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Magnetically gated millimeter-scale capsule power
system for leadless electrotherapy
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Yan Du', Haiwei Li?, Yongquan wu?, Houfang Liu3, Anfu Zhou®, Tian-Ling Ren3*, Weiping Sun?,
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Temporary cardiac pacing is indispensable for bridging transient bradyarrhythmic indications over days to weeks,
yet existing systems remain constrained by device dimensions, surgical complexity, patient burden, and intrinsic
operational principles. Here, these challenges are addressed through a millimeter-scale capsule power system with
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magnetically gated activation via a reed switch, which eliminates the stringent orientation and implantation-depth
requirements of optically controlled approaches. In contrast to conventional reed switch-based pacemakers, this
capsule system extends the functionality of the reed switch by integrating electrode materials directly onto its
surface, thereby enabling a monolithic miniaturized architecture. Pulsed magnetic fields wirelessly actuate inter-
mittent switching, enabling controlled discharge, with robust cardiac pacing demonstrated in large animals. A
proof-of-concept closed-loop system is further realized, establishing the feasibility of future integration with a wear-
able electronic module to enable autonomous electrotherapy upon arrhythmia detection. Collectively, this strategy
addresses a key limitation in temporary pacing and may provide a versatile framework for the development of tem-
porary electrotherapeutic systems across cardiac, neural, and regenerative applications.

INTRODUCTION

Temporary cardiac pacing devices are indispensable for transient
indications expected to last days to weeks (1). These devices provide
demand-based atrial and/or ventricular stimulation, serving either
as a bridge to permanent implantation (2) or as life-saving interven-
tions for patients with short-lived bradyarrhythmias, such as those
occurring after cardiac surgery, a heart attack or a medication over-
dose (3-7). Even when infrequent, device-related infections can be
catastrophic, involving the generator pocket, leads, or both (8-15).
Moreover, the externalized system is prone to inadvertent dislodge-
ment during patient care (6), and lead removal can cause myocar-
dial laceration or perforation due to fibrotic encapsulation of the
electrode tip (16, 17). Specific to transvenous pacing, endovascular
surgeries are challenging for adult patients with contraindications to
transvenous pacemakers and for infants and children with small
body sizes and rapid patterns of growth, who undergo far more in-
vasive epicardial approaches with the morbidities of thoracotomy
(18-21). Commercial leadless pacemakers have been developed spe-
cifically to mitigate the complications associated with pacing leads,
and delivered via a minimally invasive procedure to the right ven-
tricle (22-24). However, their broader clinical translation is constrained
by device dimensions, implantation demands and the integrated battery,
alongside risks of myocardial perforation and device dislodgement
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(23, 24). Furthermore, a battery-powered micropacemaker has been
developed, offering particular advantages for patients with limited
vascular access, young children and individuals with congenital heart
disease who require epicardial access (18). Although energy-storage
technologies have advanced substantially (25), batteries remain a major
barrier to device miniaturization and functional expansion without
increasing the implant burden (26, 27).

To overcome these constraints, battery-free approaches based on
wireless power transfer (4, 28, 29) and energy harvesting (30-40)
have been actively explored. Wireless power transfer offers an alter-
native, yet many existing systems for epicardial pacing necessitate
invasive open-chest implantation (thoracotomy), substantially in-
creasing patient burden and recovery time (17, 41-44). Moreover, a
major technological challenge lies in the miniaturization of implant-
able receivers capable of efficient operation in deep tissue (29, 45-
50), while simultaneously maintaining compliance with regulatory
power-exposure limits for general safety (51). On the other hand,
energy-harvesting strategies are commonly constrained by challenges
in device miniaturization, insufficient power density, reliable fixation
within dynamic biological tissues and long-term biosafety, leaving most
self-powered concepts at an investigational stage (30, 36, 41, 45, 52).
For example, photovoltaic-based leadless stimulation (34, 53, 54)
encompasses approaches such as pulsed infrared lasers, which are
limited by high power requirements and strong water absorption
(55-58), as well as optogenetic strategies that are intrinsically con-
strained by the need for genetic manipulation, thereby restricting
their translational potential (59). Furthermore, optical control ne-
cessitates precise orientation of the phototransistor toward the body
surface during implantation, while postoperative motion may induce
device rotation or displacement, compromising optical coupling. In
addition, performance is strongly constrained by implantation depth
and by maximum permissible skin exposure limits imposed for safety
(60, 61). Although an improved design that positions the phototransis-
tor closer to the skin while retaining intramyocardial pacing electrodes
enables deeper-site stimulation (7), this configuration necessarily
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increases device dimensions, complicating implantation and preclud-
ing minimally invasive delivery. Despite leadless pacemakers have
achieved remarkable progress, their clinical translation remains con-
strained by device dimensions, surgical complexity, patient burden,
and intrinsic operational principles (3, 18, 36, 41, 43, 45). Especially,
the implantation of pacemakers in neonates and infants requires
particular consideration of small body size, marked body growth
potential, and the decades of future pacing therapy to be expected
(20). Consequently, the development of leadless pacemakers that
can be implanted through minimally invasive procedures remains
an important challenge in biomedical engineering.

