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Wireless bioresorbable systems for electrical stimulation can deliver
electrotherapy over clinically relevant timeframes, and then subsequently
dissolve away in a harmless fashion. Such systems have previously been
used in neuroregeneration and cardiac pacing, delivering monophasic
pulsesto atargeted site. Here we report a wirelessly powered system

with programmable control of the stimulation waveforms using
tissue-penetrating near-infrared light. The approachrelieson a
bioresorbable silicon phototransistor that is designed to optically
modulate current flows at critical nodes in electrical circuits. We show
that the approach can offer precise control over stimulation pulses—
allowing monophasic, biphasic and polyphasic waveforms to be delivered
to single or multiple sites—and all with power wirelessly delivered to a
single receiver unit. Using small and large animal models, we further show
that the technology enables single- and dual-chamber cardiac pacing,
aswell as phrenic neuromuscular stimulation for inducing and blocking
diaphragmatic excursion.

Physically transient materials, components and integrated systems—
which canbereabsorbed harmlessly in the body—can provide diverse
biomedical technologies that act as temporary implants'~. They have
previously been used to create sensors for monitoring intracranial
pressure®, spectrometers for tracking tissue homeostasis’, systems
for programmed drug delivery®®, and electrical stimulators for
neuroregeneration'®" and cardiac pacing”™*. Wireless power trans-
fer techniques are important for many of these systems. One such

technique uses inductive magnetic coupling between an external
transmitting coil powered by aradiofrequency (RF) supply and areceiv-
ing coil integrated within the bioresorbable electronic platform. This
approach has, inparticular, been used to create electrical stimulators
that are designed to produce monophasic pulses for nerve regenera-
tion or cardiac electrotherapy. In this method, the power waveform
applied to the transmitting coil defines the duration and frequency
of the stimulation pulses through control of the power received by
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the receiving coil™*". Closed-loop operation can be achieved with
skin-interfaced devices that can sense and transmit RF power, enabling
operation even at deep tissue locations owingto low RF absorptionin
therelevant frequency ranges”.

This scheme can generate monophasic pulses, but it is difficult
to generate the complex stimulation waveforms that are required for
many clinical applications'*®. Charge-balanced biphasic and poly-
phasic waveforms are, for instance, recognized for their operational
safety’”*° and energy efficiency, and are of extensive use, for example,
in cardiac stimulation?**. The development of programmed multi-
site stimulation with defined latency with a single device is a further
issue that needs to be addressed. Using multiple receiving coils that
resonate at different frequencies could provide a solution, but this
approach is constrained by device size, structural complexity and
limited scalability.

In this Article, we report a bioresorbable silicon (Si) electronic
transistor that can remotely control waveforms produced by a stimula-
tor powered by wireless inductive transfer through a single receiving
coil. In particular, we use a bipolar junction transistor that functions
asabioresorbable phototransistor (b-PT) and can control the current
flow and/or polarity withina targeted node of a circuit inreal time. The
device canbeactivated by controlled near-infrared (NIR) illumination
within the first transparency window for tissue, allowing operation
at deep tissue locations. Compared with an implantable pulse gen-
erator or a commercial external generator (Supplementary Table 1),
this approach can achieve various stimulation conditions, including
monophasic pulses at single or multiple sites, as well as biphasic and
polyphasic waveforms across diverse electrical stimulation scenarios
(Supplementary Table 2). We use the approach to fabricate a cardiac
pacemaker and placeitinacanine model for single-, dual-chamber and
biventricular stimulation through programmable monophasic and
biphasic waveforms. Inthis example, a wireless, skin-interfaced device
witha pair of light-emitting diodes (LEDs), sensors and control modules
illustrates a potential route toward closed-loop operation. We also
demonstrate monophasic and polyphasic stimulation of the phrenic
neuromuscular system (PNMS) in rat models, to validate the efficacyin
diaphragm pacingand phrenicnerve (PN) conduction blocking tailored
to various cases of diaphragm dysfunction (DD)**%¢,

Wireless, light-controlled, bioresorbable
electrical stimulator for polyphasic pulse
stimulation

Figurelashowstheengineering design forthe stimulator, whichinvolves
b-PTs, a pair of electrodes and a receiving coil. The skin-interfaced
device integrates a NIR LED and a transmitting coil, to allow optical
switching and wireless power transfer to deep tissue locations. The
b-PTsincorporate vertical bipolar junctions (Si PNP-phototransistor;
thatis, emitter (E; p*-doped (>10” boron ions cm™)), base (B; n-doped
(<10" phosphorus ions cm™)) and collector (C; p-doped (-10” boron
ions cm™)); Fig. 1b, left) inwhich holes (h*) pass from E to C by diffusion
and drift upon exposure to light (Fig. 1b, right), thereby generating
photocurrent (/,;,). Design optimization follows from modelling of
the impurity doping and activation processes (that is, ion implanta-
tion, dopant activation and solid diffusion doping; for details, see the
Methods, Supplementary Figs.1and 2, Supplementary Note 1 and
Supplementary Table 3) and from measuring the device operation, to
enable high performancein ultrathin b-PTs with small light-responsive
regions (width, lengthand thickness of Siare 500 pm, 500 pmand 5 pm,
respectively). Passivation consists of sputter-deposited layers of SiO,
(200 nmthick); the Eand C terminals consist of sputter-deposited films
of tungsten (W, 200 nm thick).

Figure 1c displays a sequence of images of the complete dissolu-
tion of a b-PT (width 1.4 mm, length 2.6 mm) mounted on a biore-
sorbable substrate (that is, polyanhydride (PA), 100-pum thick) during
accelerated testing that involves immersion in phosphate-buffered

saline (PBS, pH 7.4) at 95 °C (Fig. 1c, top right). The chemistries of dis-
solution associated with these materials appear elsewhere”. These
b-PTs provide versatile capabilities in light-controlled operation of
bioresorbable electronic systems (Fig. 1d), each of which uses wireless
RF power transfer from an external transmitting coil to animplanted
receiving coil, converted to direct current (d.c.) output by passage
through arectifying diode and smoothing capacitor. (i) A device of this
type with a single b-PT can yield monophasic stimulation waveforms
defined by corresponding temporal patterns of light exposure. As
examples, rectangular, triangular and sinusoidal pulses can be gener-
ated in a programmable manner through control of current applied
to an LED that illuminates the b-PT (electrode module #1, top). (ii)
A device with multiple branches, consisting of a pair of b-PTs (two
devices) for each stimulation electrode pair can produce multisite
monophasicstimulation using power fromasingle receiving coil, with
or without timing differences through the control of multiple LEDs
(electrode module #2, bottom left). (iii) A device with an electrode pair
connected by a pair of cross-coupled branches (a total of four b-PTs)
cangenerate polyphasic pulses such as monophasic, biphasicand even
alternating current (a.c.) outputs with frequencies suitable for broad
applications in electrical stimulation (electrode module #3, bottom
right). These options support a wide range of shaped stimulation
pulses and multisite operation, all with a compact form factor with a
singlereceiving coil. Of particular interest are polyphasic stimulation
pulses (for example, biphasic stimulation or a.c. stimulation) designed
to minimize damage to targeted tissues and/or surrounding organs,
dueto their charge-balanced operation.

