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Wireless, fully implantable cardiac stimulation 
and recording with on-device computation for  
closed-loop pacing and defibrillation
Jokubas Ausra1†, Micah Madrid2†, Rose T. Yin2, Jessica Hanna1, Suzanne Arnott3,  
Jaclyn A. Brennan2, Roberto Peralta4, David Clausen1, Jakob A. Bakall1,  
Igor R. Efimov2,5,6*, Philipp Gutruf1,7,8,9*

Monitoring and control of cardiac function are critical for investigation of cardiovascular pathophysiology and 
developing life-saving therapies. However, chronic stimulation of the heart in freely moving small animal sub-
jects, which offer a variety of genotypes and phenotypes, is currently difficult. Specifically, real-time control of 
cardiac function with high spatial and temporal resolution is currently not possible. Here, we introduce a wireless 
battery-free device with on-board computation for real-time cardiac control with multisite stimulation enabling 
optogenetic modulation of the entire rodent heart. Seamless integration of the biointerface with the heart is 
enabled by machine learning–guided design of ultrathin arrays. Long-term pacing, recording, and on-board 
computation are demonstrated in freely moving animals. This device class enables new heart failure models and 
offers a platform to test real-time therapeutic paradigms over chronic time scales by providing means to control 
cardiac function continuously over the lifetime of the subject.

INTRODUCTION
Small animal models are useful tools for gaining key insights into 
development of pathologies and therapies, particularly in cardio-
vascular disease. Studies with rodents are particularly beneficial due 
to possibilities to engineer their genome to create more sophisticated 
models of cardiac failure. Rapid cardiac pacing can trigger patho-
genesis of cardiovascular diseases, such as cardiomyopathy or atrial 
and ventricular fibrillation (1, 2). Electrical stimulation provides a 
method for probing these diseases but comes with the drawback of 
low cell specificity, damage to the stimulation site, and higher energy 
requirements (3–5). In contrast, optogenetic stimulation provides 
cell-specific stimulation to the cardiomyocytes or neurons of the 
heart (6). This selectivity allows for studies such as autonomic 
nervous control of the heart. Optogenetic stimulation in combina-
tion with electrical recording (7) provides a unique technique for 
studying arrhythmias where no cross-talk between the electrical 
sensing and optical stimulation can be leveraged (8). To achieve 
long-term in vivo studies where animals are untethered with freedom 
of movement, wireless pacemakers with on-board electrophysio-
logical analysis and spatiotemporally accurate optical stimulation 
are required.

Implantable pacemakers, which are traditionally used for human 
therapies (9,  10), are useful for providing programmed electrical 

stimulation during cardiac electrophysiology studies. However, with 
the development of highly miniaturized fully implantable pacemakers 
for rodents (11, 12), studies of cardiac electrophysiology can be 
expanded to transgenic small animal models (13–15)). These develop-
ments can provide life-saving applications such as defibrillation of 
atrial fibrillation, defibrillation of ventricular fibrillation, and re-
synchronization therapy for patients with heart failure where 
cell-specific and multisite stimulation enabled by optogenetics are 
critical for successful implementation (16, 17). Multisite optical 
stimulation benefits studies exploring cardiac desynchrony with 
optogenetics, such as biventricular pacing (18), and combined with 
cell type–specific expression allows for an arrangement of neural 
and myocardial modulation studies, achievable with uniquely 
sensitive opsins (19). For example, in ventricular tachycardia (VT), 
multiple monophasic modulations are required to eliminate reentry 
for self-termination (20). While treating VT does not require multi-
ple stimulation points, having the capacity to actuate from any 
required point on the heart is essential to stopping re-entry, because 
cardiac failure is a dynamic process with magnitude and locality of 
infarction changing from case to case clinically (21). In current tech-
nology, the computation of heart rate and the delivery of stimula-
tion by these devices are achieved using multiple pieces of equipment 
or require researchers to interpret the data to determine and deliver 
the appropriate stimulus (22, 23). The spatiotemporal accuracy of 
these devices is often limited by the size of the interface that delivers 
stimulus to the heart, which, in turn, is limited by the lack of flexi-
bility of the biointerface. As a result, the interface is restricted to a 
small section of the epicardium, which makes realization of multisite 
stimulation devices for specific animal models difficult (23).

In general, tethered devices are meant for short-term acute studies 
as they rely on fibers or cabled electrical connections to deliver 
stimulation and record heart rate and other data (18). While capa-
bilities of tethered devices include closed-loop stimulation (24), the 
mechanical configuration is not suited for chronic implantation. 
The unification of chronic multisite cardiac interfaces, wireless 
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power transfer, and low-power real-time computational capabilities, 
as well as biopotential analog front ends, is required for these fully 
implantable embodiments, which are yet to be produced. Specifically, 
this includes adaptive geometries tailored for various heart shapes 
with high spatiotemporal accuracy and strategies for interface place-
ment with mechanical, thermal, and chemical properties (13) that 
closely match the epicardium (12, 25).

Here, we present a wireless battery-free device with on-board 
computational capabilities, specifically high-fidelity heart rate de-
tection, for closed-loop multisite optogenetics stimulation in small 
animal models. High spatiotemporal accuracy of stimulus delivery 
is achieved through the use of soft thin-film electrooptical arrays 
customized to deform with the beating pattern of the heart while 
proving continuous recording and optogenetic stimulation capabil-
ities. The designs of the conformal arrays are tailored to fit the 
geometry of the animal heart. High-precision, personalized fabrication 
using laser structuring allows for rapid manufacturing and transla-
tion to a variety of animal models. In vivo experiments demonstrate 
the effectiveness of the customized device for pacing and recording 
with the potential for self-adjusting arrhythmia induction and 
defibrillation over chronic lifetimes.

RESULTS
Device overview
Critical for the deployment of fully implantable multifunctional 
and multisite cardiac interfaces for comprehensive manipulation of 

heart function is the ability to record activity and intervene with 
real-time stimulation with ultralow latency to match the fast heart 
rate of small animal models. This is only possible with on-board 
computation, resulting in an intricate interplay among electro-
magnetics, digital and analog electronics, and mechanics to enable 
a platform that is fully implantable. A three-dimensional rendering 
of such a device implanted in a subject is shown in Fig. 1A. Here, a 
schematic depiction of a typical experimental paradigm of a freely 
moving animal subject inside an experimental arena delivering 
wireless power to the device to drive stimulation, recording, and 
computation components is shown. An animated exploded view 
rendering of constituent layers of the thin-film array conformally 
interfacing with the heart for high-fidelity electrical recording and 
optical stimulation is shown in the right-hand inset. Geometries are 
customized using deep learning software to provide the fit and 
mechanical compliance for continuous integration with the heart. 
The device body is located on the outside the animal’s ribcage in the 
subcutaneous space to allow for wireless programming and com-
munication of heart rate data with infrared (IR) uplink.

