFC systems
can be used to realize a range of sophisticated computation-based
functionalities, such as programmability, independent operation of
multiple devices, and closed-loop sensing and control.281

Optogenetics is being actively developed for clinical use,
although significant challenges associated with the need for genetic
transfection and light delivery through thick tissues remain.
Applications in vision restoration are currently undergoing clinical tri-
als (NCT02556736282,283 and NCT03326336284) in which the target
cells are accessible to both light and transgene delivery. Studies in non-
human primates have suggested that clinical applications may necessi-
tate the activation of a larger number of neurons compared to rodents,
which may be achieved by using higher light intensities, optical diffus-
ers, or longer wavelengths.285Wearable patches and wirelessly powered
implants have been suggested as potential light delivery solutions.32,166

F. Retinal prostheses

Retinal prostheses can partially restore vision in blind patients via
electrical stimulation of preserved neurons in the visual system. In a
decade-long clinical trial, epiretinal prostheses consisting of an
implanted microelectrode array and a wirelessly linked camera

mounted on glasses (Argus II) demonstrated improvement in patients’
functional vision, although the development has since ceased, in part
due to the limited quality of artificial vision.286 Photovoltaic retinal
prosthetics (PRIMA; Pixium Vision, Paris, France) have been devel-
oped to overcome limitations in the electrode density resulting from
electrical feedlines.106,287,288 A 2� 2mm2, 30-lm-thick photovoltaic
array with 378 pixels provided augmented prosthetic vision in patients
with age-related macular degeneration using a glass-mounted NIR
projector.289

V. OUTLOOK

Bioelectronic devices can harness the versatile role of light in
medicine to enable sensing and therapy outside of traditional clinical
settings. Current commercially available devices are predominantly
based on rigid, inorganic semiconductor LEDs and photodetectors
owing to their high quantum efficiencies, ability to be miniaturized,
and low power consumption. These devices, however, pose challenges
for interfacing with soft biological tissues. Optical sources and detec-
tors based on organic semiconductors have enabled a wide variety of
flexible wearable and implantable devices with skin-like mechanical
properties, and significant advances have been made in increasing
their efficiency and stability through improved materials and encapsu-
lation techniques. Strategies for energy harvesting and wireless power
transfer offer the possibility of miniaturizing devices and prolonging
their lifetime beyond that of existing battery-powered devices. Energy
harvesters have shown significant potential for powering light-based
bioelectronic devices through physical movements of the human body,
but biocompatibility and intermittency remain major challenges.
Advanced wireless power transfer techniques based on radio frequency
and ultrasonic modalities can enable battery-free operation of
millimeter-scale devices, but the robustness and safety of the systems
during clinical use needs to be addressed.

The use of bioelectronics and integrated optical technology
will play an increasingly important role as the paradigm of digital
medicine shifts the focus of health care away from episodic
care and toward continuous monitoring and intervention.290

Capsule endoscopy and wrist-worn PPG are prominent examples
of light-based bioelectronic devices already in wide clinical use.
Technologies that exploit the molecular specificity of light for bio-
chemical sensing are emerging, but challenges associated with the
robustness, longevity, and form factor of the device still need to be
addressed. Many exciting therapies based on the remote delivery of
light with bioelectronic devices have been demonstrated, and
efforts are underway to clinically translate them. Progress in opti-
cal technology, energy storage, materials science, and wireless tech-
niques as well as recent translational efforts demonstrate the
potential of bioelectronics to use light to improve human health.

ACKNOWLEDGMENTS

The authors acknowledge support from the National
Research Foundation Singapore (Grant No. NRFF2017–07),
Ministry of Education Singapore (Grant Nos. MOE2016-T3-1-004
and A-0009047-00-00), the Institute for Health Innovation and
Technology, and the SIA-NUS Digital Aviation Corporate
Laboratory.

