


Articles
https://doi.org/10.1038/s41587-021-00948-x

1Center for Bio-Integrated Electronics, Northwestern University, Evanston, IL, USA. 2Querrey Simpson Institute for Biotechnology, Northwestern 
University, Evanston, IL, USA. 3Department of Materials Science and Engineering, Northwestern University, Evanston, IL, USA. 4Department of Biomedical 
Engineering, The George Washington University, Washington, DC, USA. 5Feinberg School of Medicine, Cardiology, Northwestern University, Chicago, 
IL, USA. 6Department of Mechanical Engineering, Northwestern University, Evanston, IL, USA. 7Department of Surgery, The George Washington 
University, Washington, DC, USA. 8Center for Cardiovascular Research, Washington University School of Medicine, St. Louis, MO, USA. 9Department 
of Cardiothoracic Surgery, Veteran Affairs Medical Center, Washington, DC, USA. 10Department of Anatomy and Cell Biology, The George Washington 
University School of Medicine and Health Sciences, Washington, DC, USA. 11The George Washington Cancer Center, The George Washington University 
School of Medicine and Health Sciences, Washington, DC, USA. 12Comprehensive Transplant Center, Feinberg School of Medicine, Northwestern 
University, Chicago, IL, USA. 13Department of Surgery, Feinberg School of Medicine, Northwestern University, Chicago, IL, USA. 14State Key Laboratory 
of Structural Analysis for Industrial Equipment, Department of Engineering Mechanics, International Research Center for Computational Mechanics, 
Dalian University of Technology, Dalian, China. 15Materials Research Laboratory, University of Illinois at Urbana-Champaign, Urbana, IL, USA. 16School of 
Advanced Materials Science and Engineering, Sungkyunkwan University, Suwon, Republic of Korea. 17Department of Materials Science and Engineering, 
University of Illinois at Urbana-Champaign, Urbana, IL, USA. 18Frederick Seitz Materials Research Laboratory, University of Illinois at Urbana-Champaign, 
Urbana, IL, USA. 19Department of Biomedical Engineering, Northwestern University, Evanston, IL, USA. 20Center for Advanced Molecular Imaging, 
Northwestern University, Evanston, IL, USA. 21Department of Electrical and Computer Engineering, Northwestern University, Evanston, IL, USA. 
22Department of Civil and Environmental Engineering, Northwestern University, Evanston, IL, USA. 23Department of Neurological Surgery, Feinberg School 
of Medicine, Northwestern University, Chicago, IL, USA. 24These authors contributed equally: Yeon Sik Choi, Rose T. Yin, Anna Pfenniger and Jahyun Koo. 
✉e-mail: r-arora@northwestern.edu; efimov@gwu.edu; jrogers@northwestern.edu

Implantable cardiac pacemakers are the cornerstones of therapy 
for bradyarrhythmias. As a complement to traditional pacemak-
ers designed as permanent implants, temporary systems provide 

essential demand-based atrial and/or ventricular pacing for patients 
where bradyarrhythmias are expected to be short lived, such as on 
the order of days or weeks1. Such devices either act as a bridge to 
permanent pacing therapy2 or are implemented temporarily follow-
ing cardiac surgery3 when postsurgical bradycardia is frequently 
encountered. Temporary pacing systems consist of an external gen-
erator with one or two transcutaneous pacing leads that are placed, 
depending on the clinical context, either epicardially or transve-
nously (Extended Data Fig. 1a). This hardware, however, carries 
substantial risk of complications. First, bacteria can form biofilms 
on foreign materials/devices such as pacing leads4–8, and transcuta-

neous access can serve as a focus for infections9–12. Second, because 
the device is not fully implanted, the externalized power supply and 
control system can be inadvertently dislodged when caring for or 
mobilizing the patient. Third, removal of temporary transcutaneous 
devices following completion of therapy can cause laceration and 
perforation of the myocardium since the pacing leads can become 
enveloped in fibrotic tissue at the electrode–myocardium interface 
(Extended Data Fig. 1a)13–15. These circumstances create a unique 
need for an alternative temporary pacemaker technology that can 
deliver the necessary electrotherapy while addressing the associated 
physiological complications.

Here we present a fully bioresorbable, implantable, leadless car-
diac pacemaker that operates in a battery-free fashion and is exter-
nally controlled and programmable. The device relies exclusively on 
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materials that resorb when exposed to biofluids in a time-controlled 
manner via metabolic action and hydrolysis. The materials and 
design choices create a thin, flexible and lightweight form that  
maintains excellent biocompatibility and stable function through-
out the desired period of use. Over a subsequent timeframe fol-
lowing the completion of therapy, the devices disappear completely  
through natural biological processes. Wireless energy transfer via 
resonant inductive coupling delivers power to the system in a man-
ner that eliminates the need for batteries and allows for external-
ized control without transcutaneous leads. These characteristics, 
together with a miniaturized geometry, facilitate full implantation 
into the body to eliminate the need for percutaneous hardware, 
thereby minimizing the risk of device-associated infections and 
dislodgement. A set of systematic animal studies highlights aspects 
in bioresorbability, biocompatibility and electrical functionality 
of this type of temporary pacemaker technology. The device can 
effectively capture and sustain cardiac rhythms across different spe-
cies and platforms, including human cardiac slices and mouse, rat, 
rabbit and canine hearts. Demonstrations in mouse models illus-
trate capabilities in the treatment of atrioventricular (AV) nodal 
heart block, a common indication for pacemaker therapy. In vivo 
tests with canine models suggest the feasibility of this pacemaker 
system for adult human patients. Device implantation in rats high-
lights functionality for several days without degradation followed by 
complete resorption within 3 months. Taken together, these results 
establish the foundations for a bioresorbable electronics technology 
designed to address unmet needs in important areas of care for car-
diac patients.

Results
Design of bioresorbable, battery-free cardiac pacemakers. The 
schematic illustration in Fig. 1a (left) shows a thin, flexible, biore-
sorbable, leadless cardiac pacemaker on the surface of a heart. As 
part of the surgical implantation process, an integrated contact pad 
containing two dissolvable metallic electrodes (that is, bipolar chan-
nels) attaches to the myocardium. As shown in Fig. 1a (middle), 
the wireless power-harvesting part of the system includes a loop 
antenna with a bilayer, dual-coil configuration (tungsten-coated 
magnesium (W/Mg); thickness ~700 nm/~50 μm), a film of a 
poly(lactide-co-glycolide) (PLGA) 65:35 (lactide:glycolide) as a 
dielectric interlayer (thickness ~50 μm) and a radiofrequency (RF) 
PIN diode based on a doped monocrystalline silicon nanomembrane 
(Si NM; thickness ~320 nm). A strip of a double-layered electrode 
(W/Mg; thickness ~700 nm/~50 μm) with an opening at the end 
serves as an electrical extension and connector to deliver electrical  
stimuli from this receiver (Rx) antenna to the myocardium. This  
W/Mg electrode design enables compatibility with computed 
tomography (CT) for noninvasive monitoring of the bioresorption 
process. The layout of the PIN diode allows for a capacitor-free 
rectifier with high efficiency power transfer to the device (Supple-
mentary Note 1). These two features represent key advancements 
over analogous peripheral nerve stimulators reported previ-
ously16,17. The pair of exposed electrodes (2.0 × 1.4 mm2) includes 
adjacent holes (diameter 700 μm) as points for fixation to the heart 
with bioresorbable suture (Ethicon, no. MV-J451-V) (Fig. 1a, inset). 
A composite paste of Candelilla wax and W microparticles provides 
electrical interconnections18. Two layers of PLGA 65:35 define a top 
and bottom encapsulation (thickness 100 μm) structure around the 
entire system to isolate the active materials from the surrounding 
biofluids during the period of implantation. The entire system is 
small, thin (~0.05 ml; width ~16 mm; length >15 mm; thickness 
~250 μm) and lightweight (~0.3 g) (Extended Data Fig. 2).