Fabrication and characterization of b-PTs

Fabrication of b-PTs relies on conventional semiconductor process-
ing methods and the techniques of transfer printing reported previ-
ously, as summarized in Fig. 2a and Supplementary Fig. 3: (i) a p-type
silicon-on-insulator (SOI) wafer (1-10 Q cm) with a 5-pm-thick top Si
layer serves as the starting substrate; (ii) b-PTs are fabricated through
n-doping (phosphorus), p*-doping (boron) and the deposition and pat-
terning of SiO, and W; (iii) removal of the buried oxide (BOX) layer of the
SOl wafer by immersionin49% HF solution creates freestanding struc-
tures prepared for transfer printing; and (iv) the transfer-printing pro-
cessdelivers the b-PTs onto the bioresorbable substrate. A buffer region
(relatively low boron doping concentration; ~10" boron ions cm™)
with microscale circular patterns shields the p* regions from direct
contact with the HF solution during BOX etching, which may lead to
damage to heavily boron-doped Si regions via electrochemical reac-
tion and mechanisms (Supplementary Fig. 4). Additional details are
providedinSupplementary Note 2 and Supplementary Fig. 5. Figure 2b
shows plots of the concentrations of dopants (phosphorus (P, red) and
boron (B, black)) as afunction of depth from the surface of emitter, as
estimated by secondary ion mass spectrometry (SIMS). Depth profil-
ing indicates vertical bipolar junctions amongE, B and C at depths of
approximately 400 nm and 1,200 nm, respectively, consistent with
Silvaco TCAD simulation. Figure 2c shows b-PTs on various bioresorb-
able substrates (for example, PA, poly(lactic-co-glycolic) acid (PLGA),
polylacticacid (PLA) and dynamic covalent polyurethane (DCPU)). The
current-voltage (/-V) characteristics of representative b-PTs in Fig. 2d
indicate negligible differences before and after transfer to PA. A parallel
connectionof b-PTs proportionally increases the output photocurrent
with the number of b-PTs (Supplementary Fig. 6). Figure 2e describes
I-Vcharacteristics of a three-parallel (3P) b-PT for various intensities
of illumination from light of an 850-nm-wavelength LED ranging from
dark to 50 mW cm Theresistance of the 3P b-PT decreases from tens of
megaohms (MQ) inthe dark and saturates at afew kiloohms (kQ) under
illumination (Fig. 2f). Measurements using LEDs with various wave-
lengths at a fixed intensity of 10 mW cm™ (Supplementary Fig. 7a,b)
and a voltage between the emitter and collector (V) of 2.0 Vindi-
cate that the relative response (%), normalized to maximum current
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Fig. 1| Wireless, light-controlled, bioresorbable devices for electrical
stimulation with programmable polyphasic waveforms. a, Schematic
illustration of the operating principle of the device, which incorporates an
ultrathin (5 pm) b-PT with RF-receiving coil (Rx) for external control by a skin-
interfaced unit thatincorporates an NIR LED and RF-transmitting coil (Tx) for
wireless power transfer. b, Cross-sectional schematicillustration (left) and the
energy-band diagram (right) of the b-PT. This silicon device includes a metal pad
(tungsten), SiO, passivation layer, E (p* (boron)-doped), B (n (phosphorus)-doped)

M LED#1ON [ LED #2 ON

and (p (boron)-doped) regions. ¢, Dissolution of a printed b-PTon a
bioresorbable substrate (that is, PA) and associated chemical reactions with
surrounding PBS (pH 7.4) at 95 °C. d, Circuit diagrams of stimulators with three
different electrode modules for (i) monophasic pulse control (top right), (ii)
multisite electrical stimulation (bottom left) and (iii) polyphasic waveform
generation (bottom right). £, conduction band energy; £, valance band energy,
E:¢, Fermilevel of emitter; £, Fermilevel of base; E; ¢, Fermi level of collector.

output, is the highest in the 600-nm-wavelength regions (Fig. 2g
and Supplementary Fig. 7c,d). These responses are consistent with
simulation results (Supplementary Fig. 8). Wavelengths in the first
NIR biological transparency window (typically 750-900 nm)?$7°
are particularly effective for deep tissue penetration because of

their relatively low absorption and scattering compared with visible
light™. Supplementary Fig. 9 indicates that light attenuation through
abiological tissue (for example, chicken breast) is relatively lower at
850 nm than at 623 nm. Accordingly, 850-nm NIR illumination was
used for subsequent device characterizations to enable reliable optical
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Fig. 2| Fabrication processes and performance characteristics of b-PTs.

a, Schematicillustration of the steps for forming a single b-PT on abioresorbable
substrate. b, Doping phosphorus (red) and boron (black) concentration profiles,
estimated by SIMS and simulation as a function of the depth of the silicon
phototransistor. ¢, Photographs of transferred b-PTs on various bioresorbable
substrates. d, Photocurrent output of ab-PT before and after transfer printing
under dark (black) and light (red) conditions. e,f, Photocurrent output and
estimated resistances of a collection of three b-PTs connected in parallel

(3Pb-PT) as afunction of light intensity between 0 mW cm2to 50 mW cm 2.

g, Wavelength dependence of ab-PT under alight intensity of 10 mW cm2with
wavelengths from 400 nmto 950 nm. Black and red lines are experimental

(Exp.) and simulation data, respectively. h, Dependence of ¢, (black) and ¢; (red)
times as a function of R,. The dashed and solid lines represent the simulated and
experimental results, respectively. i, Current-voltage characteristics of ab-PT for
various times of immersion in PBS (pH 7.4) measured in days (D) at atemperature
of 95 °C. PDMS, polydimethylsiloxane.

control of implanted devices in in vivo settings. As the pulse width
and phase duration can also vary across the clinical applications (for
example, biphasic pulse widths inthe tens of microseconds of cochlear
implant®), theresponse times, including both the rising (¢,) and falling
(t;) times, areimportantin generating precise polyphasic pulse wave-
forms. Supplementary Fig.10aillustrates abenchtop set-up that mimics
anoptocoupler circuit for testing these response times. An oscilloscope
recordsthevoltage (V,) acrossaload (R,) that simulates the resistance
oftargeted tissue (0.1-10 kQ) between the stimulation electrodes dur-
ing cycles of fast switching of the LED (see Supplementary Note 3 and
Supplementary Fig.10b for a detailed description). Figure 2h shows the
dependence of these two times on R,. The value of t, gradually increases

andsaturates at15 ps withincreasingR,. The value of t;shows a similar
trend, butslightly less than and larger than ¢, for low and high values of
R,, respectively, consistent with simulated trend of t, and ¢;(see dashed
linesinFig.2hand Supplementary Fig.11). Theresultsindicate that the
b-PT-integrated electrical stimulator can produce polyphasic pulses
with time resolutions in the tens of microseconds, provided that the
stimulation electrodes exhibit relatively low impedance across the
target tissues. As for the temperature-dependent b-PT performance,
the photocurrent shows minimal variation between 30 °C and 45 °C
(approximately 60 pA increase (-5%); Supplementary Fig.12). Although
modest shifts are observed at more than 60 °C, the current remains
within expected output (~1 mA photocurrent) even at 90 °C. Figure 2i
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shows that the photocurrent of asingle b-PT gradually decreases during
accelerated testing in PBS (pH 7.4) at 95 °C. Calculated timescales for
complete bioresorption are -0.6-1.25 years and -2.7 years in artificial
cerebrospinal fluid and PBS at 37 °C, respectively®*"*,

Light-controlled polyphasic waveform generation
for electrical stimulation

Figure 3a shows an exploded-view illustration and photograph of a
monolithicallyintegrated, bioresorbable, wireless electrical stimulator.
The surface of the partially ultraviolet (UV)-cured PA*, serving as an
encapsulant, contains abundant acrylic functional groups (C=C), thus
enabling the formation of adouble-layered receiving coil by folding the
top and bottom layers across the hinge (Fig. 3a, bottom left inset; details
in the Methods and Supplementary Fig. 13). Supplementary Fig. 14
shows the characteristics of the receiving coils including the finite
element analysis-simulated impedance, quality (Q) factor and meas-
ured scattering parameter (S11). The device consists of a receiving coil
of Mo (25-pum thick), a Si PIN diode (5-pm thick), a Si capacitor (5-um
thick), b-PTs (5-pm thick), interconnects of Mo (15-pum thick) and W/
Candelillawax conductive paste (approximately 12:1weightratio). The
componentssupport wireless power harvesting, a.c.-to-d.c. conversion,
smoothing of the rectified voltage and optical switching. All functional
materials (Mo, Si, SiO,, Candelilla wax and W) and the encapsulant/
substrate (PA) are bioresorbable. The device completely disappears
in PBS solution (pH 7.4), with stable operating times defined largely by
the compositions and thicknesses of the PA encapsulants®**.

