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Abstract

Tethered optical, electrical and fluidic battery-powered devices that interface with neural tissue
constrain or prevent subject motion, as well as social interactions, and prevent their long-term

use in larger models, such as non-human primates, which inhabit complex environments, move
over large distances and have high levels of manual dexterity. Here, we discuss recent advances

in ultra-lightweight, miniaturized, wireless and battery-free devices that are fully implantable, with
capabilities that match or exceed the performance of tethered and battery-powered alternatives,
while bypassing their intrinsic limitations. These systems enable closed-loop applications that
combine neural recordings and neurostimulation and include the long-lived delivery of therapeutic
compounds and the real-time monitoring and treatment of abnormal physiological functions.
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Editorial Summary

Recent advances in material science and neuroengineering serve as the foundations for
lightweight, miniaturized and fully implantable wireless devices that interface with biological
tissues for recording and stimulating neural activity, without the need for batteries or physical
tethers.

Advances in electronic, optoelectronic and microfluidic interfaces with living biosystems
serve as the foundations for the development of versatile tools capable of interrogating the
central and peripheral nervous systems.1-> The implications for the field extend beyond
their use in fundamental research and include approaches for the treatment of neurological
disorders and diseases.®"11 The most advanced devices currently approved for human

use for deep brain stimulation, cochlear implants and cardiac pacemakers utilize rigid

and comparatively large electronic modules electrically connected to metal electrodes

that interface with neural cells. Despite their success in monitoring and ameliorating
diverse neurological disorders and diseases, including depression, epilepsy, chronic pain,
deafness, and Parkinson’s disease, their limited modalities of operation and the mechanical
mismatch between the tissues and the hardware represent areas where advances in
neuroengineering can, in principle, facilitate intimate, long-lived neural interfaces with
diverse operational modes. Recent progress in implantable neural interfaces qualitatively
extend designs and capabilities of existing miniaturized systems, to support delivery of
user-programmed optical, 1215 chemical 14 16-19 and electrical stimuli?%-23 in real-time,
with formats that require only minimally invasive implantation procedures and that offer
stability in operation over extended periods of time. These implantable neural interfaces
are distinct from (and potentially have complementary functions to) recently developed
materials-based approaches, such as upconverting nanoparticles that convert incident near
infrared illumination to visible light stimulus,1: 24 25> magnetic nanoparticles that transduce
magnetic fields to mechanical, electrical and thermal stimuli,1- 26-28 and ultrasound-based
contrast agents capable of transiently opening the blood-brain barrier for the local delivery
of therapeutic agents,2% 30, Here, we focus on engineered miniaturized systems that exploit
schemes in wireless power transfer, communication and digital control that support broad
applications in neuroscience studies, cardiac research and monitoring of organ function.31-33

Commonly used technologies rely on electrochemical power sources such as batteries and
supercapacitors or on similarly large, bulky systems for energy harvesting,16: 34-39 due partly
to their technological maturity and widespread availability. Conventional rigid printed circuit
boards typically serve as mounting sites for centimeter-scale electronic components for
wireless transmission, physiological recording and control of stimulation. Devices that use
these designs can however cause irritation, infections, motion artefacts, and reduced freedom
of motion, particularly in small animal models such as mice, making size and weight

of externalized devices1® 40-44 key limiting parameters. Restrictions following from large
formfactors also affect the precise interpretation of experimental data and in many cases
preclude behavioral studies in real-life environments. Fully wireless, lightweight systems
that are battery-free and adopt miniaturized form factors, configured for complete and
long-term implantation, allow for continuous behavioral studies without requirements for
human interaction.
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This paper captures the latest technologies in wireless implantable devices and compares
their designs and capabilities with those of traditional tethered and battery-powered systems.
Material selections and engineering approaches for functional interfaces are discussed

in the context of biocompatibility and hermeticity, wireless data communication and

power transfer. Although embodiments of these technologies are highlighted as tools for
fundamental neuroscience research and multifunctional neuroengineering in small animal
models, the results also establish foundational methods and technologies for the translation
to large animals and human subjects.

Limitations of tethered systems.

Technologies that rely on physical tethers such as electrical wires, fiber optic cables or
fluidic tubing are commonly used in neuroscience research and in medical systems, due

in part to the simplicity and commodity nature of the component parts. For example,
optogenetic stimulation and cell recordings to interrogate neural function in the brain are
typically achieved using optical fiber technologies adapted from the telecommunications
industry.45: 46 Here, the fiber optic couples to an external light source, and creates

an optical interface with a targeted region in the brain. The materials and geometric
properties of the fiber and the light source determine the type of illumination®’-51, Examples
include angle-adjusted optical coupling into tapered fibers for selective neurostimulation,*’
multifunctional fibers for coordinated electrical recording, optogenetic stimulation and
biological agent delivery#8, and fiber-based photometers for stimulation and recording of
fluorescence from genetically targeted Ca2* indicators49: 50 52 and fluorescent voltage
reporters.51 Other tethered systems utilize head-mounted electronics and/or cable assemblies
in conjunction with implantable light sources and electrical/optical recording components.
For instance, advanced platforms use micro-structured injectable needles with integrated
microscale inorganic light-emitting diodes (u-ILEDs) and electrodes for multi-site recording
and stimulation with spatial resolution on the cellular scale.>3 Others use miniaturized
head-stage camera setups coupled with chronically implanted lenses for visualizing neural
circuit dynamics with high spatial resolution.>* 55 Such tether-based technologies, however,
pose particular difficulties when interfacing with highly mobile areas like the spinal cord

or peripheral nerves because of the need for fixation to mechanically stable parts of the
anatomy such as the skull or to specialized orthosis.>6 Furthermore, the forces exerted on the
implant by the tethers during natural motions, or associated with plugging and unplugging
or unwinding of the cables, results in micro-motions between the rigid probes and the soft
tissues that cause tissue damage and artefacts, leading to diminished chronic stability.>7: 58
Unrestrained animals often also attempt to remove or disconnect the cables, particularly with
advanced interfaces that demand multichannel operation.>®

The development of wireless, implantable recording and stimulation tools for long-term
operation and robust, high fidelity interfaces with the central and peripheral nervous systems
aims to increase the experimental reproducibility and to reduce interactions with the test
subjects and environmental obstacles (Figure 1a). The advantages of wireless implants
become apparent in comparative studies of fiber-tethered and battery-powered wireless
optogenetic photometric devices. The data show, in many cases, that the tethers can
significantly impede social behaviors and overall patterns of activity of the animals (Figure
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1b, ¢).80 In one set of experiments, compared with otherwise identical untethered subjects,
mice with fiber-based photometers exhibit reduced social interactions (14 s compared to
~21 s), total activity (~75 m compared to ~100 m) and compromised mobility (~6 cm/s
compared to ~9 cm/s), with less time spent in the center of the experimental enclosure

(~30 s compared to ~70 s), consistent with increased levels of anxiety.®0 These and other
results suggest that wireless systems can significantly improve the validity of animal studies
by minimizing the effects on motion. The wireless system used in this study also reduces
the requirements for supporting equipment and interface hardware, thereby decreasing the
overall cost of the system to less than $100, much lower than the typical cost of a fiber-
based photometry system (~$20,000).60 Similar considerations in costs and constraints apply
for recording and modulation schemes based on electrical and fluidic approaches.52: 62
Electrophysiological recordings from cortices of bats during social engagements indicate
the development of correlated neural activities across the multiple brains.53 Vocalization-
correlated neural signals occur frequently and in manifold forms in unrestrained animals

in social groups.%4 From a biomedical standpoint, studies of unrestrained animals reveal
neuromodulatory therapeutic outcomes that are difficult to observe from restrained test
subjects. For example, stimulating neurons in the Right Crus of an autism mouse model can
rescue social impairments, revealing the therapeutic potential of cerebellar neuromodulation
in autism spectrum disorders.%°

Current tethered systems pose particularly significant problems for use with non-

human primates and other animal models that are more dexterous and possess greater
physical strength than rodents.54 Emerging interest in neuroscience research towards the
characterization of generalizable aspects of the central and peripheral nervous system has
shifted the focus of researchers to the study of animal models other than rodents. The use
of tethered systems, however, in species of fish,56: 67 bats,58 birds,5% monkeys®* and others
(Figure 1d), is particularly challenging and limits the animal subject diversity. Although
devices with implantable microscale recording and stimulating probes can be made fully
wireless with head stages that house battery packs and electronics®® 70-72 the use of
percutaneous connections expose the animals to high risks of infection and require frequent
human interactions to recharge or replace the batteries.

Design considerations for fully implantable devices.