For these implantable devices, the size of the secondary antenna 
located on the device body must be considered to maximize the 
device’s wireless harvesting capabilities to provide power to record, 
compute, and stimulate. To manage energy efficiently on the implant, 
temporary energy storage is used to buffer multisite simulation 
events in which the power required to operate the optoelectronic 
components (33 mW) exceeds the harvesting capabilities of the device 
(32 mW) in some operational scenarios. This can be accomplished 

Parylene

µ-ILEDs
Pt
Ag
Ti

Cu top
Polyimide
Cu bottom

CB

Parylene

Polyimide

RecordingA

Wireless power
Time (s)

EC
G
 a
m
pl
itu

de
 (V

)

On-board heart rate
detection

Magnetic 
resonant coupling Recording

Stimulation

Multisite
stimulation

Wireless data
uplink

Components

Power 
supply 

A
nt
en

na

A
ntenna

IR communication

Computation
(R-wave peak
 detection)

Control
and analysis

Cardiac
interface

µCEnergy 
harvesting

Energy 
storage
(2.76 mJ)

1

9

IR

...

Fig. 1. Device overview. (A) Rendering of animal in typical experimental arena and inset highlighting device mechanics and operational capabilities. (B) Exploded view 
schematic showing layers of device. (C) Schematic diagram of operating electrical principles.
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by taking advantage of highly miniaturized components to minimize 
device size as shown in the exploded view schematic in Fig. 1B, dis-
playing the individual layers of the device. Here, the electronics for 
power harvesting, stimulation control, and on-board recording 
reside in the circular platform that connects to the thin-film array 
using stretchable serpentine interconnects to interface with the 
heart. The thin film of the array is composed of ultrathin layers of 
polyimide (PI), titanium, silver, and platinum to transfer energy to 
micro-scale inorganic light-emitting diodes (-ILEDs) for illumina-
tion events and serve as electrodes for recording events while pro-
viding compliant mechanics for conformality. Detailed information 
on fabrication and material specifications can be found in Materials 
and Methods.

Magnetic resonant coupling (26) is used to harvest radio fre-
quency (RF) power from the primary antenna (Fig. 1C). The har-
vested power is stored in a capacitor bank, and voltage is regulated 
by a linear, low dropout regulator and drives digital and analog 
electronics for computation, multisite stimulation, and electrical 
recording. Nine blue -ILEDs are controlled by the microcontroller 

(C). Amplification of the epicardial signals is performed by an 
ultraminiaturized analog front end on the device followed by 
analog-to-digital conversion and computational processing of heart 
rate on-board the C. Detailed information on electronic compo-
nents is presented in Materials and Methods.

Mechanics
In comparison to our previous work on wireless optoelectronic 
devices for cardiac stimulation (12), the area of stimulation for this 
device is expanded by 1200% to allow for studies with high spatio-
temporal accuracy. Because the size and shape of the heart vary 
from species to species, it is important to tailor the shape of the 
conformal array to fit the needs of a variety of phenotypes by de-
signing the layout and mechanics based on analysis of geometry and 
beating patterns. Specifically, the ultrathin array interface to the 
heart is designed as shown in the flowchart diagram depicting this 
process in Fig. 2A. Here, a video of a representative perfused ex vivo 
mouse heart beating is recorded, a strategy that can also be applied 
to other animal models through similar methods or real-time 
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Fig. 2. Mechanical design. (A) Flowchart diagram of process for manufacturing -ILED and recording array. FEA, finite element analysis. (B) Snapshot of heart with 
motion tracking markers during systole phase taken with optical mapping camera. (C) Snapshot of heart with motion-tracking markers during diastole phase. (D) Computed 
resulting strain during heart beating. (E) Mechanical simulation of heart deforming array. (F) Fabrication procedure of array showing (i) physical vapor deposition of 
materials, (ii) laser structuring, and (iii) assembly of array onto device body. (G) Microscopic image of resolution test of laser structuring of metal thin films. (H) Ten thousand 
cycles of strain with irradiance output measurements of the -ILED. (I) Photographic image of array applied to heart.
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imaging modalities such as magnetic resonance imaging. The deep 
learning software DeepLabCut (27) analyzes the deformation of the 
heart using markerless tracking to compute change in surface area 
over beating cycles. The array is then designed using computer-aided 
design software, followed by simulation of the design via finite 
element analysis and iteration to enable elastic deformation of the 
constituent layers of the interface, and last, fabrication of the device 
using laser structuring, a process that can structure an array in 130 s 
without the need for clean room facilities.

To accurately determine the mechanical requirements for the 
array that allow the conductive structures to stretch without plasti-
cally deforming the thin metal film, deep learning software tracks 
the motion of the heart (Fig. 2, B and C) (see Materials and Methods 
for further detail). Here, distance between the four markers repre-
senting the changing circumference of the heart over several cycles 
of systole and diastole is calculated. The resulting elongation during 
cardiac cycles is found to be 4.5% of the original size, reflecting the 
required amount of cyclic strain durability of the device (Fig. 2D). 
In the material system used in the cardiac interface, the maximum 
allowable strain in the silver and platinum is 2.1 and 3.4%, respec-
tively (28, 29), which cannot be exceeded without causing irreversible 
microcracking (30), reduction in trace conductivity (31, 32), and 
subsequent decrease in illumination and recording capabilities.

Achieving intimate contact between stimulation sites and the 
epicardium is challenging due to the expanse and contractility of 
the target organ. Using thin films organized in a repeating serpentine 
pattern (33), a flexible array is designed to fit the proportions of the 
heart and allow for elastic deformation as the heartbeats. The array 
consists of four petal-like structures containing one to three -ILEDs 
each, with one petal housing the recording electrode. The structures 
adhere to the heart via a single suture that attaches to the ends of all 
petals. This geometry allows all sides of the heart to be enveloped, 
and application of the array is facile, allowing for rapid surgical pro-
cedures and fast animal recovery compared to bulkier telemetry 
systems for heart rate detection (34). With this unique design, 
which does not require epicardial sutures, we prevent tissue impact 
to the heart. Thin-film layers are carefully selected to enable maxi-
mum illumination while ensuring long-term recording capabilities 
over continuous strain cycles. Here, Ti deposited on PI thin film 
serves as an adhesion layer, followed by deposition of Ag for increased 
conductivity (6.30 × 107 S/m) (35). Pt is then deposited as the outer-
most layer due to its relatively high trace conductivity (9.43 × 106 S/m) 
(35) and the ability to serve as an oxidation-resistant chronic elec-
trode to ensure long-term recording capabilities (36), thermal sta-
bility (37), and chemical stability (38).