Testing of these devices confirms the operational capability men-
tioned in the context of Fig. 1d, where optical activation uses two NIR
LEDs (Fig. 3b, 850-nm-wavelength LEDs #1 and #2) mounted onto a flex-
ible printed circuit board (fPCB). The red and blue boxes indicate times
when LED #1and LED #2 are on, respectively. Fora3.3 Vdriving voltage
tothe LED with1 ms pulse width over 1 min, the temperatureincreases
for frequencies ranging from 3 Hz (0.3% duty cycle) to 50 Hz (5% duty
cycle) are negligible (Supplementary Fig. 15). The 20-mm spacing
between the b-PT pairs shownin Fig. 3a allows spatially selective illumi-
nation. When the lateral spacing between two b-PTs is 20 mm, position-
ing the LED at heights (h) of 6 mm and 18 mm above the b-PT reduces
the photocurrent by up to 0.1% and 2.8%, respectively, relative to the
b-PTlocated directly beneath the LED (Supplementary Fig.16). These
resultsindicate that, at shallow tissue depths (<~18 mm), tissue-induced
light scattering does not appreciably compromise the independent
operation of each b-PT pair. Nevertheless, for deep-tissue operation,
scattering caninduce non-negligible crosstalk between neighbouring
b-PT nodes, indicating that additional strategies are required. As an
additional option, bioresorbable optical filters canbe placed over the
b-PTsto allow wavelength-selective illumination, to further reduce the
possibility for crosstalk (Supplementary Fig.17).

RF a.c. voltage (Fig. 3c; peak-to-peak voltage (V,,) of 5V at
13.56 MHz, black line) applied to the transmitting coil wirelessly
delivers power to the receiving coil, thereby creating ad.c. monopha-
sic output defined by the diode rectifier, but with some residual RF
fluctuation in the voltage (Fig. 3¢, V,,=1at 13.56 MHz, red line). The
Si capacitor (200 pF; Supplementary Fig. 18a,b) largely eliminates
these fluctuations, from an amplitude of 1V to 0.25V, while the mean
voltage increases from 4.6 V to 5.4 V (Supplementary Fig. 18c) as an
approximate d.c. output (Fig. 3¢, V,,, = 0.25 at 13.56 MHz, blue line).
The monophasic output can be manipulated by adjusting the output
of the single NIR LED. As shown in Supplementary Fig. 19a, various
waveforms are possible, suchas rectangular (pulse width5 msand1ms,
respectively), triangular (pulse width 5 ms, increase 50% and decrease
50%) and sinusoidal pulses (pulse width 5 ms) by applying temporally
modulated light intensity from the LED. Supplementary Fig.19billus-
trates a strategy for light-controlled multisite stimulation with such
types of monophasic pulse. Time-shifted or synchronized output from
apair of NIRLEDsyields monophasic pulses for dual-point stimulation

with adjustable parameters thatinclude pulse period (x), pulse width
(11, y5), relative timing of each pulse (y,) and pulse amplitude (z,, z,).
Modulating LEDs #1 and #2 (Fig. 3d, where xis 300 ms, and y; and y,
are 3 ms, marked with red and blue boxes, respectively) produces
monophasic pulses for multisite stimulation, for specific cases such
as similar output voltages (both z and z, are 5 V) with a y, of 77 ms.
Furthermore, Fig. 3e,f indicates the ability to deliver monophasic
pulses without time-latency and with different amplitudes through
corresponding control of the LEDs, such as z,= 0.5 x z,. This level of
adjustability over stimulation parameters at multiple target sites cre-
ates potential applications that range from post-stroke hemiplegia
treatment>**, to obesity control®, cardiac pacing® and perception
studies for patients with hand loss*°.

Supplementary Fig.19cillustrates methods for generation of poly-
phasic waveforms. The voltage across one electrode pair, connected by
two cross-coupled pairs of b-PTs, can rapidly vary between anodic and
cathodic pulses by activating LEDs #1 and #2, respectively. Figure 3g
shows biphasic pulses generated in this manner (V,,=10 V; both y,
and y; are 3 ms) with and without interphase time delay (y,=3 ms).
In addition, by varying the voltage supplied to the LEDs, such asina
sinusoidal fashion, the anodic and cathodic pulses from the two pairs
of b-PTs can be transformed into a.c. output. Based on the measured
response times (that s, ¢, and ¢;) of these b-PTs (Fig. 2h), this strategy
can produce a.c. outputs with frequencies into the kilohertz range,
suitable for blocking nerve conduction. Figure 3h demonstrates a.c.
output with a V,,,=10 V at frequencies of 10 kHz, 25 kHz and 50 kHz.
Supplementary Fig. 20 presents precise controls of output V,,, ranging
from1to 10V at afixed frequency of 10 kHz. Estimated temperature
increases of the LED during 50-kHz waveform generation for 1 h are
approximately 2 °C (Supplementary Fig. 15).

Invivo cardiac pacinﬁ demonstration with
monophasic and biphasic pulses
In vivo studies on a canine model during open-chest surgery involve
animplanted bioresorbable electrical stimulator designed for single-
and dual-location cardiac pacing with polyphasic pulses (for example,
monophasic and biphasic pulses). Wired recordings of electrocardio-
gram (ECG) data capture the electrical activity of the heart throughout
the period of the experiments (Fig. 4a). RF power at 13.56 MHz applied
to the transmitting coil serves as the basis for wireless power transfer
tothereceiving coil of the pacemaker. Stimulation electrodes affixed
atappropriate pacing positions using either suturing or bioadhesives
enable light-controlled pacing. Based on R, measurements shown in
Supplementary Fig. 21, theresistances of the targeted epicardial tissue
inbothsmalland large animal models arein the range of 1-2 kQata V;,
of 0.6 V or higher. Supplementary Fig. 22 shows subcutaneous implan-
tation of awireless stimulator at adepth of approximately 10 mm with
placement of awearable device. Thisdeviceincorporates two NIR LEDs
(850-nm-wavelength LEDs #1 and #2) and Bluetooth electronics for
wireless operation via a smartphone interface, allowing the illumina-
tiontimes and operating frequencies of each LED to be set (see bottom
insetsin Fig.4aand Supplementary Fig.23a,c). Supplementary Fig. 24
shows variations in photocurrent output of theb-PT atanapplied V. of
0.8 Vwithincreasing chicken tissue depth using the wearable device,
which rests on the shaved skin of the animal above the location of the
implanted pacemaker. Figure 4b,c shows bioresorbable pacemakers
in monophasic dual-point and polyphasic single-point modes (see
detailed design and wireless power transfer characteristics in Sup-
plementary Note 4 and Supplementary Figs. 25 and 26).
Programmable control enabled by the b-PTs enables latency-
adjustable cardiac pacing using monophasic pulsesin both simultane-
ous and sequential settings. Examples include simultaneous biven-
tricular (BiV; left ventricle (LV) + right ventricle (RV)) and sequential
atrioventricular (A&V; left atrium (LA) + RV) pacing (Fig. 4d,e and
SupplementaryFig.19b).Figure 4d-fand Supplementary Fig.27 present
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Fig. 3| Experimental demonstrations of light-controlled waveform
generation for electrical stimulation. a, Schematicillustration of adevice.
Inset: photograph of the device. b, Photographs of the LEDs to induce optical
switching of the b-PT. The red and blue boxes indicate activation of LED #1

and LED #2, respectively. ¢, Representative output waveforms with (blue) or
without (red) a metal oxide semiconductor (MOS) capacitor (200 pF) to smooth
therectified voltage wirelessly generated by an a.c. voltage (black; V,,=5V;