The key defining characteristic of this system is that all of the 
constituent materials are bioresorbable. The designs support stable 
function over a relevant timeframe with eventual complete disap-
pearance into the surrounding biofluids and, eventually, from the 

body itself by natural chemical/biochemical processes of hydro-
lysis and metabolic action (Fig. 1a, right)19. For example, PLGA 
dissolves by hydrolysis into its monomers, glycolic and lactic 
acid20. The Mg, Si NM and W disappear into nontoxic products 
(Mg + 2H2O → Mg(OH)2 + H2), (Si + 4H2O → Si(OH)4 + 2H2) and 
(2 W + 2H2O + 3O2 → 2H2WO4), respectively21–23. Candelilla wax, 
which contains long-chain poly- and monounsaturated esters, fatty 
acids, anhydrides, short-chain hydrocarbons and resins, undergoes 
hydrolysis and resorbs into the body18,24. Figure 1b shows photo-
graphs of a typical bioresorbable pacemaker at various time points 
following immersion in a PBS solution (pH 7.4) at physiological 
temperature (37 °C). The constituent materials largely dissolve 
within 5 weeks, and the remaining residues completely disappear 
after 7 weeks.

Figure 1c,d illustrates the proposed mode of use for this bio-
resorbable technology. Electrical stimulation is delivered by the 
implanted device to pace the heart at various rates, stimulation 
strengths and time periods by wireless power transfer according 
to the clinical need throughout the postoperative period (Fig. 1c). 
After resolution of bradycardia or insertion of a permanent device, 
temporary pacing is no longer necessary. Here, processes of biore-
sorption naturally eliminate the device completely without need for 
surgical extraction (Fig. 1d). Extended Data Fig. 1 compares the 
clinical implementation of current standard temporary pacemakers 
and the technology introduced here. The clinical device currently in 
use presents complications associated with external and percutane-
ous hardware, as well as the risk related to removal. In comparison, 
our device can be fully implanted because of its battery-free, leadless 
geometry, and it undergoes self-elimination by bioresorption.

Optimized mechanical layouts ensure conformal contact  
against the curved surface of the heart for effective and reliable 
pacing. Three-dimensional finite-element modeling (FEM) reveals 
distributions of principal strain for compression-induced buck-
ling perpendicular to the length of the interconnects, as shown in 
Extended Data Fig. 3a. On the basis of the layouts and the mechani-
cal moduli, the maximum strains in the Mg electrodes and PLGA 
encapsulation are <0.6% for a compression of 20%, corresponding 
to the linear elastic regime for each of these materials. Images of 
the device during twisting (180°) and bending (bend radius, 4 mm) 
highlight additional features of the flexible mechanics (Extended 
Data Fig. 3a–d). Wireless electrical measurements before and  
after twisting, compressing (that is, buckling) and bending show 
negligible differences in output voltage, consistent with expecta-
tions based both on FEM and analytical modeling results (Extended 
Data Fig. 3e).

Extended Data Fig. 4 summarizes the electromagnetic charac-
teristics of the bioresorbable device for wireless and battery-free 
operation. Alternating currents (sine wave) generated by a function 
generator provide a source of monophasic RF power to a transmis-
sion (Tx) antenna (that is, primary coil) placed near the power 
harvester component of the device. The Rx coil (that is, secondary 
coil) transforms the received waveform to an approximately direct 
current output via the RF diode and delivers it to the interface with 
the myocardium (Extended Data Fig. 4a) as a cathodic direct cur-
rent pulse through the electrode pads. An applied electrical stimu-
lus above a threshold value initiates cardiac excitation as a result 
of depolarization of the transmembrane potential (that is, the dif-
ference in voltage between the inside and outside of the cell). This 
type of inductive scheme is common for wireless power transfer 
in implanted medical devices25,26, because the magnetic coupling 
that occurs in this megahertz frequency regime (~13.5 MHz; 
Extended Data Fig. 4b,c,f) avoids absorption by biofluids or bio-
logical tissues27. Extended Data Fig. 4d,e illustrates the RF power 
(~7 peak-to-peak voltage (Vpp) at a 1-mm coupling distance) applied 
to the Tx antenna and the resultant monophasic output (13.2 V) at 
the contact pad.
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Fig. 1 | Materials, design features and proposed utilization of a bioresorbable, implantable, leadless, battery-free cardiac pacemaker. a, Left: schematic 
illustration of the device mounted on myocardial tissue. Middle: the electronic component is composed of three functional parts: (1) a wireless receiver, 
which consists of an inductive coil (W/Mg; thickness ~700 nm/~50 μm), a RF PIN diode (Si NM active layer, thickness 320 nm) and a dielectric interlayer 
(PLGA, thickness 50 μm) that acts as a power harvester and control interface; (2) flexible extension electrodes (W/Mg; thickness ~700 nm/~50 μm); and 
(3) a contact pad with exposed electrodes at the ends to interface with myocardial tissue (inset). A composite paste of W microparticles in Candelilla 
wax serves as an electrical interconnection. The entire system, excluding the contact pad, rests between two encapsulation layers of PLGA (thickness 
~100 μm). Right: all components of the device naturally bioresorb via hydrolysis and metabolic action in the body. PLGA degrades into its monomers, 
glycolic and lactic acid, and the W/Mg electrode degrades into WOx and Mg(OH)2, respectively; the Si NM degrades into nontoxic Si(OH)4. Dissolution 
of Candelilla wax occurs by cleavage of the ester, anhydride and moieties via hydrolysis. b, Images of dissolution of a device associated with immersion in 
PBS (pH 7.4) at physiological temperature (37 °C). Scale bars, 10 mm. c, Schematic illustration of the wireless and battery-free operation of an implanted 
device via inductive coupling between an external transmission coil (Tx) and the receiver (Rx) coil on the device. d, Bioresorption subsequently eliminates 
the device after a period of therapy to bypass the need for device removal.
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Ex vivo electrical pacing in various cardiac systems. Several ex vivo 
tests establish the operating features of the device and its efficacy 
in pacing. Three different cardiac systems with varying transmural 
thicknesses (mouse, ~0.7 mm; rabbit, ~5.0 mm; human, ~10 mm)28–

30 reflect the span of different impedances observed in human hearts 
depending on size and health status31,32. Finite-element analysis 
(FEA) simulations reveal electric field distributions near the elec-
trode–myocardium interface following electrical stimulation (elec-
trode spacing, 2 mm; applied voltage, 0.75 V) in three-dimensional 
(3D) and two-dimensional (x, z axes) space (Supplementary  
Fig. 2a,b, respectively). The results show that this bipolar electrode 
design induces a strong electric field in cardiac tissue and that dif-
ferent transmitting voltages and interelectrode distances influence 
the range—and therefore strength—of the electric field delivered 
by the pacemaker (Supplementary Fig. 2c). In practice, the desired 
operating point is at the minimum power that can pace the heart to 
minimize voltage-induced electroporation damage to the myocar-
dium and to limit electrochemical degradation of the bioresorbable 
electrodes. For this reason, choices of electrode spacing (1–5 mm) 
depend on the impedance—and therefore the size—of the targeted 
cardiac tissue (Supplementary Note 2).

The images in Fig. 2a,d show the contact pads (electrode spac-
ing, ~2 mm) of devices placed onto the anterior myocardium of ex 
vivo Langendorff-perfused mouse and rabbit hearts, respectively. 
Activation of the device by passing RF power (transmitting voltage, 
1 Vpp) through a nearby Tx antenna (12-mm diameter; three turns) 
generates cathodal impulses sufficient to initiate pacing. Far-field 
electrocardiogram (ECG) recordings of mouse (Fig. 2b) and rab-
bit (Fig. 2e) hearts show a transition from narrow QRS complexes 
to widened, high-amplitude complexes consistent with ventricular 
capture by the pacemaker. Optical mapping yields action potential 
maps (Fig. 2c,f) that show anisotropic activation of the membrane 
potential originating from the site of placement of the electrode pad 
that clearly propagates throughout the ventricular myocardium, 
as expected (Supplementary Video 1). Supplementary Fig. 4 sum-
marizes optical action potentials and activation map data obtained 
from pacing a mouse heart at different rates. The results indicate 
effective ventricular capture across a range of frequencies. Figure 
2g shows a human ventricular heart slice (thickness, ~400 μm) in 
a constant-flow, temperature-controlled perfusion system. These 
optical action potentials and activation maps demonstrate success-
ful pacing and activation of human cardiac tissue (Fig. 2h,i). Taken 
together, these ex vivo tests indicate that this bioresorbable, lead-
less, battery-free cardiac pacemaker technology is readily applicable 
across a size range of mammalian cardiac tissues, including the 
human heart.