The strain calculated from DeepLabCut tracking results is then 
applied in mechanical simulation in which the array undergoes an 
applied strain from an ellipsoid solid representing the heart perpen-
dicular to the direction of the metal traces (fig. S1) (see Materials 
and Methods). This process is iterated to create a serpentine struc-
ture with mechanics to allow for elastic deformation of the metal 
layer to enable electrical conductance with chronic stability. In the 
finalized array design, the metal layer undergoes a strain of 1.82% 
when a global strain of 5% is applied, which is within the elastic 
regime of silver (2.1%) (28) and platinum (3.4%) (29) thin films 
(Fig. 2E).

Once the design of the stimulation and recording array has been 
finalized, fabrication begins with physical vapor deposition of 
titanium, silver, and platinum onto a thin film of PI (Fig. 2Fi). To 

ensure rapid implementation of the device, fabrication with laser 
structuring avoids expensive and time-consuming clean room pro-
cesses, thereby enabling unique array structures for a variety of 
animal models and even variation within species (Fig. 2Fii). Resolution 
of this method feature size of 20 m (Fig. 2G) provides sufficient 
flexibility in design and can accommodate even the smallest opto-
electronic components. Attachment of the thin-film metal array 
onto flexible circuit materials is accomplished with through hole 
wiring (Fig. 2Fiii). Once components are added, fully constructed 
devices are encapsulated with parylene-C to provide a biofluid 
barrier (28). After encapsulation, laser ablation of the parylene-C 
from electrodes is completed as described in fig. S2. See Materials 
and Methods for further details.

The mechanical integrity of the array is verified with a custom 
stretching stage outfitted with a three-dimensionally (3D) printed 
heart that is used to flex the array at 1.4 Hz (fig. S3) (see Materials 
and Methods). A strain of 5% is applied to the array, representing 
the maximum deformation caused by the heart as calculated using 
deep learning software. To assess ability to remain conductive over 
beating cycles, illumination of the -ILEDs of the array petal is 
quantified over 100,000 strain cycles and determined as stable 
(1.28% change in light intensity) (Fig. 2H), indicating that the struc-
ture can withstand several thousand strain cycles. Because of the 
high frequency of the rodent heartbeat, it is not possible to run 
accelerated cyclic tests; however, studies investigating thin-film metal 
strain durability indicate indefinite stability if no resistance change 
is observed after 105 cycles (39). Figure  2I shows a photographic 
image of an ex vivo mouse heart with the customized array applied, 
showing the ability to conform to the heart.

Electrical characterization
The space available in small animal models requires a miniaturiza-
tion of the device body. At the same time, recording, computation, 
and stimulation hardware as well as capacitive energy storage for 
high-intensity optogenetic stimulation events must be integrated 
onto a monolythic platform to ensure stable chronic operation. A 
detailed layout of the device with color coded elements is shown in 
Fig. 3A, and the corresponding electrical schematic is provided in 
Fig. 3B. The capacitor bank stores up to 2.76 mJ of energy when 
fully charged to 5.6 V. As energy is consumed for stimulation, the 
capacitor bank voltage drops to 3.5 V (∆2.1 V), the digital system 
operation voltage, resulting in 1.7 mJ of usable energy (40). The 
device relies on wireless power harvesting, which is maximized 
empirically by varying secondary antenna turns to enable maximum 
power output at the operation voltage of 3.5 to 5.6 V shown in 
Fig. 3C (see Materials and Methods). Here, the six-turn configura-
tion outperforms the five- and seven-turn devices with a peak power 
of 32 mW in the center of the primary antenna at a load of 1.4 kilohms 
and a primary antenna power of 8 W. A 2D spatial map of the har-
vested power in a 22 cm–by–22 cm–by–6 cm arena is shown in Fig. 3D, 
where device power reaches over 100 mW in the corners of the arena. 
Because stimulation events require slightly more power (33 mW) 
compared to harvested power (32 mW), capacitive energy buffers 
stimulation events for continuous operation. This is achieved by storing 
energy in the capacitor bank between pulses (up to 1.7-mJ usable energy) 
and releasing stored energy during stimulation. This is enough energy 
to operate -ILEDs at 101 mW/mm2 for 1.5 s at a 100% duty cycle, 
which is far beyond the required on-time needed for high-powered 
stimulation events such as defibrillation (23).
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Wireless control of the device is accomplished using a custom 
simplex protocol as described previously (40, 41) to set parameters 
such as duty cycle, frequency, and the number of -ILEDs activated. 
Figure 3E shows a diagram of the wireless communication scheme 
used for pacing and electrophysiological recording state selection. 
Here, 4-bit communication is accomplished by pulse width modu-
lation via a commercial RF power source (NeuroLux Inc.) and custom 
modulation hardware. Pulses of 100 (t1), 200 (t2), 300 (t3), and 400 ms 
(t4) (representing logic bits 0, 1, 2, and 3) with 50 ms between pulses 
are used in this scheme. This configuration enables an increase of 
transmission speed of 500% and parameter space of 200% over our 
previous work (40). See Materials and Methods for more informa-
tion on wireless communication.

Device power supply for a typical communication event is high-
lighted in Fig. 3 (F to H), with corresponding voltage and current 
probes displayed in Fig. 3B. Here, the magnetic field, which pro-
vides power to the implant, is modulated as indicated by the voltage 
of a pickup coil (black trace), which measures the strength of the 
magnetic field. Capacitor bank voltage (orange trace) follows the 
magnetic field strength, powering the C for a specific amount of 
time during which internal timers digitally encode bit values that are 
written into the nonvolatile memory electrically erasable programmable 
read-only memory (EEPROM). Once all bit values have been defined, 
they are compiled into byte values for device operational parame-
ters. Stimulation state is then selected after the C evaluates the byte 
code; in this case, the device is set to turn all -ILEDs on for multisite 
pacing. Specifically, -ILEDs are multiplexed to turn on sequentially, 
so that stimulation site of the heart begins at the first -ILED and 
is spatiotemporally cycled until reaching the ninth -ILED to en-
able maximum illumination intensity at each site. Power of the -ILEDs 
(blue trace) indicates that 32 mW are consumed for powering the 
-ILEDs while operating at 5 Hz, with all nine -ILEDs (labeled 1 to 9) 
cycling twice. All -IED’s were set to output an irradiance of 101 mW/mm2. 
See Materials and Methods for more details.

Figure 3I shows the power consumption of the device during 
recording where the blue background indicates a programming 
event in which the device uplinks a status report via the IR commu-
nication (42) (as selected via the programming in Fig. 3F), followed 
by the threshold detection of the cardiac pulse shown in the green 
background, and the heart rate computation and subsequent result 
uplink as indicated by the red background. Recording consumes an 
average of 7 mW of power throughout the programming, threshold 
detection, and heart rate detection events, with sufficient harvesting 
power to enable these operations indefinitely in freely moving 
animals.