In contrast to electromagnetic waves employed in wireless power
transfer, which are readily absorbed by biological tissues, magnetic
fields traverse such media with minimal attenuation, effectively anal-
ogous to propagation in free space (28, 43, 62), and are compara-
tively insensitive to the dynamic perturbations induced by cardiac
motion. Here, an alternative strategy is introduced that exploits the
depth-insensitive nature of magnetic control. Inspired by the capsule-
like geometry of commercial leadless pacemakers while remaining
compatible with established transvenous and minimally invasive im-
plantation workflows (22-24), a millimeter-scale capsule power sys-
tem actuated by a magnetic reed switch was developed (Fig. 1A, fig. S1,
and table S1). Compared with previously reported conventional reed
switch-based pacemakers (36, 63, 64), the present system incorpo-
rates several key conceptual and engineering advances (figs. S2 and S3
and text S1). The capsule power system weighs approximately 43.18 mg
(fig. S4) and has dimensions of approximately ¢1.8 mm X 5 mm,
making it smaller than a grain of barley (Fig. 1B). Its dimensions are
below those of the most compact capsule-shaped pacemakers reported
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to date, with a mass nearly half that of the lightest counterpart (45),
and comparable in scale to the smallest planar architectures previ-
ously reported (7) (table S2). In contrast to planar designs, the cap-
sule configuration offers a compact form factor that accommodates
insertion through small-diameter (~2.67 mm) introducers (Fig. 1C;
8 Fr (French gauge)) and is inherently compatible with sheath-assisted,
minimally invasive percutaneous injection and endovascular deliv-
ery (Fig. 1D). Given the subminiature size and ultralight weight of
the capsule power system, it is amenable to minimally invasive im-
plantation analogous to previously reported microscale device (7),
thereby reducing device burden and procedural risk, and enabling
applicability even in neonates. Experimental investigations elucidate
the working mechanism, with robust cardiac pacing demonstrated
in large animals (beagle dogs and Bama pig). A proof-of-concept
closed-loop system is developed and validated in vivo in a beagle
dog, demonstrating the feasibility of future integration with a skin-
interfaced wearable electronic module for electrocardiogram (ECG)
acquisition, signal processing, and magnetic-field actuation to en-
able autonomous electrotherapy upon arrhythmia detection.

RESULTS

Working mechanism

The capsule power system shown in this work exploits a self-powered
mechanism, where the battery electrodes are the pacing electrodes.
Specifically, an active zinc (Zn)-based composite serves as the an-
ode, and a molybdenum trioxide (MoO3) composite serves as the
cathode (text S2 and table S3) (65, 66). The cardiac tissue and associ-
ated biofluids act as the electrolyte to form a galvanic cell (Zn-MoOs3).
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Fig. 1. Design of the capsule power system. (A) Schematic illustration of the system (left) and corresponding exploded view (right). (B) Photograph of the system,
smaller than a grain of barley. (C) Photograph demonstrating accommodation of the system within an 8 Fr introducer. (D) Schematic illustrations of catheter-based im-

plantation via injection.
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The two electrodes are electrically connected through a reed switch
that is actuated by a tissue-penetrating pulsed magnetic field. This
component provides a magnetic principle to control the operation
of the capsule power system with an external control module (fig.
S5). In particular, the anode and cathode were respectively connect-
ed to the two terminals of the reed switch using a conductive paste.
The conductive paste was prepared by incorporating tungsten (W)
microparticles (fig. $6) into candelilla wax through a simple mixing
process (67). Figure S7A shows a representative scanning electron
microscopy (SEM) image of the conductive paste, while fig. S7B pres-
ents the corresponding energy-dispersive spectroscopy (EDS) ele-
mental mapping, with red and green regions indicating W and wax,
respectively. Figure S7C illustrates how the electrical conductivity of
the conductive paste varies with the candelilla wax-to-W weight ra-
tio. The entire structure, except for the interelectrode gap between
the anode and cathode, is exposed at the interface with the cardiac
tissue. Here, pacing is realized via transcutaneous transmission of
pulsed magnetic fields, which wirelessly and on demand actuate in-
termittent switching of the capsule power system, thereby enabling
pulsed discharge (fig. S3). During magnetic-field-free intervals, the
device remains inactive, as the open reed switch interrupts current
flow. Upon magnetic field application, the reed switch closes the circuit,
permitting the galvanic cell discharge through the pacing electrodes
into the adjacent cardiac tissue. The materials, structural components,
and electrochemical operating principles of the galvanic cell collec-
tively underpin the pacing mechanism.

With respect to the electrode-material selection (text S2), the cor-
rosion kinetics of Zn lie between those of magnesium (Mg) and iron
(Fe) (68), closely matching the timescales of vascular and soft-tissue
healing, while its degradation products (Zn’*) are physiologically
essential and readily metabolized (69). Moreover, Zn anodes demon-
strate superior electrochemical stability compared with Mg (7, 70).
Accordingly, both Zn foil and Zn-based composite anodes are theoreti-
cally well suited for this device. The Zn-based composite, consisting of
Zn powder, conductive carbon black and poly(p, -lactide-co-glycolide)
(PLGA), was coated onto a Zn foil current collector to serve as the
anode. MoOjs has been extensively investigated as cathode material,
as its higher electrochemical potential overcomes the voltage and
energy-density limitations of metallic molybdenum (Mo) by exploiting
ion-intercalation capability (66, 71). A simple fabrication strategy,
based on dispersing MoO3; powder with a PLGA matrix, yields a
percolating three-dimensional (3D) MoOs; network while preserv-
ing electrolyte permeability. This architecture effectively increases
the electrochemically active surface area, thereby simultaneously en-
hancing output voltage and achievable current capability (66). The
enhanced output voltage is attributed to the reduction of Mo(VI)
species at the cathode, combined with the 3D network architecture
(4). The MoOj3 composite, consisting of MoO3 nanopowder, conduc-
tive carbon black and PLGA, was coated onto a Mo current collector
(Mo gauze or Mo foil) to form the cathode.

