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Implanted Carbon Nanotubes Harvest Electrical Energy

from Heartbeat for Medical Implants

Arjang Ruhparwar, Anja Osswald,* Heewoo Kim, Reza Wakili, Jan Miiller,
Nikolaus Pizanis, Fadi Al-Rashid, Ulrike Hendgen-Cotta, Tienush Rassaf,

and Seon Jeong Kim*

Reliability of power supply for current implantable electronic devices is a
critical issue for longevity and for reducing the risk of device failure. Energy
harvesting is an emerging technology, representing a strategy for establishing
autonomous power supply by utilizing biomechanical movements in human
body. Here, a novel “Twistron energy cell harvester” (TECH), consisting of
coiled carbon nanotube yarn that converts mechanical energy of the beating
heart into electrical energy, is presented. The performance of TECH is
evaluated in an in vitro artificial heartbeat system which simulates the
deformation pattern of the cardiac surface, reaching a maximum peak power
of 1.42 W kg~ and average power of 0.39 W kg~ at 60 beats per minute. In
vivo implantation of TECH onto the left ventricular surface in a porcine model
continuously generates electrical energy from cardiac contraction. The
generated electrical energy is used for direct pacing of the heart as
documented by extensive electrophysiology mapping. Implanted modified

heart failure.l'! Cardiac pacemakers detect
abnormal heart activity and deliver electri-
cal pulses to cardiac tissue for restoring nor-
mal cardiac rhythm.[2] CIEDs are able to re-
place the function of our body’s inherent
pacemaker. While the technology of medi-
cal devices is in rapid development, power
supply remains a critical issue. Currently,
a lithium-ion battery is used as the power
source for CIEDs. Its finite lifespan creates
a risk of device malfunction due to battery
depletion.l! Replacement of the device ev-
ery 4-10 years is unavoidable posing a risk
for the patient with each surgery.**! Many
approaches searching for biological pace-
maker alternatives have achieved good re-
sults in preclinical trials but are not yet al-

carbon nanotubes are applicable as a source for harvesting biomechanical
energy from cardiac motion for power supply or cardiac pacing.

1. Introduction

Cardiac implantable electronic devices (CIEDs) such as im-
plantable pacemakers and cardioverter-defibrillators, neurostim-
ulators, and mechanical circulatory support devices have
contributed substantially to the treatment of various cardiovas-
cular diseases, including arrhythmia, ventricular fibrillation, and

ternatives in clinical practice.l’! The reliable
functionality of modern pacemakers due in
part to the decades of experience as well
as the programming options for different
pacing modalities pose a huge advantage,
making the search for alternative energy sources essential. In
order to overcome the limitations caused by the batteries of
the CIEDs, efforts have focused on the improvements of en-
ergy sources for avoiding frequent replacement surgery as well
as to reinforce its biocompatibility.®! Self-powered energy har-
vesters that generate energy from the environment are re-
garded as promising tools of sustainability, since limited device
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lifespan becomes of less concern. Continuous, constant, and pe-
riodic movements of body parts or organs like a heart muscle,
diaphragm, blood flow, or contracting muscles represent attrac-
tive sources for energy harvesting owing to their infinite and
inexhaustible characteristics during our lifetime. In particular,
harvesting energy from the heartbeat with the capability of pro-
ducing ~#1 W of mechanical performance is promising due to its
periodic nature and large changes in muscle conformation.[**"]
Various types of energy harvesters with piezoelectric or triboelec-
tric elements have been designed and applied to the cardiac en-
vironment. The harvested electrical energy has been directed to
diverse applications such as powering CIEDs, pacing the heart
directly, or monitoring cardiac status.''"1®) However, these de-
vices are either too rigid or bulky and do not deliver the necessary
amount of energy required for CIEDs.!'7]