Delivery of optogenetic stimulus can be managed with millisecond 
precision via on-board heart rate detection. This method bypasses 
the need for multiple electronic instruments to carry out recording 
and illumination by integrating both sensing and stimulation 
modalities into a monolithic platform with closed loop capabilities. 
To accurately detect heart rate on-board the device, the C uses 
automatic thresholding to determine the minimum voltage the signal 
must surpass to count as a peak (Fig. 3J). The signal is first sampled 
to determine the average voltage (1.3 V on the inset of Fig. 3J). The 
threshold is set to this voltage (blue trace), and the number of 
signals greater than the threshold is recorded (yellow trace). The 
threshold increases until the time between these signals is consistent, 
such as when only peaks of the R wave of the electrogram (EGM) 
are detected, and the threshold locks in. This methodology offers 

advantages in pacing immediately after detecting a heartbeat, allow-
ing for millisecond precision (fig. S4) optogenetic stimulation for 
chronic arrhythmia induction or termination. Rapid heart rates, 
such as during arrhythmias, can be sensed on-board the device, and 
optogenetic stimulation can be carried out in response for operator-
free defibrillation or tachypacing. Heart rate data can also be read 
out to manage stimulation parameters manually, with heart rate 
data able to be uplinked from all areas of the cage as shown in 
Fig. 3K. The IR receivers used in the experiments are fully integrated 
circuits in small packages with a lens system, an optical filter, auto-
matic gain control, a bandpass filter to improve the signal-to-noise 
ratio, and demodulator circuits that pass the digital data signal to an 
external C for demodulation (see Materials and Methods). At 
background ambient irradiances of more than 1 W/mm2, the lower 
detection threshold is 0.00015 W/mm2. Although transmission is 
most effective when in direct line of sight with the receiver, the 
system can function in a variety of situations, including those 
with opaque enclosures or 3D elements that rely on indirect IR 
reflections.

High IR transparency of rodent fur permits efficient operation 
even when the device body is fully implanted (42). Ex vivo experi-
ments demonstrate transmission capability through tissue even 
when not in line of site, as shown in the fig. S5 and Materials and 
Methods.

Optoelectronic characterization
Devices are designed for a variety of stimulation paradigms to, for 
example, invoke irregular heartbeats for cardiac pathology research. 
Figure 4A shows a photographic image of the stimulation and 
recording array with 9 -ILEDs powered on, capable of evoking 
strong activity in ChR2-expressing cardiomyocytes sufficient to 
defibrillate. The coverage of heart tissue with -ILED illumination 
allows for targeting both ventricles, with multiple -ILEDs simulta-
neously. Understanding thermal and optical characteristics of the 
heart tissue in response to activation of -ILEDs is crucial for main-
taining homeostasis and determining the extent of optogenetic 
influence on the deeper myocardial tissue of the heart. Measurements 
to quantify these parameters are carried out using an experimental 
setup for measuring temperature and light propagation in the heart 
as shown in the schematic of the lower half of Fig. 4A, where the 
device is applied to the interface of the heart. Photographic images 
of the setup are shown in fig. S6. Optical measurements are per-
formed immediately adjacent to the -ILED and at increasing 
depths toward the direction of the center of the heart for electrical 
powers of 22, 32, and 42 mW supplied to the -ILED (Fig. 4B) 
(see Materials and Methods). An irradiance of 101 mW/mm2 is ob-
served at the interface of the -ILED and the surface of the heart for 
an input electrical power of 32 mW. Irradiance remains above the 
threshold for optogenetic activation up to 3 mm into the heart tissue. 
Assuming the radius of stimulation to be 3 mm, the irradiance from 
each -ILED can activate an area of 28 mm2, resulting in a total area 
coverage of 254 mm2. These results indicate that the device can 
activate any spatial region of a typical mouse heart with a total 
surface area of 110 mm2 (43).

Accelerated rate testing of the device lifetimes is performed by 
characterizing the -ILED irradiance for a device submerged in 
phosphate-buffered saline (PBS) at 60°C. Figure 4C shows a graph 
of light intensity over time, demonstrating latest measured opera-
tion at 60 days in heated solution without notable fluctuation in 
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Fig. 4. Optoelectronic characterization. (A) Photographic image of -ILED and recording array (top) with schematic of setup used for optical and thermal measurement 
(bottom). (B) Device irradiance in cardiac tissue with increasing depths. (C) Graph of long-term irradiance measurements of device at 60°C in PBS. (D) Steady-state thermal 
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irradiance. Fully implantable devices with similar accelerated test 
results had an estimated device lifetime of 205 days in vivo (44). See 
Materials and Methods for further details.

To avoid damage to cardiac tissue from high-power light pulses of 
the -ILEDs, thermal load of the device on the heart is characterized. 
The thermal impact on the surface of the heart (left) during high-
output optical events (right) is shown in Fig. 4D. Thermal finite 
element modeling is performed to assess changes in temperature in 
cardiac tissue at the site of the -ILED for transient simulation and 
steady state to gain insight into thermal impact of the devices onto 
the cardiac tissue. The thermal impact on the surface of the heart (left) 
during high output optical events (right) is shown in Fig. 4D. During 
single -ILED activation at 40 Hz with 1-ms on-time in finite ele-
ment simulation (see Materials and Methods), a worst-case scenario 
(4% duty cycle) explored in other studies for optical defibrillation 
(23), the temperature change in the cardiac tissue during simulation 
(0.84°C) remained below the threshold for cardiac damage (45). In 
addition, thermal propagation characterization in mouse heart 
tissue ex vivo a temperature change of 0.89°C is observed, not con-
sidering perfusion (shown in fig. S7), verifying the finite element 
modeling simulations. Further chronic studies of thermal and pho-
tonic impact using this platform may inform device engineering for 
translational work toward chronic stability in the freely behaving sub-
ject. During in vivo experiments, it is also expected that thermal load 
on the heart further decreases due to perfusion (46) (see Materials 
and Methods for more information).

Figure 4F shows a photographic image of the device with recording 
and reference electrodes highlighted. The device uses a Pt recording 
electrode (2000 m2) that adheres to the epicardium and an Au 
reference electrode (6.75 mm2) located on the device body. Figure 4G 
shows a photographic image of the device recording electrode and 
active -ILED. This configuration allows for both pacing and stimu-
lation in a compact area. Figure 4H shows a graph of impedance of 
the device electrodes in PBS solution with and without contact to 
cardiac tissue. A resulting impedance of 10.68 kilohms occurs at 
1-kHz frequency in PBS and 11.35 kilohms on the heart tissue.

Real-time heart rate information is critical for stimulation 
paradigms such as optogenetic therapy for treating atrial fibrillation 
and realizing pacing-induced arrhythmias. Here, analog signals 
(Fig. 4I, left) are filtered and amplified by the analog front-end inte-
grated circuit and sent to the C for processing (see Materials and 
Methods for more information on recording characterization). After 

automatic thresholding, timing between R waves is used to calculate 
the heart rate. Heart rate is detected for three tested frequencies of a 
typical cardiac waveforms within ±0.35 Hz (Fig. 4I, right). The pro-
cess is repeated for the waveform of an abnormal heartbeat (Fig. 4J, 
left), indicating that the on-board heart rate detection algorithm samples 
with ±0.24-Hz accuracy (Fig. 4J, right). In comparison, the typical 
accuracy for current commercially available wireless heart rate 
monitoring devices lies between ±0.2 and ± 0.6 Hz (47). Thus, our 
device demonstrates on-board precision comparable to other devices 
used for wireless heart rate monitoring, which are critical for detect-
ing abnormal heart rates, especially in the context of closed-loop 
operation where millisecond precision is vital for delivering stimuli.

