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lonic communication forimplantable bioelectronics

Zifang Zhao', George D. Spyropoulos't, Claudia Cea', Jennifer N. Gelinas*>**, Dion Khodagholy'*

Implanted bioelectronic devices require data transmission through tissue, but ionic conductivity and inho-
mogeneity of this medium complicate conventional communication approaches. Here, we introduce ionic com-
munication (IC) that uses ions to effectively propagate megahertz-range signals. We demonstrate that IC operates
by generating and sensing electrical potential energy within polarizable media. IC was tuned to transmit across a
range of biologically relevant tissue depths. The radius of propagation was controlled to enable multiline parallel
communication, and it did not interfere with concurrent use of other bioelectronics. We created a fully im-
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plantable IC-based neural interface device that acquired and noninvasively transmitted neurophysiologic data
from freely moving rodents over a period of weeks with stability sufficient for isolation of action potentials from
individual neurons. IC is a biologically based data communication that establishes long-term, high-fidelity inter-

actions across intact tissue.

INTRODUCTION

Implanted bioelectronic devices are increasingly being used to moni-
tor and treat disease (1-3). Signal transmission from the implanted
device to the external electronics is a major challenge for safe, effec-
tive, and long-term use. Physiologic signals are robustly transmitted
by cables because of their simplicity and high data rate capacity, but
this approach requires permanent tissue-traversing components
that limit their use in chronic applications. Wireless data transmis-
sion from implanted devices has been accomplished using radio
frequency (RF) and ultrasound-based communication (4-10). The
complex, high-power consumption, nonbiocompatible, and rigid RF
electronic components combined with the high ionic conductivity
of biological tissue place severe restrictions on its signal transmis-
sion capabilities (11-13). As a result, the majority of RF-based systems
require tissue-extruding components that interface with a trans-
mitter placed outside the body (14, 15). Although ultrasound has
better tissue penetration than RF, communication is strongly
dependent on the coupling factor between the transmitter and re-
ceiver, allowing tissue inhomogeneity and mechanical movements
to introduce instability (5, 7, 8, 10, 16). Optical methods have high
power consumption and are limited by light scattering with-
in tissue (17). Therefore, approaches that harmonize with the
properties of biological tissue to facilitate simple, yet reliable, data
transmission are lacking. Intrabody communication that uses ion-
conducting tissue as the medium to transmit information has been
proposed. Signals have been transmitted across the tissue surface
using externally applied electric potential, and this circuit is com-
pleted by capacitive coupling (CC) with the surrounding envi-
ronment (air) (18, 19). Therefore, this approach cannot be used
for transmission from a fully implanted device because a perma-
nent conduit with the environment is required to complete the cir-
cuit. Because the signal is transmitted by ion transport between
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transmitter and receiver, speed of communication is also dictated
by ion mobility (20).

Neuroelectronic devices have some of the most demanding
requirements for data transmission because of the high spatial and
temporal sampling required to interpret and modulate brain activity
(21). Sampling neural activity at several kilohertz per second from
multiple electrodes improves representation of activity patterns and
allows targeted feedback (22-24). These devices are currently used
to diagnose and treat neuropsychiatric disorders (25-27), decode
neural representations for brain-machine interfaces (28, 29), and
establish the functional relevance of neural activity (30). However,
data transmission challenges complicate clinical device implemen-
tation. For instance, brain-machine interfaces to enable control of
assistive movement and communication devices in paralyzed patients
require a chronically implanted, bulky, and rigid transcutaneous port
that transmits high spatiotemporal resolution neural signals from a
microelectrode array to external processors (28). Bioelectronics for
responsive neurostimulation to abort seizures (NeuroPace) are fully
implanted and communicate using RF, but necessitate a large, rig-
idly encapsulated processing unit, and the number of transmitted
channels is limited (31).

Here, we introduce ionic communication (IC) that leverages
ions in biologic tissue to propagate megahertz-range signals. We
demonstrate that IC operates by generating and sensing stored
electrical potential energy within polarizable media in a frequen-
cy-dependent manner. We determined the geometric properties
that govern IC transmission depth and controlled transmission
radius to permit multiline parallel communication. We integrated
IC with advanced neural interfaces to create a fully implantable
device capable of acquisition and noninvasive transmission of
neurophysiologic data from freely moving rats over a period of
weeks. IC enabled a stable, efficient link with implanted compo-
nents and had communication efficiency (data rate/power con-
sumption) several orders of magnitude above other approaches
used with implantable bioelectronics. We used IC for real-time
transmission of multichannel local field potential (LFP) and
neural spiking data, with data quality sufficient for clustering
of individual neuronal action potentials. IC creates a high-speed,
low-power link between implanted and external electronics with
the potential to enhance the safety and efficiency of a wide range
of bioelectronic devices.
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RESULTS

Polarizability governs a material’s dielectric constant (also known
as relative permittivity) and reflects the frequency-dependent ability
to store potential energy under the influence of an electric field.
Electromagnetic waves are efficiently generated and propagated within
low relative permittivity materials. As the relative permittivity in-
creases, more energy is stored in the material, and the transmission
efficiency decreases (11-13). When materials contain charge carri-
ers, such as electrons or ions, electromagnetic energy is also con-
verted into conduction currents, impeding generation and limiting
propagation to the material’s specific skin depth in a frequency-
dependent manner (32). Therefore, the ion-rich, aqueous nature of
biological tissue limits use of RF technologies in implantable devices.
We hypothesized that we could transmit electrical signals by sensing
the stored electrical potential energy within the tissue rather than
relying on an implanted antenna. Application of alternating poten-
tial across a pair of implanted electrodes would transfer energy into
the tissue, with efficiency dictated by the material’s conductivity and
polarizability, as well as the frequency of the applied potential.