Twistrons are a new type of electrochemically driven energy
harvester made up of carbon nanotubes (CNT). Twistrons have a
stretchable coiled structure, transforming mechanical energy of
length deformation to electricity by inducing capacitance change
in the electrolyte without the need for external bias voltage.!*®!
This approach is based on this emerging technology to convert
generally ambient and wasted energy to useful electrical energy
and mechanical power. Twistrons have been woven into a tex-
tile to harvest energy from the bending motion of a knee, show-
ing the possibility of a wearable energy harvesting device.['l The
biocompatibility and working principle of a Twistron allowed it to
operate as a gastric movement sensor, which generates electricity
according to simulated periodic gastric deformation.[?°! Recent
research reported of high performances of Twistrons: a coiled
CNT harvester embedding reduced graphene oxide generates a
high power density of up to 730 W kg~! at 1 Hz, and a three-
plied CNT harvester has a high energy efficiency of up to 17.4%
at 0.1 Hz.[2122] The high performance of Twistrons and the fiber
shape of the CNT electrodes have advantages as an energy source
for wearables or in vivo. This power enhancement underscores
the rapid development and high dynamic in this field.

In our study, a novel energy harvesting device consisting of
coiled CNT yarn is demonstrated to convert mechanical energy
into electricity (I). The performance of this device was evaluated
in an in vitro artificial heartbeat system which simulates the de-
formation pattern of the cardiac surface under various conditions
that mimic a real human heart, allowing the detailed analysis of
the properties of the generated electricity (II). In a next step, an
in vivo preclinical porcine model was established with the aim
to demonstrate the feasibility of Twistrons for continuously gen-
erating electrical energy from cardiac mechanical activity and to
serve as a cardiac pacemaker by direct autogenic stimulation of
the heart (proof-of-concept study).

2. Experimental Section

2.1. Device Design and Characteristics
2.1.1. Fabrication of Twistron Energy Harvester

To fabricate a working electrode, a precursor CNT sheet (length:
30 cm, width: 6 cm) was drawn from the multi-walled CNT for-
est produced by chemical vapor deposition (CVD) process. The
length of the drawn CNT sheet follows the direction of the CNT
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alignment. Then the CNT sheet was rolled into a hollow cylindri-
cal shape, with its axis matching to the direction of length. The
cylindrical CNT sheet was suspended vertically to a rotational mo-
tor and a load of 107 MPa was applied to the bottom of the cylin-
der. A twist was exerted on the CNT cylinder in one regular di-
rection by the rotational motor. During twisting, the cylindrical
form of the CNT sheet changed to the shape of the twisted yarn.
After 26 turns cm™, this densely twisted CNT yarn transformed
to a coiled CNT yarn by exerting more twist in the same direction
of rotation with rotational motor. In order to confine a stretching
range of the coiled CNT yarn to 30%, the load was replaced to
a lighter load of 15.4 MPa. After coils were completed along the
entire length with the total twist density of 61 turns cm™, a fully
coiled CNT yarn was then reversely twisted around 8% of the total
twisting density under the same coiling load for higher flexibility
and performance. Untwisting process resulted in the final coiled
CNT yarn having a spring index of 0.53, having ability to stretch
to around 30%.

A counter electrode was made by the same process of fabrica-
tion of CNT yarn. Because a counter electrode should have suf-
ficiently larger electrochemical accessible area than that of the
working electrode, four times larger amount of CNT was used for
fabrication of counter electrode. Instead applying large load and
twisting densely like fabrication of working electrode, smaller
load around 1 or 2 MPa was applied, and cylindrical CNT sheet
is loosely twisted to secure large surface area.

2.1.2. Fabrication of TECH

In order to contain the whole Twistron system in a compact
device, the CNT coil working electrode and twisted CNT yarn
counter electrode were placed together in the flexible silicone
tube. The nylon knit surrounded the counter electrode to sep-
arate the two electrodes physically, but simultaneously make
them share the electrolyte. Two 3D-printed support parts with
small holes for easy suture on the cardiac surface were located
at each end of the device, respectively, and fixate the ends of elec-
trodes. A cylindrical silicone was used for the device body, and
its flexible and biocompatible characteristics allowed TECH to
be stretched smoothly along the movement of the biological car-
diac surface.?)] After two electrodes were located inside the sili-
cone tube, TECH is filled with 0.15 m NaCl aqueous electrolyte,
which has a similar concentration to a physiological saline solu-
tion (0.9% NaCl). Then the silicone tube was entirely sealed by
its ends being connected to the support parts by applying epoxy,
resulting in a form of a hollow and closed cylindrical silicone con-
tainer with whole Twistron system being contained.