Ex vivo results
Functionality of optical pacing is verified in ex vivo Ch-R2 expressing 
mouse hearts using far-field electrocardiogram (ECG) recordings 
(Fig. 5A). Optoelectronic component layout of the device enables 
the study of cardiac resynchronization therapy or defibrillation 
(48). -ILED modulation also enhances pacing parameters, permitting 
capturing at lower duty cycles and with lower irradiance. This 
reduction in duty cycle and irradiance brings clarity in optical 
mapping by lessening the interactions with potentiometric probes 
and the -ILEDs, which diminishes optical artifacts in ex vivo studies 
(49). Figure 5B displays results where the heart is paced at 10 Hz 
(see Materials and Methods). Here, frequency of pacing capture is 
similar to previous studies on wireless battery free optogenetic 
pacing at 10 Hz (12) and allows for stimulation of a broader range 
of target sites.

In addition to optical pacing, electrical recording of ex vivo 
mouse hearts is assessed with far-field ECG. Results in Fig.  5C 
demonstrate the ability to capture heart rate on an ex vivo heart that 
has undergone external electrical stimulation with measured heart 
rate falling within ±0.14  Hz of the set value (see Materials and 
Methods for more details). No notable deviation from regular 
heart rate is observed after the device is attached, arising from 
material selection and curvilinear design of the array that ensures 
conformality with the ex vivo heart without restricting motion. The 
simplicity of use and wireless battery-free operation suggests the 
utility of the device in a range of ex vivo Langendorff perfusion 
studies that monitor the heart during decline in cardiac performance 
from aging, mutation, pharmacological agents, or even environ-
mental changes (50).

B C
Pacing

1 cm

A

Fig. 5. Ex vivo results. (A) Photographic image of multisite pacing of ex vivo ChR2 expressing mouse heart. (B) ECG amplitude recorded from ex vivo ChR2-expressing 
mouse heart captured at 10 Hz, with blue lines representing the optical pacing stimulus. (C) Graph of wireless EGM versus far-field ECG recording during external electrical 
pacing on ex vivo heart.
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In vivo results
A flow diagram of the implantation procedure of the animal is 
shown in Fig. 6A. A customized implantation tool facilitates rapid 
surgery with facile placement and a quick securing mechanism to 
minimize the time the heart cavity is open. Here, a sterilized 
3D-printed applicator attached to each petal of the device with 
water-soluble tape is used to position the device to envelop the heart 
(Fig. 6Ai and fig. S8). Once in place (Fig. 6Aii), the suture around 
the heart is tied and the tape is dissolved with saline, removing the 
connection between the applicator and the device (Fig. 6Aiii). The 
applicator is then removed (Fig. 6Aiv), and the device receiver is 
placed in the subcutaneous space, followed by closure of the muscle 
and skin by suture (see Materials and Methods for more informa-
tion on implantation procedure). The animal recovers for 2 days 
upon receiving implantation of the optogenetic stimulation and 
recording device. Afterward, recording and pacing are performed 
on the animal to demonstrate wireless battery-free operation, com-
putational ability, heart rate detection, and multisite optogenetic 
pacing capabilities. Figure 6B shows an image of the implanted 
device, highlighting the biointerface application to the left and right 
ventricles of the heart using a single suture that does not puncture 
the heart, allowing for seamless biointegration with the subject. 
This scheme minimizes scarring of the heart tissue while enabling 
multisite stimulation of the epicardium. Figure 6C shows a computed 
tomography (CT) image of the animal after device implantation, 
where the device position with respect to bone structure is indicated 
by the blue device body and serpentine interconnect leading to the 
array (see Materials and Methods). Animal recovery after implantation 
is assessed in Fig. 6D. The weight of the animal slightly decreases 
after surgery and appropriately increases over time, which illustrates 
that the device and its implantation result in no major postoperative 
complications, allowing for long-term recording and stimulation. 
The behavioral assessment of animals implanted with device co-
habiting with a second control animal is also used to determine the 
effect of the implant on social interaction (Fig. 6E). Here, DeepLabCut 
tracking software is used to perform markerless tracking on animals 
before and after implantation as shown in the inset of Fig. 6E (see 
Materials and Methods). The results indicate that the animal has a 
similar number of social interactions 12 days postoperatively com-
pared to before implantation (see fig. S9 for more information). On 
the basis of these results, this technology provides a route toward freely 
moving recording and stimulation for closed feedback applications 
in small animals while allowing for behavioral studies in naturalistic 
settings. This class of device offers advantages over tethered closed-
loop devices for cardiac research by enabling the subjects to interact 
socially, thus increasing healing rate after implantation (51).

Stimulation and recording in a freely behaving subject are demon-
strated Fig. 6F, where a labeled photographic image of the animal 
model shows the experimental setup that allows the animal to move 
in an unhindered fashion. Here, the animal sits inside the primary 
antenna that powers the device, with antenna frequency controlled 
by the tuning box and an IR receiver for recording wirelessly up-
linked heart rate data. The heart rate of the freely moving animal 
subject is measured with the device and confirmed with far-field 
ECG as shown in the top graph of Fig. 6G. Demonstration of this 
capability can be found in movie S1. A bar graph of in vivo recorded 
heart rate in the animal several days after surgery is shown in the 
bottom of Fig. 6H, where an average heart rate of 500 beats per 
minute is observed on days 2, 3, and 12 in the wireless device with 

on-board computation, which is expected for an adult mouse. These 
results show the potential for long-term studies that require heart 
rate measurements and stimulation. Adjacent results of chronic wire-
less battery-free neuromodulatory devices demonstrate operation 
over months and highlight the feasibility of this approach (52, 53). 
In addition to wirelessly measurement of heart rate, the device is able 
to pace the heart for chronic therapy or induction of heart rhythm 
disorders. Here, multisite pacing is captured on the far-field ECG in 
the top three graphs of Fig. 6H (see Materials and Methods for more 
details). Here, the number of -ILEDs illuminating the epicardium is 
controlled wirelessly, allowing for tether-free studies in freely moving 
subjects. A comparison of the average R-wave amplitudes is shown in 
the bottom graph of Fig. 6H, where an increasing number of illumi-
nation sites results in higher R-wave amplitudes, as expected.