To test this hypothesis, we first developed an experimental setup
consisting of two pairs of Au-based electrodes with identical geom-
etry placed parallel to each other across a medium to simulate tis-
sue (Fig. 1A). In this manner, one pair serves as a signal transmitter
(TX, implanted) that is connected to a constant amplitude frequency
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Fig. 1. Configuration and characterization of IC. (A) Cross-sectional schematic
illustration of an IC device consisting of an implanted transmitter (TX) electrode
pair inside a biological tissue with ionic charge carriers [anions (green) and cations
(red)], and a receiver electrode pair (RX) on the surface of the tissue. Vrx denotes
the transmitter signal, while Vry represents the measured voltage from the RX out-
side of tissue. (B) Frequency responses of IC acquired in 107,107, 10", and 1x PBS
(darker shades represent higher concentrations), deionized water (DI; gray), and
isopropyl alcohol (IPA; red) with a 1-Hz to 10-MHz Vi sweep signal. Interelectrode
spacing and distance between TX and RX arrays were fixed at 25 mm. a.u., arbitrary
units. (C) Electrochemical impedance of an IC electrode as a working electrode in
the same media as (B); color scheme as per (B). Ag/AgCl electrodes were used as
counter and reference electrodes. (D) Schematic of EDL capacitance (yellow, top
left) at electrode/electrolyte interface and its corresponding simplified series RC
model (bottom left). Schematic of capacitance resulting from media polarizability
(red, top right) and its parallel RC model (bottom right).
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sweep signal from 1 Hz to 10 MHz, and the second pair functions as
areceiver (RX, on the surface), permitting differential amplification
of the transmitted potential across its constituent electrodes. To
evaluate the capacity of such a device to establish a communication
link across tissue, we performed frequency response measurements
from the RX in media with varying ion concentrations of phosphate-
buffered saline (PBS; 107, 107%, 107", and 1x; Fig. 1B and figs. S1
and S2). Each frequency response curve was characterized by an
inverted U pattern, with increasing response between 1 Hzand 1 KHz,
an intervening plateau, and decreasing response above 10 KHz to
100 MHz. Increasing ion concentration shifted the curve to the
right, resulting in maximal response at higher frequencies relative
to lower ion concentrations. We attributed these responses to a
combination of properties derived from the (i) electrode/electrolyte
interface and (ii) material composition of the electrolyte. We inves-
tigated this electrode/electrolyte interface, which is modeled by a
resistive-capacitive (RC) circuit due to the existence of electric double
layer capacitance (EDL) (33), by performing electrochemical im-
pedance spectroscopy (EIS) using the same electrodes and media.
At low frequencies (<1 KHz), the interface is dominated by the ca-
pacitive component of the EDL, and we found that the impedance
(Z) was independent of the medium’s ion concentration (Fig. 1C,
yellow shading, and fig. $3). At higher frequencies, the contribution
of this capacitance to the impedance becomes negligible (Z ~ 1/C),
and the impedance is governed by the resistive component. In keep-
ing with this notion, higher ion concentrations resulted in lower
impedance at these frequencies (Fig. 1C, red shading). The material
composition of the electrolyte can also be modeled as an RC, with
the resistive component arising from the strength of ionic conduction,
and the capacitive component is determined by the polarizability
(quantified by relative permittivity, €;) (34). These results suggest that
the frequency response curves of IC can be separated into two re-
gimes: (i) EDL-RC dominated (yellow) at low frequencies and (ii)
medium-RC dominated at higher frequencies (red), generating a
medium-specific bandpass of maximal IC response (Fig. 1D). Con-
sistent with this model, media with very low ion concentration
[deionized water (DI)] exhibited less response than ionic electrolytes
and a further left-shifted frequency response curve (Fig. 1B, gray).
Media with low polarizability [isopropyl alcohol (IPA)] had the lowest
response across the spectrum (Fig. 1B, red). Ionic aqueous solu-
tions, such as those that comprise the extracellular space of tissue,
are therefore optimally situated to maximally transmit alternating
potential at high frequencies.

Next, we established that IC is distinct from intrabody commu-
nication approaches both with regard to its operating mechanism
and performance. We designed experiments that directly compared
the performance of IC with CC and galvanic coupling (GC)-based
communication for implantable devices. Intrabody CC uses cutane-
ous tissue and the environment (air) between RX and TX terminals
as communication medium (Fig. 2A, top). As its name implies, this
circuit is composed of a capacitor formed by the air/environment as
dielectric between RX and TX terminals (Fig. 2A, top highlighted in
yellow) (18, 35). Therefore, the simplified circuit diagram of CC is
composed of two paths between TX (source) and RX (measure): (i)
a lateral cutaneous path consisting of the tissue impedance (Zr) in
series with the electrode/tissue interface impedance, defined by the
tissue’s electrochemical properties, electrode materials, and effec-
tive electrode area, and (ii) an environmental path consisting of the
environmental capacitance (Ceny), defined by the size of the RX and
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Fig. 2. Comparison of IC with capacitive (CC) and galvanic (GC) intrabody communication. (A) Cross-sectional schematic illustrating location and arrangement of TX
and RX for CC. Highlighted area illustrates the environmental capacitance (Ceny) between RX and TX via shared environment (top). Corresponding simplified circuit model
of CC; Zg = electrode/body interface impedance, Zgn = tissue impedance. Yellow highlighted area emphasizes the necessity of a capacitive return path through the
environment (middle). Normalized response defined by the ratio of Vrx and Vgy as a function of Cen,. Blue area localizes the range of achievable capacitance values when
the electrodes are on a tissue surface or outside body. Red area marks the effective capacitance when electrodes are placed within tissue. (B) Cross-sectional schematic
illustrating location and arrangement of TX and RX for GC. Corresponding simplified circuit model of GC with similar notation as (A). The highlighted area emphasizes the
necessity of high overall tissue impedance to create a voltage divider (middle). Normalized response, as in (A), as a function of tissue impedance (Z7). The superimposed
curves show TX with 10% to 10° ohms (orange to red, respectively) impedances (Zg). Blue area localizes the range impedances for the tissue surface. Red area marks im-
pedance ranges within tissue. (C) Cross-sectional schematic illustrating location of TX and RX for IC. TX is implanted within tissue, and RX is placed on the external tissue
surface. The dashed lines indicate that TX and RX are aligned (top). Corresponding simplified circuit model of IC that accounts for EDL capacitance in blue and capacitance
from polarizability of water in red (middle). Frequency responses of IC (black), as well as implanted configurations of CC (red) and GC (blue). Au-based TX and RX elec-