2.1.3. Electrochemical Characterization

Electrochemical performance of TECH was measured by using
a Gamry potentiostat (reference 600+). OCV, SCC, and power
were measured in a two-electrode system consisting of a coiled
CNT yarn as a working electrode and a twisted CNT yarn as a
counter electrode. To measure a capacitance and following OCV
of a Twistron energy harvester, cyclic voltammetry and OCV were
measured in a three-electrode system, where a working electrode
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was a coiled CNT yarn, a counter electrode was a twisted CNT
yarn, and a reference electrode was Ag/AgCL

2.2. In Vitro Artificial Heartbeat System

For the implementation of the movement of a left ventricle’s (LV)
outer surface, a circular and hollow frame with the size of cov-
ering the balloon surface connected to a stepping motor via a
crank regularly exerts pressure vertically on a water-filled balloon
so that the part of the exposed balloon surface inside the frame ex-
pands when being pressed by the frame. Then, in order to make
the balloon’s movement resemble the motility of LV during a car-
diac cycle, one expansion and contraction cycle was divided into
4 sections, each assigned different rotation angles and speeds
by programming the stepping motor to mimic the complicated
strain motion of the heart (Figure S1, Supporting Information).
In consequence, TECH was able to conformally adhere to a bal-
loon’s surface and repeat elongation and contraction according
to the GLS pattern of the surface’s movement produced by the in
vitro artificial heartbeat system.

2.3. In Vivo Application in a Porcine Model
2.3.1. Large Animal Model Experiment

The experimental protocol was reviewed and approved by
the Committee on Research Animal Care, Land Nordrhein—
Westfalen (Landesamt fiir Natur, Umwelt und Verbraucher-
schutz Nordrhein-Westfalen, AZ 81-02.04.2019.A465). All ani-
mals received humane care in compliance with the “Principles
of Laboratory and Animal Care” and the Guide for the Care and
Use of Laboratory Animals, prepared by the Institute of Labora-
tory Animal Resources and published by the National Institutes
of Health (NIH Publication No. 86-23, revised 1996). The AR-
RIVE guidelines 2.0 was followed.

Ten female German Landrace pigs (42 + 4 kg) were utilized
in this study. The pigs were sedated with an intramuscular injec-
tion of atropine (0.02-0.05 mg kg™!), azaperone (0.05 mg kg™!),
and ketamine (0.3 mg kg™!). After insertion of an intravenous
catheter into the ear vein, propofol 2% was administered. The
animal was placed on the operating table and endotracheally in-
tubated. Mechanical ventilation (Driger Oxylog 3000 plus) was
performed in bilevel positive airway pressure ventilation mode
with standard settings with a positive end-expiratory pressure
of 5 cm H,O, peak inspiratory pressure of 20 cm H,0, and a
respiratory rate of 12 min~!. The settings were adjusted accord-
ing to arterial blood gas analysis (Radiometer, Copenhagen, Den-
mark). Anesthesia was maintained with propofol 2% (7 mg kg
h=1), midazolam 0.5% (0.3 mg kg h™!), and fentanyl (0.015 mg kg
h=!). Hemodynamic parameters were constantly monitored by
invasive blood pressure measurement, as well as a 12-lead ECG.
Catheter access was performed by 7 and 9 French sheaths in-
serted in the jugular vein (surgical cut-down) and an 8 French
and 9 French sheaths into the left and right femoral artery and
a 8 French sheath into a femoral vein (percutaneous access)
(Figure S2, Supporting Information). A lateral thoracotomy was
performed, and the heart was exposed by pericardiectomy. To re-
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duce arrhythmic events, 300 mg of amiodarone was adminis-
tered. As in standard epicardial pacemaker implantation in the
clinical setting, the stretchable soft CNT were sutured onto the
myocardial surface of the left ventricle apex with 4-0 monofila-
ment nonresorbable sutures. To evaluate energy production, the
wires were connected to an oscilloscope and measurements with
different numbers of devices were performed for a maximum of
45 min in order to maintain the hemodynamic stability of the
sensitive animals during anesthesia and surgery.