13.56 MHz) applied to the transmitting coil. d-f, Light-controlled monophasic
pulse generation for multisite, time-delayed (y, = 77 ms, d) or synchronized (e)
electrical stimulation and its adjustable pulse amplitude (z, = 0.5 x z;; ). g, Light-
controlled biphasic pulse generation with (left) and without (right) interphase
delay (y,) for electrical stimulation. h, Light-controlled a.c. output at different
frequencies (10 kHz (left), 25 kHz (centre) and 50 kHz (right)).
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ECG recordings of the intrinsic sinus rhythm (-162 beats per minute,
bpm) and of different pacing modes, respectively. Single LED opera-
tionwith a pulse period (x) of 300 ms enables both RV-monophasic (M)
(RV-M;200 bpm, Fig.4d, left) and LV-M pacing (LV-M; 200 bpm, Fig. 4d,
centre) modes by activating LED #1 (pulse width (y,) of 1 ms) and LED #2
(pulse width (y;) of 1 ms), respectively. The simultaneous operation of
dual LEDs withx =300 msandy;,,y;=1ms provides synchronized BiV-M
pacing (Fig. 4d, right), supporting cardiac resynchronization therapy
in patients with electrical conduction delays between left and right
bundlebranches. ECGresults for BiV-M pacing present anarrowed QRS
duration (QRSd 82 + 6 ms) due to synchronized ventricular depolariza-
tion, compared with RV-M (QRSd 133 + 9 ms) and LV-M pacing (QRSd
112 + 5 ms; Supplementary Fig. 28).Inanother example, simultaneous
stimulation of both the atrium and ventricle, with a latency of tens of
milliseconds between atrial and subsequent ventricular stimulation,
can mimic the harmonious pumping action of the heart. This type of
sequential pacing mode from LA to RV with dual LEDs withx =380 ms,
Y.y;=1msand atime latency (y,) of 80 msis shown in Fig. 4e. A wid-
ened QRS morphology after A&V pacing (158 bpm; Fig. 4e, right) is
consistent with RV-M pacing (Fig. 4d, left). This result indicates that
impulses on both the LA and RV from the pacemaker have the appro-
priate time latency.

Placing one electrode pair, connected by cross-coupled pairs of
b-PTs, onto eachwall of the LV and RV serves to validate the use of mono-
phasic and biphasic pulses for single-chamber pacing. Appropriate
operating parameters for dual LEDs enable monophasic (x =300 ms,
y:=1ms) and biphasic (x=300 ms, y,, y;=1ms, and y, = 0 ms) pulses.
Despite different stimulation waveforms, results of ECG recordings
indicate that QRS complexes during monophasic and biphasic pacing
oftheRV (Fig. 4f) and the LV (Supplementary Fig. 27b) are consistent.
The estimated threshold values of input V,, for the transmitting coil
at13.56 MHz to achieve monophasic (Fig. 4g, black bar) and biphasic
(Fig. 4g, red bar) pacing at the RVand LV are, however, quite different
(see detailsin Supplementary Note 4 and Supplementary Fig. 29). Spe-
cifically, monophasic pulses require a V,, 0f 5.9 Vand 6.1V to achieve
RV-M and LV-M pacing mode, respectively. Biphasic pacing requires
aV,,of4.3Vand2.5V for these same cases (Supplementary Fig. 30).
Consistent with previous clinical studies, biphasic stimulationis more
energy-efficient than monophasic*. Moreover, such biphasic mode
increase cardiac conduction velocity*” and enable faster, more com-
plete reactivation of the sodium current compared with monopha-
sic pacing?. The skin irradiance required to achieve pacing output,
based on calculations of maximum permissible exposure for skin
safety, indicates that the device can reliably operate at depths of up
to approximately 57 mm within the body (Supplementary Figs. 31
and 32 and Supplementary Notes 5 and 6). Improving optical sen-
sitivity of the b-PT by introducing topside anti-reflection/backside
reflective layers, increasing the number of b-PTs connected in paral-
lel (Supplementary Fig. 24c) or using NPN-type phototransistors,
which exhibit generally higher photocurrents than PNP devices, will
allow pacing at deeper locations. An additional option is to increase
the stimulation pulse width, which lowers the threshold current, as
indicated by the strength-duration curve™.

Invivo electrical stimulation of PNMS for
diaphragm muscle modulation

The PNMS across the mid-cervical spinal cord (C3-C5), the PN and the
diaphragm muscle (DM) play critical rolesin controlling the diaphragm,
the large muscle essential to breathing as well as coughing, swallow-
ing and speaking (Fig. 5a). DD resulting from spinal cord injury, PN
neuropraxiaor post-lung transplantation surgery has severe effects on
patients (Fig. 5b, left). Inaddition, persistent hiccups caused by involun-
tary spasmodic contractions lasting weeks or months canlead torespir-
atory distress, also associated with DD (Fig. 5b, right). The blockage of
diaphragm movement also alleviates diaphragmatic pain*>**. Electrical

modulation of PNMS for diaphragm pacing and functional blocking
can be useful in each case, realized with monophasic pulses**¢ and
polyphasickilohertz-frequency a.c. (KHFAC) waveforms'®, respectively.
Supplementary Fig. 33 illustrates electrical modulation of PNMSinrat
models using a cuff electrode that wraps the PN to deliver monophasic
pulses for diaphragm pacing (Supplementary Fig. 33, inset, red line) or
KHFAC waveforms for preventing the propagation of action potentials
fromthe phrenic motor nucleusin the spinal cord to block diaphragm
activity (Supplementary Fig. 33, inset, blue line). Guided by previous
reports on localized nerve stimulation' and conduction block®, we
implemented bipolar and tripolar cuff electrode configurations. The
Mo electrodes were 15-um thick and spaced by 450 pm and 150 pm
for the bipolar and tripolar configurations, respectively. This layout
facilitates implantationin a limited region (-2 mm) after isolating the
PN fromthe nerve bundle (Supplementary Fig.34). Figure 5cillustrates
awireless, bioresorbable diaphragm pacer with a design described
previously (Fig.5c, inset) for delivery of monophasic stimulation pulses
throughabipolarelectrode (Fig. 5d) positioned beneath the PN (Fig. 5d,
dashed white line) for diaphragm pacing. Based on R, measurements
shown in Supplementary Fig. 21, the resistances of the targeted PN
in small animal models are in the range of 6-9 kQ at a V;, of 1V. The
implantation procedures are described in Supplementary Fig. 35 and
the Methods. Unlike cardiac pacing, which requires a single pulse per
beat, modulation of DM tension demands high-frequency stimulation,
typicallyinthetens of hertz, per breath (Supplementary Fig. 36). lllumi-
nation with the LED at awavelength of 850 nm with suitable frequency,
while continuously supplying RF power through the transmitting coil,
generates the appropriate monophasic pulse frequency with a pulse
width of 1 msrequired for complete tetanus. Ultrasound imaging cap-
tures variations in diaphragm excursion (Supplementary Fig. 37a).
Depending on the illumination frequency, single twitching (10 Hz),
twitching summation (20 Hz) and complete tetanus (50 Hz) occur
(Fig.5e). These results demonstrate that the device can programmably
modulate muscle contraction, with potential as atemporary diaphragm
pacing system for managing respiratory insufficiency. Stable operation
is possible for 10 days (Supplementary Fig. 38), exceeding require-
mentsintemporary pacing for instances in post-lung transplantation
surgery and extensive aortic repair*”*%, Details regarding the in vivo
biocompatibility of the device are provided in Supplementary Note
7 and Supplementary Figs. 39-42. For long-term clinical scenarios,
more biofluid-resistant encapsulation materials, improved mechanical
stability at electrical junctions, and greater electrochemical stability
during pulse delivery should be considered to extend device lifetime.