To verify the working mechanism and optimize the performance
of the capsule power system, the planar device was designed and
measured as shown in fig. $8. The commercial acrylic plate (0.6 mm
thickness) was patterned into the device substrate using a computer-
controlled CO, laser cutter. The resulting substrate measured 5 mm X
10 mm, with a 1 mm gap between the cathode and anode. The elec-
trode materials were cut to the desired dimensions and assembled
onto an acrylic substrate together with test wires using the conduc-
tive paste, forming a planar device (fig. S8A). Upon contact of the
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anode and cathode with cardiac tissue or an electrolyte, the anode
underwent oxidation (Zn — 2¢~ — Zn>"), while the cathode under-
went reduction (MoO3 + ne” — MoO;""). As shown in fig. S8B,
compared with the planar device employing a Zn foil anode, the
device incorporating a Zn-based composite anode exhibited a high-
er and more stable output voltage, together with an increased short-
circuit current (I), in phosphate-buffered saline (PBS; pH 7.2-7.4,
0.01 M). During constant-current discharge at 0.3 mA in PBS, the
Zn foil anode exhibited intense and rapid hydrogen (H,) evolution
within a short time (fig. S8C and movie S1), which could potentially
damage myocardial tissue. By contrast, the Zn-based composite anode,
in which Zn nanoparticles were encapsulated within a PLGA poly-
mer matrix (fig. S8D), exhibited a moderated electrochemical reaction
with negligible gas evolution (fig. S8C and movie S1). Encapsulation
of Zn nanoparticles within the PLGA matrix enabled controlled Zn**
release, thereby mitigating excessive ion accumulation associated with
self-discharge or active discharge and maintaining Zn** concentra-
tions within physiologically tolerable ranges. Morphological analy-
sis revealed that the Zn foil anode exhibited a smooth and uniform
surface before discharge (fig. S9A), whereas extensive corrosion and
pore formation were observed after discharge (fig. S9B). The dis-
charged surface was further covered with granular oxide deposits,
which hindered electron transfer and contributed to voltage decay
and performance degradation. In contrast, the Zn-based composite
anode exhibited a smooth surface morphology prior to discharge (fig.
S9C). Upon discharge, electrochemical reactions were largely con-
fined to Zn nanoparticles exposed at the surface, whereas the un-
derlying Zn nanoparticles remained encapsulated within the PLGA
matrix and were uniformly distributed without evident oxide depo-
sition (fig. S9D). This hierarchical structure enabled a continuous
supply of electrochemically active Zn while minimizing surface pas-
sivation, thereby contributing to stable voltage output and sustained
discharge performance. The morphological analysis, together with
the electrochemical measurements (fig. S10, table S4, and text S3),
consistently supports the conclusion that the Zn-based composite
anode enhances interfacial charge transfer and mitigates voltage delay.
Accordingly, compared with pure Zn foil, the Zn-based composite is
more suitable as the anode material for the device. Unless otherwise
specified, all devices described herein employ the Zn-based composite
anode. The planar device incorporating the Zn-based composite anode
exhibited an open-circuit voltage of approximately 0.90 V in PBS, con-
sistent with previous reports (65), with a I approaching 4.3 mA (fig.
S8B). Notably, the device supported stable constant-current discharge
at 0.5 mA (fig. S11A), fully satistying the electrical requirements for
cardiac pacing (7). As described above, during discharge the anode
underwent oxidation (Zn — 2¢” — Zn**), while the cathode experi-
enced reduction (MoO; + ne” — MoO3""), as confirmed by cyclic
voltammetry (fig. S11B). Two distinct reduction peaks appeared within
the potential range of 0.7-0.9 V, corresponding to the stepwise re-
duction of Mo®" to lower valence states (for example, Mo’ and Mo™*™),
accompanied by intercalation of Zn** and/or H" ions into the MoOs
layers. A pronounced oxidation peak at 1.1-1.2 V was attributed to re-
oxidation of reduced Mo species to Mo®" and the concurrent dein-
tercalation of Zn>* and/or H* ions. These electrochemical features
confirm the redox mechanisms governing device operation.

Performance and operational lifetime
To evaluate the potential of the planar device as a cardiac pacemak-
er, it was embedded within chicken tissue and connected in series
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with a reed switch and a current measurement module to quantify
the pulsed output current. A commercial microcontroller generated
pulse signals to control relay switching at predefined frequencies and
pulse widths, thereby regulating the on-off operation of the electro-
magnet circuit and producing pulsed magnetic fields that actuated
the reed switch, resulting in pulsed discharge of the device. As shown in
fig. S12, the device delivered pulsed discharge currents of at least
0.81 mA across multiple stimulation frequencies (60, 100 and 150 bpm)
and pulse widths (5, 10, 20, 50 and 100 ms) in chicken tissue. Moreover,
the dependence of the minimum pulsed current on pulse width at
stimulation frequencies of 60, 100, and 150 bpm further confirms
stable and reliable device performance (fig. S12, B, D, and F). If the
minimum pulsed current exceeds the cardiac pacing threshold, reli-
able pacing can be achieved. Conversely, if it falls below this thresh-
old, the device may fail to induce pacing or result in intermittent
capture. Therefore, the minimum pulsed current constitutes a direct
and critical determinant of effective cardiac pacing.

Despite the planar device exhibiting sufficient performance for
temporary cardiac pacing (7), its geometry is poorly suited to intro-
ducers with circular inner diameters used for direct injection into
the superficial subepicardial layer of the myocardium through small
skin incisions. Moreover, the planar configuration intrinsically con-
strains energy density. By adopting a capsule-shaped design based
on the reed switch-integrated architecture (Fig. 1A), these limita-
tions are effectively overcome. Relative to the planar geometry, the
capsule-shaped configuration is inherently compatible with sheath-
assisted, minimally invasive percutaneous injection and endovascular
delivery. Furthermore, for identical overall dimensions and electrode
material compositions, the capsule-shaped structure affords a larger
effective surface area, enabling greater electrode loading and conse-
quently a higher energy density.