trodes (25 mm) were used in PBS for all experiments.

TX electrodes and the dielectric properties of the environment and
air (Fig. 2A, middle). The value of Cepy plays a critical role in the feasi-
bility and stability of communication between RX and TX. Higher
values of Cey,y result in lower impedance of the environmental path
and robust communication via CC. Even when C,y, is high (Fig. 24,
blue zone), only short-term exchange of small data packets, such as
business card information, is possible because changes in the envi-
ronment (e.g., air flow and lighting) directly affect Ce,y and, hence,
the stability of the link. To create an implantable device based on
CC, the environmental path must be within the body. However, the
high ion concentration of body tissue reduces the capacitance of the
environmental path to several orders of magnitude lower than that
required for CC-based communication (Fig. 2A, bottom). To increase
the stability of the environmental path, intrabody GC was intro-
duced (36). GC replaced the environmental path of CC with another
cutaneous path by placing both pairs of RX and TX on the tissue
surface (Fig. 2B, top). The simplified circuit model of GC is com-
posed of four electrode/tissue interface impedances connected to a
network of tissue impedances. When the electrode/tissue interface
impedance is low relative to the tissue impedance, a practical voltage
division that allows communication is established. Low interface
impedance is typically accomplished by using large electrodes. In
this manner, the circuit impedances can also remain constant and
independent of the environment, providing more communication
stability compared to CC. An implantable device based on GC requires
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the TX to be moved from a position on the tissue surface, where
tissue impedance is high (Fig. 2B, bottom, blue zone), to within the
tissue, where impedance is much lower (Fig. 2B, bottom, red zone)
(37, 38). Tissue impedance in this arrangement only sufficiently
exceeds interface impedance at low frequencies (~KHz regime) and
when interface impedance is maximally decreased (e.g., by increas-
ing electrode size; Fig. 2B, lighter-shaded curves), precluding prac-
tical use.

In contrast to CC and GC, IC is specifically designed for use with
fully implantable devices, where TX is within tissue and RX is on the
surface (Fig. 2C, top). On the basis of electrochemical impedance
and frequency measurements performed in the presence of varying
ion concentrations and media polarizability (Fig. 1), we defined the
IC-simplified circuit model as a bandpass filter. The EDL between
the tissue and electrode (Fig. 2C, middle, series blue capacitor) ac-
counts for the high-pass regime (rising section of curves in Fig. 1B),
whereas the capacitance due water polarization in the presence of
physiologic concentrations of ions (Fig. 2C, middle, parallel red
capacitor) defines the low-pass regime (falling section of curves in
Fig. 1B). The high ion concentration and water content of tissue
results in an effective bandpass (flat area of the curves in Fig. 1B)
between 10° and 10" Hz, optimal for high-speed communication
(Fig. 2C, bottom, green trace). We directly and experimentally com-
pared the performance of CC, GC, and IC in a fully implanted con-
figuration. All electrodes and geometries were kept constant across
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the communication methods. We found that IC (Fig. 2C, bottom,
green trace) maintained a high constant response at megahertz
frequencies, whereas CC (red) and GC (blue) exhibited negligible
responses across the frequency spectrum, with no effective signal
received (Fig. 2C, bottom). Therefore, CC and GC cannot serve as
data transmission methods for fully implantable devices, and IC is
a practically and mechanistically distinct, effective method for this
purpose.

After establishing IC as a potentially viable strategy for implantable
device communication, we began investigating electrode/electrolyte
interface by examining the effect of TX/RX electrode material
composition and geometry on the IC frequency response. We fabri-
cated Au and conducting polymer-based [poly(3,4-ethylenedioxy-
thiophene)-polystyrenesulfonate (PEDOT:PSS)] IC electrode pairs
spanning two orders of magnitude in size. It is known that conduct-
ing polymers reduce the electrochemical impedance of noble metals
(39). This impedance reduction is primarily mediated by increased
uptake of ions across the bulk of the hydrophilic PEDOT:PSS film,
which enlarges the electrode/electrolyte capacitance (40, 41). We
found that the conducting polymer resulted in higher capacitance
(lower impedance) than Au for a given electrode size at low frequen-
cies and that the impedances became equivalent at high frequencies.
However, the corner frequency (f.) of the EIS curves was left-shifted
for a PEDOT:PSS compared to an Au electrode of the same size.
Larger electrode size was associated with decreased impedance
across the frequency spectrum (Fig. 3A and fig. S4). We observed
that the EIS f. was equivalent to the corner frequency of the IC fre-
quency response curve (fic; Fig. 3B and fig. S5), suggesting that the
EDL plays a critical role in the effective bandwidth for IC operation.
Extracting fic for the electrodes characterized in Fig. 3A revealed
that use of conducting polymer as TX/RX electrode material ex-
tends the bandwidth for IC by two orders of magnitude for any given
electrode size (Fig. 3C). Therefore, although improving the electro-
chemical capacitance of the TX/RX does not directly affect the signal
response for IC, it enables a wider range of IC operating frequencies
with smaller electrodes.