Atripolarelectrode configuration (see details in the Methods and
Supplementary Fig. 37b), also in a rat model, serves to demonstrate
the diaphragm blocking effect via PN modulation. The electrodes
include (1) a stimulating needle electrode to induce an action poten-
tial, thereby propagating from the proximal to distal PN, (2) a block-
ing tripolar electrode that wraps the nerve at a location distal to the
stimulation point to deliver a polyphasic KHFAC waveform, and (3) a
recording needle electrode at the costal insertion of the diaphragm
to detect compound muscle action potential (CMAP) amplitude and
diaphragmatic electromyogram (EMG). Figure 5f shows variations
in CMAP amplitude as a function of V,,, of a KHFAC waveform at a fre-
quency of 1kHz, while applying a supramaximal stimulation current
of 1 mA (Supplementary Fig. 43). The blocking effect occurs at 1 kHz
with a voltage of V,,,=1V or higher. CMAP results before and after
KHFAC are consistent with the reversibility of this conduction block.
Next, removing the stimulating electrode reveals voluntary diaphrag-
matic motor signals generated at the phrenic neuromuscular junction.
In addition to diaphragm EMG, ultrasound imaging and abdominal
movement data collected by wearable sensors (for example, iner-
tial measurement unit (IMU)*~°; Supplementary Fig. 23b,c) provide
further validation of on-demand blocking of diaphragm excursion
(Supplementary Table 4). Figure 5g displays variations in right side
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Fig. 4 |Invivo demonstration of single- and dual-point cardiac pacing with
polyphasic waveforms in canine models. a, Schematic diagram of the set-up for
cardiac pacing and ECG recording. Bottom insets: a wearable device with dual
LEDs and a control module with Bluetooth low energy (BLE) communication.
b,c, Photographs of bioresorbable cardiac pacemakers for monophasic dual-
point (b) and polyphasic single-point (c) modes. Top: a pair of b-PTs (Cand E
regions (b). Bottom: stimulation electrodes (c)). d,e, Representative ECG data

under sinus rhythm and during latency-adjustable cardiac pacing at dual points
with monophasic pulses (that is, BiV with no latency (LV + RV, d) and A&V with

80 mslatency (LA + RV, e), respectively). f, Representative ECG data during
single-point cardiac pacing (that is, RV) with polyphasic pulses (monophasic
(left) and biphasic (right) pulses, respectively). g, Estimated threshold V,,, for the
transmitting coil to induce monophasic (black) and biphasic (red) pacing at the
RVandLV.

diaphragmatic EMG and simultaneous recordings of contralateral
(left side) and ipsilateral (right side) abdominal movements via two
IMU sensors mounted on opposite sides of an anesthetized rat during
KHFAC stimulation (1kHz, V,,,=1.4 V; yellow box region) of the right

PN (Supplementary Fig. 44a). EMG signals per breathing completely
disappear (Fig. 5g, top), and ipsilateral acceleration along the z axis
(Accel.2) recorded by theright IMU #2 approaches zero, indicating suc-
cessful blocking of voluntary diaphragm excursion (Fig. 5g, bottom).
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Fig. 5| Light-controlled electrical stimulation of the PNMS. a, Schematic
illustration of the PNMS in a human participant including the mid-cervical spinal
cord (C3-C5), the PN and the DM. b, Electrical stimulation (E-stim) strategies

for diaphragm pacing and PN conduction blocking utilizing monophasic pulses
and polyphasic KHFAC, respectively, designed for various cases of DD.

¢, Photographs of a bioresorbable diaphragm pacer. Inset: the silicon devices.

d, Photograph of animplanted bipolar cuff electrode to stimulate the PN for DM
pacing. e, Ultrasound images showing DM twitching and excursion depending on
the LED frequencies (vertical red line) ranging from 10 Hz to 50 Hz.f, Variations in
CMAP amplitudes as a function of V,,, during KHFAC stimulation (1kHz). g, Real-
time recordings of diaphragmatic EMG, contralateral (left side) and ipsilateral

(right side) abdominal movements along the z axis (that is, Accel. Z) captured
using two IMU sensors during KHFAC stimulation (stim.) (1kHz, V,,,=1.4 V).

h, Ultrasound images during KHFAC stimulation (top: 5 kHz, V,,,=3.5V; bottom:
10 kHz, 4 V,,).i, Diaphragm excursion (mm) calculated from ultrasound imaging
during KHFAC (10 kHz, V,,,=5V; red) and at pre- (black) and post-KHFAC (blue).
Data are shown as points (sample size (n): pre =4, KHFAC = 5, post = 3; one-way
ANOVA), based on quantitative data obtained from the ultrasound image shown
in Supplementary Fig. 45b). Exact Pvalues for the indicated comparisons are pre
versus KHFAC, P < 0.0001; pre versus post, P= 0.076. Box plots show the mean
(square marker), median, 1.5 times the interquartile range (1.5 IQR; whiskers)
and lower/upper quartiles (boxes).

By contrast, the contralateral left IMU #1 shows only moderately sup-
pressed abdominal movements influenced by the right-side PN stimu-
lation (Fig. 5g, centre). Supplementary Fig. 44b exhibits a frequency
dependent blocking effect at a fixed V,, of 1V, with areduction as the
frequency increases until disappearance of blocking above 5 kHz. This
result implies that a higher stimulation frequency requires a higher
V,» for blocking. Ultrasound images shown in Fig. Shindicate that the
threshold values of V,,increase withincreasing stimulation frequency
(for example, 5kHz, V,,=3.5V, Supplementary Video 1; and 10 kHz,
V,, =4V, Supplementary Video 2), consistent with previous KHFAC
studies. Moreover, areduced temporary muscle twitch (that is, onset
response at the initiation of KHFAC) at 10 kHz stimulation compared
with 5 kHz (Supplementary Fig. 45a) suggests that higher-frequency
stimulation can provide amore effective conduction block of PN. The
abovementioned onset response completely disappears for stimula-
tionat10 kHzand V,,,=5V (Supplementary Fig. 45b and Supplementary
Video 3), indicating complete, rapid and reversible electronic nerve
conduction block. Figure 5i shows the mean of diaphragm excursion
calculated from ultrasound imaging. The mean + standard error of
the mean values for pre, KHFAC (10 kHz, V,,,=5V) and post conditions
are2.75+0.13mm (n=4),0.75+0.05mm (n=5) and 3.1+ 0.12 mm
(n=3), respectively.