For electrochemical characterization, the capsule-shaped device
was fabricated with test wires at both ends (Fig. 2A), distinct from
the fully integrated configuration shown in Fig. 1A. The capsule-
shaped device exhibited stable constant-current discharge at 0.5 mA
in PBS (Fig. 2B), delivering a I,. of approximately 3 mA and sustain-
ing an open-circuit voltage (V,.) of ~0.90 V (Fig. 2C). Using the same
protocol as that employed for the planar device, the capsule-shaped
device was embedded within chicken tissue to evaluate pulsed out-
put performance. The device generated pulsed discharge currents of at
least 0.96 mA across stimulation frequencies of 60, 100, and 150 bpm
and pulse widths of 5, 10, 20, 50, and 100 ms (Fig. 2D and figs. S13
and S14), corresponding to an estimated pacing current density of
approximately 4.25 mA cm™>. Stable post-implantation performance
was further corroborated by the dependence of the minimum pulsed
current on pulse width at each stimulation frequency (fig. S14, B, D,
and F). The minimum pulsed current consistently exceeds the car-
diac pacing threshold (7), demonstrating that the device is fully ca-
pable of eliciting reliable cardiac pacing.

The total discharge capacity of the capsule-shaped device was ap-
proximately 0.67 mAh under continuous constant-current discharge
at 0.5 mA (fig. S15). Under the pacing condition used in this study
(0.5 mA, 60 bpm, 5 ms pulse width, corresponding to a duty cycle of
0.5%) (7), the theoretical operational lifetime under continuous pac-
ing was estimated to be approximately 268 h (about 11 days). To evalu-
ate the operational lifetime of the capsule-shaped device, agarose gel
was employed as a surrogate for chicken tissue, owing to the rapid
decomposition of the latter at ambient conditions. The impedance of
chicken tissue is ~500 ohm at 1 kHz, corresponding to a pulse width
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of ~1 ms during cardiac pacing (7). The impedance of the agarose
gel was tuned to match that of chicken tissue (fig. S16), allowing it to
function as a phantom tissue for physiological impedance simula-
tion (Fig. 2E and figs. S17 and S18). The capsule-shaped device was
embedded in the agarose gel at 37°C to evaluate its operational life-
time. The pulsed discharge profiles demonstrate stable pulsed out-
put for at least 30 days at a pacing rate of 60 bpm and a pulse width
of 5 ms, with the minimum pulse current consistently maintained
within the 0.75-1.02 mA range and showing no appreciable attenu-
ation (Fig. 2F and text S4). Under these intermittent pulsed condi-
tions (duty cycle 0.5%), the cumulative discharge time over 30 days
is approximately 3.6 hours, which is consistent with the measured
0.67 mAh capacity. The off-intervals between pulses (99.5% of the
total time) allow electrochemical recovery, including polarization
relaxation and ion concentration gradient restoration, which effec-
tively increases the usable capacity under pulsed operation relative
to continuous-load measurement. These results, together with the
previously reported 20-day in vivo pacing performance achieved us-
ing the same Zn-MoOj electrochemical system (7), suggest that the
present device is capable of meeting the clinical requirements of tempo-
rary cardiac pacing, which has an average duration of approximately
4.2 days (6). The device is expected to remain stable under physio-
logical cardiac motion because the rigid reed switch is mechanically
robust and static magnetic fields propagate through biological tis-
sues with negligible attenuation (28, 43, 62). In addition, the reed
switch has a rated lifetime exceeding 107 switching cycles (table S1),
far exceeding the ~3.63 x 10° cycles required for the average clinical
duration of temporary cardiac pacing (4.2 days) (text S5). Future
studies will focus on directly evaluating the in vivo operational life-
time and long-term pacing safety of the device in large animals.

Biological compatibility

Previous studies have demonstrated the biocompatibility of the
conductive paste composed of candelilla wax and W, with no evi-
dence of significant immune responses (67). PLGA is a US Food and
Drug Administration (FDA)-approved, non-toxic polymer with well-
documented biocompatibility (72, 73). Other constituent materials,
including Zn, W, Mo and MoO3, generate primary degradation and
electrochemical reaction products during pacing, predominantly
Zn(OH),, H;WO,, and H,MoOy, respectively (table S5) (4, 65), which
are water-soluble and are harmlessly excreted via the renal pathway
(65, 66, 73-76). In addition, H, generated as a secondary product
during Zn degradation, analogous to that released during Mg corro-
sion, dissolves into surrounding tissues, diffuses through local tissue
and vasculature, and can permeate through the skin (77).

In vitro cytocompatibility of the device was evaluated using mouse
fibroblast cells via an indirect contact method (text S6). As shown
in Fig. 3A, even at an extract concentration of 10%, the device group
maintained cell viability comparable to that of the control group, with
negligible adverse effects. To further evaluate biocompatibility, a four
week in vivo assessment was conducted using twelve male Sprague
Dawley rats (text S7). Animal body weights (Fig. 3B), routine hae-
matological parameters, and serum biochemical indices (fig. S19, A
and B) exhibited no statistically significant differences between the
control and device groups, indicating favourable in vivo biocompat-
ibility. At both 1 and 4 weeks after implantation, euthanized animals
exhibited mild to moderate infiltration of inflammatory cells, including
lymphocytes, at the implantation site. The extent of mixed epicar-
dial inflammatory responses was comparable between the control
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Fig. 2. Electrochemical characterization of the capsule-shaped device. (A) Device architecture with test wires connected at both ends. (B) Galvanostatic discharge
profile recorded at 0.5 mA in phosphate-buffered saline (PBS; pH 7.2-7.4,0.01 M) at 25°C and 80% relative humidity. (C) Current - voltage (I-V) characteristics measured at
ascan rate of 10mVs™' in PBS (pH 7.2-7.4,0.01 M) at 25°C and 80% relative humidity. (D) Output currents of the device under pulsed magnetic-field actuation in chicken
tissue at 37°C and 80% relative humidity. (E) Impedance magnitude of agarose gel measured at 1 kHz under physiological conditions (37°C, 80% relative humidity). Data
are presented as mean + s.d., with error bars representing standard deviations from three independent measurements. Repeated- measures ANOVA, P = 0.082. (F) Pulsed
output current of the device over time under pulsed magnetic-field actuation in agarose gel at 37°C and 80% relative humidity. Pulsed discharge was triggered at 60 bpm
with a 5 ms pulse width (duty cycle 0.5%), and the output current was recorded daily. The cumulative discharge time over 30 days is approximately 3.6 hours.