Biophysics Reviews REVIEW scitation.org/journal/bpr

Biophysics Rev. 4, 011304 (2023); doi: 10.1063/5.0102811 4, 011304-12

Published under an exclusive license by AIP Publishing

https://scitation.org/journal/bpr


AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Han-Joon Kim: Writing – original draft (equal); Writing – review &
editing (equal). Weni Sritandi: Writing – original draft (equal). Ze
Xiong:Writing – review & editing (equal). John SHo:Conceptualization
(equal); Funding acquisition (equal); Supervision (equal); Writing –
original draft (equal); Writing – review & editing (equal).

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data were
created or analyzed in this study.

REFERENCES
1A. Grzybowski, J. Sak, and J. Pawlikowski, “A brief report on the history of
phototherapy,” Clin. Dermatol. 34, 532–537 (2016).

2A. F. McDonagh, “Phototherapy: From ancient Egypt to the new millen-
nium,” J. Perinatol. 21, S7–S12 (2001).

3S. M. Pantanelli, C. C. Lin, Z. Al-Mohtaseb, J. R. Rose-Nussbaumer, M. R.
Santhiago, W. A. Steigleman III, and J. M. Schallhorn, “Intraocular lens
power calculation in eyes with previous excimer laser surgery for myopia: A
report by the American Academy of Ophthalmology,” Ophthalmology 128,
781–792 (2021).

4E. Khalkhal, M. Rezaei-Tavirani, M. R. Zali, and Z. Akbari, “The evaluation of
laser application in surgery: A review article,” J. Lasers Med. Sci. 10, S104 (2019).

5T. Passeron, R. Genedy, L. Salah, T. Fusade, G. Kositratna, H.-J. Laubach, L.
Marini, and A. Badawi, “Laser treatment of hyperpigmented lesions: Position
statement of the European Society of Laser in Dermatology,” J. Eur. Acad.
Dermatol. Venereol. 33, 987–1005 (2019).

6A. Krenitsky, R. I. Ghamrawi, and S. R. Feldman, “Phototherapy: A review
and update of treatment options in dermatology,” Curr. Dermatol. Rep. 9,
10–21 (2020).

7T. W. R. Hansen, M. J. Maisels, F. Ebbesen, H. J. Vreman, D. K. Stevenson, R.
J. Wong, and V. K. Bhutani, “Sixty years of phototherapy for neonatal jaundi-
ce–from serendipitous observation to standardized treatment and rescue for
millions,” J. Perinatol. 40, 180–193 (2020).

8G. Inamori, U. Kamoto, F. Nakamura, Y. Isoda, A. Uozumi, R. Matsuda, M.
Shimamura, Y. Okubo, S. Ito, and H. Ota, “Neonatal wearable device for
colorimetry-based real-time detection of jaundice with simultaneous sensing
of vitals,” Sci. Adv. 7, eabe3793 (2021).

9S. A. McFarland, A. Mandel, R. Dumoulin-White, and G. Gasser, “Metal-
based photosensitizers for photodynamic therapy: The future of multimodal
oncology?,” Curr. Opin. Chem. Biol. 56, 23–27 (2020).

10M. Tampa, M.-I. Sarbu, C. Matei, C.-I. Mitran, M.-I. Mitran, C. Caruntu, C.
Constantin, M. Neagu, and S.-R. Georgescu, “Photodynamic therapy: A hot
topic in dermato-oncology,” Oncol. Lett. 17, 4085–4093 (2019).

11S. Shah, K. Majmudar, A. Stein, N. Gupta, S. Suppes, M. Karamanis, J.
Capannari, S. Sethi, and C. Patte, “Novel use of home pulse oximetry monitor-
ing in COVID-19 patients discharged from the emergency department identi-
fies need for hospitalization,” Acad. Emerg. Med. 27, 681–692 (2020).

12J. Fortin, D. E. Rogge, C. Fellner, D. Flotzinger, J. Grond, K. Lerche, and B.
Saugel, “A novel art of continuous noninvasive blood pressure measurement,”
Nat. Commun. 12, 1387 (2021).

13A. M. Luks and E. R. Swenson, “Pulse oximetry for monitoring patients with
COVID-19 at home. Potential pitfalls and practical guidance,” Ann. Am.
Thorac. Soc. 17, 1040–1046 (2020).