Conclusions

We have shown that ultrathin b-PTs can serve as remote, optical control
elementsin electrical circuits designed for wirelessly powered biore-
sorbable electrical stimulators. By using programmed exposure to NIR
light that penetrates through deep tissue, our system can generate
diverse stimulation waveforms including monophasic, biphasic and
polyphasic output patterns. With the system, which is powered by
inductive coupling to a single receiving coil in a compact platform,
we demonstrated cardiac pacinginlarge animal models with biphasic
stimulation at single sites or multiple locations, aligning with protocols
used to treat cardiac patients. We also demonstrated light-controlled
modulation of PNMS in a rodent model using monophasic and poly-
phasic KHFAC waveforms, for diaphragm pacing and reversible PN
blocking to treat respiratory dysfunction, respectively.

Further miniaturized versions of these devices could potentially
be fabricated by combining the b-PT control strategy with wireless
power transfer methods that eliminate the need for the receiving coil.
Furthermore, the crosstalk that results from separate illuminationon
different phototransistors in a single device could be overcome with
wavelength-selective activation, achieved by mounting narrowband fil-
ters above the phototransistors’. Response times and the photocurrent
ofthe phototransistors could also beimproved using NPN rather than
PNP doping profiles. In addition, wearable devices with multimodal
sensing and in-sensor processing functions could be developed to
enable closed-loop control algorithms.

Methods

Fabrication of bioresorbable silicon electronics

b-PTs. Supplementary Fig. 3 shows cross-sectionalillustrations of the
process for fabricating PNP b-PTs. The process began with standard

cleaning procedures defined by Radio Corporation of America (RCA)
toremove organic and inorganic contaminants fromthe surface of the
SOl wafer (boron-doped p-type, 5 um top silicon, 1-10 Q cm resistiv-
ity, 1um BOX, Ultrasil LLC), which serves as the collector region (-10”
boronions cm™). Photolithography defined the phosphorus (n-type)
dopingarea, followed by ionimplantation to form the base region with
a doping concentration of less than 10”7 phosphorus ions cm™. After
removing the photoresist (PR) layer and performing RCA cleaning, dry
oxidationat1,000 °Cfor 7 hactivated theion-implanted dopants and
formed a180-nm thermally grown SiO, layer as a doping mask for the
emitter region (100 x 100 pm?). Subsequent photolithography and 6:1
buffered oxide etchant (BOE) wet etching of the SiO, layer exposed the
areas for the following doping process. After removing PR and perform-
ingan additional RCA cleaning, patterned solid-state doping of boron
(p-type) at 1,000 °C for 20 min formed p* regions for the emitter and
collector electrodes, with a doping concentration of higher than 10*
boron ions cm™. After complete etching of the underlying BOX layer
by immersion in HF (see details in the following section), patterned
deposition of 200-nm-thick SiO, and 200-nm-thick W by sputtering
deposition and electron beam evaporation, respectively, created a pas-
sivation layer and contact metal for the emitter and collector regions.

PIN diode. Plasma-enhanced chemical vapour deposition (PECVD)
formed a300-nm-thick SiO, layer as a mask for the doping process on
the aforementioned SOl wafer (boron-doped p-type, 5 umtopsilicon).
Subsequent photolithography and 6:1 BOE wet etching of the SiO, layer
exposed the surface of the Siforimpurity doping. After removing the PR
and cleaning the surface, patterned solid-state doping of phosphorus
at 950 °C for 20 min defined the n* region for the cathode. A second
300-nm-thick SiO, layer was then deposited via PECVD as a mask for
the next doping process. Photolithography, SiO, etching and surface
cleaning created the p* region for the anode. After complete etching
of the underlying BOX layer, the insulator and contact metal were
deposited using the same procedure as described above.

MOS capacitors. Using the aforementioned SOl wafer (boron-doped
p-type, 5 pmtop silicon), a300-nm-thick SiO, is deposited via PECVD.
Photolithography and wet etching of the SiO, layer expose the sili-
con surface for impurity doping. After removing the PR and cleaning
the surface, patterned solid-state doping of phosphorus at 950 °C
for 20 min defined the n* region, serving as a heavily doped bottom
layer. After complete etching of the underlying BOX layer, patterned
depositionformed a 50-nm-thick SiO, layer and a100-nm-thick W layer,
as the dielectric and top metal layer, respectively. Variations in the
overlapping area between the bottom n* layer and the top metal layer
influenced the capacitance value, which ranged from O pF to 200 pF
(Supplementary Fig.18).

Release and transfer printing

To release the Si electronic components, including b-PTs, PIN diodes
and MOS capacitors fabricated on the SOl wafers, photolithography
andreactiveion etching (Samco RIE-10NR) are used to create via holes
in triangular array geometries (centre-to-centre spacing 150 pum),

Nature Electronics | Volume 9 | August 2026 | 941-955

950


http://www.nature.com/natureelectronics

Article

https://doi.org/10.1038/s41928-026-01655-8

exposing the surface of the BOX layer (Supplementary Fig. 3(iv)).
Immersing the device in an HF solution completely removed the BOX
layer (Supplementary Fig. 3(v)), allowing the components to gently
settle onto the surface of the handle wafer. After sequential patterned
deposition of the insulator and contact metal to complete the device
fabrication, a polydimethylsiloxane (PDMS; Sylgard 184, Dow Corn-
ing; base-to-curing-agent ratio of 10:1) stamp was used to retrieve
the components for transfer to a bioresorbable substrate by transfer
printing (Fig. 2a).

Characterization of the b-PTs

The doping concentration of the b-PT was measured by acommercial
analytical service laboratory (QSpec Technology) using SIMS to analyse
the depth composition of the vertical junction. Silvaco TCAD software
was used to simulate the doping concentration profile, wavelength
dependency and transient performance (see Supplementary Note 1 for
a detailed description). /-V characteristics and output photocurrent
at an applied Vi were measured using a semiconductor parameter
analyser (4155C, Agilent). The light intensity output was examined by
anoptical power and energy meter (PM200, THORLABS GmBH). Com-
mercial LEDs (MTMD6788594SMT6, Marktech Optoelectronics; SBM-
40-RGBW-SC41-QD100, Luminus Devices; and VSMY3850X01-GSO0S,
Vishay Semiconductor Opto Division) were used as light sources to
characterize the wavelength dependence and output photocurrent of
printed b-PTs on the bioresorbable substrate. The relative responses
(%) fromthe experiment and simulation were normalized to the maxi-
mum current output at wavelengths of 623 nm and 600 nm. To calcu-
late the response time (¢, and ¢;) of the b-PT, a pulse of light from an
850-nm-wavelength LED was generated using a single-channel function
generator (33250A, Agilent), while an oscilloscope (TBS1032B, Tektro-
nix) measured the output voltage (V,) according to load resistance (R,),
as described in Supplementary Fig.10a.

Laser-cutting for receiving coils and interconnects of Mo
Spin-casting PDMS on aglass substrate at 2,000 rpm for 30 s, followed
by degassing the sample under vacuumto remove the air bubbles, then
baking on a hot plate at 110 °C for 5 min, produced a supporting sub-
strate to temporarily mountafoil of Mo (15 and 25 pm thick) during the
laser ablation process. Picosecond laser pulses (ProtoLaser R4, LPKF)
defined the border outline of the receiving coils and interconnects.
The Mo coils were transferred onto a photopolymerized PA film using
aPDMS mould (see details in the following section). The Mo intercon-
nects were carefully released from the PDMS-coated glass substrate
for subsequent assembly of the electrical stimulator.