and device groups (fig. S19, C to F). Collectively, these results, together
with additional analyses (text S8), indicate that all constituent materi-
als, including the electrodes, conductive additives, glass-based reed
switch and the conductive pastes (67), are biocompatible. Moreover,
compatibility with computed tomography (CT) imaging (fig. S20 and
text S9) provides additional advantages for patients requiring rou-
tine medical imaging.

Feasibility of the pulsed magnetic fields

As shown in Fig. 1A, the cathode and anode of the capsule-shaped
device cylindrically enclose the reed switch, leaving only the inter-
electrode gap directly exposed to the pulsed magnetic field. During
device activation for pacing, the pulsed magnetic field may induce a
Faraday cage-like effect in the cylindrical metallic current collectors
of the electrodes, thereby attenuating the magnetic field experienced
by the reed switch. To assess the feasibility of magnetic actuation
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under these conditions, magnetic shielding simulations were per-
formed to evaluate the magnetically controlled effectiveness of the
device (text S10 and figs. S21 and S22). Given that the relative mag-
netic permeability of both biological tissues and air is approximately
unity, the cylindrical metallic current collectors were embedded within
a sufficiently large air domain for simulation. Under low-frequency
magnetic fields (<10 kHz), the Mo and Zn cylinders provide virtually
no shielding at the centre of the gap (Fig. 3, C to E, and fig. $23), and no
appreciable eddy currents are generated across the cylinder cross-
sections at 1 kHz (Fig. 3F and figs. S24 and S25). Although a Faraday
cage-like effect can partially attenuate rapidly varying pulsed magnetic
fields, cardiac pacing frequencies are intrinsically low (<10 Hz), ren-
dering the shielding induced by 50 pm-thick cylindrical Mo and Zn
current collectors effectively negligible. Consequently, the applied
pulsed magnetic fields readily penetrate the metallic current collectors
and reliably activate the capsule-shaped device for cardiac pacing.
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Fig. 3. Characterization of the capsule-shaped device. (A) Cell viability, expressed as the percentage of live cells, for the control group (no sample) and the device groups.
Data are presented with error bars as mean + s.d. n = 3 biological replicates. One-way ANOVA, P = 0.981. (B) Body weight trajectories of rats following implantation in the
device and control groups. Data are presented with error bars as mean =+ s.d. n = 3 biologically independent animals. Repeated Measures ANOVA, P = 0.194. (C) Spatial
distributions of the magnetic field magnitude and magnetic flux lines at a pulsed magnetic field frequency of 1 kHz with an interelectrode gap of T mm. (D) Magnetic field
transmittance as a function of frequency for different gap sizes. (E) Magnetic field shielding effectiveness as a function of gap size at different frequencies. (F) Cross-sectional
distributions of eddy current density in the Mo and Zn cylinders at 1 kHz with an interelectrode gap of 1 mm. (G) Photograph of a porcine heart with the device embedded
within the superficial subepicardial layers of the myocardium. Inset: a 4x magnified view. (H) Electrocardiographic (ECG) recordings obtained before and during cardiac
pacing under pulsed magnetic field stimulation. The image (H) is intentionally reused with fig. S31A.

The commercial reed switch used in this study specifies a re-
sponse time of 0.35 ms and a release time of 20 ps (table S1), both
substantially shorter than the pacing pulse duration (5 ms) and in-
terpulse interval (995 ms), thereby ensuring faithful transmission of
the programmed pacing waveform. Consistent with this expecta-
tion, direct measurements showed that the electrical output pulses
closely followed the applied magnetic-field pulses with a delay of
approximately 0.41 ms (fig. S26), far beyond the requirements for
cardiac pacing (text S11) (78). As discussed earlier, biological tissues
exhibit magnetic susceptibilities close to that of vacuum, static mag-
netic fields are expected to penetrate tissue with negligible attenua-
tion (62). Consistent with this prediction, ex vivo porcine tissue
experiments showed that the magnetic-field strengths required for
reed-switch activation through 10-50 mm-thick tissue closely matched
those measured in air at the same distances (fig. S27, table S6, and
text S12). Device activation was achieved with surface magnetic
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fields, confirming reliable magnetic actuation through biologically
relevant tissue thicknesses.