Mechanical and biochemical forms of mismatch at the biotic-abiotic interfaces can cause
insertion-related trauma and resulting chronic inflammation reaction in the host neural
tissues’3 74, In many cases, these foreign-body responses can degrade the sensitivity and
stimulation efficiency of the measurements’>: 76, Engineering approaches to minimize these
effects demand combined attention to mechanics,’’ materials’3 and physical form factors.”8
In particular, the mechanical characteristics of implants, including those of biointerfaces,
interconnects, control circuits, power harvesting modules and communication units, play
crucial roles in the onset of foreign-body reactions’® as devices with high stiffnesses tend
to induce large insertion-related lesions1®: 60. 80 a5 well as increased inflammation reactions
and neuronal apoptosis due to their motion, relative to soft tissues.>’: % Eliminating the
mechanical mismatch between soft biological materials and implantable devices enables
not only soft neural interfaces but also devices with system-level mechanical compliance,
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thus allowing for minimally disruptive integration and intimate interfaces with the central
and peripheral nervous systems at anatomically complex and dynamic locations.3: 73. 81, 82
Devices with stiffnesses close to those of tissues can be realized by using mechanically
compliant materials83 or hybrid structures of stiff materials and soft supports®4, such

as conjugated polymers®>: 8 and carbon nanomaterials®”- 8, buckled nanoribbons8?,
serpentine nanowires, as well as mesh structures®® of metals and semiconductors.
Substrates materials often determine the effective mechanical properties of the devices, and
both approaches rely on flexible or stretchable substrates, most typically polyimide®® or
Parylene®? for the former and polydimethylsiloxane (PDMS)’” for the latter. Conformal
surface mounting sheets?3-97 or soft penetrating probes®0: 98-100 can be used to build

soft neural interfaces capable of interacting with the skin or other organs for recording
physiological signals and delivering neural stimuli.l: 3

Wireless and fully-implantable systems also require mechanically compliant electronic
components for control, power harvesting and data communication. 95 96. 98, 100-102
Serpentine metal traces with shapes that ensure high conductivity (~ 4x10° S/cm) under
tensile strains of up to 300%,193 can be used for structured antennas and interconnects
that provide reliable operation for strains that exceed those set by natural biological
motions, i.e. less than 20-50%.98: 104. 105 |n systems that demand active electronics, off-
the-shelf components such as microcontrollers and radio units are attractive because of
their commercial availability and low cost, capable of assembly on flexible/stretchable
substrates with serpentine interconnects® and strain-isolating mechanical designs® to
support requirements in deformability.%5: 96. 102

With the exception of temporary implants based on bio-resorbable materials, 106 most
devices require barriers to biofluids as a means to avoid electrical shorting and

ionic contamination of the functional elements during extended operational periods in
corrosive biologic fluids.197 Material choices for such barriers must meet requirements

in biocompatibility and low water and ion permeability. 198 Optogenetic stimulators
encapsulated by biocompatible bilayers of parylene/PDMS199 | for example, can operate
during immersion in physiological saline solution at 60 °C for at least 90 days,
corresponding to projected lifetimes of up to a year at 37 °C,100 maintain mechanical
flexibility and proper functionality.102 Compared to polymers, inorganic materials such as
ceramics and metals offer enhanced levels of hermeticity.110 Physically transferred layers of
silicon dioxide (thicknesses of ~1 um) grown thermally on silicon wafers provide projected
stability as biofluid barriers for timescales of many decades (>70 years) in simulated
physiological conditions.111 Additional capping layers (i.e. hafnium dioxide) can further
enhance the long term stability by reducing the transport of ions and by slowing the rates
of hydrolysis. Additional details on biofluid barriers for chronically stable bioelectronic
systems appear elsewhere. 112

Power sources and wireless communication.

Conventional small and lightweight batteries can satisfy the power requirements for
wireless devices with sophisticated function, as demonstrated in optoelectronic photometers
for monitoring neuronal dynamics in the deep brain,%9 and in optofluidic systems for
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programmable pharmacology and optogenetics.16 Batteries with sufficient storage capacity
however, have sizes (> 3 cm3) and weights (> 2g)"! that require percutaneous wiring in
small animals13, and recharging disrupts the continuity of experiments.114 Batteries often
occupy up to 90% of the volumel1® and account for more than 60% of the weight8? of
implantable devices; their downscaling, or ideally their complete elimination, would provide
significant advantages, especially for devices fabricated on polymeric substrates and in
ultra-thin form factors98. 102,

Wireless power delivery schemes provide attractive alternatives, and offer lightweight,
miniaturized form factors with indefinite operational lifetimes1¢: 117 (Figure 2a) that

rely on body-generated power, (such as kinetic energy harvested from skeletall18 and
visceral motions,119 chemical energy from blood sugar'20 and/or thermal energy from
body heat?1) or external power transmitted via radio frequency (RF) radiation,100. 101,122
light illumination23: 124 or yltrasonic vibrations12%: 126 (Table 1). Power supplies must

be tailored for specific applications due to variable system-dependent power consumption
requirements. For example, electrophysiological recording based on optimized application-
specific-integrated-circuits (ASICs) can consume as low as a few pW per channel34 127-130,
while photometric recording typically requires average powers in the range of ~ mw 131,
yet even with the same operation modality, power consumption may differ between implant
locations100. 119,122,132 (Tap|e 2).

Internal power harvesting

Power derived from internal biological sources, including mechanicall19. 133,134,
biochemicall3% 138, bioelectricall3”: 138 and thermal forms of energy!3°, have the potential
to enable self-contained, fully autonomous operation 116140 The relatively low output
power available from these sources, however, limit applications to narrow classes systems
that do not require advanced control electronics or radios, such as simple interfaces for
cardiac pacing and pulsatile neurostimulation19: 134 Additionally, the intermittency and
physiological load associated with power derived from biological processes may affect the
reliable operation of the implants and the health of the host organism. By contrast, and

as explained in subsequent sections, external power sources, including those that rely on
RF radiation®8: 122 magnetic coupling10%: 141 optical illumination124 142 and ultrasonic
waves125 126 decouple the device operation from the biology, with capacity for providing
reliable, constant power supply for multimodal physiological recording®31: 143, optofluidic
neuromodulation62: 144 and closed-loop regulation of organ functions'41., Depending on the
harvesting mode, externally powered systems fall into two categories. The first involves
far-field RF radiation® or near-field magnetic coupling®, where the wireless power link
connects to transmitters installed on or around the animal’s cagel4°. The RF waves or
magnetic fields hence fill the entire test space or may selectively couple to an animal?2,
independent of its location192, The second category includes imaging setups for optical
illumination123, direct body contacts for ultrasound28, and proximity antennas for weak
inductive coupling between transmitting and receiving coill46. Although these schemes can
be realized in devices with sub-millimeter dimensions!23: 124,146 they cannot be easily
configured to operate across an entire test space, thereby leading to significant constraints on
experiments in freely moving animals 123. 124, 146,
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Piezo and triboelectric effects allow conversion of the kinetic energy of voluntary (skeletal)
and autonomic (cardiovascular, respiratory and gastrointestinal) muscular motions into
electrical energy,117. 119,133,134, 147 ith the potential to allow for autonomous device
operation, without separate power supplies.}49 A flexible triboelectric nanogenerator
(TENG) for weight control generates biphasic pulses of electrical current in response

to peristalsis of the stomach19, stimulating the vagal afferent fibers to reduce food

intake (figure 2b). Other work demonstrates that bending of a flexible Pb(Ing sNbg 5)O3—
Pb(Mgg.33Nbg 67)O3—PbTiO3 (PIMNT) piezoelectric device can create pulsed electric
current for stimulating the motor cortex of mice (Figure 2c), as a self-powered device

for deep brain stimulation (DBS).118 The extracorporeal piezoelectric generator connects
to the stimulation probe via copper wires and a linear stage creates the necessary cyclic
bending deformations. Control electronics with sufficient energy efficiency and continuous,
predictable harvesting capabilities will be needed to construct fully implantable systems.
The primary disadvantages of all electromechanical energy scavenging technologies are
the limited amount of available power and its pulsatile, often intermittent, nature.116 Most
devices that depend on skeletal motion generate a peak powers of less than 1 mW with
low duty cycles, and considerable reductions after rectification.118 Power levels in the
range of tens of W (power density of ~ 11 pW/cm?) can be expected from visceral
motions,119: 133 which, even in conjunction with capacitors or other components for
energy storage, is typically insufficient for microcontrollers,102 optoelectronic devices,0
microfluidic actuators,16 or wireless communication systems. As a result, existing piezo/
triboelectric generators are relevant for passive devices with simple functions, such as

the production of pulsed voltages for pacemakers and instantaneous neural stimulation,
requiring peak powers of tens of pw.133, 134, 148

Other forms of energy scavenging include bio-fuel cells120. 136, 149, 150 and thermoelectric
generators.121: 133 gych systems are of interest because the corresponding energy sources
such as glucose, oxygen or thermal gradients are always present in living organisms,
however they have modest power outputs. For instance, normal temperature gradients
between the skin and ambient air (~ 10 K)121 provide a thermoelectric power of only