Assembly of the electrical stimulator

Figure 3ashows schematicillustrations of the process for assembly of
amonolithically integrated, bioresorbable, wireless electrical stimula-
tor. The process began with the preparation of a PDMS mould using
standard processes. Specifically, spin-casting a layer of a photode-
finable epoxy (SU 8 100) on a Si wafer substrate, followed by photo-
lithography, created features in the required geometry. A layer of
polymethylmethacrylate (3,000 rpm for 30 s, curing at 180 °C for
1min on a hot plate) spin-cast on these structures facilitated release
of the PDMS cast and cured on top of them. Pouring PDMS precursor
(Sylgard 184, Dow Corning; base-to-curing-agent ratio of 10:1) on the
polymethylmethacrylate-coated structure, followed by degassing
thesample under vacuumto remove the air bubbles, thenbaking into
a convection oven at 75 °C overnight, produced a solid PDMS replica
of the SU 8 features. To release the Mo coils from the PDMS-coated
glass substrate (Supplementary Fig.13(i)), aPDMS mould designed to
align with the Mo coils was gently pressed onto the substrate, creating
atemporary bond between the mould and the underlying substrate
(Supplementary Fig.13(ii)). Capillary filling delivered a UV-curable PA
inits un-crosslinked liquid state into the channels formed by contact

ofthe mould with the substrate (Supplementary Fig. 13(iii)). UV expo-
sure solidified the PA by photopolymerization, to allow release of the
Mo coils upon removal of the PDMS mould. The surfaces of the PAin
contact withthe PDMS were partially cured (semi-solidified) due to the
oxygen inhibition effect of the free-radical polymerization process.
These process steps were repeated using another PDMS mould witha
hinge structure to form the surface of the partially cured PA, enriched
with acrylic functional groups (C=C) (Supplementary Fig. 13(iv, v,
vi)). After folding the top and bottom layers at the hinge, additional
UV exposure allows chemical bonding at the interface of two layers,
resulting in a double-layered receiving coil fully encapsulated by PA
(Supplementary Fig. 13(vii)).

Electromagnetic simulation of the Mo receiving coil

The commercial software Ansys HFSS (Version 2021 R2) was used to
study the electromagnetic behaviour of the single receiver coil. An
adaptive mesh (tetrahedron elements), together with aspherical sur-
faceastheradiationboundary, was adopted to ensure computational
accuracy. The impedance Z of the receiver coil was output, and the
quality factor Qis defined as Q = [Im(2)/Re(2)|, where Re(Z) and Im(2)
arethereal and imaginary parts of the impedance Z. The conductivity,
relative permittivity and relative permeability used in the simulation
were 0y, =1.76 x10’ S m™, gy, =1 and py, = 1 for molybdenum; and
Opy=0Sm™, g, =4.4 and y1,, = 1for the PA encapsulant, fitted to match
the experimental resonance frequency.

Benchtop studies for light-controlled waveform generation
and multisite stimulation

A function generator (33250A, Agilent) supplied power with a fre-
quency of13.56 MHz and a peak-to-peak voltage (V,,,) of 5 Vto the trans-
mitting coil (width and length of 15 mm and 24 mm, respectively) for
wirelessinductive power transfer to the receiving coil (adouble-layered
Mo coil with an outermost diameter of 16 mm) at a 1I-mm coupling
distance. An oscilloscope (TBS1032B, Tektronix) measured the output
voltage (V,) according to capacitance values. During wireless power
transfer via inductive coupling, various voltages were applied to an
850-nm-wavelength LED mounted on an fPCB using another func-
tion generator (DG1022Z, Rigol) to generate different monophasic
waveforms such as rectangular, triangular and sinusoidal pulses by
adjusting the intensity of light to illuminate the b-PTs. To validate
multisite stimulation and the generation of biphasic and polyphasic
KHFAC waveforms, two LEDs mounted on an fPCB (centre-to-centre
spacing 2 cm) were connected to separate channels of afunction gen-
erator (DG1022Z, Rigol). The applied voltage and duration were then
adjusted for demonstration purposes. An oscilloscope (TBS1032B,
Tektronix) was used to measure the output voltage (V) across an R, of
1kQ,1kQand 0.3 kQ for monophasic, biphasic and polyphasic KHFAC
waveforms, respectively.

Development of a wearable device with dual LEDs and its
control system

A wearable device with dual LEDs (Supplementary Fig. 23a) capa-
ble of latency-adjustable light stimulation integrated a Bluetooth
system-on-chip (SoC), LEDs and wireless charging components on a
fPCB. The 32-kHz internal clock of the Bluetooth SoC precisely con-
trolled the emission timing of the dual LEDs (AC3535B-YRR-1000mA-H1,
Solidlite). Onthe fPCB, aserpentine structure interconnected the two
LEDs, for simultaneous light emission or with adjustable latencies in
increments of approximately 30 ps, controlled via general-purpose
input/output and the 32-kHz clock. To enable wireless charging, a
charging coil with a resonant frequency of 13.56 MHz was designed
on the fPCB. RF power transmitted through the coil was rectified,
regulated and used to charge a 3.7 Vlithium polymer battery (110 mAh)
via an integrated battery charging circuit. Customized firmware was
uploaded to the Bluetooth SoC using Segger Embedded Studio.
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The app also allows users to select operation modes, including
single-LED and dual-LED control for monophasic and biphasic stimu-
lation through agraphical userinterface (such assmartphone (iPhone
XS)). The output intensity of the wearable 850-nm LED module is
approximately 265 mW cm™.

Development of a wearable device with dual IMUs and its data
collection system

Awearable device with dual IMUs (Supplementary Fig. 23b), capable of
physiological signal monitoring (for example, abdominal movements,
cardiac activity and respiratory signals), integrated a Bluetooth SoC,
IMUs and wireless charging components on an fPCB. The module
used a Bluetooth SoC (ISP-1807, Insight SIP) to transmit IMU data to
amobile device at 20-ms intervals. On the fPCB, a serpentine inter-
connect structure mechanically decoupled the two IMUs (LSM6DSL,
STMicroelectronics), enabling independent operation. These IMUs
collected three-axis acceleration data (x, y and z axes) at a sampling
rate of 10* Hz via serial peripheral interface communication proto-
cols. The wireless charging components and circuit were identical to
those of the LED module. Customized firmware was uploaded to the
Bluetooth SoC using Segger Embedded Studio. IMU data transmitted
via Bluetooth were visualized in real time on the smartphone display
(iPhone XS) as three-axis acceleration plots on a customized iOS app
developed with Xcode.

Invivo cardiac pacing demonstration in small-animal models
Adult Sprague-Dawley rats (12 weeks old; sourced from Charles River
Laboratories), male (n=2), weighing between 200 g and 250 g, were
used inthis procedure. Isoflurane gas in oxygen induced anaesthesia.
Toe reflex was checked to ensure complete anaesthesia. ECG, respira-
tionrate and/or body temperature were monitored. A scalpelincision
was made below the axilla at the left fifth intercostal space. A 5-0 silk
retraction suture and a microretractor were used to pull up the soft
tissues. The device was attached to the heart using sutures or bioadhe-
sives. The device was placed onthe exposed anterior epicardial surface
of the LV of the heart. Animals were kept under the anaesthesia plane
while we tested the device (by performing sensing/pacing protocols).
After device testing was completed, the heart was removed from the
chest cavity, resulting in euthanasia of the animal by exsanguination. All
procedures were carried outinaccordance with the National Institutes
of Health (NIH) Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee
(protocol1S00021087) of Northwestern University.