We next asked across what tissue distance IC could effectively
transmit. We fabricated IC RX/TX pairs with geometries spanning
two orders of magnitude in their length (L), distance between elec-
trodes in a pair (W), and the distance between the TX and RX
pairs (D), and measured the frequency response curves for each

configuration. IC response was linearly and independently correlated
with each measure, increasing proportionally with L and W, but
decreasing with D (Fig. 4, A and B, and figs. S6 and S7). Hence, any
combination of L and W that resulted in the same multiplicative
product was associated with the same D. Effective signal acquisition
at the RX is also affected by the voltage of signal applied to the
TX. To understand the relationship between these factors, we deter-
mined the maximal D across which signals could be reliably acquired
at each combined geometry (L x W) for four different TX signal
voltages (Fig. 4C and fig. S7). At an operating voltage of 50 mV, a
combined geometry of 9 mm?” [which could be achieved, for exam-
ple, by a configuration of a 3-mm RX/TX electrode length (L) with
3 mm between the electrodes of the TX (W)] resulted in a transmis-
sion depth of 50 mm. At the lowest operating voltage tested (1 mV),
a transmission depth of 50 mm necessitated increasing the com-
bined geometry to 200 mm? (which could be achieved, for example,
by a configuration of L = 10 mm and W = 20 mm). Therefore, a
range of IC electrode geometries compatible with implantation
were capable of communicating across distances required to target
a variety of tissue, from human skin to visceral organs. We further-
more directly compared the transmission depth of IC (L = 1 mm)
with a Bluetooth Low Energy (BLE) protocol and found that the
RF-based system had markedly higher signal attenuation in physio-
logical environments. RF, in contrast to IC, was unable to establish
a transmission link at distances further than 50 mm, and the RF signal
attenuation at the smallest measurable depth was greater than IC
signal attenuation at a depth of 100 mm (fig. S8).

Digital communication is often an optimal approach because it
preserves signal quality, allowing for error correction, encryption,
and narrow bandwidth transmission. Because IC effectively trans-
mits high-frequency signals, it is primed for use with digital com-
munication protocols. To explore this application, we used a set of
TX/RX electrodes across electrolyte to transmit digital pulses. To
convert the received signals into a digital stream and simultaneously
eliminate amplitude variations due to changes in electrode/electrolyte
potential, we used an automatic variable gain differential amplifier
at the RX (fig. S9 and Materials and Methods). This design main-
tained a constant signal root mean square (RMS) over a defined
window (10 ps), which was substantially longer than individual
pulses transmitted (0.1 to 1 ps; fig. S10). We found that the rise/
fall time of the pulse (t) after differential amplification was 7.1 ns
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Fig. 3. Use of conducting polymers lowers electrochemical impedance to expand the range of effective IC operation frequencies. (A) Electrochemical impedance
of conducting polymer-based (shades of blue) and Au-based (shades of red) IC electrodes with 0.5-, 1-, 2-, and 5-mm length (darker shades represent shorter lengths).
(B) Normalized IC response (green) and electrochemical impedance (black) spectrum of an IC electrode (W, L, D=5 mm) highlighting the alignment of Fc and Fic. The red
dashed superimposed lines are exponential fits of the response and impedance curves that resulted into f. =8.63 KHz and fic =8.71 KHz. (C) Turning frequency of Au and
PEDOT:PSS-based electrodes as a function of their area. The larger capacitance of PEDOT:PSS results in lower turning frequencies.
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Fig. 4. IC transmission depth scales with TX array geometry and operating voltage to enable low-voltage, long-range, and geometrically scalable communica-
tion in physiological environments. (A) Effect of electrode geometry (W, D, and L) on IC response above fic frequencies. Larger and warmer colored symbols correspond
to larger responses. Each datapoint is determined by extracting the average response of 256 cycles per frequency. (B) IC response is linearly positively correlated with the
product of Wand L, and linearly negatively correlated with D. Inset: Cross-sectional schematic illustrating geometrical parameters of IC device. The blue medium between
TX and RX arrays represents the biological tissue; D is the depth of TX inside tissue, W is the interelectrode distance of TX or RX pairs, and L is the length of square elec-
trodes. (C) Estimated communication depth of IC based on electrode geometry and operating voltage (1, 5, 10, 50, 100, and 500 mV; darker shades denote higher voltages).
The dashed lines denote the approximate distances between the surface and implants in various human tissues.

(Fig. 5A). Therefore, using a practical consideration for transmission
fidelity of 10 x 1, it would be practically possible to reach 14-MHz
communication [1/(10 x 1)] with a single IC line. With currently
available commercial, discrete amplifiers, we were able to effectively
receive and decode digital pulses transmitted up to 6 MHz (fig. S11).