~28.5 pW/cm2. The expected output power of bio-fuel cells falls in a similar range, i.e. ~10
HW/cm2.135. 151 Nevertheless, research efforts on implantable bio-fuel cells in a range of
host organisms such as insects,152 snails,153 rats!>* and rabbits14? shows some promise. A
recent study demonstrates wireless operation of enzymatic bio-fuel cells implanted in freely
behaving rabbits where battery-powered Bluetooth-based modules control and monitor the
bio-fuel cell performance (Table 1).14° These systems yield powers of ~ 1.6 pW/cm?
(estimated from a biocathode and bioanode thickness of ~ 1 mm) for 30 min each day,

over 16 consecutive days, followed by reductions over 60 days of implantation. Device
degradation follows mainly from inflammatory reactions, biofouling and degradation of the
biocatalysts, 135 155 whereas the effects of continuous harvesting on the target organism
require further investigation.15

Radio-frequency power transfer

Dedicated power delivery schemes based on transmission via electromagnetic (EM)
radiation, acoustic vibrations or other means are often attractive, as they outperform the
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scavenging schemes described above in the amount and stability of the output power,116. 140
Here, significant amounts of power (up to ~ 500 mW)156 can be transmitted reliably,

with versatile design and deployment options. The three main categories of remote power
harvesting technologies include far-field RF transmission, near-field magnetic resonant
coupling, and ultrasound transduction. In the first approach, RF radiation (frequency of

420 MHz ~ 2.4 GHz, wavelength of 0.1 — 1 m) emitted by a transmission antenna is
captured by a harvesting antenna and converted by a rectification circuit into DC power to
drive the electronics.1>’ Transmission can occur over long distances (up to meters or more)
and, with specialized primary antenna designs, uniform and continuous power delivery

can be achieved throughout typical experimental arenas (~ 30 cm by 30 cm).%8 Concepts

in stretchable electronics®® can be leveraged in this context to create mechanically soft
antennas and rectifying circuits in fully-implantable miniaturized optoelectronic systems for
optogenetic modulation of the spinal cord and the peripheral nerves (Figure 2d).% Here, the
antennas (size of ~ 3 mm x 3 mm) harvest RF power through capacitive coupling between
adjacent serpentine traces, to enable compact, lightweight devices (overall size of ~ 0.7 mm
x 3.8 mm x 6 mm, overall weight of ~ 16 mg) with low-modulus system-level mechanics
(effective modulus of ~ 1.7 MPa), capable of accommodating irregular anatomic shapes

and natural motions. Advanced antenna designs allow for multimodal operation, where
spatially separated p-1LEDs with multiple emission wavelengths (540 nm and 465 nm) can
be independently powered by multiple antennas that resonate at distinct frequencies.101
Active, motion-tracking primary antenna arrays can enable localized power delivery by
improving the harvesting efficiency. Given an input RF power of 2 W across a cage of 25
cm by 25 cm, u-ILEDs for optogenetic stimulation can be activated while the animal subject
is freely moving with an irradiance of 10 mW/mm?, corresponding to a power density

of ~ 1.42 — 2.88 mW/cm?2.98. 101 A disadvantage of far-field transmission is the strong
dependence of the efficiency on the angle between the transmission and receiving antennas.
This dependence follows from the tradeoff between angular acceptance and antenna gain,
where high gain is often required to cast sufficient power.1%8 As a result, considerable efforts
in antenna design%® and transmitter deployment strategy19% are required to achieve reliable
power harvesting. Additionally, RF transmission, especially at higher frequencies (1-4
GHz), can be affected by interference caused by environmental obstructions. In particular,
conductive objects such as metals can nearly completely reflect RF waves in the relevant
frequency range (0.5 — 4 GHz), and dielectric materials with high refractive index also
reflect the RF waves significantly60. The interference between the incoming RF wave and
reflected/scattered wave results in spatially varying RF power density in the test spacel60,
and, in extreme cases, the formation of hotspots and dead zones, leading to potentially

high specific absorption rates (SARs) and lack of power supply, respectively. One strategy
to overcome these issues exploits an RF cavity that resonantly excites electromagnetic
fields that are spatially confined in the body of the animal, thus enabling self-tracking
operation albeit with relatively high SAR levels, up to ~ 6.2 W/kg.122 161 This high SAR
value follows from the strong absorption by moisture and biological tissues at these RF
frequencies, leading in some cases to levels of heating that can alter essential biological
activities.162 High tissue absorption at elevated frequencies is especially a concern for power
harvesting efficiency of fully-implanted devices. This effect limits the amount of power that
can be delivered without adverse biological impact.

Nat Biomed Eng. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Won et al.

Page 9

Near-field wireless power transfer

First demonstrated by Nikola Tesla,163: 164 near-field power transfer exploits nonradiative
electromagnetic energy (within ~ A/2m from the transmitter) and relies on inductive
coupling between a transmitting coil and a receiving coil.16% Such schemes offer

efficient means for wireless power transmission over short distances, with commercial
applications for charging electric vehicles86. 167 and consumer electronics.158 Nonetheless,
shortcomings such as high sensitivity to axial and angular alignment between coils as well
as limited transfer range (less than a few centimeters) create challenges in the applications
to implantable devices.185 The power transfer efficiency and distance can be significantly
improved by adopting transmitting and receiving resonators that are tuned to create strong
magnetic resonant coupling.16% 170 Efficient power transfer can be achieved with high
quality factor (Q-factor) resonators over large distances of up to a few meters'6% where

the power transfer efficiency is negligible, without resonant coupling.1’% Because of its
non-radiative nature, magnetic resonant coupling (with frequencies ranging from ~ 100
kHz171. 172 tg ~ 200 MHz173) is less sensitive to changes in dielectric environments and

to the presence of conductive obstacles, as demonstrated by the successful power transfer
in cases where the line of sight between the two resonators are completely obstructed, 16
resulting in the elimination of dead-zones and hotspots. Low frequencies in this range
benefit from reduced tissue absorption,162 and thus larger penetration depth and minimized
adverse biological effects, albeit with the requirement for large receiving coils. High
frequencies improve the device efficiency69 and reduce its size.1”4 In practical applications,
13.56 MHz (wavelength ~ 12 m) is attractive because its absorption lies in an acceptable
range (Table 1)175 and the frequency aligns with radio-frequency identification (RFID)

and emerging near-field communication (NFC) standards.1%4 In addition, communication
can be implemented along with power transfer at the same carrier frequency to allow

for wireless control and data transmission using NFC protocols.176: 177 Magnetic resonant
coupling at 13.56 MHz for advanced classes of wearable and implantable electronics!?8: 179
occurs between two resonant systems, a primary coil enclosing a test arena, and a
secondary coil powering the implant.100. 102, 104, 143 | these experimental setups, the
power transfer efficiency depends weakly on orientation or location of the secondary
coils.180 Consequently, reliable power harvesting (up to 12 mw243 for small rodent

sized devices) with ~ 13 mW/cm? can be achieved throughout a desired cage volume
(determined by the size of the primary coil and the RF power source) and complex test
environments can be addressed with simple antenna designs or deployment strategies.102
With on-board circuits and electronic components encircled by the secondary coil, devices
with miniaturized form factors (diameter ~ 5 mm, weight ~ 16 mg) are possible, in
encapsulated constructs that are biocompatible and chronically stable.102 Magnetic resonant
coupling depends on magnetic flux captured by the secondary coil, with minimal sensitivity
to its detailed shape. As a result, the overall device geometry can be easily adapted to
accommodate various anatomical structures and the dynamic nature of biological tissues.

In addition, fabrication techniques compatible with well-established flexible printed circuit
board (PCB) technologies and with off-the-shelf components ensure standardized and
scalable manufacturing, facilitating the potential for broad dissemination.102 A further
advantage of magnetic resonant coupling is its low SAR1® that follows from the
approximate power law relationship of this quantity with relatively low frequencies
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(~ 100s kHz — 10s MHz)165 used in magnetic resonant coupling, thereby minimizing

safety concerns during long-term operation. These advantages allow implementation in a
wide range of wireless, battery-free and fully implantable devices capable of localized
tissue oximetry,143 bioresorbable monitoring of intracranial pressure and temperature, 106
optogenetic stimulation for the central and peripheral nervous systems and pharmacological
modulation.100. 144 A sybdermally implantable device powered by magnetic resonant
coupling allows for optogenetic stimulation of regions of the deep brain, with reliable
operation and good chronic stability via an ultrathin, injectable probe with an p-ILED

at its tip123 (Figure 2e). The small footprint (diameter ~ 9.8 mm, thickness < 1.3 mm

after encapsulation) and lightweight construction (~ 30 mg) of the device, along with its
mechanical flexibility, allow for stable output power when bending to radii of curvature <