In vivo pacing

In vivo pacing studies in clinically relevant large animals (beagle dog
and Bama pig) demonstrated the functionality of devices implanted
into the superficial subepicardial layers of the myocardium (text S13).
Owing to its close similarity to the human heart in morphology, size
and electrophysiological properties, the canine heart is widely used
in cardiovascular research. The beagle dog, approved by international
regulatory authorities including the US FDA and China’s National
Medical Products Administration (NMPA), serves as a standard pre-
clinical animal. Accordingly, the beagle dog was selected for in vivo
evaluation (fig. S28A). The open-thoracotomy implantation proce-
dure and corresponding intraoperative images are presented in fig.
S$28, B to G. Placement of an electromagnet on the skin surface at the
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left fourth to sixth intercostal spaces (fig. S29), followed by pulsed
magnetic activation, successfully paced the canine heart at 150 bpm.
Figure S30 presents ECG recordings obtained from the left ventricle
under intrinsic rhythm and during pacing, demonstrating stable 1:1
capture across multiple pacing conditions with pulse widths of 5, 10,
50, and 100 ms, thereby confirming complete cardiac capture. Al-
though effective cardiac pacing and capture were achieved in the
beagle dog, additional validation was performed in the Bama pig to ac-
count for interspecies differences in cardiac physiology (fig. S31A).
The Bama pig, a miniature breed developed in China, exhibits car-
diac anatomy and cardiovascular physiology highly analogous to those
of humans and is widely regarded as the gold-standard preclinical
model for pacemakers and other cardiovascular devices. Using the
same open-thoracotomy procedure, the device was implanted into
the superficial subepicardial layer of the left ventricular myocardi-
um (Fig. 3G and fig. S31, B to E). Under pulsed magnetic fields gen-
erated by an external skin-mounted electromagnet, stable pacing at
125 bpm with consistent 1:1 capture was achieved across a range of
pulse widths (fig. $32). ECG recordings (Fig. 3H) confirm efficient
left ventricular pacing and robust 1:1 capture at 125 bpm. Successful
pacing in the Bama pig satisfies the standard 1:1 device’s criterion,
representing the final preclinical milestone toward clinical transla-
tion. Given the close anatomical and physiological resemblance to
humans, pacing data obtained from the Bama pig can be reliably
extrapolated to human clinical trials, consistent with regulatory prac-
tice endorsed by the FDA and NMPA.

Closed-loop cardiac electrotherapy

As described above, integration with a skin-interfaced wearable
electronic module capable of ECG acquisition, signal analysis and pro-
grammed magnetic-field output enables autonomous, closed-loop car-
diac electrotherapy upon arrhythmia detection. To validate closed-loop
pacing, a proof-of-concept system is developed and evaluated in vivo in
a beagle dog. The system comprises a commercial microcontroller, a
commercial single-channel ECG acquisition module and a commercial
electromagnet (Fig. 4A, fig. $33, and text S14). The ECG module em-
ploys medical-grade lead wires with surface limb electrodes (Ag/AgCl)
configured in lead IT and operated at a sampling rate of 1,000 Hz to ac-
quire ECG signals in real time and transmit the processed data to the
microcontroller. The microcontroller performs digital filtering, extracts
real-time and averaged heart-rate features, and compares them against
a predefined lower pacing limit. When the heart rate falls below this
limit, the microcontroller generates pulse signals to modulate the
switching of the electromagnet at specified frequencies and pulse
widths, thereby producing pulsed magnetic fields to actuate the capsule-
shaped device (Fig. 4B). The device was implanted into the superficial
subepicardial layer of the left ventricular myocardium via lateral
thoracotomy (fig. $28). As shown in Fig. 4C, detection of bradycardia,
defined by a lower limit of 120 bpm, automatically triggered cardiac
pacing at 150 bpm and achieved complete cardiac capture. Further de-
velopment will be required to realize a fully integrated skin-interfaced
wearable electronic module that combines ECG acquisition, signal pro-
cessing and magnetic-field actuation, enabling autonomous electro-
therapy upon arrhythmia detection.

DISCUSSION
In summary, we present a magnetically gated millimeter-scale cap-
sule power system that enables wireless, on-demand activation of
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Fig. 4. Closed-loop cardiac electrotherapy. (A) System architecture of the proof-
of-concept system. (B) Logical control flowchart of the proof-of-concept system.
(C) ECG recordings demonstrating that detection of a heart rate below the brady-
cardia limit (120 bpm) automatically triggers pacing at 150 bpm with a pulse width
of 5 ms.

temporary cardiac pacing through externally applied pulsed mag-
netic fields. By directly integrating a microscale reed switch into the
electrochemical architecture through conformal assembly of electrode
materials, the device combines energy generation and magnetic switch-
ing within a single monolithic structure, thereby eliminating the need
for onboard control circuitry and substantially reducing device di-
mensions. Unlike optically controlled approaches, which often require
stringent alignment and implantation-depth constraints, magnetic
activation provides robust wireless control independent of device
orientation and tissue penetration depth. Furthermore, in contrast
to conventional reed switch-based pacemakers, in which the reed
switch serves primarily as a passive trigger for downstream electronic
circuitry, the reed switch in the present system functions as an in-
tegrated component of the electrochemical energy-conversion ar-
chitecture, representing a distinct design strategy for implantable
electrotherapeutic systems. This architectural redefinition, transform-
ing the reed switch from a passive magnetic trigger into an inte-
grated electrochemical-structural component, while externalizing
pacing control logic to programmable magnetic fields, represents a
fundamental system-level shift, not a mere combination of off-the-
shelf components. The resulting platform enables external regulation of
pacing activation, frequency, and pulse width through programma-
ble magnetic fields while maintaining an ultraminiaturized implanted
architecture. Pulsed magnetic fields generated by an external con-
trol module actuate intermittent switching of the capsule power
system, thereby enabling controllable pulsed discharge without em-
bedded control electronics. This operating principle differs from
previously reported leadless electrostimulators in terms of device
architecture, energy-management strategy, and intended clinical
implementation (table S2). Experimental studies elucidate the un-
derlying working mechanism, optimize device performance, and
identify a Zn-based composite as the preferred galvanic-cell anode.
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Owing to its millimeter-scale dimensions and ultralight mass, the de-
vice is compatible with minimally invasive implantation strategies
analogous to previously reported microscale implantable devices (7),
potentially extending applicability to neonatal and pediatric patients.
In addition, the capsule geometry is inherently compatible with sheath-
assisted percutaneous injection, catheter-based deployment, and estab-
lished transvenous workflows (22-24). Compatibility with clinical
CT imaging further expands opportunities for image-guided im-
plantation and future diagnotherapeutic applications (fig. S20 and
text S9). Reliable pacing performance is demonstrated in both bea-
gle dogs and Bama pigs using externally generated magnetic pulses,
and a proof-of-concept closed-loop system integrating ECG acqui-
sition, microcontroller-based feedback control, and wireless magnetic
actuation is further validated in vivo in beagle dog.