DISCUSSION
The wireless battery-free platform for multimodal and multisite 
real-time stimulation, sensing, and computation presented here 
expands implantable cardiac device capabilities for on-demand 
operation in freely behaving small animal models. Devices are tailored 
for specific phenotypes individually using machine learning–guided 
mechanical design and cost-effective laser structuring to enable 
rapid device production for a spectrum of animal models. Specifically, 
serpentine structuring of ultralight thin films produces biointerfaces 
that closely conform to heart topology for mechanical integration 
with chronic device lifetimes. Surgical procedures are facilitated using 
custom-designed applicator tools to enable quick implantation.

The main obstacle for fully implantable devices with multisite 
stimulation, recording, and computation capabilities is tailoring the 
electromagnetic and mechanical characteristics to match the needs 
of the biological interface. Here, devices use on-board computa-
tional capabilities for heart rate monitoring to reduce size require-
ments associated with high-speed data transmission and allow for 
immediate feedback and action in real time on the monolithic plat-
form. Advanced device communication allows for rapid selection of 
stimulation and recording states, and seamless integration of re-
cording and stimulation modalities ensures millisecond precision 
feedback stimulation. These advances enable sensing, computation, 
and multisite stimulation to create complex experimental paradigms 
previously impossible for cardiac studies in freely behaving animals. 
Possible applications that build insight in small animal model stud-
ies include, defibrillation of atrial fibrillation affecting 5 million 
patients in the United States, defibrillation of ventricular fibrilla-
tion affecting 300,000 deaths in the United States annually, and 
resynchronization therapy for patients with heart failure affect-
ing around 6 million patients in the United States (16, 17). These 
modalities showcased here offer new pathways for both cardiac 
pathological studies focused on the mechanisms of arrhythmogenesis 
and translational studies focused on development of antiarrhythmia 
therapy (i.e., defibrillation) in humans, which benefit substantially 
from cell-specific stimulation that can be a more efficient and pain-
free alternative to current electrical methods. Remaining challenges 
include probing defibrillation mechanisms, modeling chronic heart 
rhythm disorders, and developing new multisite defibrillation and 
cardiac resynchronization therapy strategies. An opportunity afforded 
by wireless battery-free devices introduced here is the higher energy 
budget, which now enables computation on the edge with artificial 
intelligence to anticipate future cardiac events and gently intervene.
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MATERIALS AND METHODS
Device fabrication
Flexible circuits were constructed of Pyralux AP8535R, and thin films 
were constructed using physical vapor deposition. High-precision 
laser structuring (LPKF U4) was used to structure the top and 
bottom copper layers (17.5 m) on the PI layer (75 m) substrate 
for the main body. The interface layers were composed of titanium 
(50 nm), silver (250 nm), platinum (50 nm), and a substrate layer of 
PI (18.5 um). Flexible circuits were cleaned with flux (10 min; Superior 
Flux and Manufacturing Company, Superior no. 71) via ultrasonic 
cleaning (Vevor, Commercial Ultrasonic Cleaner), followed by 
isopropyl alcohol wash (2 min; MG Chemicals), and deionized (DI) 
water rinse. Via connections were constructed from copper wire 

(100 m) and low-temperature solder (Chip Quik, TS391LT). 
Device components were fixed in place after assembly with epoxy 
(TotalBoat), followed by curing at 80°C for 5 hours. Device elec-
trodes were covered with water-soluble tape (polyvinyl alcohol) and 
PI tape. Devices were encapsulated with parylene-C coating via 
chemical vapor deposition. After encapsulation, laser structuring 
was used to remove parylene-C and PI tape, followed by dissolving 
of water-soluble tape in DI water for 24 hours at 40°C.

Electronic components
Components with minimal outlines selected to minimize device 
footprint were manually soldered to the device using low-temperature 
solder (Chip Quik, TS391LT). The rectifier was composed of two 

E

C

y x

z

1 cm

D

A i ii

iii iv

Heart

Applicator

Device

Tape
Suture

B Array Interconnect

Heart

Three µ-ILEDs

F G

H

EC
G

vo
lta

ge
 (m

V)

Pe
ak
 d
et
ec
tio

n
(a
.u
.)

Six µ-ILEDs

Nine µ-ILEDs

Number of µ-ILEDs

Time (s)
EC

G
 v
ol
ta
ge

 (m
V)

EC
G
 a
m
pl
itu

de
 (m

V)

Tuning box

Mouse

IR receiver

Primary
antenna

*
*

*

Fig. 6. In vivo results. (A) Implantation procedure showing (i) applicator with sutured mesh attached via dissolvable tape, (ii) application of mesh to heart followed by 
(iii) tape dissolution and suture tightening, and (iv) removal of applicator. (B) CT image of subdermally implanted device on the ribcage and heart of mouse. (C) In vivo 
surgical implantation of device on mouse heart. (D) Animal subject food intake and weight measurements postoperation. (E) Number of social interactions by animal 
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of freely moving animal subject during recording and stimulation. (G) Comparison of wireless EGM to far-field recording of freely moving animal subject (top) and wirelessly 
uplinked heart rates 2, 3, and 12 days after operation (bottom). (H) Graph of ChR2-expressing mouse heart in freely moving subject captured at 10 Hz using three, six, and 
nine -ILEDs, with blue lines representing the optical pacing stimulus (top) and resulting amplitudes of QRS complexes presented as mean values ± SE for three (n = 44), 
nine (n = 44), and nine -ILEDs (n = 44) (bottom).
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Shottky diodes (40 V, 30 mA; MCC RB751S-40DP), a tuning ca-
pacitor of 145 pF (CL03C101JB3NNNC), and a 2.2-F smoothing 
capacitor (Samsung, CL03A225MQ3CRNC). Eight 22-F capacitors 
(CL05A226MQ5QUNC) were assembled in parallel to serve as the 
capacitor bank (total capacitance of 176 F). A Zener diode (5.6 V, 
100 mW; Comchip CZRZ5V6B-HF) provided overvoltage protec-
tion. Two low-dropout regulators with fixed internal outputs (3.5 V, 
NCP160AFCS350T2G; 2.8 V, TCR2DG28LF) managed voltage to 
the -ILEDs and active components, respectively. A small outline C 
(3 mm by 3 mm; ATTiny 84A, Atmel) was used to regulate timing 
of -ILED activation, control on-board computing of heart rate, 
and IR uplink. The C was programmed via AVR programmer and 
USB interface to sink current from the capacitor bank through the 
selected number of -ILEDs at relevant time points. The irradiance 
of each -ILED was controlled by the current limiting resistance of 
the thin film (18 ohms). A fully integrated single-lead small outline 
biopotential monitor (AD8233) was used to amplify and filter the 
readout of the electrodes. The C firmware was programmed to 
digitize and automatically threshold the amplified signal. After 
thresholding, the time between detected pulses was uplinked via 
0402 IR LED signal (57 kHz).