5 mm. A double-loop primary coil allows simultaneous operation of a large collection of
devices in all regions of a standard home cage (30 cm x 30 cm) with good spatial uniformity
(variation of light intensity on the same height is less than 30%). A bi-layer encapsulation
of parylene and PDMS, as described previously, ensures good bio-compatibility and long-
term stability. The devices can operate continuously in complex environments that contain
obstructions and metal surroundings, including water tanks. The power transfer efficiency
(PTE) of magnetic resonant coupling is determined by the coupling coefficient (x) between
the primary and secondary coils, as well as their quality factors (Q-factor)165. Both x and
Q-factor decrease with the coil size, leading to reduced PTE for devices with footprints < 10
mm? and « decreases rapidly with the distance (and lateral misalignment) between primary
and secondary coils6% 181 Ultraminiaturized implants!46 therefore require optimized
magnetic coupling schemes and coil designs, yet can be mitigated, for small animals, by
employing primary coils that enclose the test arenal®, Similar schemes for large animal
experiments are less practical, as high levels of input power are needed to maintain useful
magnetic energy densities across areas of interest. An additional consideration is in reducing
the resistance of the conductive traces to achieve coils with high Q-factors. Optimization
requires a balance between trace thicknesses, overall dimensions and mechanical bending
stiffnesses®8: 102 Despite these challenges, near-field magnetic resonant coupling represents
the most widely adopted technology for operating wireless, battery-free implants for

small animals, with options in various advanced functions in physiological recordings,143
optogenetic stimulation,192 and pharmacological modulation.176

Photonic Power transfer

EM radiation from visible and near-infrared light can also be exploited for power
delivery.123. 124, 142, 158 For example, dual-junction gallium arsenide (GaAs) solar cells
with conversion efficiencies of 25% are sufficient to operate control logic circuits and
injectable p-1LEDs for optogenetic stimulation. Compared with systems powered only
by RF radiation, addition of these solar cells, for a 1-sun light source, can reduce the
amount of required RF power by at least ten-fold.158 Microscale GaAs solar cell (3 x 5
u-SC) arrays, built on multi-layer GaAs wafers by standard microfabrication techniques
and transfer-printed onto flexible substrates, can operate blue and yellow p-ILEDs at
intensities of 3.5 and 2.3 mW/mm? (~ 19 mW/cm? with array area of 6 mm x 2 mm)
under IR illumination (774 nm; with an intensity of 200 mW/cm?2) and can also power
wireless optogenetic devices. 142 Recent developments in the monolithic integration of
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microscale optoelectronic devices serve as a practical basis for power harvesting in ultra-
miniaturized wireless implants'23. 124, For example, a thin-film, up-conversion device that
combines an IR double junction photodetector (DJPD) and a visible LED, both based

on I11-V semiconductor optoelectronic technologies'? captures photons (810 nm) from

an external source and generates photovoltaic (PV, power density ~ 2.1 - 9.5 mW/cm?)
current that, in turn, powers the LED to realize visible light (590 — 630 nm) emission

for optogenetic stimulation (Figure 2g). A miniaturized, wireless optoelectronic neural
interface (microscale optoelectronically transduced electrodes, MOTES) integrates 180-nm
complementary metal-oxide-semiconductor (CMOS) circuits to amplify and encode neural
signals, with an AlGaAs photodiode that switches between PV, for power harvesting (with
power density of ~ 12 mW/cm? on a diode area of ~ 50 um x 80 pm) and LED modes for
data communication (near-IR emission) with external systems.123 By eliminating the need
for RF antennas or ultrasonic transducers, this ASIC device enables small implants (4.7

x 1073 mm?3) with low power consumption (1 pW), as the potential foundations for high
spatial resolution electrophysiological recording/stimulation at specific discrete sites within
single neurons or single muscle fibers.

An analysis of total power requirements for these approaches, assuming uniform
illumination of an experimental arena, is instructive. For example, in the case of the DJPD
up-conversion device, the IR intensity required to generate useful optical emission is 15
mW/mm2, which corresponds to a power of 562.5 W for a home cage (15 cm x 25 cm).124
Similarly an IR intensity of 200 mW/cm? for the GaAs p-SC array corresponds to a total
power of 75 W.142 The green light used to power the MOTEs is 100 mW/mm?, equivalent
to 3750 W.123 Further assuming IR LED efficiencies ~ 40% and considering power losses
due to absorption/scattering by the scalp, skull and brain tissues,182 leads to power levels
that are high for practical use. Optical imaging/tracking systems and/or focusing optics will
be required for such technologies, some of which may restrict the operational environments
with freely behaving animals. The output power of solar cells depends strongly on incident
angles!®3, which may further limit device operation when the animals rotate and twist.

Ultrasonic power transfer.

Ultrasound waves emitted by a transducer travel inside the body to the location of a device
where they are converted to electrical power by a piezoelectric crystal. 140 184,185 gych
waves propagate with a velocity 10° times slower — thus have much shorter wavelengths
(0.3 - 0.7 mm for ultrasound used in medical imaging) at similar frequencies — than EM
waves. As a result, focused power delivery may be achieved with high spatial resolution
for implantable medical devices.186 For example, a miniaturized, implantable ultrasonic
backscattering sensor composed of a piezocrystal, a transistor and a pair of electrodes
allows wireless recording of electromyogram (EMG) and electroneurogram (ENG) data
(Figure 2f)126, A disadvantage of this communication scheme is that ultrasonic waves
propagate directionally. As a result, slight misalignments and misorientations between the
external transducer and implanted receiver lead to reductions in coupling efficiency and
increases in signal noise. Additionally, the transducer must contact the skin to eliminate

a large impedance mismatch at the tissue-air interface. The large size of commercially
available transducers hinders the practical implementation of this approach in awake and

Nat Biomed Eng. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Won et al.

Operation

Page 12

freely behaving small animals. One possible solution to these challenges exploits beam
steering strategies enabled by miniaturized and wearable transducer arrays operated using
sophisticated control algorithms.187 Another challenge is that high performance, inorganic
piezoelectric crystals have brittle mechanical properties, comparatively high mass densities
and rigid, planar characteristics that limit their applications in small animals for which high
power output and mechanical compliance are essential. For example, assuming a typical
acoustic-to-electrical conversion efficiency of 29181 (maximum efficiency ~25% for perfect
alignment between the transducer and receiver'26) and an implant cross-section of ~ 1 mm2,
generating ~1 mW at the implant, requires an ultrasound intensity of 50 mW/mm?, nearly
one order of magnitude higher than the FDA approved limit in ultrasonic exposure (7.2
mW/mm?2).188 To generate sufficient power (> 10 mW) for applications such as optogenetics
with ultrasonic power densities within the safety limit, the piezocrystal must present an area
of at least 1 cm?, leading to a weight of, in the case of PZT, at least ~ 760 mg for the
piezocrystal alone. Furthermore, with a standard transducer output intensity of 0.4 m\W/cm?,
the required area of the transducer (~125 cm?) and the battery storage capacities for this
scenario may pose practical difficulties for small animal models.

The fundamental limit for ultrasonic power delivery is set by the local rate of heat generation
(Q) that follows from the absorption of ultrasound waves, as defined by Q = 2aflgpTa,
where a (dBcm~IMHz™1) is the attenuation coefficient, f (MHz) the ultrasonic frequency
and lspta (MW/cm?) the de-rated spatial peak time average intensity.189 Values of a for

soft tissue, bone tissue and lung are ~ 0.4, ~ 20 and ~ 40, respectively.19 Therefore,

the local rates of heat generation calculated using reported ultrasonic frequencies and
intensities12% 126,186 gre ~ 0,3-240 mW/cm?3, ~ 8-6000 mW/cm? and ~ 15-12000 mW/cm3
for soft tissues, bones and lung, respectively (Table 1). The relatively moderate absorption
of ultrasound by soft tissues potentially enables large penetration depths, 181 but the presence
of highly absorbing bone may induce significant heating effects191 and low ultrasonic
frequencies may induce cavitation.18°

Overall, recent successful efforts to minimize size and mechanical loads associated with
conventional electrochemical power sources utilizing wireless, lightweight systems that
support advanced neuromodulation and sensing capabilities for the use in small animals.
This new generation of tools enables the dissection of the peripheral and central nervous
systems in freely moving animal models and forms the technological basis for the translation
to large animal models, non-human primates and human applications.

modes.