Many bioelectronic devices require multiple parallel lines of data
communication, so we explored whether this functionality could be
attained using IC. With parallel lines, the rate of data communica-
tion can be markedly increased without necessitating higher operat-
ing frequency. This approach would only be feasible if individual IC
links (RX and TX pairs) could maintain independent transmission
in the absence of cross-talk. We therefore designed an experiment
where the physical location of the RX pair could be offset with re-
spect to the TX pair (Fig. 5B, inset). The most effective communica-
tion (highest response across frequency range) was observed when
the RX and TX electrodes were directly aligned. Upon reaching
misalignments larger than the electrode geometry (L), a notable de-
cay in response was observed (Fig. 5, B and C). Because the response
dropped sharply at the boundary of the TX/RX electrode overlap, it
is theoretically possible to create a densely packed conformable ar-
ray of IC transmitters in coaxial format without introducing cross-
talk between the independent transmitters. To test this notion, we
next fabricated a conformable array of 10 miniaturized IC TX-RX
arrays on a parylene C substrate and bonded them directly to rigid
or flexible printed circuits (Fig. 5D and fig. S12). Each IC channel
was able to operate independently at approximately 6 MHz with
minimal cross-talk in this setting (Fig. 5E, red). We then combined
operation of all 10 channels to achieve an overall digital communi-
cation speed of up to 60 Mbps (Fig. 5E, green). To evaluate signal
transmission quality in a physiologic environment, we concurrently
operated IC while recording the noise level across the physiologic
frequency spectrum using a conventional neural acquisition system
sampling from the same medium (Fig. 5F and Materials and Methods).
We used a Manchester coding protocol, in which data bits are
represented by either a low then high, or a high then low, state for
equal time. This approach creates charge-balanced transmission sig-
nals and minimizes direct current components of these signals. The
presence of IC components within the medium did not introduce
noise into the electrophysiological recordings, suggesting potential
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for integration into implanted devices designed to assay a variety of
biological signals.

Low power consumption is a critical feature for implanted bio-
electronic devices. We determined that IC power consumption re-
mains constant across frequency for a given impedance, with higher
TX/RX impedance resulting in lower consumption across all data rates
(Fig. 6A). Given these properties, IC would be capable of transmit-
ting data from a range of clinical and research implanted devices with
low power consumption. We compared IC communication effi-
ciency (defined by power consumption relative to operation speed)
to other data transmission approaches. Because IC efficiently op-
erates at low voltages, its communication efficiency surpassed the
majority of wireless communication protocols used for such devices
(Fig. 6B and table S1). IC operates by application of megahertz-range
signals to tissue; thus, we also took the guidelines for power injection
based on the International Commission on Non-Ionizing Radiation
Protection into consideration (42). We found that the maximum
operating voltages as a function of (i) TX array area and (ii) distance
between TX electrodes within a pair were well within safety bound-
aries for induced electric fields in tissue (fig. S13).

To test the ability of IC to practically transmit high-sampling
rate, multichannel data such as would be required for advanced bio-
electronic devices, we first devised a surgical protocol to enable chronic
implantation in a rodent model (Fig. 6C). In addition, IC must be
compatible with existing Si-based data acquisition and processing
devices. We use mixed conducting particulate composite (43) to bond
a conformable electrode array to a printed circuit board (PCB)
with a neurophysiological acquisition chip (Intan) and a micropro-
cessor to organize acquired data into packets delivered to the attached
conformable TX electrodes, each equipped with a nearby encapsu-
lated magnet. A miniaturized battery was used to supply power (Fig. 6C
and figs. S14 and S15). The conformable shank was implanted into
the brain through a scalp incision and craniotomy. Using a trocar-
based surgical approach (44), the TX array and battery were tun-
neled into the subcutaneous space over the dorsal aspect of the rat’s
neck. All surgical incisions were then closed, resulting in a fully im-
planted device capable of transcutaneous data transmission. Two
miniaturized external magnets were used both as RX electrodes
and for fiducial alignment with the implanted TX electrodes. Signals

50f 11

220z ‘0T |udy uo A1sieAiun eiquin|o) e 610°80us 105 MMM//:SANY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A . - J ) P
t=71ns | < 1.0
0.1 ®1 2 osf >
—_ > >
S ~ 0.6} =
— 0 2 2
>nﬁ g 0.4} g 0.5
= z
-0.1 5 021 9
X, =2 .
00 200 300 o100 10010 % i
Time (ns) Frequency (Hz) Offset (xL)

—_

S N B o o o

Response (V/V) ™

‘:{ 100 10° 105 107

A Sy Frequency (Hz) -

Fig. 5. IC establishes high-bandwidth, digital, parallel data communication using conformable electronic substrates. (A) Received square pulse at the RX before
slicing and digitization. The red trace is the exponential fit of the IC RX voltage before digitization, resulting in a time constant of 7.1 ns (W, L, D=5 mm). (B) Comparison
of frequency responses acquired when RX and TX arrays were positioned inside (green) and outside (gray) line of sight. Inset: Cross-sectional schematic illustrating the
experimental setup for measuring IC response at various offsets between TX and RX pairs. (C) The response of IC as a function of RX and TX positional offset. Green mark-
ers show IC response for positions where the RX is within TX's line of sight, whereas unfilled and gray markers indicate partial alignment or full misalignments of TX and
RX, respectively (L =25 mm). (D) Four-micrometer-thick, parallelized (10 links) IC TX and RX arrays conforming to the surface of an orchid petal; scale bar, 5 mm. Optical
micrograph of one of the coaxial-shaped IC links; scale bar, 500 um. (E) Frequency response of 10-link IC-based communication resulting in stable high response at ~60 MHz
bandwidth (black). The red trace shows the absence of cross-talk between two nearby RX and TX pairs. (F) Cross-sectional schematic of simultaneous electrophysiological
recording and digital IC signal transmission (with 2-MHz, 50-mV amplitude Vrx). Lower blue traces show the extracted digital at RX before digitization, and the two red
traces are concurrent electrophysiological measurements of ground (top) or a sweep signal (bottom; 1 to 10 KHz; scale bar, 1 mV amplitude). The RMS noise of electro-
physiologic (0.1 to 7500 Hz) recordings during operation of IC was 2.7 uV,ms compared to 2.4 uV,ms without IC operation.
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Fig. 6. IC enables fully implantable, noninvasive, ultralow power, stable, and high-speed communication for implantable devices. (A) Power consumption of IC
as a function of data rate and TX electrode impedance (1, 10, and 100 kilohms dark to light). The shaded areas highlight the required data communication bandwidth for
using the denoted neural interface devices. (B) Efficiency of implantable communication systems derived as the ratio of bandwidth to power consumption for RF waves,
mechanical waves (ME), and IC. (C) Simplified schematic of the placement and location of the implant in a rat (top left). Complete embedded system with conformable
probe and battery before implantation (right; black scale bar, 5 mm; white scale bar, 50 um). Location of incision for positioning IC electrode 1 week after surgery (bottom
left). RX is aligned transcutaneously via the fiducial magnet of the implanted TX array.

were decoded by a differential amplifier attached to the RX elec-
trodes (fig. S9).