Treating AV block in an ex vivo mouse model. High-grade AV 
block corresponds to an interruption in the transmission of an 
impulse from the atria to the ventricles due to an anatomical or 
functional impairment in the cardiac conduction system33. This 
intermittent or absent AV conduction can be transient or perma-
nent. For the past six decades, electrical pacemakers have been  
critical in the treatment of patients with AV block. The bioresorb-
able, leadless cardiac pacemaker introduced here is an attractive 
potential alternative to conventional pacemakers for such patients, 
particularly if AV block appears transient. Figure 3a illustrates 
treatment of AV block with this type of device. The demonstration 
begins with ischemic reperfusion to induce second-degree AV block 
in an ex vivo Langedorff-perfused mouse heart. Healthy hearts 
exhibit a 1:1 association between the P-wave (atrial depolariza-
tion) and QRS complex (ventricular depolarization). In the far-field  
ECG shown in Fig. 3b, the first and third P-waves are not followed 
by an associated QRS complex. This behavior is consistent with  
ventricular bradycardia arising from 2:1 conduction block between 
the atria and ventricles (Fig. 3b). Ventricular pacing using the  

bioresorbable pacemaker (transmitting voltage, 1 Vpp; frequency, 
10 Hz) promptly generates widened, amplified QRS complexes at a 
normal mouse heart rate of 10 Hz (600 beats per minute (bpm)) in 
the ECG, which is consistent with effective ventricular pacing and 
prevention of bradycardia. Measurements of optical action poten-
tials also confirm the efficacy for treatment of AV block. Figure 3c 
(left) shows placement of the electrodes on the myocardial surface 
relative to the position of the atria and ventricles during optical 
recording. The results in Fig. 3c (middle) clearly show the conduc-
tion block between the atria and ventricles, with 2:1 AV conduction. 
Electrical stimulation of the ventricles with the device restores ven-
tricular activation that is critical for ventricular mechanical func-
tion and cardiac output. The activation map shows clear anisotropic 
activation originating from the contact electrode and propagation 
of the action potential throughout the entire ventricular myocar-
dium (Fig. 3c, right), consistent with activation of the ventricles by 
the pacemaker.

Placing the electrode on the right atrium (RA) near the sinoatrial 
(SA) node enables electrical stimulation of the atria in a mode that 
closely matches the physiological conduction system of the heart for 
native AV conduction. The schematic illustration in Supplementary 
Fig. 5a shows the electrode pad of the bioresorbable pacemaker 
attached to the RA. ECG signals before and after electrical stimula-
tion confirm capture of the P-wave (Supplementary Fig. 5b). This 
result indicates that atrial pacing also can drive the rhythm of the 
heart for treatment of AV block.

In vivo pacing in a large-animal model. In vivo studies with a 
canine whole-heart model at a scale that recapitulates human physi-
ology are of high relevance to the envisioned clinical implementa-
tion since the canine cardiovascular system bears high resemblance 
to that of a human. Here, in vivo testing in a canine model (adult 
hound dogs, female, 27–36 kg) during open-chest surgery dem-
onstrates the feasibility of this bioresorbable, leadless, battery-free 
pacemaker in a large animal. The illustration in Fig. 4a shows the 
setup. Electrical pulses generated using a power and stimulation 
controller, including a waveform generator and amplifier, pass 
through a Tx coil to the Rx coil of the device. Using adhesive elec-
trodes attacehd to the limbs, a six-lead ECG system monitors cardiac 
activity throughout the period of the experiments. The photographs 
in Fig. 4b show the device sutured to the myocardial surface of the 
right ventricle and the sutured incision after chest closure. Figure 4c 
presents ECG recordings of the intrinsic rhythm (plain background, 
~120 bpm) and ventricular capture (shaded background, 200 bpm) 
with clear pacing spikes and ventricular pacing morphologies of the 
QRS complex after placing the Tx coil in proximity to the Rx coil. 
Figure 4d shows the applied voltage (top) to the contact electrode 
(that is, output voltage) and the corresponding ECG signal (bot-
tom). Following cathodal stimulation (output voltage, 30 V; pulse 
width, 5 ms; burst period, 300 ms), capture occurs at the onset of the 
impulse (that is, the leading edge). Here, a widened, high-amplitude 
QRS complex appears following the epicardial pacing stimulus, 
which indicates ventricular capture. A 50–60-ms latency exists 
between the ventricular pacing stimulus and the QRS complex, as 
well as a low-amplitude delta wave at the onset of each QRS complex 
(Fig. 4c). The latency indicates that it requires ~50 ms for epicardial 
excitation to cross the ventricular wall and engage the endocardial 
Purkinje system. The low-amplitude delta wave is also due to epi-
cardial pacing. A delta wave represents pre-excitation where the 
ventricles are excited earlier than expected in the normal cardiac 
conduction pathway. Because we are performing epicardial pacing 
at a rate faster than the intrinsic sinus rhythm, overdrive epicardial 
pacing causes pre-excitation in the ventricles so that a delta wave 
inflection is seen at the onset of each QRS complex. Therefore, 
these observations of a 50–60-ms latency and a delta wave at  
the onset of each QRS complex confirm that the bioresorbable  
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pacemaker is successfully delivering epicardial stimuli for pacing in 
a large-animal model.

The power transfer for device operation depends on mutual 
inductance between the Rx and Tx coils. This relationship is rep-
resented by M = k

√

LTxLRx , where individual coil inductances 
are LRx and LTx. The coupling coefficient k defines the linkage of 
the magnetic flux; its value mainly depends on the distance and 
relative angle between the coils34,35. Proper design choices ensure 
operation for average skin-to-heart distance in adult patients (para-
sternal, 32 ± 8 mm; apical, 31 ± 10 mm; subcostal, 71 ± 20 mm)36. 
Supplementary Fig. 6 shows the magnetic field strength distribution 
for the coupling between a planar spiral Rx coil (25-mm diameter) 
and a 3D spiral Tx coil (64-mm diameter, four turns, power 1 W). As 
the distance between the coils increases from 3 to 20 mm, the cou-
pling coefficient decreases, which consequently lowers the strength 
of the magnetic field in the receiver coil, resulting in reduced out-
put voltage (Extended Data Fig. 4g). According to Faraday’s law of 
induction, the time rate of change of magnetic flux through the Rx 
coil scales with its enclosed area to induce an output voltage. Thus, 
Rx coils of diameter <25 mm fail to meet the thresholds for out-
put voltage required for pacing the canine heart at 20 mm (Fig. 4e). 
Magnetic field strength increases with the square root of the trans-
mitting power. The use of increased power (2–12 W) and optimized 
(that is, larger area and high coupling coefficient) Rx and Tx coil 

geometries increase the working distance to >200 mm, as demon-
strated by in vitro tests (Fig. 4f and Supplementary Fig. 8). In vivo 
pacing tests in a canine model validate the long-range wireless 
energy transfer capability of the bioresorbable pacing system. Here, 
the maximum pacing distance (that is, distance between skin and 
the Tx coil) is 17 cm, excluding the distance between the Rx coil and 
the skin (Fig. 4g, Supplementary Fig. 9 and Supplementary Note 3). 
Continuous pacing experiments in a fully equipped operation room 
for cardiac surgeries also confirm the absence of interference effects 
with standard electronic equipment either due to, or originating 
from, the wireless, bioresorbable pacing system (Supplementary  
Fig. 9c). The near-field (~13.56 MHz) wireless energy transfer 
mecha nisms result in negligible changes in pacing signals during  
continuous operation with a skin-to-Tx coil distance of 10 cm. 
Overall, these in vivo tests suggest that the wireless power transfer  
system employed in the canine model can achieve the power  
transfer necessary for operation of bioresorbable pacemakers  
in adult human patients (clinical case scenario provided in 
Supplementary Note 4).