Operation modes can be tailored via power delivery schemes and device configurations for
different anatomic locations, recording and modulation settings. For instance, implantation
in the brains of mice is only possible with small (< 1 cm?), lightweight (< 0.5 g)

devices. Simple stimulation can be realized by passive components, where changes in the
frequency and duty-cycle of the power transmitter control the temporal pattern and strength
of stimulation. Examples include devices powered by RF transmission%: 122 or magnetic
coupling®93, for stimulation of the deep brain100: 122 spinal cord!22: 193 and peripheral
nerves?. 122 systems with independently addressable bio-interfaces stimulating distinct
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anatomical locations at the cellularl® and circuit level’® require multichannel wireless
operations that can be addressed by passive multiresonance antennas. Active components
can support the digital control of individual and multiple devices1%2, eliminating issues

of spatial- and orientation-dependent RF coupling. Pre-defined program states stored in

the non-volatile memories of low-power microcontrollers control the magnitude and spatial/
temporal patterns of multiple stimulators in individual or multiple devices 102, Monolithic
integration of multifunctional neuromodulation devices feature a combination of soft
microfluidic channels and p-1LED probes for programmable and coordinated delivery of
pharmacological and optogenetic stimuli, configured as injectable probes for insertion into
regions of the deep brain®? and as soft cuffs for wrapping peripheral nerves44,

For wireless, fully-implantable devices that involve physiological recording capabilities,
uplink communication systems send data to external receivers for storage and

further processing%. Solutions using protocols based on Bluetooth radios, near-field
communication (NFC), ultra-wideband (UWB), infrared communication (IR) and ultrasonic
backscattering, each have distinctive advantages and disadvantages in terms of data rate,
operation distance and inherent compromise in form factors and power consumption197,

Infrared LEDs for optical communication provide viable options, with footprints < 1 mm

x 0.5 mm and power consumptions < 0.5 mW3L, for data rates at ~ 27 Hz with 12-bit
resolution, sufficient for capturing temporal variations in rStO2 (regional oxygen saturation
level) associated with tissue perfusion and global O, levels (below 1 Hz)143 as well as
neuronal calcium dynamics®?: 131, An optical uplink can also be used for both power
supply and data transmission in ASIC-enabled electrophysiological recording devices with
sub-millimeter form factors and with potential for fully-implantable operation123,

Systems that integrate neural recording with neuromodulation in an open-loop or
closed-loop fashion have additional requirements for bidirectional communication

61,107, 145,196, 198 gch as downlinked control commands and uplinked recorded signals via
the same or a separate mechanism.1%6 Closed-loop feedback involves real-time adjustment
of the timing and amplitude of modulation (stimulation or inhibition) in response to neural
activity or physiological responses, and is clearly advantageous over open-loop systems,
particularly for therapeutic purposesi97: 199, Significant engineering challenges are faced

by retaining the key features needed for operation in this mode and in an implantable
platform compatible for unconstrained animal experiments. An example of wireless, closed-
loop system, capable of regulating bladder function in a rat, combines magnetic resonant
coupling with Bluetooth Low Energy (BLE) protocols for power supply and bidirectional
data transmission, respectivelyl41, and records biophysical signals related to bladder filling
and voiding via BLE to an external device, and automatically identifies bladder dysfunction
and transmits control commands to activate p-ILEDs for optogenetic regulation of voiding
events.

ASICs designed for implantable wireless physiological recording and neuromodulation can
vastly improve the characteristics of systems that rely on discrete off-the-shelf components,
by facilitating ultra-low power requirements (down to the nW level29), exceptionally small
form factors (down to the sub-mm level123. 146) ‘and high integration densities (>100
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channels®1: 200) The performance gains in ASICs follow from specialized circuit designs
that omit flexible and programmable control structures however, limits their versatility.
Also, each application requires a cycle of design, development and production, in a lengthy
and costly process that delays further refinement and modification. As a result, ASICs

have limited appeal for exploratory research by individual investigators or small university
teams, where requirements and functionalities are often not clearly defined. As a result,

in spite of numerous impressive research demonstrations, only a few ASICs (e.g. Intan
microsystem chips for multiplexed recording and stimulation and Neuropixel probes of the
deep brain with integrated amplification) have been deployed and adopted for neuroscience
research. By contrast, off-the-shelf components offer significantly more flexibility and cost-
effectiveness, rapid implant design and verification, in a scalable format.

Optogenetic stimulation.

Microscale optoelectronic components enable highly miniaturized devices for /in vivo
optogenetics, such as p-ILEDs with lateral sizes of 10 x 15 pm?, and thicknesses of 0.5
um,53 with a wide range of options in emission wavelengths (i.e., UV, blue, green, yellow,
and red) and optical output intensities (50 mW/mm?2 and more>3: 100) syitable for most
optogenetic experiments (i.e. 1-21 mW/mm?2 ChR2,45: 98. 122, 201-203 C1\/1 203 ReaCHR,204
and NpHR203. 205) |n pulsed mode operation, the maximum steady state temperatures at
the interface with the tissue are less than at most a few tenths of a degree Celsius 192, well
below the safety thresholds (2-5 °C) for irreversible tissue damage?%6. 207 and the 2 °C
limit for neuro stimulators ,208 and the approximate 1 °C for thermal neuromodulation2%9,
set by the American Association of Medical Instruments. Such p-1LEDs have electrical
operating requirements that can be satisfied with the classes of wireless power sources
described in the previous section. For example, fundamental studies indicate levels of
irradiation suitable to stimulate single neuronal units (0.1-0.2 mW/mm?) and to activate
groups of ChR2 expressing neurons (1 mW/mm?) at the surface (150 pm2) of an InGaN
u-1LED operated with ~10 pW (~2.9V and ~3 pA) and ~25 pW (~3.1 V and ~8 pA) of
electrical power, respectively.?3 Additional optical power can yield volumetric illumination
to evoke strong behavioral effects. The typical electrical power associated with p-ILEDs for
optogenetic stimulation in freely behaving animals is 1-3 mW, to yield light intensity of
~10 mW/mm?,98-100 which remains within a range accessible to wireless schemes discussed
previously.

Representative, miniaturized optogenetic platforms interfaced to these p-ILEDs use different
schemes of wireless controls and power supplies based on lightweight (~700 mg) power
harvesters (910 MHz, far-field RF transmission, panel antenna) with sets of gallium nitride
p-1LEDs (50 x 50 x 6.5 um3) on thin (6 pm thick) polyester probes® (Figure 3a). This
design architecture also enables multimodal operation via the combined integration of
p-1LEDs, photodetectors, temperature sensors and platinum electrodes for simultaneous
optogenetic stimulation, thermal monitoring, and electrophysiological recording at the same
location in a targeted area of the deep brain. Mechanical compliance and flexibility of

the probe (total thickness of 20 um and width of 300 pm) reduces glial activation and

lesion sizes compared to those of optical fibers. Optogenetic demonstrations in mice include
place-preference and anxiety-like behavior modulation.
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Similar designs but with stretchable RF energy harvesters and p-ILEDs in soft polymer
matrices (i.e. PDMS, effective modulus of 1.7 MPa) can yield mechanics and form factors
that allow the effective integration with soft biological tissues in highly mobile areas of

the peripheral nervous system and the spinal cord (figure 2d).%8 The stretchability (strains
up to 30%), the miniaturized geometry (~16 mm3) and the lightweight construction (~16
mg) enable robust operation for 6 months or more after subdermal implantation, confirming
reliable function under physiological strains in freely behaving animals. Optimized designs
(2.34 GHz, far-field RF transmission) can reduce the antenna areas (3 x 3 mm) by two
orders of magnitude relative to those of conventional approaches based on battery power.
The wide bandwidths (200 MHz) of such antennas further reduce the effects of slight
mismatches between the central operating frequency of the antenna and the RF transmitter
(figure 3a), allowing functional place aversion experiments with both the sciatic nerve and
spinal cord of mice expressing ChR2.

Related embodiments support miniaturized platforms (0-25 mm?3 and 20-50 mg) that exploit
the RF resonant cavity approach described previously. The devices consist of hand wound
coils, p-ILEDs, and circuitry for application in the premotor cortex and spinal cord (Figure
3b).122 Here, the cavity (21 cm diameter, 15 cm height) generates localized electromagnetic
energy (1.5 GHz) selectively coupled into the body of mice at all positions within a

custom experimental cage. Functional demonstrations show increased circling locomotion
and reflexive nocifensive behavior via optogenetic stimulation (blue light, 6-40 mW/mm?2) in
the right premotor cortex and spinal cord of transgenic mice expressing Thyl-ChR2-EYFP
and c-Fos, respectively.

Optoelectronic devices based on near-field magnetic resonant coupling at 13.56 MHz (figure
2e) exploit flexible printed circuit board technology (copper metal traces on top and bottom
of polyimide substrate) for the antenna and injectable needle, and enable wireless power
transmission and positioning of the p-ILEDs into the deep brain, An adaptation enables
optogenetic studies of the spinal cord (Figure 3c) and various parts of peripheral nervous
system.100. 210 As in the previous cases, miniaturized geometries (10 mm3) and lightweight
(~ 20 mg) construction enable complete subdermal implantation without altering locomotor
function or inducing anxiety-like behavior, as determined by comparisons to sham operated
controls.190 The designs allow for mechanical flexing with minimal changes in power
transmission efficiency (change of Q factor < 0.12) or resonance frequency (< 0.1 MHz)
even for bending to radii of curvature of 5 mm, for reliable operation under natural
deformations. Experimental demonstrations include the optical activation of TRPV1-ChR2
spinal afferents that result in a real-time place aversion in freely behaving mice.