Invivo cardiac pacing demonstration in large-animal models

Hound dogs (age 0.7-1.1years, weight 22-40 kg, sourced from a US
Department of Agriculture Class A breeder) were used in this pro-
cedure. The animal was positioned in right lateral recumbency on a
recirculating water blanket, and the femoral triangle(s) and left lateral
thorax were clipped and cleaned. Warm blankets and/or a Bair-Hugger
was placed over the head and neck and hindquarters to assistin normo-
thermia. A femoral artery was percutaneously catheterized for moni-
toring of invasive arterial blood pressure. If percutaneous access was
unsuccessful, avascular cutdown was performed as described below.
ECGelectrodeswere placed on the chest (3M Red Dot) and connected
to a PowerLab 4/26 with a Dual Bio Amplifier (acquired and recorded
by using LabChart software (AD Instruments)). After preemptive local
analgesia was administered and appropriate anaesthetic depth was
verified via haemodynamic status, jaw tone and palpebral reflex, a
short-acting neuromuscular blocking agent (cisatracurium) was admin-
istered to facilitate the surgical thoracotomy approach. A left lateral
thoracotomy was performed at the 4thto 6thintercostal space, and the
pericardiumwasincised to visualize the cardiac structures. Following
haemodynamic stabilization, epicardial pacing electrodes were placed
onthetarget pacinglocation. Dogs were euthanized under anaesthesia

via exsanguination. A bolus dose of heparin was administered before
cardiacexcisionto prevent vascular thrombosis. The heart was excised
for tissue collection. All procedures were carried out in accordance
with the NIH Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care and Use Committee
(protocols1S00020402 and IS00027808) of Northwestern University,
University of Chicago (protocol 72761).

Invivo PN surgery in small-animal models

The procedure follows a previously reported protocol®. Adult
Sprague-Dawley rats (12 weeks old; sourced from Charles River Labo-
ratories), male or female, weighing between200 gand 250 g, were used
in this procedure. Before surgery, all surgical tools were thoroughly
sterilized. Isoflurane gasin oxygen, with subcutaneous administration
of meloxicam, induced anaesthesia. Bupivacaine was then adminis-
tered subcutaneously at the midline of the neck, targeting the most
superficial layer. A 2-cm midline incision through the skin and superfi-
cial cervical fasciaexposed the sternohyoid and sternocleidomastoid
muscles. The sternocleidomastoid was gently elevated using a blunt
dissection probe, thenretracted laterally using a vessel loop. After gen-
tly retracting the omohyoid, the PN was exposed by dissecting between
thescalene muscles. The cuffelectrode was wrapped around the PN and
firmly secured with sutures (Supplementary Fig. 35). The receiving coil
of the diaphragm pacer was implanted in the chest subcutaneously.
Theskinwas then closed withinterrupted inverted absorbable sutures
inthe deep dermis. Meloxicam was administrated again for 24 h after
surgery. All procedures were carried out in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and were approved
by the Institutional Animal Care and Use Committee (IACUC) of North-
western University (protocol ISO0017562).

Measurement of EMG

Direct needle recordings from the hemidiaphragm were obtained
using a 30-gauge concentric needle EMG electrode (TE/D64-551;
Technomed USA) connected with a clinical grade Nicolet EDX system
with Synergy software (Natus Neurology). One needle electrode was
inserted transcutaneously into the right hemidiaphragm and used to
record spontaneous respiratory signals. CMAPs were recorded at the
hemidiaphragm, allowing adjustment of electrical stimulation voltage
todeliver supramaximal activation of the PN. All recordings were made
with concentric needle electrodes (TE/D64-551, Technomed USA).

Measurement of ultrasonography

A GE LOGIQ high-performance ultrasound system was used to detect
diaphragmatic excursions. Rats were placed supine. Ultrasound probes
were placed ontherats’abdomento visualize the diaphragm transhe-
patically. The M mode was used to measure the diaphragm excursion.
Based onthe mean + standard error of the mean, aone-way analysis of
variance (ANOVA) was performed for statistical tests (Fig. 5i; based on
the quantitative data obtained from the ultrasound images shown in
Supplementary Fig. 45b).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. Other data that support the
findings of this study are available from the corresponding authors
uponreasonable request.

Code availability

Customized iOS apps (user interfaces) developed with Xcode for use
on smartphones are available from the corresponding author upon
reasonable request.
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Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|Z| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|Z’ The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested

|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

] XX [ 0]

XI A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X
Ood

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Oscilloscope (TBS1032B; Tektronix), PowerlLab 4/26 with a Dual Bio Amp for ECG, Nicolet EDX® system for EMG recording, Customized iOS app
developed with Xcode

Data analysis OriginPro 2024b, Matlab r2023b (Fig 5g, Fig S42b,c and S44b; Z-axis acceleration data), Excel (Office 365), LabChart Version 8 Pro, One-way
Anova (Fig. 5i; based on the quantitative data obtained from the ultrasound image shown in Fig. S45b)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The main source data are provided with this paper. Supplementary and additional data are available from the corresponding author upon reasonable request.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
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groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was performed. Instead, sample sizes in Figs. 4 and 5 were determined based on proof-of-concept experiments and
similar electrical stimulation studies (Y.S. Choi et al., Nat. Biotechnol. (2021); G. Lee et al., Sci. Adv. (2022)). These sample sizes were
considered sufficient to assess the feasibility of the system and to confirm consistent experimental trends. In Fig. 5i, a sample size of n =3 or
more, based on quantitative data obtained from the ultrasound images shown in Fig. S45b, was used for statistical analysis.

Data exclusions  No data were excluded.
Replication All bioresorbable samples/devices were successfully prepared by same fabrication processes described in the manuscript. In vivo
reproducibility was evaluated by repeating the stimulation experiments with prepared samples/devices and confirming consistent trends in

the measured responses. All replication attempts were successful.

Randomization  For in vivo cardiac pacing studies, rat and canine models were randomly assigned to experimental groups.
For in vivo phrenic nerve stimulation studies, rat models were randomly assigned to experimental groups.

Blinding All data were collected in a non-biased manner. In vivo experiement and analysis were performed by different authors. Blinding wouldn't have
influenced the experimental results.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Sprague-Dawley rat model (12 weeks old; weight 200-250 g, sourced from Charles River Laboratories)
for cardiac pacing, male (n=2), protocol 1IS00021087; Northwestern University
for phrenic nerve stimulation, male and female, protocol 1ISO0017562; Northwestern University

Canine models (hound dogs) for cardiac pacing (age 0.7-1.1 years old; weight 22-40 kg, sourced from USDA Class A breeder)
29.8kg, male DOB 10/19/2023, protocol 1IS00020402; Northwestern University

24.2kg, male DOB 10/19/2023, protocol IS00020402; Northwestern University

22kg, DOB 11/12/2024, protocol 72761; University of Chicago

40 kg, male DOB 05/18/2024, protocol IS00027808; Northwestern University

23kg, DOB 12/07/2024, protocol 72761; University of Chicago

No wild animals were used in this study.
Sex-based study was not perfomed in this study.
No field-collected samples were used in this study.

All animals received care according to the guidelines for the care and use of laboratory animals of Northwestern University,
University of Chicago. All animal experiment was approved by the Institutional Animal Care and Use Committee.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Seed stocks

Novel plant genotypes

Authentication
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