RF characterization
The resonant frequency of the secondary antenna was verified to be 
13.56 MHz by measuring the standing wave ratio with a reflection 
bridge (Siglent, SSA 3032X). Power harvesting capabilities of the 
secondary antenna for the five-, six-, and seven-turn devices were 
determined by placing each device on a 3-cm mount located in the 
center of the two-turn 22 cm–by–22 cm–by–6 cm cage powered at 
8 W and measuring voltage output with increasing loads across the 
device using a digital multimeter (AN8008). The power distribution 
of the six-turn device throughout the arena was determined by 
measuring the secondary antenna output voltage with a load of 
1.4 kilohms placed 3 cm from the cage floor throughout the arena 
with 4-cm spacing between each point.

Electrical characterization
Electrical characterization during wireless state selection for stimulation 
and recording was carried out using a current probe (CurrentRanger, 
LowPowerLab) and oscilloscope (Siglent, SDS 1202X-E). Pickup 
coil voltage was determined by measuring unrectified voltage output 
of a six-turn secondary antenna tuned to resonate at 13.56 MHz to 
indicate the presence of magnetic field. System voltage was deter-
mined by measuring rectified voltage across the capacitor bank. 
Power consumption of the -ILEDs was calculated by measuring 
current into the -ILEDs at the defined system voltage. The device 
was powered using a custom battery power supply with current limit-
ing resistor (560 ohms) in series to match the power input from the 
RF field for capacitor bank voltage measurements. Device power 
consumption during recording was determined by measuring the 
current into the C and heart rate monitor at defined system voltage. 
Device threshold and heart rate data were uplinked via IR LED to an 
IR receiver using RC5 protocol (fig. S10).

Wireless communication
Four-bit communication allowed for 4n states, where n represents 
the numbers in Fig. 3E. Sequences of pulses activated the information 
on the C’s nonvolatile memory (EEPROM). The first byte (blue; 
four states) relayed whether the device would record or stimulate. 

The second byte (red; 16 states) determined the number of -ILEDs 
for stimulation. The third and fourth bytes (green and yellow, 
respectively; 256 states each) sent frequency and duty cycle data, 
respectively.

Recording characterization
Device on-board recording performance was determined by mea-
suring the output heart rate of the device compared to the true input 
heart rate for input ECG waveform amplitude and frequency 
combinations of 50, 100, and 200 V and 5, 8, and 11 Hz. After 
automatic thresholding, output heart rates were calculated on-board 
the C and uplinked to a receiver via IR communication.

CT imaging
Micro-CT imaging was performed on a postmortem mouse using a 
Siemens Inveon -CT scanner to take the images. Data were ac-
quired with “medium-high” magnification, effective pixel size of 
23.85, 2 × 2 binning with 720 projections made in a full circle, and 
an exposure time of 300 ms. Peak tube voltage was set to 80 kV, and 
current of 300 A was selected to obtain the image of Fig. 5B. A 
Feldkamp cone-beam algorithm was used to reconstruct the data.

Mechanical simulations
Mechanical simulations were performed in Ansys 2019 R2 Static 
Structural to assess the elastic strain in the serpentines when deformed 
by the heart. The conductive traces, PI substrate, and parylene-C 
encapsulation layers were combined into a single homogenous 
body to reduce computational complexity, and a single material 
with properties equal to the weighted composition of the cross 
section was used. The exact profile of the device was used. Program 
controlled mechanical elements were used to simulate the models 
with the resolution of the mesh elements being set to 2 and a sizing 
element condition of 0.03 mm on the heart mesh to ensure mesh 
convergence. The Young’s modulus (E) and Poisson’s ratio () for 
the combined material were EPI = 4 GPa and PI = 0.34, respectively. 
A fixed support was added to the top and bottom pieces of the mesh 
as shown in fig. S1. Displacements equivalent to those calculated 
with DeepLabCut of the heart were applied perpendicular to the 
mesh by deforming the heart over a total distance of 5% (0.3 mm).

Strain testing
Mechanical strain of 5% (0.3 mm) was applied to the device by using 
a custom-built fatigue test setup with 3D-printed heart deforming 
the array (fig. S3). Arduino software was used to control the dis-
placement. -ILEDs were powered at 3.5 V using a custom battery 
supply and activated at 40 Hz with 1-ms on-time. Digital single-lens 
reflex camera (DSLR) camera was used to take images of the 
-ILEDs every 5000 cycles in a custom-built darkbox. Manual focus 
was selected, iso was set to 100, F-stop was set to 36, and shutter 
speed was set to 1/250. The average light intensity from three 
-ILEDs was calculated in ImageJ and plotted using MATLAB.

Characterization of light propagation
The light propagation characterization in fresh mouse heart tissue 
was carried out using a custom translational stage and fiber optic 
cable (fig. S6). This system was composed of a 10-mm-long 0.22 
numerical aperture optical fiber cannula (50-m core diameter) 
coupled to a high-sensitivity power meter (ThorLabs, PM100). A 
3D-printed 1D linear translation stage was used to drive the cannula 
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into the heart. The blue -ILED was attached to the heart via 
serpentine interconnect held up by suture. At each 1-mm step, 
three test powers were probed simultaneously (22, 32, and 42 mW). 
Light intensity was calculated by averaging over five values of illu-
mination generated by the power meter. Preparations were set up 
within 1 hour before the characterization, including an intact heart. 
Data were acquired as the cannula was driven into the heart tissue 
to avoid unintentional scattering by air gaps created while retract-
ing the fiber.

Accelerated rate testing
Long-term characterization of device -ILED irradiance as per-
formed in a custom-built darkbox with DSLR camera for accelerated 
rate testing. Manual focus was selected, iso was set to 100, F-stop 
was set to 36, shutter speed was set to 1/4000 and 1/125 for devices 
A and B, respectively, and power of the NeuroLux was set to 
8 W. Devices were placed in PBS solution (1%) at 60°C and mea-
sured every 1 to 5 days. The average light intensity from three 
-ILEDs was calculated with ImageJ and plotted using MATLAB.

Thermal simulations
Thermal finite element modeling was performed Ansys 2019 R2 to 
assess changes in temperature in cardiac tissue at the site of the 
-ILED after 480 ms of stimulation for the transient simulation and 
steady-state thermal impact. Pacemaker body was simulated with 
accurate layouts and exact topologies for the PI, titanium, silver, 
platinum, and encapsulation layers. The resolution of the mesh was 
set to 6 with a minimum edge length of 0.325 m to ensure mesh 
convergence. The thermal conductivity and mass density of the 
materials used in the simulations were 130 W m−1 K−1, 490 J kg−1 K−1, 
and 8920 kg m−3 for the -ILED; 0.56 W m−1 K−1, 3986 J kg−1 K−1, 
and 1081 kg m−3 for the epicardial tissue; 0.126 W m−1 K−1, 837 J kg−1 
K−1, and 1110 kg m−3 for the parylene encapsulation; and 0.12 W m−1 
K−1, 1090 J kg−1 K−1, and 1420 kg m−3 for the PI.