Coordinated dissection of neuronal populations at multiple locations and selective
modulation of individual subjects in social behavioral studies requires the precise control
over the intensity of the stimulation and over multiple devices and multiple light emitters
in a single device. These capabilities can be provided by active electronic designs with
programmable simplex communication schemes enabled by binary on-off-keying protocols
to send commands to the implant (Figure 3d).192 The patterns of optical stimuli are
achieved by a microcontroller that provides timing and illumination information for
activating the p-ILEDs. In a specific example, the independent operation of multiple
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u-1ILEDs on separate probes and four p-ILEDs for bilateral operation (figure 3d) allows
optogenetic neuromodulation of spatially distinct sites with programmable frequencies and
duty cycles. In separate embodiments, programmable and precise control over emission
intensity, realized by an additional digital-to-analog (DAC) circuit that provides output
frequencies as high as 1.5 kHz, can be used for in-vivo, rapid characterization of new opsins
and for the interrogation of neural circuits with high temporal resolution. Active power
management can be achieved with a low-dropout (LDO) linear regulator coupled with a
pair of time-multiplexed antennas, to yield power harvesting performance that is invariant to
position and angular orientation, as a stable DC power supply for the circuits and p-ILEDs.
These advanced modes of operation are possible without significantly increasing the device
size or weight, thereby retaining all of the attractive features associated with the form
factors of the passive platforms. An additional feature of this device type is the absence of
magnetic components, enabling medical imaging such as CT (computer tomography) and
MRI (magnetic resonance imaging) on implanted animals. The results can provide important
insights into location of the implants as well as the status of surrounding tissues in vivo.

Photonic Therapy.

The potential for therapeutic applications of optogenetics described in previous section is of
broad interest, with experimental demonstrations in animal models to restore visual function
in retinitis pigmentosa,11-213 to control spontaneous epileptic seizures,214 215 and to pace
and resynchronization cardiac activity.216 In one example, a set of wirelessly powered

LEDs (far red light, 730 nm) activates photoreceptors (monophosphate synthase) that initiate
insulin gene expression for the treatment of diabetes in mice (Figure 4a).217 In this system,
customized transmitting coils around the cage provide electromagnetic power (magnetic
resonant coupling at 180 kHz) to the implant. /n vivo experiments use wireless delivery

of insulin for the rapid restoration of homeostatic blood glucose in freely moving animal
subjects. A user-interface paired with a separate Bluetooth-enabled glucose monitor further
enables the semi-automatic glycemia-dependent activation of a wireless power transmitter
that controls the brightness of the LED and the illumination time.

Other means to exploit light-tissue interactions include photodynamic therapy (PDT), where
light activates certain types of drugs or photosensitizers, to deliver pharmacological agents
to highly targeted areas in a controlled fashion, ideal for long-term therapies. For example,
miniaturized (15 mm3, 30 mg) optoelectronic devices wirelessly powered with RF radiation
(frequencies between 1 and 1.5 GHz) activate photosensitizers (chlorin e6) through thick (>
3 cm) tissues for suppressing tumor growth in mouse cancer models (Figure 4b).218 The
device in this case consists of a three-turn coil for wireless power harvesting, and a rectifier
to convert RF into direct current (DC) to drive two LEDs (red, 660 nm, and violet, 400
nm), encapsulated in biocompatible soft elastomer (PDMS). Although this device focuses
on light actuated therapy to induce apoptosis in tumor cells, the foundational materials and
engineering approaches can be adapted for other types of neural interface systems.
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Microfluidic delivery of drugs.

Devices with capabilities in pharmacological delivery provide unique opportunities for
cell/tissue-specific targeting. For example optogenetic and chemogenetic systems can be
combined for light dependent activation of pharmacological agent 19 221-224 and deep brain
stimulation for psychiatric disorders.22> Conventional drug delivery systems in these models
rely on metal cannulas coupled to reservoirs/micropumps via tubing, or on syringe injection,
leading to disadvantages that are similar to those of tethered systems, and in most cases even
more significant due to the thick, stiff tubing needed for efficient fluid delivery. Wireless
powering and control strategies for compact microfluidic systems that incorporate reservoirs,
valves, pumps and channels for delivery of multiple pharmacological agents to highly
localized target locations (i.e., deep brain, spinal cord) are thus advantageous. The soft,
microfluidic probes in these platforms adopt a multilayer architecture to support multimodal
operation, with options in optical, electrical and/or chemical sensing and activation. The
integrated pumps eliminate the need for external fluid handling hardware or syringe
pumps.228 In one example p-ILEDs integrate with microfluidic probes (500 pm x 8 mm

x 80 um), compact thermally actuated pumps and associated reservoirs (~73 mm3), along
with a dual channel RF control module (~52 mms3, peak power transmission at 1.8 GHz

and 2.9 GHz) as part of a miniaturized (~125 mm3), lightweight (220 mg), flexible platform
(Figure 5a).227 The fluid reservoir/pump exploits a thermally expandable composite material
for 90% delivery efficiency in volume (~0.46 pL from 0.5 pL reservoir) via activation of

an associated Joule heating element (~100 °C). A cyclic olefin polymer forms the structure
to define the reservoirs, selected due to its low water vapor permeability (0.023 g mm m=2
d=2) for effective storage of drugs. This platform allows operation in freely behaving animals
with little behavioral impact. The main disadvantages are in high power consumption of the
thermal-mechanical pumping mechanism and the absence of means to refill the reservoirs
for multiple cycles of use.

Recent work addresses these limitations through the use of magnetic resonant coupling

for power transfer and electrochemical pumps for power efficient operation (Figure 5b).144
In a version designed for interfaces to peripheral nerves, the device consists of (i) a low
modulus (~3 MPa) elastomeric cuff that surrounds a targeted nerve, (ii) four microfluidic
channels (total thickness of 200 um, cross sectional area of 60 x 60 um#) along the

length of the probe that leads to the cuff, and (iii) an p-ILED integrated on the cuff

for light delivery. The section of the implant responsible for wireless energy harvesting,
electronic control and pumping (radius of 5 mm, thickness of ~4 mm) also stores the

drugs in sealed reservoirs. Here, four electrochemical pumps (~1.5 pL) consume low
power (~800 uW) in the electrolysis of water to produce pressure via the generation of
oxygen and hydrogen gas, as the driving force to pump the corresponding drugs with

high levels of control. The fully assembled system weighs only 0.3 g (compared to 1.8 g

of the thermally actuated system with assembled battery®), resulting in minimal impact

on the target subject. Experimental demonstration in freely behaving subjects with optical
activation (blue, 470 nm) of excitatory neurons expressing ChR2 result in place aversion in a
Y maze experiment where only one arm of the experimental enclosure involves optogenetic
stimulation. Conversely, a reduction in pain threshold, specifically thermal sensitivity, can
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be achieved with the delivery of bupivacaine (40 mg/ml), a local anesthetic. The soft
mechanics of the cuff (PDMS) result in minimal irritation of the nerve when compared

to otherwise similar structures formed with polyethylene. A relatively straightforward
modification of this same platform, but with an injectable needle as support for thin and

soft microfluidic channels (0.35 x 0.1 mm?2, modulus of 3 MPa) and p-1LEDs allows for

use in targeted areas of the deep brain (Figure 5¢).62 Surgical insertion of such probe into
the brain and fixation of the device (0.3 g) on top of the skull do not disrupt normal
locomotion. Notably, use of such lighter and less obtrusive platforms shows substantially
higher baseline locomotion compared to the battery-operated devices (1.86 g). The high
degree of mechanical compliance of the probe further reduces lesioning (0.068 mm?
compare to 0.184 mm? via metal cannula with diameter of 0.46 mm)82 and immunoreactive
glial responses compared to those associated with conventional cannulas. In a demonstration
experiment using this brain-interfaced optofluidic device, optical stimulation of the ventral
tegmental area of wild-type mice increases locomotion behavior while concurrent wireless
infusion of an N-methyl-D-aspartate (NMDA) receptor antagonist blocks this activity. The
use of multiple, independently addressable reservoirs allows for multiple infusion events, for
viruses or tracers that may provide additional information on neuronal circuit dynamics in
combination with optogenetic stimulation.

recording.

Most technologies for wireless optogenetics and pharmacology described in previous
sections focus on manipulating neuronal and/or cellular activity, rather than recording or
sensing. A crucial modality for the precise interpretation of behavior of the central and
peripheral nervous systems and of other organs as well as for closed-loop modulation of
the latter is the ability to capture physiological activities with high fidelity. Recent advances
in electronics and microfabrication enable recording with on-board signal processing such
as filtering, amplification, and digitization. As an example, progress in miniaturization of
battery-free electronics and data communication serves as the basis for fully implantable
wireless systems to measure the oxygen saturation of targeted tissue (i.e. deep brain)

in freely behaving animals (Figure 6a).143 Key components in this small device (lateral
dimensions of 10 x 10 mm?, the thickness of ~0.25 mm, and the weight of 0.1g) include
(i) microscale optoelectronic elements (u-1LEDs, and a microscale inorganic photodetector
(u-1PD)) that enable the recording of local hemoglobin dynamics, and (ii) sub-systems

for continuous, wireless power delivery and data transfer. Radiometric measurements that
leverage differences in absorption of hemoglobin in its oxygenated and deoxygenated state
reveal oxygenation dynamics of the target tissue. The device can resolve regional tissue
oxygen saturation levels in small tissue volumes defined by the illumination profiles (0.5
to 2 mm3). The results yield insights into underlying mechanisms of regional O»-mediated
biological processes (i.e., neural activity, tissue perfusion, and wound healing),228-230 wijth
the potential to provide therapeutic guidance, real-time organ health, and closed-loop
regulation of physiological processes.