Chronic pacing capability. Figure 5a summarizes the surgical pro-
cedure for implantation of a bioresorbable, leadless pacemaker in a 
small-animal (rat) model for chronic studies. Here, the pacemaker 
inserts through an incision in the intercostal space to access the 

0.2 0.4 0.6
–1.0

–0.5

0

0.5

1.0

1.5
a cb

Time (s)

A
m

pl
itu

de
 (

m
V

) Electrical
stimulation

0

40

T
im

e (m
s)

T
im

e (m
s)

T
im

e (m
s)

0.4 0.8 1.2

–1.0

–0.5

0

0.5

1.0
d fe

Time (s)

A
m

pl
itu

de
 (

m
V

)
A

m
pl

itu
de

 (
a.

u.
)

0

23

0 1 2 3

–10

0

10

20

hg i

Time (s) 0

35

Atria

Ventricles

Contact pad

Receiver

Contact
pad

Ventricles

Atria

Contact
pad

Ventricular
tissue slice

Fig. 2 | Ex vivo demonstrations of bioresorbable cardiac pacemakers on mouse and rabbit hearts and human cardiac tissue. a–g, Bioresorbable cardiac 
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rabbit (f) and human myocardium (i) showing activation originating from the location of the electrode pad of the device, as indicated by the white arrows. 
Scale bars, 5 mm.
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observed during second-degree AV block. c, Left: bright-field image of a mouse heart. The electrode of the bioresorbable pacemaker is positioned onto 
the anterior myocardial surface. Red and blue circles indicate the locations in the atria and ventricles (ven.), respectively, corresponding to the presented 
optical action potentials. Middle: simultaneous measurements of atrial and ventricular optical action potentials before stimulation (plain background) 
show asynchronous activation between the atria and ventricles indicating second-degree AV block. When electrical stimulation is delivered by the 
pacemaker (shaded background; red arrowheads indicate delivered electrical stimuli), the device restores activation of the ventricles. Right: activation map 
of the membrane potential during electrical stimulation by the device presents activation originating from the location of the contact pad, as indicated by 
the white arrow. Scale bars, 2 mm.

NATuRE BIoTECHNoLoGY | VOL 39 | OCTOBER 2021 | 1228–1238 | www.nature.com/naturebiotechnology 1233

http://www.nature.com/naturebiotechnology


Articles NaTurE BioTEcHNology

thoracic cavity and interface to the ventricles of the heart. The Rx 
part of the system remains in the subcutaneous space. The electrode 
pads laminate to the anterior myocardial surface of the left ventricle 
and are secured by suture. The operation relies on a Tx antenna 
(12-mm diameter, three turns) that is applied and activated before 
and after closure of the chest to confirm proper function and place-
ment. Continuous, user-controlled operation occurs through an  
RF powering system (Fig. 5b) and a large antenna that provides  
coverage throughout a location of interest (for example, the 
home cage or testing arena) at field strengths below Institute of 
Electrical and Electronics Engineers and Federal Communications 
Commission (FCC) guidelines37. Here, the RF system (that is, power 

and stimulation controller) connects to two Tx loop antennae out-
fitted on the outer surface of a plastic cage to deliver power to the 
implanted device (Supplementary Fig. 10). This RF setup, with an 
input power of 2 W (input frequency, 13.56 MHz), provides output 
voltages that exceed the threshold for pacing (~1 V at load resistance 
5 kΩ) at any location (position and height) within the cage (Fig. 5c). 
Under these conditions, the specific absorption rate (SAR; a mea-
sure of the rate at which RF energy is absorbed by the body) remains 
below safety guidelines (Supplementary Fig. S11)37.

Daily pacing trials were performed on all animals while they were 
awake or under light sedation using optimized parameters (trans-
mitting power, ~6 W; pulse width, 7 ms; heart rate, 400–430 bpm). 

50 100 150 200

0

50

100

150

Experiment
Simulation

0 0.01 0.02 0.03

0

10

20

30

40

8.5 8.6 8.7 8.8

–1

0

1

2

a

ECG

Data 
acquisition 
hardware

Power and
stimulation
controller

Device

Heart

Suture 

Heart

Device

b
Implanting device Chest closure

Time (s)

d

Paced
QRS

complex T

Pulse width,
5 ms 

O
ut

pu
t v

ol
ta

ge
 (

V
)

g
E

C
G

 (
m

V
)

Pacing
stimuli

5 10 15 20

0

5

10

15 Experiment
Simulation

25 mm

18 mm

12 mm

e

Distance (mm)

O
ut

pu
t v

ol
um

e 
(V

) Efficiency (%)260 ×
280 mm2

100 mm

35 mm        

f

Distance (mm)

P
ow

er
 (

m
W

)

2 4 6 8 10 12
5

10

15

20

Transm. power (W)

M
ax

. d
is

ta
nc

e 
(c

m
)

500 ms

Pacing on

I

II

III

aVR

aVL

aVF

c

Fig. 4 | Demonstration of a bioresorbable, leadless cardiac pacemaker in an in vivo canine model. a, Schematic diagram of the test setup. b, Photographs 
of an open-chest procedure with the device sutured to the ventricular epicardium (left) and a sutured incision after chest closure (right). Scale bars, 5 cm. 
c, Six-lead ECG recording of intrinsic rhythm (plain background, ~120 bpm) and ventricular capture (shaded background, ~200 bpm) using the device. 
n = 3 biologically independent animals per group. d, Time dependence of the output voltage generated by the device (30 V, 5 ms) and corresponding ECG 
recordings from the canine heart. e, Output voltage as a function of the distance between the Rx and Tx coils (transmitting voltage, 3.6 V). Different colors 
indicate three different sizes of Rx coil: black, 12 mm; red, 18 mm; blue, 25 mm. f, Output power as a function of the distance between the Rx and Tx coils 
(diameter of Rx coil, 25 mm; input frequency, 13.56 MHz; input power, 12 W; load resistance, 5,000 Ω). Different colors indicate three different designs for 
the Tx coils: black (solenoid type, four turns, 35-mm diameter); red (solenoid type, four turns, 100-mm diameter); blue (square, one turn, 260 × 280 mm2). 
g, In vivo closed chest canine model studies of maximum pacing distance (that is, the greatest distance between the two coils that enables consistent 
ventricular capture) as a function of transmitted (transm.) power (input frequency, 13.56 MHz). The tests used Tx coils III (square, one turn, 260 × 280 
mm2) and an Rx coil with a diameter of 25 mm. n = 3 biologically independent animals per condition. g, Data are presented as mean ± s.e.m.

NATuRE BIoTECHNoLoGY | VOL 39 | OCTOBER 2021 | 1228–1238 | www.nature.com/naturebiotechnology1234

http://www.nature.com/naturebiotechnology


ArticlesNaTurE BioTEcHNology

Data acquisition hardware monitors the ECG signal through  
subdermal needle electrodes positioned in the Lead I configuration 
(positive electrode on the right foreleg, negative electrode on the 
left foreleg, ground electrode on the hind leg). As before, pacing 
induces a transition of ECG signals from a narrow QRS complex, 
consistent with normal rate sinus rhythm (350–400 bpm), to a wid-
ened, amplified QRS complex with a shortened R–R interval, con-
sistent with a paced rhythm (400–450 bpm). This change in ECG 
signal morphology indicates successful ventricular capture (Fig. 5d,  
day 0). Trials with programmable pacing parameters (transmitting 
voltage, ~10 Vpp; pulse width, 7 ms; heart rate, 400–430–bpm) sup-
port the capability for long-term in vivo pacing (Fig. 5d). These 
studies rely on a small Tx antenna (12-mm diameter, three turns) to 
pace the animals during light sedation. The stimulation threshold 
(that is, minimum transmitting voltage for pacing) increases from 
1 Vpp at a rate of 1–2 Vpp day–1 (Supplementary Fig. 12a). Successful 
operation of the device for pacing in this small-animal model 
extends to postoperative day 4 (Fig. 5d, day 4). At day 5, the energy  
delivered by the device is sufficiently strong to produce pacing 
spikes in the ECG but is insufficient to capture the ventricular 

myocardium (Supplementary Fig. 12b). At day 6, the device fails to  
pace the heart even at transmitting voltages >10 Vpp. The functional 
lifetime depends on the encapsulation materials and thicknesses, 
along with the overall device layout17,38,39 (Supplementary Note 5). 
These features can be adjusted to meet requirements specific to each 
clinical case.