Characterization of thermal propagation
Thermal propagation characterization in mouse heart tissue ex vivo 
was carried out using a custom-built temperature probe and 
positioning stage (fig. S6). A sourcemeter unit was used to measure 
millikelvin resolution values of tissue temperature from a 0201 
negative-temperature coefficient sensor mounted to a custom probe 
(8.3 mm long, 0.5 mm wide, and 0.1 mm thick). The -ILED was 
attached to the heart via serpentine interconnect held up by suture. 
After temperature sensor calibration, the 1D positioning stage was 
used to insert the temperature sensor probe opposite of the illumi-
nation site. Temperature measurements were taken at 0.1-mm 
increments starting from the location at the illumination site. For 
each measurement, the device was operated at 40 Hz and 4% duty 
cycle for 80 s. Afterward, the tissue was returned to ambient 
temperature via a cooldown period of 2 hours.

Functional ex vivo testing
IR communication link was tested when an IR LED was subdermally 
positioned in a tissue sample including fur of a rodent subject 
(mouse, white fur). The IR LED was facing up toward the fur, and 
the digital communication IR receiver (Vishay Semiconductors; 
TSDP34156) was positioned with 8-cm source detector distance 
and increasingly angled (10° to 90°). The transmission rate was then 
calculated (fig. S5).

Video tracking and motion analysis
Video tracking and motion analysis were used to assess changes in 
the deformation of cardiac tissue and to assess animal behavior 
before and after surgical implantation of the device. Videos for the 
cardiac deformation were recorded with an optical mapping camera 
(SciMedica Ultima L), and videos for the mouse behavior were 
recorded with a smartphone mounted above the animal in its home 
cage for 15 min. DeepLabCut Version 2.2.b6 was used for marker-
less tracking of the heart and head of the animals. Four locations of 
the heart were used for tracking cardiac displacement, and distinct 
body features (left ear and right ear) were used for the tracking 
animal movement. Training sessions of the heart and mouse model 
was accomplished with 37 s and 15 min of the recorded videos, 
respectively. The frame extraction rate of 78 frames/s was used to 
capture 37,000 and 27,000 frames from the videos of the heart 
and mouse, respectively. The training was computed with a high-
performance computer (University of Arizona HPC) with 100,000 
iterations for each assessment. Tracking was performed for 30 s for 
the video of the heart and 15  min for the videos of the mouse. 
Tracking data were exported as x and y coordinates along with con-
fidence intervals and analyzed in excel. The data points with the 
confidence value greater than 92.5% were used for evaluating the 
total deformation of the heart and animal motion for the behavioral 
assessment.

Mouse model
Animal procedures, as follows, were in accordance with the National 
Institutes of Health’s ethical guidelines and performed with the 
approval of the Institute Animal Care and Use Committee of the 
George Washington University. The wild-type strain, C57BL/6 
from the Jackson Laboratory, was used to assess recording capabilities 
and efficacy of implantation and defibrillation protocols. The com-
mercially available ChR2(H134R)-EYFP mice, from the Jackson 
Laboratory, were used in all optogenetic experiments.

Optogenetic pacing
Optogenetic pacing was performed on ex vivo mouse hearts. Optically 
expressing Ch-R2 mice were anesthetized using isoflurane until 
cessation of pain reflexes occurred, followed by the administration 
of heparin. With an open thoracotomy, the heart was quickly ex-
cised. After cannulation, hearts are placed in Langendorff tissue 
apparatus and perfused while being warmed and oxygenated (in 
95/5% O2/CO2) in Tyrode’s solution containing 128.2 mM NaCl, 4.7 mM 
KCl, 1.3 mM CaCl2, 1.05 mM MgCl2, 1.19 mM NaH2PO4-2H2O, 
11.1 mM glucose, and 20 mM NaHCO3. Devices were attached via 
suturing of the loops of the four petals of the array to create close 
contact of the -ILED’s to the heart. Far-field ECG signals of the 
heart were recorded with LabChart (AD Instruments) by placing 
two recording and one reference electrode in the vicinity of the 
heart for the entirety of the experiment. An antenna circling the 
device tuned to 13.56 MHz (NeuroLux Inc) was then used to wire-
lessly power the device attached to the heart at 8 W to administer 
optical pacing to both ventricles of the heart with nine -ILEDs ac-
tivating at 10 Hz with a duty cycle of 1%. Optical stimuli capture 
was verified with ECG recordings.

Electrical recordings
For on-board recording of the heart, a similar procedure as the one 
shown in the “Optogenetic pacing” section was followed. Wild-type 
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mice were specifically used to record the electrical activity of the 
heart. After the device recording electrode and heart were in con-
tact, the device was wirelessly powered at 8 W and programmed to 
perform automatic thresholding, followed by IR uplink of on-board 
computed heart rate. Heart rates computed by the device were then 
verified with far-field ECG recordings.

Surgical procedures
All surgical procedures used anesthetics and analgesics to start. The 
endotracheal tube was connected to the VentElite small animal venti-
lator (Harvard Apparatus) and kept the mouse anesthetized with 
3% isoflurane and 97% oxygen. Buprenorphine (0.05 to 0.1 mg/kg) 
was introduced through subcutaneous injection with an addition of 
0.25 ml of sterile saline. Toe pinches were performed to assess no 
signs of pain shortly after and every 5 min throughout experiment. 
The skin of the mice was incised with an Iris scissors two rib spaces 
above the left costal margin. Then, blunt dissection was carried down 
to the chest wall. Care was taken to enter the pleural space immediately 
superior to the rib and avoid injury to lung tissue when entering the 
thoracic cavity. At this point, elastic retractors were used to tempo-
rarily hold open incision and provide better visualization of the 
mediastinum. All incisions were closed with absorbable polyglycolic 
acid (4-0 to 5-0) for ribs and muscle and nonabsorbable nylon 
(4-0) for the skin. Analgesia was provided each day for 7 days post-
operatively and then once each week after for up to 8 weeks to ensure 
minimizing pain. The animal was also closely monitored each dosage 
day to assess pain in home cages. The animal was weighed every 
2 to 3 days for a total of 3 weeks.

Chronic in vivo experiments
Optogenetic pacing and recording were performed beginning 1 day 
after implantation procedure. Devices were powered when the animal 
was placed in a cage with an antenna turned on at 8 W (NeuroLux Inc.). 
Pacing was performed at 7 and 10 Hz, with three, six, and nine 
-ILEDs activated with 0.5-, 1-, 5-, and 10-ms on-times. Data from 
on-board heart rate detection were recorded using IR uplink to an 
IR receiver placed above the location of the animal. Freely mov-
ing animals underwent a similar procedure for both pacing and 
recording.

Statistical analysis
For measuring statistical significance of ECG amplitude during 
optical stimulation, we performed a Student’s t test with equal vari-
ance and a two-tailed distribution in Microsoft Excel. Significance 
was set at P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abq7469
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