14R. S. Ajlan, A. A. Desai, and M. A. Mainster, “Endoscopic vitreoretinal sur-
gery: Principles, applications and new directions,” Int. J. Retina Vitreous 5, 15
(2019).

15N. Saghir, A. Aggarwal, N. Soneji, V. Valencia, G. Rodgers, and T. Kurian, “A
comparison of manual electrocardiographic interval and waveform analysis in
lead 1 of 12-lead ECG and apple watch ECG: A validation study,” Cardiovasc.
Digital Health J. 1, 30–36 (2020).

16Y. Lee, J. W. Chung, G. H. Lee, H. Kang, J.-Y. Kim, C. Bae, H. Yoo, S. Jeong,
H. Cho, S.-G. Kang et al., “Standalone real-time health monitoring patch
based on a stretchable organic optoelectronic system,” Sci. Adv. 7, eabg9180
(2021).

17C. Steiger, A. Abramson, P. Nadeau, A. P. Chandrakasan, R. Langer, and G.
Traverso, “Ingestible electronics for diagnostics and therapy,” Nat. Rev. Mater.
4, 83–98 (2019).

18M. J. Gora, M. J. Suter, G. J. Tearney, and X. Li, “Endoscopic optical coherence
tomography: Technologies and clinical applications,” Biomed. Opt. Express 8,
2405–2444 (2017).

19G. Cummins, B. F. Cox, G. Ciuti, T. Anbarasan, M. P. Desmulliez, S. Cochran,
R. Steele, J. N. Plevris, and A. Koulaouzidis, “Gastrointestinal diagnosis using
non-white light imaging capsule endoscopy,” Nat. Rev. Gastroenterol.
Hepatol. 16, 429–447 (2019).

20W. Gao, S. Emaminejad, H. Y. Y. Nyein, S. Challa, K. Chen, A. Peck, H. M.
Fahad, H. Ota, H. Shiraki, D. Kiriya et al., “Fully integrated wearable sensor
arrays for multiplexed in situ perspiration analysis,” Nature 529, 509–514
(2016).

21J. Kim, P. Gutruf, A. M. Chiarelli, S. Y. Heo, K. Cho, Z. Xie, A. Banks, S. Han,
K.-I. Jang, J. W. Lee et al., “Miniaturized battery-free wireless systems for
wearable pulse oximetry,” Adv. Funct. Mater. 27, 1604373 (2017).

22H.-J. Kim, Y. Jin, S. Achavananthadith, R. Lin, and J. S. Ho, “A wireless opto-
electronic skin patch for light delivery and thermal monitoring,” iScience 24,
103284 (2021).

23M. Baldinger, A. Heinrich, T. Adams, E. Martens, M. Dommasch, A. M€uller,
A. Siegmann, and G. Schmidt, “Telecovid: Remote vital signs monitoring of
COVID-19 risk patients in home isolation with an in-ear wearable,” IEEE
Pervasive Comput. 20, 58–62 (2021).

24S. H. Yun and S. J. Kwok, “Light in diagnosis, therapy and surgery,” Nat.
Biomed. Eng. 1, 0008 (2017).

25G.-H. Lee, H. Moon, H. Kim, G. H. Lee, W. Kwon, S. Yoo, D. Myung, S. H.
Yun, Z. Bao, and S. K. Hahn, “Multifunctional materials for implantable and
wearable photonic healthcare devices,” Nat. Rev. Mater. 5, 149–165 (2020).

26Y. Jeon, H.-R. Choi, M. Lim, S. Choi, H. Kim, J. H. Kwon, K.-C. Park, and K.
C. Choi, “A wearable photobiomodulation patch using a flexible red-
wavelength OLED and its in vitro differential cell proliferation effects,” Adv.
Mater. Technol. 3, 1700391 (2018).

27H. E. Lee, S. H. Lee, M. Jeong, J. H. Shin, Y. Ahn, D. Kim, S. H. Oh, S. H.
Yun, and K. J. Lee, “Trichogenic photostimulation using monolithic flexible
vertical AlGaInP light-emitting diodes,” ACS Nano 12, 9587–9595 (2018).