In vivo bioresorbability and biocompatibility. Here, the processes 
of bioresorption can be monitored noninvasively and at high reso-
lution using CT. Typically, bioresorbable Mg features have low vis-
ibility in CT image due to the low radiocontrast of Mg40. However, 
as described previously, an additional coating of high-radiocontrast 
bioresorbable metal (W, thickness ~700 nm) on the Mg (thickness, 
~50 μm) makes visualization possible. Since the rate of dissolution 
of W is much lower (96 nm day–1) than that of Mg (7,200 nm day–1)19, 
this thin coating allows imaging over a timeframe similar to that of 
the in vivo bioresorption of the device. Figure 6a presents the results 
of noninvasive monitoring of bioresorption, indicating the gradual 
resorption of the device to its complete disappearance from the CT 
image on week 7. Figure 6b confirms these bioresorption processes 
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in rats. At 1 week after implantation the device maintains its shape, 
and the contact with the heart also remains intact. Some reduction in 
size occurs due to resorption, as seen in the image taken at 2 weeks, 
but the device maintains its connection to the heart. At 4 weeks, 
fibrotic tissue envelops the diminished Rx coil and extension elec-
trode and the device completely decouples from the heart. This 
fibrotic tissue limits diffusive access of biofluids to the surface of the 
bioresorbable materials, thereby decreasing the rates of chemical 
reactions that lead to bioresorption41–43. Images of explanted devices 
at 1, 3, 5 and 7 weeks provide additional insights into the resorption 
of the implanted Rx coil over time (Supplementary Fig. 15). The 
device largely dissolves within 3 weeks, and the remaining residues 
completely disappear after 12 weeks. Overall, the structure of the 
pacemaker shrinks and collapses over time to resorb into the sur-
rounding tissues and biofluids as a mechanism for self-elimination 
of the device.

Histological examination of myocardial tissue near the site of 
pacemaker attachment up to 6 weeks after implantation provides 
evidence for the biocompatibile nature of the device, its constituent 
materials and the products of their dissolution. At the 0-, 3- and 
6-week endpoints after implantation, histological analysis using 
Masson’s trichrome staining quantifies the volume of myocardium, 
fibrotic tissue and interstitial space in transmural ventricular tis-
sue near the site of device attachment (Fig. 7a). Images of stained 
cross-sections reveal normal cardiac tissue structure with fibrosis 
restricted to the outer boundaries of the epicardium at the con-
tact point of the device, as expected. Quantitative analysis reveals 
no significant changes in the composition of the myocardial wall 
3 weeks after implantation (P < 0.05) (Fig. 7b). Tracking of the 
weights of the animals following implantation (Fig. 7c) shows 
immediate reductions postoperatively, as anticipated for any major 
surgery. Subsequently, weights normalize to preoperative values and 
gradually increase with time, also as expected. These results, taken 

together with previously reported findings, provide strong evidence 
of the biocompatibility of the system.

Echocardiograms yield real-time, dynamic outlines of the  
walls of the heart for measurement of myocardial morphology and 
various hemodynamic parameters. Echocardiograms collected at 0, 
1 and 3 weeks after device implantation show no evidence of differ-
ences in ejection fraction (Fig. 7d) or other hemodynamic param-
eters (diastolic volume, diastolic diameter, fractional shortening, 
systolic volume, systolic diameter, cardiac output) (Supplementary 
Fig. 16) between these time points. The results indicate that the 
implanted device negligibly affects the native mechanical function 
of the heart. To assess the level of inflammation in the heart follow-
ing open-chest surgery and pacemaker implantation, we employed 
immunohistochemistry to visualize the immunoreactivity of the 
panleukocyte marker CD45 in the myocardium at the 0- (control), 
3- and 6-week endpoints (Supplementary Fig. 17). Quantification 
of CD45 immunoreactivity in transmural ventricular tissue near 
the site of device attachment shows no significant difference in the 
frequency of CD45+ cells after pacemaker implantation, which indi-
cates that the pacemaker and associated implantation surgery do 
not provoke an inflammatory response.

The results of serology tests provide a comprehensive under-
standing of the health status of rats with implanted pacemakers as the 
devices resorb (Fig. 7e,f). Blood levels of enzymes and electrolytes, 
as indicators of organ-specific diseases, fall within the confidence 
intervals of control values. Specifically, normal levels of alanine  
aminotransferase, cholesterol and triglyceride, phosphorus and urea 
nitrogen, calcium, albumin and total proteins respectively indicate 
the absence of disorders in liver, heart, kidney, bone and nerve tissue, 
as well as good overall health. Taken together, these histologic, echo-
cardiographic, immunohistochemical and serologic results illustrate 
that the implantation and resorption of our bioresorbable pacemaker 
do not impact the natural physiology of the body system.
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Discussion
The studies reported here establish a bioresorbable, leadless class 
of temporary cardiac pacemaker and demonstrate its efficacy in  
a comprehensive series of small- and large-animal models. The 
material compositions and design choices support electrical perfor-
mance characteristics necessary for temporary cardiac pacing appli-
cations in a thin, flexible platform. Timescales for stable operation 
and complete bioresorption can be tailored to specific therapeutic 
timelines. This miniaturized device receives power and control com-
mands through wireless inductive power transfer. This scheme cir-
cumvents the need for batteries and their associated mass, physical  
bulk and hazardous constituent materials. These fully implanted 

devices also minimize complications associated with infections 
by eliminating any percutaneous hardware, and bypass require-
ments for secondary device removal by self-elimination through 
bioresorption. Although the application evaluated in this series of 
experiments primarily addresses the need for temporary leadless 
epicardial pacing, future versions have the potential for trans venous 
applications of temporary, leadless pacing in patients with AV  
block due to myocarditis, or antitachycardic pacing in patients  
with atrial fibrillation associated with cardiac surgery. Promising 
directions for future research also include the incorporation of 
multisite pacing capabilities using different RF frequencies, the 
introduction of stimulus-responsive materials for active control 
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of the processes of degradation44 and the integration of sensors for 
closed-loop operation.
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Methods
Preparation of bioresorbable components and integration into leadless, 
battery-free cardiac pacemakers. Laser cutting defined the Mg (thickness 
50 μm, Solution Materials) RF coil structures on temporary substrates of 
poly(dimethylsiloxane) (PDMS, 9:1). A sputtered coating of W (thickness, 700 nm) 
deposited on the Mg coil improves contrast in CT images to allow for noninvasive 
imaging of the bioresorption process. The double-layered W/Mg RF coil was 
transferred onto a substrate of PLGA (65:35 lactide:glycolide, Sigma-Aldrich) to 
serve as a receiving antenna for the power-harvesting unit. Solid-state diffusion 
of boron (tube furnace at 1,050 °C with N2 flow) and phosphorus (tube furnace 
at 1,000 °C with N2 flow) through a photolithographically defined mask of SiO2 
formed by plasma-enhanced chemical vapor deposition yielded PIN RF diodes 
with monocrystalline Si NMs derived from a Si-on-insulator wafer (top silicon, 
thickness ~320 nm, p-type; Soitec). Removal of buried oxide by immersion in 
hydrofluoric acid allowed the release and transfer printing of Si NMs onto a 
sacrificial layer of diluted poly(pyromellitic dianhydride co-4,4′-oxydianiline) 
(DPI, ~200 nm) on a film of poly(methyl methacrylate) (~300 nm) on a silicon 
wafer. Photolithographic patterning and reactive ion etching determined the 
lateral dimensions of the doped Si NMs for integration into the PIN diodes. Liftoff 
procedures applied with Mg deposited by electron beam evaporation (thickness, 
~300 nm; Kurt J. Lesker Co.) defined the electrical contacts. Spin casting an 
overcoat of DPI and dry etching through the underlying DPI and poly(methyl 
methacrylate) to define an open-mesh layout, followed by immersion in acetone, 
released the PIN diodes and allowed their transfer on the PLGA substrate 
(thickness, ~50 μm). Oxygen-reactive ion etching removed the DPI layers during/
after transfer printing. Finally, the bioresorbable components (RF coil and PIN 
diode) were collected on a PLGA substrate and electrically interconnected 
with a biodegradable conductive W paste18. Covering the coils with PLGA and 
stacking the system yielded a compact, double-coil structure with openings for 
interconnections. Finally, laser cutting a piece of Mg foil (thickness, 50 μm) into 
150-μm-wide electrodes and embedding them in PLGA produced electrical 
extension to the pads for the cardiac tissue interface.