Several challenges remain before clinical translation can be achieved.
The present work represents a proof-of-concept demonstration,
and future studies will require systematic evaluation of manufac-
turing reproducibility, batch-to-batch variability, and scalable auto-
mated fabrication processes. The current device architecture relies on a
commercial reed switch that may undergo unintended activation
under strong magnetic fields, including those generated during
magnetic resonance imaging (MRI). Although MRI examinations
are unlikely to be required during most temporary pacing proce-
dures (1, 6) and alternative imaging modalities such as CT and x-ray
are often clinically available, the possibility of inadvertent MRI ex-
posure cannot be completely excluded. In addition, the current
system does not incorporate active voltage or current regulation cir-
cuitry, and the minimum achievable pulse width remains limited by
the switching characteristics of the commercial mechanical relay.
Independent amplitude control, which can be realized through elec-
trode surface area design, multi-tap configurations, or calibrated
external field strength, constitutes an engineering optimization fully
compatible with the current architecture rather than a fundamental
limitation of the proposed concept. Future device generations may
benefit from biodegradable magnetically responsive variable-resistance
technologies (79, 80) with elevated magnetic-response thresholds,
enabling both improved MRI compatibility and dynamic regulation
of electrical outputs. Such developments may facilitate characteriza-
tion of strength-duration relationships and determination of stimu-
lation capture thresholds. In parallel, it is important to note that the
mechanical relay resides exclusively in the external control module.
Replacing it with a Metal-Oxide-Semiconductor Field Effect Tran-
sistor (MOSFET)-based electronic switching system, together with
wearable miniaturized magnetic-pulse generation modules, would
enable shorter stimulation pulses without any modification to the
implanted capsule architecture, representing a near-term engineer-
ing upgrade that could reduce energy consumption and extend op-
erational lifetimes while maintaining effective pacing performance.

The hybrid architecture was deliberately adopted: a hermetically
sealed reed switch, selected for its reliability, mature fabrication, and
clinical readiness, serves as a permanent micro-structural element
analogous to clinically accepted passive implants, while all electro-
chemically active materials are rendered biodegradable to eliminate
the need for device extraction. This design balances rapid clinical
translation, enabled by commercially available components, with
the long-term goal of minimizing residual implanted material, while
anticipating future replacement of the reed switch by miniaturized
or biodegradable alternatives. More broadly, this work establishes an
alternative strategy for decoupling implanted therapeutic hardware
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from external control intelligence through magnetic-field-mediated en-
ergy switching. By relocating control functions outside the body while
preserving a highly miniaturized implanted architecture, the proposed
approach addresses longstanding challenges associated with device size,
implantation complexity, and patient burden. Although further ad-
vances in device miniaturization, power management, magnetic-field
control, and dry-electrode integration will be required, the overall sys-
tem architecture remains inherently compatible with mature integrated-
circuit design and microelectronic manufacturing technologies (text
S$15). Beyond temporary cardiac pacing, the underlying concept may be
applicable to a broader range of electrotherapeutic systems, including
cardiac, neural, and regenerative stimulation technologies, as well as
other bioelectronic applications. Continued advances in materials, mi-
croelectronics, and wireless control technologies may ultimately facili-
tate the development of compact, wearable, and clinically translatable
implantable medical systems.

MATERIALS AND METHODS

Preparation of the MoO; cathode

A slurry for the MoOj cathode was prepared by dispersing 30.8 wt%
MoOj3 nanopowder (99.5% trace metals basis, ~100 nm, Sigma-
Aldrich) and 3.4 wt% conductive carbon black (30-45 nm, XFNANO)
in a PLGA (lactide:glycolide 65:35, molecular weight (M,,) 40,000 -
75,000, Sigma-Aldrich) solution (300 mg ml™" in ethyl acetate, spectral
grade, >99.5%, Macklin) under magnetic stirring (DLAB MS-H-
Pro®). Mo gauze (300 mesh, Xinwang Keyan) or Mo foil (50 pm thick-
ness, Beijing Zhongke Yannuo New Materials) was used as the current
collector. The slurry was coated onto one side of the collector and dried
at 80°C for 1 h to complete cathode fabrication.

Preparation of the Zn-based composite anode

A slurry for the Zn-based composite anode was prepared by dispersing
33.3 wt% Zn powder (40-60 nm, Sigma-Aldrich) and 2.7 wt% con-
ductive carbon black in PLGA solution (300 mg ml™" in ethyl ace-
tate) under magnetic stirring (DLAB MS-H-Pro®). Zn foil (50 pm
thickness, Beijing Zhongke Yannuo New Materials) was used as the
current collector. The slurry was coated onto one side of the Zn foil
and dried at 120°C for 50 min. The resulting Zn-based composite
anodes were subsequently sintered in a 5 wt% acetic acid (99.5%,
ACMEC) aqueous solution at room temperature for 30 min, followed
by air drying.