With this setup, we designed a series of experiments to evaluate
the ability of IC to transmit chronic intracranial encephalography
signals from multichannel implantable probes in freely moving rats.
Rats implanted with IC devices had normal behavior without indi-
cations of discomfort, and neural signals were transmitted via IC
while the animals successfully performed behavioral tasks on an open
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field maze (movie S1). IC established high-speed communication
for simultaneous real-time transmission of 32-channel data across
intact cutaneous tissue with minimum distortion in vivo (fig. S16, A
and B). The RX array was attached and detached repetitively without
adversely affecting signal quality. Transmitted LFP exhibited iden-
tifiable state-dependent time-frequency characteristics (Fig. 7, A and B,
and fig. S16C) and typical waveform features corresponding to hip-
pocampal area CA1l layers (Fig. 7c). We also compared quality of
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Fig.7.1C enables stable, chronic communication forimplantable devices at the resolution of single neurons in vivo. (A) Long-term, time-frequency spectrogram of LFP
transmitted by IC from a freely moving rat. Each block notated by dashed lines represents data extracted from a separate recording session (scale bar, 15 s). Superimposed
white traces illustrate waveform traces of sleep spindles (scale bar, 250 uV, 100 ms). (B) Spectrogram of NREM transitioning to REM sleep with superimposed traces of delta
waves and sleep spindles during NREM, as well as theta oscillation during REM sleep (scale bar, 200 ms). (C) Sample ripple with clear spatial profile across hippocampal CA1
layers (scale bar, 50 ms). (D) Sample LFP traces (top) and their corresponding filtered traces (>500 Hz; bottom) with visible neural spiking activity; scale bar, 50 ms. (E) Scatter-
plot of waveform characteristics of putative single units transmitted by the IC in a freely moving rat. Each symbol corresponds to an average spike waveform of 20 spikes from
a putative isolated neuron; colors represent different clustered neurons. (F) Sample autocorrelation of a putative clustered neuron transmitted by the ICin a freely moving rat.
(G) Phase-locking of sample putative single unit's spikes to cortical gamma oscillation (P < 0.01, circular mean statistics mu=0.005, k = 2.33 x 10%).

signals transmitted via IC and conventional serial peripheral inter-
face (SPI) cables. We found that neural activity patterns did not differ
with regard to frequency or duration between the methods (figs. S17
and S18A). Power spectral density of the wideband-transmitted signals
was also indistinguishable (fig. S18B), demonstrating that IC does
not introduce additional noise or spurious signals into neural data.

Furthermore, IC supported data sampled at 20 KHz, permitting
acquisition of neural spiking data. Identifying action potentials
originating from individual neurons (spike sorting) is precisely de-
pendent on the shape of each action potential waveform (1- to 2-ms
duration), and hence, any signal contamination would prevent identi-
fication of spiking clusters. We used a conventional spike-sorting
algorithm and were able to identify multiple putative individual
neurons with stable waveforms and typical physiologic firing pat-
terns (Fig. 7, D and E). These data support the ability of IC to reli-
ably transmit some of the most exacting biological signals.

To evaluate the stability of IC in vivo, we performed multiple
recording sessions in freely moving rodents over a period of 3 weeks
after device implantation. Physiologic spectral features of the trans-
mitted signals were maintained across these sessions (Fig. 7A), and
detected neural activity patterns exhibited consistent amplitude,
duration, and frequency over weeks (fig. S19). Together, these re-
sults indicate that IC is fully capable of high-quality and long-term
signal transmission in naturalistic in vivo environments, suggesting
broad applicability to a range of implanted devices.

DISCUSSION

We developed a biologically based data communication method, IC,
that leverages the high ionic conductivity of body fluids to transmit
electrical signals across an intact tissue interface. We demonstrated
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that physiologic ion concentrations in polarizable media support
storage of electrical potential energy that can be remotely sensed
in a frequency-dependent manner. The IC components (TX/RX
arrays) are amenable to miniaturization and can transmit across a
tissue distance several times the distance between electrodes within
an array at physiologically acceptable voltage operation (4x at 30 mV,
11x at 100 mV). With appropriate geometric design, IC can be used
to establish multiple cross-talk-free parallel data lines. IC requires
low voltages for operation and has power consumption substantially
less than conventional communication methods, such as RF or ul-
trasound. In addition, IC transmits high sampling rate data with high
fidelity and is resistant to disruption by movements of the organ-
ism. IC can be integrated with a variety of implantable devices and
permits communication through an intact tissue interface, elimi-
nating the need for extruding electronic components. We show that
IC is capable of consistent transmission of neural signals, including
LFP and individual action potentials, from freely moving rats over
a period of at least 3 weeks, confirming feasibility for a variety of
in vivo applications.