28A. Bansal, F. Yang, T. Xi, Y. Zhang, and J. S. Ho, “In vivo wireless photonic
photodynamic therapy,” Proc. Natl. Acad. Sci. U. S. A. 115, 1469–1474
(2018).

29A. Kim, J. Zhou, S. Samaddar, S. H. Song, B. D. Elzey, D. H. Thompson, and
B. Ziaie, “An implantable ultrasonically-powered micro-light-source (llight)
for photodynamic therapy,” Sci. Rep. 9, 1395 (2019).

30S. I. Park, D. S. Brenner, G. Shin, C. D. Morgan, B. A. Copits, H. U. Chung,
M. Y. Pullen, K. N. Noh, S. Davidson, S. J. Oh et al., “Soft, stretchable, fully
implantable miniaturized optoelectronic systems for wireless optogenetics,”
Nat. Biotechnol. 33, 1280–1286 (2015).

31G. Shin, A. M. Gomez, R. Al-Hasani, Y. R. Jeong, J. Kim, Z. Xie, A. Banks, S.
M. Lee, S. Y. Han, C. J. Yoo et al., “Flexible near-field wireless optoelectronics
as subdermal implants for broad applications in optogenetics,” Neuron 93,
509–521 (2017).

32C. Y. Kim, M. J. Ku, R. Qazi, H. J. Nam, J. W. Park, K. S. Nam, S. Oh, I. Kang,
J.-H. Jang, W. Y. Kim et al., “Soft subdermal implant capable of wireless bat-
tery charging and programmable controls for applications in optogenetics,”
Nat. Commun. 12, 535 (2021).

33S. Lee, A. J. Cortese, A. P. Gandhi, E. R. Agger, P. L. McEuen, and A. C.
Molnar, “A 250 lm� 57 lm microscale opto-electronically transduced elec-
trodes (motes) for neural recording,” IEEE Trans. Biomed. Circuits Syst. 12,
1256–1266 (2018).

Biophysics Reviews REVIEW scitation.org/journal/bpr

Biophysics Rev. 4, 011304 (2023); doi: 10.1063/5.0102811 4, 011304-13

Published under an exclusive license by AIP Publishing

https://doi.org/10.1016/j.clindermatol.2016.05.002
https://doi.org/10.1038/sj.jp.7210625
https://doi.org/10.1016/j.ophtha.2020.10.031
https://doi.org/10.15171/jlms.2019.S18
https://doi.org/10.1111/jdv.15497
https://doi.org/10.1111/jdv.15497
https://doi.org/10.1007/s13671-020-00290-6
https://doi.org/10.1038/s41372-019-0439-1
https://doi.org/10.1126/sciadv.abe3793
https://doi.org/10.1016/j.cbpa.2019.10.004
https://doi.org/10.3892/ol.2019.9939
https://doi.org/10.1111/acem.14053
https://doi.org/10.1038/s41467-021-21271-8
https://doi.org/10.1513/AnnalsATS.202005-418FR
https://doi.org/10.1513/AnnalsATS.202005-418FR
https://doi.org/10.1186/s40942-019-0165-z
https://doi.org/10.1016/j.cvdhj.2020.07.002
https://doi.org/10.1016/j.cvdhj.2020.07.002
https://doi.org/10.1126/sciadv.abg9180
https://doi.org/10.1038/s41578-018-0070-3
https://doi.org/10.1364/BOE.8.002405
https://doi.org/10.1038/s41575-019-0140-z
https://doi.org/10.1038/s41575-019-0140-z
https://doi.org/10.1038/nature16521
https://doi.org/10.1002/adfm.201604373
https://doi.org/10.1016/j.isci.2021.103284
https://doi.org/10.1109/MPRV.2021.3066825
https://doi.org/10.1109/MPRV.2021.3066825
https://doi.org/10.1038/s41551-016-0008
https://doi.org/10.1038/s41551-016-0008
https://doi.org/10.1038/s41578-019-0167-3
https://doi.org/10.1002/admt.201700391
https://doi.org/10.1002/admt.201700391
https://doi.org/10.1021/acsnano.8b05568
https://doi.org/10.1073/pnas.1717552115
https://doi.org/10.1038/s41598-019-38554-2
https://doi.org/10.1038/nbt.3415
https://doi.org/10.1016/j.neuron.2016.12.031
https://doi.org/10.1038/s41467-020-20803-y
https://doi.org/10.1109/TBCAS.2018.2876069
https://scitation.org/journal/bpr