Preparation of the conductive paste

The conductive paste was prepared following previous reported pro-
tocols (67). W powder (99.9% metals basis, 1-5 pm, Macklin) was
mechanically mixed with candelilla wax (Macklin) at 120°C on a
hotplate to obtain a homogeneous dispersion. The molten paste was
drop-cast onto glass substrates through stencil masks to define well-
controlled patterns, including circular features with a diameter of
26.5 mm for sheet-resistance measurements. Sheet resistance as a
function of W loading was measured using a four - point probes
resistivity measurement system (RTS-9, FOUR PROBES TECH).
Sample thicknesses were determined by caliper measurements, al-
lowing calculation of the corresponding electrical conductivities.

Preparation of the agarose gels
Agarose gels were prepared by dissolving 1 wt% agarose (low EEO,
high EEO, M and biotechnology grades, Macklin), 0.0-0.9 wt% NaCl
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(biotechnology grade, Macklin) and 0.5 wt% glycerol (99%, Macklin)
in deionized (DI) water under magnetic stirring (DLAB MS-H-ProA)
at 120°C to obtain a homogeneous solution. Upon cooling to room
temperature, the solution solidified into an agarose gel. DI water with a
resistivity exceeding 18 megohm cm™" was obtained using a Milli-Q
Biocel purification system.

Fabrication of the planar device

Commercial acrylic plates (0.6 mm thick) were patterned into de-
vice substrates using a computer-controlled CO, laser cutter (Speedy
300, Trotec). The resulting substrates (5 mm X 10 mm) were sequen-
tially sonicated in ethanol (99.5%, Sigma-Aldrich) and DI water,
and then dried. Both the Zn-based composite anode and the MoO;
cathode were cut to the desired dimensions and, together with test
wires, affixed onto the substrate using a conductive paste. This pro-
cess yielded a planar device with a 1 mm interelectrode gap between
the cathode and anode.

Fabrication of the capsule-shaped device with test wires
Commercial reed switches with conductive wires at both ends were
sequentially ultrasonically cleaned in ethanol and DI water for 10 min
each, followed by drying. The Zn-based composite anode and MoO3
cathode were cut to the desired dimensions under an optical micro-
scope using a surgical blade. The two electrodes were then attached
onto the reed switch and electrically connected to the correspond-
ing conductive wires at both ends using conductive paste. The as-
sembly process was performed under microscopic assistance to
ensure an interelectrode gap of approximately 1 mm between the
cathode and anode. The resulting structure constituted the capsule-
shaped device with external testing wires.

Fabrication of the capsule-shaped device

The original conductive wires at both ends of the commercial reed
switch were first removed, after which the reed switch was sequen-
tially ultrasonically cleaned in ethanol and DI water for 10 min each,
followed by drying. Subsequently, the same assembly procedures used
for the capsule-shaped device with testing wires were employed, in-
cluding electrode cutting, conductive paste bonding, and interelec-
trode gap control under microscopic assistance. The final device
exhibited overall dimensions of approximately ¢1.8 mm X 5 mm,
which were determined by the original dimensions of the reed switch.

Characterization and measurements

The device weight was measured using an electronic analytical bal-
ance (XSR105, METTLER TOLEDO). The morphologies of the an-
ode materials, W powder and conductive paste were characterized
by SEM (SU8020, Hitachi) operated at an accelerating voltage of
5.0 kV and an emission current of 10 pA, with EDS used for elemental
analysis. Temperature and relative humidity (RH) were controlled
using an environmental simulation test chamber (Votsch Technik).
Device discharge behaviours were evaluated under constant-current
discharge in PBS (pH 7.2-7.4, 0.01 M, cell culture grade, ACMEC).
All electrochemical measurements were performed using an electro-
chemical workstation (Multi Autolab M204). Electrochemical im-
pedance spectra (EIS) were recorded in potentiostatic mode over
a frequency range of 10 kHz to 1 Hz with a voltage amplitude of
10 mV. To measure the pulsed output current of the device in tissue
under a pulsed magnetic field, the device (embedded in chicken tis-
sue), a reed switch and a current measurement module (National
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Instruments CompactDAQ 6218 BNC coupled with a Keithley 6514
electrometer) were electrically connected in series. An Arduino mi-
crocontroller generated pulse signals to control the switching of an
electromagnet at defined frequencies and pulse widths, thereby pro-
ducing pulsed magnetic fields to actuate the reed switch. Animal body
weights were measured using an electronic balance (JCS-110001C,
ZOGGI). Routine haematological and serum biochemical analy-
ses were conducted using a haematology analyser (XN-1000 V-B1,
Sysmex) and a clinical chemistry analyser (BS-420, Mindray), re-
spectively. Representative images of haematoxylin and eosin (H&E)-
stained cross-sections adjacent to the implantation site in control
and device groups were acquired using a slide scanner (SQS-40P,
TEKSQRAY). High-field medical imaging was conducted by CT
(IMAGING 100, Raycision). The dedicated microcontroller-based test-
ing platform employed an ESP32-C3 microcontroller unit (MCU), in-
tegrating an analog front-end and CPU system. The magnetic-field
strength was measured using a Teslameter (DLX-STW1044, DELIXI).

Ethics statements

For in vivo biocompatibility of the device, all procedures were per-
formed in accordance with the ethical standards and protocols of
Beijing Anzhen Hospital. Capital Medical University (ethical approval
number VS2126A00127). For in vivo demonstration of cardiac pac-
ing in large animals, two male beagle dogs (8 months old, 11.8 kg
& 11.6 kg, No. D25-002 & No. D26-023) and a female Bama pig
(8 months old, 32.5 kg, No. D25-064) were maintained in accordance
with the Beijing Administrative Regulations on Laboratory Animals (re-
vised 2021), as approved by the Beijing Municipal Administrative
Office of Laboratory Animals and issued by the Standing Commit-
tee of the Beijing Municipal People’s Congress. The study protocol
was approved by Beijing Anzhen Hospital, Capital Medical University
(ethical approval numbers AE2025LLA019 and AE2026LLA012).
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