Materials required for IC are biocompatible and commercially
available, and IC arrays are fabricated using established microfabri-
cation techniques (45). Because IC uses the intrinsic conductivity of
tissue, its operation is not impaired by exposure to water or ions,
and we use a charge-balanced coding protocol to minimize the pos-
sibility of ion trapping at the array electrodes. The RX/TX arrays do
not require encapsulation in biological environments, unlike the
modulators used for RF-based methods. Furthermore, IC compo-
nents are flexible because of their small cross-sectional diameter
and ability to be embedded within conformable plastic substrates.
Their simple design could also be executed with soft and biodegradable
materials, eliminating the need for device removal in circumstances
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when time-limited monitoring or intervention is necessary. Although
we demonstrate compatibility with Si-based electronic components
for signal acquisition here, IC could be easily integrated with a variety
of soft, organic electronics to establish fully conformable implantable
electronic devices with no rigid components (14, 46, 47). Although
power-carrying components require encapsulation to prevent leak-
age currents from entering tissues, the low operating voltage of IC
potentially permits use of thin, conformable materials for this pur-
pose. IC can currently be powered using implantable batteries, but
alternative methods that provide rechargeable power could be consid-
ered given its low consumption (48). IC transmission lines do not have
inherent directionality, raising the possibility of bidirectional communi-
cation through parallel lines for active devices such as stimulators.

We demonstrated how IC benefits acquisition of high spatio-
temporal resolution neurophysiologic data, but it could be applied
to a variety of signals. In large-animal models or human subjects,
where implant sizes in the range of centimeters are possible, IC can
be configured to transmit across tissue depths of 10 cm, creating
opportunities for signal transmission from visceral organs. On the
other hand, transmitting across subcutaneous tissue (a few millime-
ters in thickness) enables miniaturization of RX/TX arrays and util-
ity in small-animal models. Implantation of neural recording arrays
integrated with IC enabled complete closure of all incisions, abol-
ishing potential for infection, inflammation, and hemorrhage that
can accompany persistent breaches of the tissue interface. IC-based
recording was stable over weeks in freely moving animals, and con-
sistently high data quality permitted identification and monitoring
of action potentials from individual neurons, a process that requires
high sampling rate (10 to 20 KHz) and signal-to-noise ratio (22).
Although we sampled data intermittently in real time, advances in local
storage technology could realize an alternative protocol whereby
signals are initially stored within the organism, then transmitted at
a later time (49). For instance, the high-speed and parallelized lines
of IC presented here allow mass transmission, with approximately
2-min time required for 1 GB of data, equivalent of 1 hour of
256-channel clinical data sampled at 512 Hz. The requirement for
physical contact between the TX and RX of the IC also ensures that
sensitive clinical data are not errantly received or intercepted. Overall,
IC offers unique features that could simplify and enhance data trans-
mission from implanted bioelectronic devices, with clinical applica-
bility to procedures ranging from glucose-sensing to brain-machine
interfaces.

MATERIALS AND METHODS

Material

PEDOT:PSS (Clevios PH1000) was purchased from Heraeus. p-Sorbitol
(=99.5%; BioUltra), (3-glycidyloxypropyl)trimethoxysilane (GOPS),
4-dodecyl benzene sulfonic acid (DBSA), PBS tablets, and 3-(trime-
thoxysilyl)propyl methacrylate (A-174 silane) were purchased from
Sigma-Aldrich. Micro 90 concentrated cleaning solution was pur-
chased from Special Coating Services. AZnLOF2020 (negative pho-
toresist), AZ9260 (positive photoresist), AZ 400 K, and AZ 300 metal
ion-free developers were acquired from MicroChemicals, Merck.
Neodymium magnets were purchased from K&J Magnetics (DH101,
D301). PCB circuits were manufactured by Eurocircuits. Electronic
components were ordered from Digi-key. Type 321 0.002” stainless
steel sheet was purchased from SSTW. Gold plating solution was
purchased from Gold Plating Services.
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Electrical and frequency characterization

Frequency responses for IC devices were recorded with a battery-
powered oscilloscope (Micsig TO1104), a Keysight DSOX2002A
oscilloscope, and Keysight 33509B waveform generator. Sine waves
were delivered to the TX electrodes using the waveform generator
with electrodes terminated by a 50-ohm resistor and monitored by
the Keysight oscilloscope. Both oscilloscopes were synchronized with
the signal generator by an opto-decoupler (D213, SparkFun). Volt-
age on the RX electrodes was monitored with the battery-powered
oscilloscope, which has a floating ground relative to the TX systems.
For each measured frequency, sine waves applied to the TX and received
from the RX were averaged 256 times, and the response was calcu-
lated using the ratio of RX signal amplitude/TX signal amplitude.

Electrochemical impedance

EIS, modeling, and equivalent circuit extraction were performed
with Gamry Reference 600+ using a three-electrode configuration
with Ag/AgCl electrodes as counter and reference electrodes. Electro-
chemical impedance was measured in potentiostatic mode with
100 mV RMS and frequency range from 1 Hz to 5 MHz (10 points
per decade).

Conformable device fabrication

A 1.5-pm-thick parylene C layer was coated on double side-polished
quartz wafers (100-mm outer diameter, thickness of 550 um) using an
SCS Labcoater 2. Metal electrodes and interconnects were patterned
by a metal lift-off process. A 10-nm-thick Ti adhesion layer, followed
by a 150-nm-thick Au layer, was deposited (Angstrom EvoVac
Multi-Process). A second layer of parylene C (insulation layer),
followed by an additional sacrificial layer of parylene C (for the
subsequent peel-off process), was deposited similarly to the first
layer. During chemical vapor deposition of the second Pa-C layer,
3-(trimethoxysilyl)propyl methacrylate (A-174 silane) was used to
enhance adhesion between the first and second layers. Spin-coated
antiadhesion agent (5 weight % Micro-90 diluted in DI) reduced the
adhesion between the second and third layers. The stacked layers were
patterned with a 4.6-um-thick AZ9260 photoresist and dry etched
with an O, plasma reactive ion etching process (Oxford Plasmalab
80) to shape the IC electrodes and electrical contact pads. The
PEDOT:PSS formulation was prepared on the basis of previously
described methods (43, 47). Spin-coated PEDOT:PSS films were
patterned by peeling off the third parylene layer.