Ultrasound coupled sensors attached on a peripheral nerve and a skeletal muscle can
measure ENG and EMG, respectively (Figure 6b).126: 231 Here, a device (2.4 mm3) consists
of a piezocrystal (~0.42 mm3), custom integrated circuit (0.5 x 0.45 mm?2), and gold
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recording electrodes (0.2 x 0.2 mm?), packaged within medical grade UV-curable epoxy.
Data communication relies on the modulation of backscattered waves that carry analog
information on the EMG and ENG signals. Initial demonstrations illustrate the recovery of
ground truth action potentials with a correlation of ~90%. One recent example uses related
methods to enable further miniaturized neural recording implant (0.8 mm3) on motor cortex
of an awake behaving rat. 232 233

Combining mature silicon CMOS technologies and emerging wireless power transfer
schemes provides alternative strategies for ultraminiaturized devices that can record and
stimulate. An ASIC-system based on 130-nm-CMQOS processes includes the recording
electrodes (mixture of conductive polymer and carbon nanotube (CNT), PEDOT:PSS
(poly(3,4-ethylenedioxythophene) poly(styrenesulfonate))/CNT), a pair of composite
electrodes (mixture of conductive polymer and carbon nanotube, PEDOT:PSS/CNT)
integrated on the sidewalls of the CMOS die, an on-chip coil antenna for wireless power
harvesting via magnetic coupling, and CMOS circuits for operation control, all integrated
on a single die with a dimension of 300 pm x 300 um x 80 um (Figure 6¢). Devices of

this type enable direct injection into the target areas via a syringe needle (inner diameter of
0.4 mm)46 for distributed free-floating operations at multiple locations. The communication
method provides sufficient bandwidth to address up to 10 different devices via a frequency
division multiple access system (from 0.5 GHz to 3 GHz with 250 MHz spacing). When
implanted in the sciatic nerve of a rat, the device can deliver electrical stimulation and elicit
action potentials in the axons, as evidenced by the clear EMG response.

The wireless device platforms highlighted in the previous examples aim for long term
bio-integration. An emerging class of technology that focuses on transient applications such
as those in post-surgery monitoring require only limited operation times and benefit from
device dissolution or disintegration to benign end products after a controlled period of
stable operation within the body.234 235 Such types of biodegradable monitoring systems
have the potential to monitorl96: 236 and treat237: 238 3 variety of conditions without the
need for surgical extraction procedures. Entirely biodegradable and biocompatible electrical
peripheral nerve stimulators with wirelessly operated energy harvesting systems (magnetic
resonant coupling at ~5 MHz) and stimulating electrodes yield accelerated functional
recovery and neuroregeneration of injured peripheral nerves in rodent models.237

Closed loop operation.

Conditional (or closed-loop) operations combine sensing and actuating capabilities, with
real-time signal processing and modulation for the real-time identification and control of
neural disorders?14, and bridging dysconnectivity in injured neural circuits.36: 239 A single
implantable device can be programmed to deliver stimulation when certain conditions are
met (i.e. seizure onset),141. 240 or multiple devices (i.e. stimulation and recording) can
support a closed-loop operation through a wireless link.217: 241 The discussion of conditions
and basic components can be found elsewhere,242. 243

A fully implantable, wireless and battery-free optoelectronic platform with (i) a conformal
optogenetic interface for stimulation of a peripheral nerve, (ii) a soft, precision biophysical
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sensor for continuous measurement of organ function, and (iii) a wireless control/power
module and data analytic approach for coordinated, closed-loop correction of pathological
physiology in real-time (figure 7)141 enables automated neuromodulation with long-term
stability (> 1 month) and minimally invasive operation. For example, cell specific
stimulation of sensory afferent nerves that innervate the bladder, based on continuous
monitoring of bladder function with an ultra-soft, stretchable strain gauge (~80 pm
thickness) as a sensor of voiding and associated real-time data analytics to identify
overactivity. Automated optogenetic neuromodulation of bladder sensory afferents with
p-1LEDs (540nm) on a platform collocated with the strain sensor enables the regulation

of bladder function in the context of acute cystitis. The closed-loop operation involves real-
time, multi-step signal analysis (i.e., down-sampling, smoothing, and derivative calculation)
to identify bladder voiding with > 85% and 95% accuracy for naive and cyclophosphamide
inflamed bladder, respectively. Implantation in rats leads to no significant immune response
or impairments in gait, movements, weight, with no adverse effects on bladder cytometric
properties 7 days after implantation, compared to sham surgery animals. The data analytics
and engineering approaches for this work, together with the wireless control/power module
and associated interface, can be readily adapted and combined with other functional systems,
such as microfluidics and photometry, to yield platforms for regulating the function of other
organs.

Conclusions

Wireless implantable medical devices can now match, and in many cases exceed, the
capabilities of many types of tethered systems by integrating techniques and methods

in soft materials, processing approaches, advanced wireless electronics, energy harvesting
schemes and microscale interface components. Highly miniaturized platforms of this type
can operate chronically in freely behaving animals across nearly any part of the anatomy,
as advanced diagnostic and, therapeutic technologies for studies that require specific
interfaces with various parts of the central and peripheral nervous systems. The ability

to monitor and regulate physiological processes seamlessly without impact on the host
animal creates important capabilities that foreshadow powerful digital health systems and
engineered forms of therapies (e.g. electroceuticals or bioelectronic medicines) that can
leverage complementary research efforts in material-oriented approaches (e.g. upconverting
nanoparticles,l 24 25 magnetic nanoparticles26-28 and ultrasound-based contrast agents2%: 30)
into a multimodal system. Research and practical applications will rely on fundamental
insights into neuronal characteristics where inferred models of dynamics, connectivity,

and causation are accurate in untethered subjects. The technical maturity of the systems
described here have evolved substantially over the last 5 years, to the point that many

are now commercially available as research tools and others are in advanced stages of
commercial development for use not only on animal models and cell assays, but also for
human health.

Remaining challenges and associated opportunities for additional work are in chronic, in
vivo operation of flexible and especially stretchable systems, where encapsulation schemes
and designs at the bio-interface must be configured to reach, and preferably exceed, human
lifespans. The most significant hurdles in this context are those associated with complex
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systems that can provide advanced multimodal recording and stimulation capabilities, with
soft mechanics. Here, improved bandwidth in wireless communication schemes, capable of
relaying high-fidelity information continuously, and increased computational resources for
preprocessing of information on the device will be important. Power supply will remain as
a critical, related consideration, where unusual wireless power transmission infrastructures
may allow for operation outside of specialized environments. Further improvements in
sensing capabilities, particularly in technologies that can perform precise biochemical
analyses, will add to an increasing volume of data, with strong potential value when coupled
to emerging techniques in machine learning and artificial intelligence.
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Figure 1. Wirelesstechnologiesin implantable electronics.
a, Schematic illustration of fully implantable wireless interfaces to the central nervous

system (CNS), spinal cord and peripheral nervous system (PNS), with functional options

in electronic/optogenetic recording/stimulation and microfluidic drug delivery. b, A mouse
with wireless devices implanted near the spinal cord while running on a wheel. Reproduced
from Ref.%8 Copyright 2015 Springer Nature. ¢, Direct experimental data on wireless and
tethered electronic implants that highlight the advantages of the former in studying social
interactions and total activity levels of mice in open field arenas. Reproduced from Ref.60
Copyright 2018 National Academy of Sciences. d, Examples of miniaturized wireless
implantable electronic systems for /in-vivo physiological recording and neural stimulation in
various animal models, including fish, mice, birds and monkeys. Reproduced from Ref.54. 67
Copyright 2006, 2009 Elsevier.