Electric field distribution in heart tissue. Finite-element analysis was 
implemented on the commercial software COMSOL 5.2a using the electrical 
current module (AC/DC Module User’s Guide) to determine the electric field 
distribution in heart tissue for voltages applied to Mg electrodes of thickness 
50 µm. The partial differential equation for the current is

∇ · J = Qj (1)

where Qj is the current source and J is the current defined as J = σE. The electric 
field is given by E = −∇V , where σ is electric conductivity and V is electric 
potential in the electrode pads. The effective volume—that is, volume with an 
electric field >100 mV mm–1 (Fig. 2b,c)—was determined from a triple integral 
(volume integration) over heart tissue in the parametric study for electrode spacing 
(0.1–5.0 mm) and applied voltage (0.5–2.5 V). The electrode pads and heart tissue 
were modeled using four-node tetrahedral elements. Convergence tests on mesh 
size were performed to ensure accuracy. The total number of elements in the 
models was ~400,000. The material properties used in the simulation were  
εMg = 1, σMg = 2.25 × 107 S m–1 for Mg and εheart = 8 × 106, σheart = 0.1 S m–1 for  
heart tissue45–47.

Simulation of mechanical characteristics. Commercial FEA software (ABAQUS, 
Analysis User’s Manual 2016) was used to study the mechanical behaviors of the 
flexible Mg electrodes after deformations of physiological relevance—that is, those 
associated with the surface of the heart. The electrode can undergo up to ~20% 
compression before strain in the metal layer reaches the yield strain (0.6%) and 
initiates plastic deformation (Extended Data Fig. 3). The PLGA was modeled by 
hexahedron elements (C3D8R) while the thin Mg layer (50 µm) was modeled by 
shell elements (S4R). The minimal element size was 1/8 the width of the Mg wires 
(300 µm), which ensured convergence of the mesh and accuracy of the simulation 
results. The elastic modulus (E) and Poisson’s ratio (ν) used in the analysis were 
EMg = 45 GPa, νMo = 0.35, EPLGA = 16 MPa and νPLGA = 0.5.

Electromagnetic simulation. The commercial software package ANSYS HFSS 
(ANSYS) was used to perform electromagnetic FEA to (1) determine the 
inductance, Q factor and scattering parameters S11 and S21 of the bioresorbable 
implantable double-layer Rx coils of outer diameter 8, 12, 18 and 25 mm and 
their corresponding matching Tx coil of the same diameter; and (2) quantify the 
influence of Rx and Tx coil size on power transfer efficiency and output voltage. 
The receiver coils of outer diameter 8, 12, 18 and 25 mm are tuned to operate at 
a resonant frequency f of 17.3, 13.91, 8.03 and 4.24 MHz, respectively, where the 
Q factor is maximum (Extended Data Fig. 4b and Supplementary Fig. 7b). Lumped 
ports were used to obtain the scattering parameter Snm (Supplementary Fig. 7a) and 
port impedance Znm of both the Rx and Tx coils. An adaptive mesh (tetrahedron 
elements) and a spherical radiation boundary (radius, 1,000 mm) were adopted 
to ensure computational accuracy. Inductance (L) and Q (Extended Data Fig. 
4b and Supplementary Fig. 7b), were obtained for all coils as Ln = Im{Znn}/(2πf) 

and Qn = |Im{Znn}/Re{Znn}|, where Re{Znn}, Im{Znn} and f represent the real and 
imaginary parts of Znm and the working frequency, respectively. Power transfer 
efficiency 𝜂 is related to the magnitude of the scattering parameter S21 as48

η = |S21|2 × 100% (2)

and the output voltage V can be calculated as

V =
S21 Vs

2

√

RL

RS
(3)

where Vs and Rs are the input voltage and resistance, respectively, at the source 
and RL is the resistance of the load in the Rx coil. The relationship between 
power transfer efficiency and working distance was calculated for a separation 
of 1–30 mm (Supplementary Fig. 7d) between the Rx and Tx coils in all four 
scenarios; similarly, the relationship between output voltage/power and working 
distance obtained is shown in Fig. 4e,f. The dielectric constant (ε) and electrical 
conductivity (σ) used in the model are εMg = 1, σMg = 2.25 × 107 S m–1 for Mg coil 
traces in the Rx coils; and εCu = 1, σCu = 5.8 × 107 S m–1, δCu = 0 for Cu traces in 
the Tx coils. Lastly, SAR, a measure of RF energy absorption in the body, was 
calculated for a mouse with a 25-mm-diameter Rx implant in a plastic cage 
with a double-loop Cu wire (AWG 12) Tx antenna operating at 13.56 MHz 
(Supplementary Fig. 10). The simplified mouse mesh ellipsoid body with major 
(half) axes of 8, 14 and 52 mm (Supplementary Fig. 11) was used to demonstrate 
that SAR was well below the safety guidelines of RF exposure37. The parameters ε, 
σ and density (ρ) used in the mouse model are εMouse = 40, σMouse = 0.5 S m–1 and 
ρMouse = 1, 000 kg m–3.

Animals. All animal procedures were performed according to the ethical standards 
and protocols (mouse: A367; rat: A364; rabbit: A327) approved by The George 
Washington University Institutional Animal Care and Use Committee, and in 
compliance with suggestions from the panel of Euthanasia of the American 
Veterinary Medical Association and the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. Optical mapping was performed on ex vivo 
mouse (15–30 weeks old; C57BL/6 background strain; male and female; n = 3) and 
rabbit (12–24 months old; New Zealand strain; female; n = 2) hearts. For in vivo 
studies, adult male and female Sprague–Dawley rats were used (n = 25) (Hilltop 
Animals).

Preparation of mouse and rabbit hearts for optical mapping. Mice were 
anesthetized with isoflurane vapors. Rabbits were anesthetized using a mixture 
of 50 mg kg–1 ketamine and 10 mg kg–1 xylazine. The following procedure was 
performed for both mouse and rabbit hearts: cessation of pain was confirmed 
by toe pinch, the heart was quickly excised, and the aorta was cannulated 
in cardioplegic solution. The heart was then placed in a constant-pressure 
Langendorff system where the perfused solution was a modified Tyrode’s solution 
(128.2 mM NaCl, 4.7 mM KCl, 1.05 mM MgCl2, 1.3 mM CaCl2, 1.19 mM NaH2PO4, 
20 mM NaHCO3, 11.1 mM glucose), which was maintained at 37 °C and was 
bubbled with 95% O2/5% CO2. The pressure of the heart was maintained at 
60–80 mmHg throughout the experiment. Far-field ECG signals were acquired by 
using LabChart software (ADInstruments) with two sensing electrodes and one 
ground electrode placed in the bath around the heart.

Preparation of human ventricular heart slices for optical mapping. All tissue 
procurement, preparation and experiments were performed according to protocols 
approved by the Institutional Review Board (IRB) of The George Washington 
University and international guidelines for human welfare. Donor human hearts 
rejected for organ transplant were acquired from the Washington Regional 
Transplant Community as deidentified discarded tissue with approval from IRB of 
The George Washington University. Human ventricular heart slices were created 
according to methods previously described49. Heart slices were then transferred 
and placed in a system perfused with modified Tyrode’s solution (140 nN NaCl, 
4.5 mM KCl, 10 mM glucose, 10 mM HEPES, 1 mM MgCl2, 1.8 mM CaCl2 pH 7.4), 
which was maintained at 37 °C and was bubbled with O2.