Animal surgical procedure

All animal experiments were approved by the Institutional Animal
Care and Use Committee of Columbia University. Implantations
were performed in the somatosensory cortex and/or hippocampus
of 10 male Long Evans rats (250 to 350 g; 8 to 11 weeks of age). The
animals were housed in a regular 12-hour/12-hour light/dark cycle.
No prior experimentation had been performed on these rats. Before
the surgical procedure, the rats were housed in pairs, and they were
separated after implantation. The animals were initially anesthe-
tized with 2% isoflurane and maintained under anesthesia with 0.75
to 1% isoflurane during the surgery. Craniotomy was performed at
coordinates anterior-posterior —3.5 mm, medial-lateral 3 mm, with
dorsal-ventral —1.0 mm for somatosensory cortex and —2.0 mm for
hippocampus. Dura mater was removed individually, and the probes
were inserted into the target areas. The craniotomies were covered
with gel foam and sealed using a silicone elastomer. Inspired by

8of 11

220z ‘0T |udy uo A1sieAiun eiquin|o) e 610°80us 105 MMM//:SANY WoJ) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

procedures used in epilepsy surgery, we developed a trocar-based tun-
neling approach using an 18-gauge stainless steel needle to guide the
IC transmitter electrodes through the subcutaneous tissue and al-
low placement without any additional incisions. A suture was used as a
guideline that was anchored to the device and the battery. Subsequent-
ly, the suture was removed. The mechanical conformability and surface
energy of the array substrate facilitate its physical stability within this
space. Two #000-gauge stainless steel screws were fixed on the skull
above the cerebellum and used as ground and reference electrodes. Af-
ter implantation, the rats were able to move freely. For data transmis-
sion via IC, the RX array was placed on the intact skin surface, which
was coated in a thin layer of Tensive conductive adhesive gel (obtained
from Parker), and aligned with the TX array via fiducial magnets. A
subset of rats were simultaneously implanted with hardware for data
transmission via SPI cable to enable direct comparison with IC.

RF propagation depth characterization

A 5 x 6-mm 2.4-GHz BLE module (HJ-580xp, Hongjia), with
DA14580 BLE controller and 1005 ceramic 2.4-GHz antenna (TX py: =
+0 dBm, antenna gain = 0.5 dBi), is coated with a thin layer of
medical-grade silicone and then immersed into a large bath of PCB.
Mechanical manipulators were used to control the depth of the device
in the bath. Another similar BLE module is placed on top of the solu-
tion to allow characterization of the connection and received signal
strength indicator (RSSI). BLE modules are placed facing each other
to achieve the best antenna performance. The RSSI of each depth is
measured five times, and the distance continued until the depth that
was not able to establish a connection.

Real-time digital implantable IC-based device

One onboard microcontroller (uC, STM32F413CHUS6, STMicro-
electronics) coordinated neural data acquisition (RHD2132, INTAN
Technologies) and processing of digital data for IC communication.
The device was in the low-power sleep mode after implantation.
Once the magnetic trigger signal was detected by alignment of RX
with implanted TX, the device began acquiring electrophysiological
data and transmitting digitized data. The uC configured the param-
eters for the neural acquisition chip and established an SPI commu-
nication. Sixteen-bit digitized neural data were then acquired periodically
through the SPI interface. Data were handled by direct memory
access (DMA) unit and then buffered into random-access memory
(RAM). IC transmission routine was encoded into charged balanced
code using a look-up table and transmitted using a universal asyn-
chronous receiver-transmitter (UART) module. Digital logic signals
were attenuated 100 times, high-pass filtered (fc = 100 KHz), and
sent to the TX electrodes.

Implantable magnetic IC electrodes

Stainless steel foil (50 um thick) was soldered to a medical-grade
silicone-jacket-based wire to serve as the IC electrode. A 5-mm mag-
net was then attached to the back of the electrode, and the whole assembly
was potted by a thin layer of medical-grade silicone, excluding the
electrode surface.

IC receiver with automatic gain control

A low-noise operational amplifier (OPA2320, Texas Instruments)
served as a buffer for the signal received from IC electrodes. Then,
the signal is bandpassed (100 kHz to 3 MHz) and amplified with a
variable gain amplifier with automatic gain control (AD8338, Analog
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Device). The differential output signal is then converted to logic level
by a high-speed low-voltage differential signaling receiver (FIN1002, ON
Semiconductor). Last, a uC (STM32F723ZET, STMicroelectronics)
receives the logic levels through a UART module and transmits the
data to a computer through a USB.

Validation of electrophysiological recording

In vivo recordings were manually classified into wake, rapid eye
movement (REM), and non-REM (NREM) epochs based on theta/
delta ratio with additional movement information extracted from the
onboard accelerometer. An amplitude-threshold method was used
to detect spikes from bandpass—filtered data (0.25 to 2.5 kHz), and
spike waveforms were retrieved from wide-band files. Cell clustering
was done by an unsupervised expectation-maximization algorithm
(Klustakwik). Rats also performed free exploration of an open field
maze, allowing demonstration of walking, running, and rearing be-
haviors during recording.

LFP and spike analysis

We used custom MATLAB software to score behavior into NREM
sleep, REM sleep, and waking epochs based on spectral features and
an onboard accelerometer. Spectral analyses were generated using
Gabor-based analytical wavelet. Spike waveform characterization
was performed by first calculating an average waveform for each
20 spikes and then determining peak time and peak asymmetry for
each averaged waveform.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm7851
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