34K. L. Montgomery, A. J. Yeh, J. S. Ho, V. Tsao, S. M. Iyer, L. Grosenick, E. A.
Ferenczi, Y. Tanabe, K. Deisseroth, S. L. Delp et al., “Wirelessly powered, fully
internal optogenetics for brain, spinal and peripheral circuits in mice,” Nat.
Methods 12, 969–974 (2015).

35Y. Wu, M. Wu, A. V�azquez-Guardado, J. Kim, X. Zhang, R. Avila, J.-T. Kim,
Y. Deng, Y. Yu, S. Melzer et al., “Wireless multi-lateral optofluidic microsys-
tems for real-time programmable optogenetics and photopharmacology,”
Nat. Commun. 13, 5571 (2022).

36Z. Chen, S. N. Obaid, and L. Lu, “Recent advances in organic optoelectronic
devices for biomedical applications,” Opt. Mater. Express 9, 3843–3856
(2019).

37T.-I. Kim, J. G. McCall, Y. H. Jung, X. Huang, E. R. Siuda, Y. Li, J. Song, Y. M.
Song, H. A. Pao, R.-H. Kim et al., “Injectable, cellular-scale optoelectronics
with applications for wireless optogenetics,” Science 340, 211–216 (2013).

38T. P. Pearsall, Photonics Essentials (McGraw-Hill Education, 2003).
39S. Dutta Gupta and B. Jatothu, “Fundamentals and applications of light-
emitting diodes (LEDs) in in vitro plant growth and morphogenesis,” Plant
Biotechnol. Rep. 7, 211–220 (2013).

40D. R. Opel, E. Hagstrom, A. K. Pace, K. Sisto, S. A. Hirano-ALi, S. Desai, and
J. Swan, “Light-emitting diodes: A brief review and clinical experience,”
J. Clin. Aesthet. Dermatol. 8, 36–44 (2015), see https://jcadonline.com/light-
emitting-diodes-a-brief-review-and-clinical-experience/.

41R. G. Calderhead, “The photobiological basics behind light-emitting diode
(LED) phototherapy,” Laser Ther. 16, 97–108 (2007).

42H. Huang, J. Huang, C. Lin, K. Lee, H. Hsu, C. Yu, and H.-C. Kuo, “Efficiency
improvement of GaN-based leds with a SiO2 nanorod array and a patterned
sapphire substrate,” IEEE Electron Device Lett. 31, 582–584 (2010).

43C. Chiu, H. Yen, C. Chao, Z. Li, P. Yu, H.-C. Kuo, T.-C. Lu, S. Wang, K. M.
Lau, and S.-J. Cheng, “Nanoscale epitaxial lateral overgrowth of gan-based
light-emitting diodes on a SiO2 nanorod-array patterned sapphire template,”
Appl. Phys. Lett. 93, 081108 (2008).

44J. M. Pietryga, Y.-S. Park, J. Lim, A. F. Fidler, W. K. Bae, S. Brovelli, and V. I.
Klimov, “Spectroscopic and device aspects of nanocrystal quantum dots,”
Chem. Rev. 116, 10513–10622 (2016).

45S. Goncalves, J. Ribeiro, A. Silva, R. Costa, and J. Correia, “Design and
manufacturing challenges of optogenetic neural interfaces: A review,”
J. Neural Eng. 14, 041001 (2017).

46S. Mondello, B. Pedigo, M. Sunshine, A. Fischedick, P. Horner, and C. Moritz,
“A micro-led implant and technique for optogenetic stimulation of the rat
spinal cord,” Exp. Neurol. 335, 113480 (2021).