Optical mapping. Optical mapping was performed as previously detailed49. In 
brief, the optical mapping methods involved the following: mechanical motion 
of the slice was arrested using blebbistatin (5–10 µM), an electromechanical 
uncoupler. The tissue was stained with di-4-ANEPPS (125 nM), a voltage-sensitive 
fluorescent dye, for optical mapping of voltage changes in the membrane 
potential. Signals were recorded at 1–2 kHz using a high-speed CMOS camera 
with a MICAM Ultima acquisition system (SciMedia). The electrode of the 
bioresorbable pacemaker was placed on top of the slice in the central area. Using 
a function generator, the frequency (~10 MHz) and stimulating duration (1–5 ms) 
were set to match the settings of the device for wireless inductive power transfer. 
For mouse and rabbit hearts, capture of the heartbeat was verified by far-field 
ECG measurement and the spatiotemporal dynamics of the activation of the 
transmembrane potential were recorded by optical mapping. For induction of AV 
block in the mouse heart, ischemic reperfusion was performed until confirmation 
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of second-degree AV block by ECG. For human heart slices, capture was verified 
by evoked optical action potentials.

Processing of data from optical mapping. Optical signals were processed using 
custom MATLAB software (RHYTHM) that is freely available at https://github.
com/optocardiography. Each pixel was spatially filtered with a 3 × 3 uniform 
average bin. A finite-impulse response filter was used to filter each temporal 
sequence with a cutoff frequency of 100 Hz. Baseline drift was removed using 
polynomial subtraction and signal magnitude was normalized. Activation times 
across the membrane were determined by the time at which the maximum positive 
change in voltage (dV/dtmax) occurred for the recorded optical action potentials.

Implantation of pacemakers in rats. All procedures were performed under 
general anesthesia using inhaled isoflurane vapor (1–3%). Throughout surgery, 
ventilation for the rats was provided by a VentElite small-animal ventilator 
(Harvard Apparatus). The heart was exposed via left thoracotomy, and the 
pacemaker electrodes were implanted on the myocardial surface of the left 
ventricle using 6-0 non-absorbable monofilament polypropylene suture (Ethicon, 
8705H). The pacemaker receiver was placed within the subcutaneous pocket on 
the ventral surface of the rat. The thoracic cavity and muscle were closed by using 
absorbable 4-0 PGA suture (Oasis, MV-J451-V), and subsequently the skin was 
closed by using non-absorbable 4-0 nylon suture (Oasis, MV-1629-V). Pacemakers 
were tested at the end of the procedure to verify their function and confirm 
adequate placement. Animals were then taken off general anesthesia and allowed 
to recover. Appropriate postoperative monitoring and care were provided following 
surgery. For analgesia, an intraperitoneal dose of buprenorphine (0.5–1.0 mg kg–1) 
was administered before incision and once every 12 h for 48 h following surgery.

Chronic in vivo pacing. Pacemakers in all animals were tested daily 
post-procedure. Each day, animals were anesthetized with inhaled isoflurane vapor 
(2–3%) The Tx antenna was placed parallel to the receiver of the implanted device, 
to power the pacemaker and pace the heart. The frequencies of pacing stimulation 
were adjusted such that stimulation frequency was greater than that of the intrinsic 
rhythm of the heart. Three-lead ECG was monitored by subdermal needle electrodes 
in the Lead I configuration (positive electrode on the right forelimb, negative 
electrode on the left forelimb, ground electrode on the hind leg) using a PowerLab 
data acquisition system with LabChart software (ADInstruments). The heart rate 
was calculated from the R–R interval associated with the ECG. Daily testing in the 
same manner continued until the pacemaker failed to capture the heart.

Wireless operation of the bioresorbable pacemaker. A commercial RF system 
(Neurolux, Inc.) was used to wirelessly deliver power to the bioresorbable cardiac 
pacemaker for whole-heart stimulation. The system included the following:  
(1) a laptop with custom software (Neurolux, Inc.) to control and command the 
data center, (2) a power distribution control box to supply wireless power and 
communicate with the devices through interactive TTL inputs, (3) an antenna 
tuner box to maximize power transfer and match the impedance of the source and 
the antenna and (4) an enclosed cage with customizable loop antenna designs for 
in vivo operation of the devices.

Weight monitoring, Masson’s trichrome staining and immunohistochemistry. 
Devices were implanted in both male and female Sprague–Dawley adult rats. 
Animals were weighed every 3 days to monitor their weight post surgery (n = 3–6 
independent animals). The hearts of animals without implanted devices (control) 
and those with device implanted for 3 and 6 weeks were analyzed (n = 3 biologically 
independent animals per group). Animals were euthanized using 5% isoflurane 
vapor at 2 ml min–1 oxygen flow with an EZ anesthesia machine (EZ Systems, 
Inc.) until loss of consciousness. Once cessation of pain was confirmed by toe 
pinch, the heart was excised for euthanasia by exsanguination. Excised hearts were 
immediately cannulated and retrograde perfused, first with cardioplegic solution 
and then with neutral-buffered formalin. After 24 h, the hearts were transferred to 
a 70% ethanol solution and embedded in paraffin. Cross-sections underwent either 
Masson’s trichrome staining for assessment of fibrosis or immunohistochemical 
staining to visualize localization of CD45+ in the myocardium.

For Masson’s trichrome-stained samples, cross-sections of the anterior left 
ventricle were imaged at ×4 magnification using an EVOS XL light microscope 
(Thermo Fisher Scientific). A custom MATLAB code was used to quantify the 
percentage volume of myocytes, collagen and interstitial space in these images. The 
region of interest was selected along the left ventricular free wall near the site of 
device implantation. Color deconvolution was performed to identify pink, blue and 
white pixels, which represent myocytes, collagen and interstitial space, respectively. 
The percentage volume encompassed by each of these structures was quantified by 
calculating the relative number of pixels per color in the selected region of interest.

For immunohistochemistry, sections were stained using the peroxidase/avidin–
biotin-complex method. Briefly, the procedure was performed as follows: sections 
were deparaffinized using xylene and dehydrated with an ethanol concentration 
gradient. Antigen retrieval was performed using citrate buffer (pH 6.0) in a 
pressure cooker for 10 min. Slides were washed three times with ultrapure 
deionized H2O (3 min per wash). Endogenous peroxidase activity was blocked with 

BLOXALL solution (SP-6000, Vector Laboratories) for 10 min. Slides were again 
washed three times with ultrapure deionized H2O (3 min per wash). Samples were 
blocked for a further 30 min with normal goat blocking buffer (PBS, 0.15% Triton 
X-100, 1% BSA, 3% goat serum (no. 005000121, Jackson ImmunoResearch)) and 
incubated with the CD45 primary antibody overnight at 4 °C (1:50; no. ab10558, 
Abcam). Next, the samples were washed once in PBS with 0.5% Triton X-100 
and twice in PBS (3 min per wash). Slides were incubated at room temperature 
with a biotinylated goat anti-rabbit IgG secondary antibody (1:500; no. 65–6140, 
Invitrogen) for 60 min and with an avidin–biotin complex (ABC) reagent (no. 
PK-6100, Vector Laboratories) for 30 min. Samples were rinsed three times in PBS 
(3 min per wash) before and after application of the ABC reagent. Chromogenic 
development was achieved using the DAB Peroxidase Substrate Kit (no. SK-4100, 
Vector Laboratories). Samples were counterstained with hematoxylin (no. 6765007, 
Thermo Scientific) for 10 min, rinsed with tap water until colorless and dehydrated 
in an increasing gradient of ethanol followed by xylene. Slides were mounted with 
DPX mountant (no. 13512, Electron Microscopy Sciences), and images near the 
site of pacemaker implantation were taken using a bright-field microscope (no. 
DMi8, Leica Microsystems) in a tiled manner at ×20 and ×40 magnification using 
the Leica Application Suite (LAX) X software (Leica Microsystems). CD45+ cells 
were manually quantified in a blinded manner using ImageJ (v.2.1.0, National 
Institutes of Health). Each counted cell was marked so that no cell was counted 
twice. A custom MATLAB code quantified the myocardial volume in each image 
using color deconvolution and calculated the frequency of CD45+ cells mm–2. To 
determine statistical differences, a nonparametric Kruskal–Wallis one-way analysis 
of variance with Dunn’s test for pairwise comparison was performed across each 
condition between the 0- (control), 3- and 6-week endpoints at a significance level 
of P < 0.05.