Nat Biomed Eng. Author manuscript; available in PMC 2023 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Won et al.

d ~ Inductor

/ diode:

< |
Capacitors

RF Antenna
f
Ultrasound
Y,
=
Piezocrystal
rra—

32 -

Recording Electrodes

ASIC piezo
Top an
| —

Recording pads

p-LED — ) Injectable
needle

Cu Coil
alla
\'s

1w\

Page 33

Visible

-

= 0.1 mm

Figure 2. Strategiesfor power supply in wireless, battery-free implantable devices.
a. Schematic illustration of power harvesting and delivery strategies, including photovoltaic

(PV), near-field magnetic resonance coupling, radio frequency power transfer (far-field),
ultrasonic and ambient mechanical (piezoelectric and triboelectric) power harvesting. b.
Autonomous devices that provide electrical stimulation to the vagus nerve for weight
control, with power supplied by a triboelectric generator that harvests mechanical energy
from movements of the stomach. Reproduced from Ref.119 Copyright 2018 Springer Nature.
c. Flexible piezoelectric energy harvester for powering a deep brain stimulator. Reproduced
from Ref.118 Copyright 2015 Royal Society of Chemistry. d. Soft, stretchable and fully
implantable wireless optogenetic stimulator powered by far-field RF power transfer.
Reproduced from Ref.98 Copyright 2015 Springer Nature. e. Fully implantable, wireless
optogenetic deep brain stimulator powered by magnetic resonant coupling. Reproduced
from Ref.190 Copyright 2017 Cell Press. f. Electrophysiological recording device powered
by ultrasound. Reproduced from Ref.126 Copyright 2016 Cell Press. g. Implantable
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microscale optoelectronic neuromodulator powered by infrared light. Reproduced from
Ref.124 Copyright 2018 National Academy of Sciences.
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Figure 3. Optogenetic interfacesto regulate cell activity.
a, Injectable probe for optogenetic stimulation, electrical recording, temperature sensing,

and photometry. Reproduced from Ref.% Copyright 2013 American Association for the
Advancement of Science (AAAS). b, Miniaturized implantable optogenetic probes powered
by an RF generator and a resonant cavity for neuromodulation in the brain, spinal cord, and
peripheral nervous system. Reproduced from Ref.122 Copyright 2015 Springer Nature. c,
Optogenetic probe in a thin and flexible open architecture, powered by near-field magnetic
resonant coupling for long-term use in the spinal cord. Reproduced from Ref.190 Copyright
2017 Lippincott Williams & Wilkins. d, Implantable optoelectronic system consisting of
four ULEDs on two bilateral probes and an integrated circuit for stable multimodal interfaces
during chronic operation. Reproduced from Ref.192 Copyright 2018 Springer Nature.
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a, Optogenetic stimulation system for remotely controlling the release of glucose-lowering
hormones from optically engineered cells in diabetic mice. Ref.217 Copyright 2017
American Association for the Advancement of Science (AAAS). b, An optoelectronic
device wirelessly powered with RF radiation for photodynamic therapy at the target site,
where the system modulates the light emission for optimum therapeutic dosage. Reproduced

from Ref.218 Copyright 2018 National Academy of Sciences.
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Figure 5. Wireless systemsfor programmed microfluidic delivery of pharmacological agents.
a, Optofluidic probe and thermally actuated pumps that combine Joule heating elements as

actuators and thermally expandable materials as mechanical transducers, all integrated with
an RF powered wireless module and microcontroller for independent fluid delivery from
four separate chambers to regions of the deep brain. Reproduced from Ref.227 Copyright
2017 Wiley-VCH Verlag. b, Optofluidic cuff system and electrochemical pump for the
programmed delivery of light and pharmacological agents to peripheral nerves. Reproduced
from Ref.144 Copyright 2019 American Association for the Advancement of Science
(AAAS). c, Injectable microsystems for programmable optogenetics and pharmacology at
targeted areas of deep brain. Reproduced from Ref.52 Copyright 2019 National Academy of
Sciences.
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Figure 6. Wireless systemsfor biosignal recording.
a, Wireless optoelectronic system for continuously monitoring regional tissue oxygenation

(rStO») at sites of interest such as peripheral tissues and the deep brain. Reproduced from
Ref.143 Copyright 2019 American Association for the Advancement of Science (AAAS).
b, An ultrasound-based device for measuring electromyograms and electroneurograms
from the gastrocnemius muscle and sciatic nerve, respectively. Reproduced from Ref.126
Copyright 2016 Cell Press. ¢, Miniaturized neural interface based on a 130 nm CMOS
fabrication process for neural recording and bipolar stimulation of the sciatic nerves.
Reproduced from Ref.146 Copyright 2019 Institute of Electrical and Electronics Engineers.
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Figure 7. Fully implantable, wireless, battery-free system for automated, closed-loop peripheral
neuromodulation.

a, A rat with an implanted device during activation of the ULEDs. b, A device that combines
a wireless control/power management module, an optical sensing/stimulation module and

a wireless power transfer module. ¢, Optical image of a strain gauge and pLEDs wrapped
around the bladder of a rat in an expanded state. d, Result of closed-loop optogenetic
neuromodulation. Reproduced from Ref.141 Copyright 2019 Springer Nature.
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Table 1.
Summary of device architectures for wireless, battery-free operation of fully implantable
stimulation and recording tools for the central nervous system.

Page 40

EM, electromagnetic; RF, radio-frequency; SAR, specific absorption rate; RX, receiving; BL, Bluetooth; PV,

photovoltaic; US, ultrasonic. Reproduced from Ref.98: 100,134, 141, 149, 158, 184

Summary of operational modesfor wireless, battery-free implantable devices

Power source Features Example Reference
Downlink: RF Uplink: |
_— N/A
Weight: 16-33 mg Control: Analog, multi-
Far field Avallable pawer: ~ 3-5 mW band RX antenna -
N Operational distance: 0.1-3 m : ; " 98, 101, 122
passive Tissue impact: SAR 6150-69 Embodiment: Subdermal -
mWw/kg Application: Deep brain/ .
spinal cord/peripheral
neural stimulation
Downlink: RF
Uplink: N/A
Control: Digital, active
Embodiment: Subdermal 100, 102,
Application: Brain JL 145, 193
optogenetics, local
Near to mid | Weight: ~ 30 mg gxmgtrly, microfluidic
EM filed, Available power: ~ 5-10 mW rug delivery
Magnetic Operational distance: 0.1-1m Downlink: RF/BL
resonant Tissue impact: SAR ~ < 20 Uplink: BL
coupling mwikg Control: closed-loop
Embodiment: On organ/
External nerve 1
power Application:
source Physiological recording,
peripheral neural
stimulation
Availabe poer: 45 /7 | Downlink lght green)
mw gopgtr;gi-lg?gtigfd) 123,124
PV Operational distance: ~0.5 m N . ' '
Tissue impact: heating of 5 E\mblc_:dlipe:.tél\rl/ﬁ neural 142, 158,
°C with 250-300 mW/mm? IR | PP fcauon: Erain nedra
inti ; g
radiation for 20 min
Weight: 7.6 mg
Available power: 0.12 mW
Operational distance: ~ 10 Downlink: US
cm in tissue, direct body- Uplink: US Control: N/A
transducer contact (transducer | Embodiment: Deep in
uUs in contact with body) tissue / on nerve 12126,
Tissue impact: local rate of Application:
heat generation ~0.3 — 240 Physiological/neural
mWem~3 (soft tissue); ~ 8 — recording
6000 mWem=3 (bone); ~ 15 -
12000 mW cm=3 (lung)
Downlink: N/A
Uplink: N/A
Internal TH : Available power: ~0.26 mW (IE:rc;]nbtcrfc)ili.m,\gnAt\: on organ/ 118, 119,
power riboelectric (peak) . nerve 134
source Operational distance: N/A Application: Self-
triggered electrical neural
stimulation
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Summary of operational modes for wireless, battery-freeimplantable devices

Power source Features Example Reference
Downlink: RF
Available power: ~ yW Uplink: Bluetooth
. Operational distance: N/A Control: Digital
Biofuel Tissue impact: Biofouling, Embodiment: 136,149
inflammation Application: Implantable
biofuel cell
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Table 2.

Power consumption for various modalities.

?npoeégltii&n Power consumption
Electrical recording 9 pW/chl?7, 3.37 uW/ch'?8, 16 nW22, 906 pW/ch3*, 8 pwich®l, 2 mwi/ch130
Optical recording 10 mW (peak) and 2 mW (ave.)!*3, 10.37 mW (active) and 119 uW (sleep)3L, < 15 mW (continuous)®°
Electrical stimulation 21.4 mW (peak), 1.8 mW (ave.) (30 Hz, 0.8% duty cycle)!32, < 40 pw119

Optogenetic stimulation 2 - 10 mW (continuous mode, depending on light intensity)*00. 122

Pharmacological stimulation 1.3 mW (average, 86% duty cycled)®?

Nat Biomed Eng. Author manuscript; available in PMC 2023 October 01.

Page 42



	Abstract
	Editorial Summary
	Limitations of tethered systems.
	Design considerations for fully implantable devices.
	Power sources and wireless communication.
	Internal power harvesting
	Radio-frequency power transfer
	Near-field wireless power transfer
	Photonic Power transfer
	Ultrasonic power transfer.

	Operation modes.
	Optogenetic stimulation.
	Photonic Therapy.
	Microfluidic delivery of drugs.
	Bio-signal recording.
	Closed loop operation.
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.
	Table 2.