47J. Y. Sim, M. P. Haney, S. I. Park, J. G. McCall, and J.-W. Jeong, “Microfluidic
neural probes: In vivo tools for advancing neuroscience,” Lab Chip 17,
1406–1435 (2017).

48J. Song, H. Lee, E. G. Jeong, K. C. Choi, and S. Yoo, “Organic light-emitting diodes:
Pushing toward the limits and beyond,” Adv. Mater. 32, 1907539 (2020).

49T. Yokota, P. Zalar, M. Kaltenbrunner, H. Jinno, N. Matsuhisa, H.
Kitanosako, Y. Tachibana, W. Yukita, M. Koizumi, and T. Someya,
“Ultraflexible organic photonic skin,” Sci. Adv. 2, e1501856 (2016).

50Y. Qian, X. Zhang, L. Xie, D. Qi, B. K. Chandran, X. Chen, and W. Huang,
“Stretchable organic semiconductor devices,” Adv. Mater. 28, 9243–9265 (2016).

51D. Yin, J. Feng, R. Ma, Y.-F. Liu, Y.-L. Zhang, X.-L. Zhang, Y.-G. Bi, Q.-D.
Chen, and H.-B. Sun, “Efficient and mechanically robust stretchable organic
light-emitting devices by a laser-programmable buckling process,” Nat.
Commun. 7, 11573 (2016).

52A. K. Bansal, S. Hou, O. Kulyk, E. M. Bowman, and I. D. Samuel, “Wearable
organic optoelectronic sensors for medicine,” Adv. Mater. 27, 7638–7644
(2015).

53J. S. Heo, J. Eom, Y.-H. Kim, and S. K. Park, “Recent progress of textile-based
wearable electronics: A comprehensive review of materials, devices, and
applications,” Small 14, 1703034 (2018).

54M. A. Triana, A. A. Restrepo, R. J. Lanzafame, P. Palomaki, and Y. Dong,
“Quantum dot light-emitting diodes as light sources in photomedicine:
Photodynamic therapy and photobiomodulation,” J. Phys. Mater. 3, 032002
(2020).

55Y. Jeon, I. Noh, Y. C. Seo, J. H. Han, Y. Park, E. H. Cho, and K. C. Choi,
“Parallel-stacked flexible organic light-emitting diodes for wearable

photodynamic therapeutics and color-tunable optoelectronics,” ACS Nano
14, 15688–15699 (2020).

56H. Zhang and J. A. Rogers, “Recent advances in flexible inorganic light emit-
ting diodes: From materials design to integrated optoelectronic platforms,”
Adv. Opt. Mater. 7, 1800936 (2019).

57S. Scholz, D. Kondakov, B. Lussem, and K. Leo, “Degradation mechanisms
and reactions in organic light-emitting devices,” Chem. Rev. 115, 8449–8503
(2015).

58H. Aziz, Z. Popovic, C. P. Tripp, N.-X. Hu, A.-M. Hor, and G. Xu,
“Degradation processes at the cathode/organic interface in organic light emit-
ting devices with mg: Ag cathodes,” Appl. Phys. Lett. 72, 2642–2644 (1998).

59R. Pode, “Organic light emitting diode devices: An energy efficient solid state
lighting for applications,” Renewable Sustainable Energy Rev. 133, 110043
(2020).

60L. Sun, Y. Kurosawa, H. Ito, Y. Makishima, H. Kita, T. Yoshida, and Y.
Suzuri, “Solution processing of alternating PDMS/SiOx multilayer for encap-
sulation of organic light emitting diodes,” Org. Electron. 64, 176–180 (2019).

61Y. Yu, “Package structure of flexible OLED device and display device,” U.S.
patent Application 15/310,101 (1 June 2016).

62G. J. Supran, Y. Shirasaki, K. W. Song, J.-M. Caruge, P. T. Kazlas, S. Coe-
Sullivan, T. L. Andrew, M. G. Bawendi, and V. Bulović, “QLEDs for displays
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