Evaluation of hematology and blood chemistry of rats. All procedures followed 
protocols approved by The George Washington University Institution Animal 
Care and Use Committee (IACUC). Blood was collected from adult rats (female 
Sprague–Dawley, n = 3) with bioresorbable pacemakers implanted using the 
aforementioned surgical procedures. At 1-, 3-, 5- and 7-week endpoints, blood 
was collected from animals via the tail vein into K-EDTA and gel tubes for 
blood counts and blood chemistry tests, respectively. Charles River Laboratories 
conducted the assays.

In vivo canine model study. Retired breeder female hound dogs (age 1.2–3.5 years, 
weight 27–36 kg) used in this study were maintained in accordance with the 
Guide for the Care and Use of Laboratory Animals published by the US National 
Institutes of Health (NIH Publication no. 85–23, revised 1996) as approved by the 
IACUC of Northwestern University. Before surgery, all animals were premedicated 
with acepromazine (0.01–0.02 mg kg–1) and induced with propofol (3–7 mg kg–1). 
General anesthesia (inhaled) was achieved with isoflurane (1–3%) after intubation. 
Adequacy of anesthesia was assessed by toe pinch and palpebral reflex. Surface 
electrodes were applied to the limbs, and continuous six-lead ECG was recorded 
at a sampling rate of 977 Hz (Prucka CardioLab). A lateral thoracotomy was 
performed, and the heart was exposed by pericardiectomy. The electrodes of 
implanted bioresorbable pacemakers were sutured to the myocardial surface of 
the right ventricle with 4-0 monofilament nonresorbable sutures. For in vivo 
long-range tests of wireless operation, the thoracotomy was closed in four layers 
(ribcage, deep fascia and muscles, subcutaneous tissue and skin). A chest tube 
was placed before closing. The chest was evacuated of air and fluid and the lungs 
re-expanded. The chest tube was clamped. The antenna was applied at various 
distances from the receiver, and the selected pacing cycle length was 30–60 ms 
shorter than the intrinsic ventricular cycle length. Effective ventricular capture 
was confirmed by surface ECG. Upon finishing the in vivo portion of the study 
and after confirming a very deep plane of anesthesia, the heart was removed and 
euthanasia was achieved by exsanguination.

In vivo bioresorption study. Rats were anesthetized during imaging with a 
preclinical microCT imaging system (nanoScan PET/CT, Mediso-USA). Data 
were acquired at ×2.2 magnification with <60-µm focal spot, 1 × 4 binning 
and 720 projection views over a full circle, using 70-kVp/240-µA and 300-ms 
exposure time. Projection data were reconstructed with a voxel size of 68 µm (in all 
directions) and using filtered (Butterworth filter) back-projection software from 
Mediso. Amira 2020.1 (FEI Co.) was used to segment the device and skeleton, 
followed by 3D rendering.

Statistical analysis. Results are reported as mean ± 6 s.d., unless otherwise noted. 
Statistical analyses were performed using Statistical software (v.6.0, Statsoft) 
followed by a t-test. *P < 0.05, **P < 0.01, ***P < 0.001. All experiments were 
performed with at least three biological replicates per condition. For quantitative 
histology and immunohistochemical analysis, significance in column comparisons 
was calculated with a nonparametric Kruskal–Wallis test in conjunction 
with Dunn’s multiple comparison test at a significance level of P < 0.05. For 
echocardiography data, significance in column comparisons was calculated 
using a Friedman test in conjunction with Dunn’s multiple comparison test at a 
significance level of P < 0.05.
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Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All data that support the findings of this study are included in the manuscript. 
Source data are provided with this paper.

Code availability
The software for the analysis of optical mapping data, custom MATLAB software 
(RHYHTM) and custom scripts used in the study are freely available for download 
at https://github.com/optocardiography.
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Extended Data Fig. 1 | Illustrations that compare use scenarios of conventional temporary pacemakers and the bioresorbable, implantable, leadless, 
battery-free devices reported here. a, Schematic illustration that demonstrates the existing clinical approach for using conventional temporary 
pacemakers. (i) An external generator connects through wired, percutaneous interfaces to pacing electrodes attached to the myocardium. Temporary 
transvenous leads are affixed to the myocardium either passively with tines or actively with extendable/retractable screws. (ii) The pacing leads can 
become enveloped in fibrotic tissue at the electrode-myocardium interface, which increases the risk of myocardial damage and perforation during lead 
removal. As a result, temporary epicardial leads placed at the time of open heart surgery are often cut and allowed to retract to avoid the risk of removal 
by traction. b, The proposed approach is uniquely enabled by the bioresorbable, leadless device introduced here. (i) Electrical stimulation paces the heart 
via inductive wireless power transfer, as needed throughout the post-operative period. (ii) Following resolution of pacing needs or insertion of a permanent 
device, the implanted device dissolves into the body, thereby eliminating the need for extraction.
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Extended Data Fig. 2 | Design of bioresorbable, implantable, leadless, battery-free cardiac pacemaker. a, Dimensions of the device: (top) x,y-view; 
(bottom) x,z-view. The minimum length of the device is 15.8 mm. The total length can be altered to meet requirements for the target application, simply by 
changing the length of the extension electrode. b, Dimensions of the contact pad. PLGA encapsulation covers the top surface of the contact electrode to 
leave only the bottom of contact electrode exposed.
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Extended Data Fig. 3 | Modeling and experimental studies of mechanical reliability of the bioresorbable, leadless cardiac pacemaker. a, Photograph 
(left) and FEA (right) results for devices during compressive buckling (20%). Scale bar, 10 mm. b, c, d, Photograph of twisted (180°) and bent (bend radius 
= 4 mm) devices. Scale bar, 10 mm. e, Output voltage of a device as a function of bending radius (left), compression (middle), and twist angle (right) at 
different distances between the Rx and Tx coils (black, 1 mm; red 6 mm). n = 3 independent samples.
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Extended Data Fig. 4 | Electrical performance characteristics of the wireless power transfer system. a, Schematic illustration of the circuit diagram 
for the transmission of RF power. Monophasic electrical pulses (programmed duration; alternative current) are generated by a waveform generator at 
~13.5 MHz (Agilent 33250 A, Agilent Technologies, USA). The voltage can be further increased with an amplifier (210 L, Electronics & innovation, Ltd., 
USA). The generated waveforms (that is input power) are delivered to the Tx coil (3 turns, 20 mm diameter). This RF power is transferred to the Mg Rx 
coil (17 turns, 12 mm diameter) of an implanted bioresorbable cardiac pacemaker. The received waveform is transformed into a direct current output via 
the RF diode to stimulate the targeted tissue. b, Measured RF behavior of the stimulator (black, S11; red, phase). The resonance frequency is ~13.5 MHz. c, 
Simulation results for inductance (L) and Q factor as a function of frequency. d, An alternating current (sine wave) applied to the Tx coil. The resonance 
frequency and input voltage (that is transmitting voltage) are ~13.5 MHz and 7 Vpp, respectively. e, Example direct current output of ~13.2 V wirelessly 
generated via the Rx coil of the bioresorbable device. f, Output voltage as a function of transmitting frequency. At the resonance frequency (~13.5 MHz) 
of the receiver coil (transmitting voltage = 7 V), the device produces a maximum output voltage of ~13.2 V. g, Output voltage as a function of the distance 
between the Tx and Rx coils (transmitting voltage = 10 Vpp; transmitting frequency = ~13.5 MHz).
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