2.3.2. Cardiac Pacing

For cardiac pacing the wires from working and counter electrodes
of TECH were inserted into the ventricle at a distance of #1 cm
and fixated by 5-0 monofilament suture. To detect premature ven-
tricular contractions (PVCs), heart rate had to be reduced. With
administration of esmolol (500 ug kg min~! for 1 min, mainte-
nance dose of 50 ug kg min=") as well as adenosine boli (6-18 mg)
only a minor heart rate reduction was achieved. Therefore, atri-
oventricular (AV) node ablation was performed during mapping
studies.

2.3.3. Mapping Studies

During procedure, a steerable decapolar catheter was placed in
coronary sinus (CS). The Orion multipolar basket catheter and
Rhythmia system (both Boston Scientific, Marlborough, MA)
were used for the LV mapping. In addition, a pace/sense catheter
was placed in the RV via venous access. A local activation (LAT)
map was generated with automatic standard beat acceptance cri-
teria based on the annotations-algorithm: (1) cycle length (CL)
variation, (2) activation time difference variations between the CS
EGMs, (3) propagation reference (AR), (4) respiration, (5) QRS
morphology “favorite beat” (ECG), (6) mapping catheter move-
ment, (7) electrogram stability compared to last beat, (8) tracking
quality, and (9) window.

2.3.4. Tissue Harvesting

After euthanasia with 20% potassium chloride, explantation of
the heart was performed (Figure S3, Supporting Information).
Tissue samples were obtained from the left ventricle, interven-
tricular septum, and left atrium to evaluate potential structural
damage to the cardiac tissue (Figure S4, Supporting Informa-
tion). For H&E staining, samples of the left-ventricle were fixed
in paraformaldehyde 4%, embedded in paraffin and sectioned in
5 um sections. The combination of hematoxylin, which stains nu-
clei blue, and eosin which stains the extracellular matrix and the
cytoplasm pink, provide a good overview of the tissue sample.
Tissue processing for transmission electron microscopy
(TEM) was performed as previously described.**) In brief, the
samples were transferred into a primary fixative (2% formalde-
hyde, 2.5% glutaraldehyde, and 2 X 10~* m CaCl, in 0.15 M ca-
codylate buffer) and incubated for at least 3 h at room tempera-
ture. After postfixation, the samples were dehydrated in a series
of ethanol solutions, embedded in Durcupan followed by poly-
merization for 72 h at 60 °C. Semi-thin sections were first eval-
uated with light microscopy The embedded tissue was cut into
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Figure 1. Schematic illustration of a Twistron energy cell harvester (TECH) on a cardiac surface and its principle to harvest electricity from heartbeat
motility. The dimensional changes of the cardiac surface of a left ventricle (LV) during the repeated heartbeat cause the TECH conformally on the surface
of the heart to periodically stretch and contract. Consistent variations in the length of the coiled carbon nanotube (CNT) yarn resulting from this induce
an ion migration around it, causing the change in capacitance. Therefore, these dimensional changes are converted to electricity by the Twistron.

ultrathin sections (55 nm) and analyzed using a LaB6 cathode-
equipped JEM 1400Plus (JEOL, Ltd., Tokyo Akishima, Japan) in-
strument at 120 kV. Digital images were acquired with a CMOS
camera with 4096 x 4096 pixels (TemCam-F416, TVIPS, Gauting,
Germany).

3. Results

3.1. Device Design and Characteristics
3.1.1. Basic Function

When the TECH was stretched at the heart’s diastolic phase,
the capacitance of the stretched working electrode, the coiled
CNT yarn inside the TECH, decreased due to the high prox-
imity between CNT bundles. All TECHs exhibited this func-
tion. The mechanism of how a TECH generates electrical energy
from the periodic mechanical heartbeat movement is shown in
Figure 1 Increase in the proximity of the bundles reduced space
for charged ions which resulted in voltage increase according to
the relationship that the amount of charge (Q) is determined as
the product of capacitance (C) and voltage (V) (Q = CV)[*8 (Figure
S5, Supporting Information). Figure 2A shows the structure of
cardiac implantable TECH, encapsulated in a flexible and bio-
compatible silicone tube.

3.1.2. Optimal Spring Index

We tested different spring index (SI) conditions of the coiled CNT
yarn working electrode with respect to both maximum open-
circuit voltage (OCV) changes and strain range (Figure 2B). A
coiling load of 15.4 MPa was used for fabricating Twistron with a

Adv. Mater. 2024, 2313688 2313688 (4 of 12)

ST of around 0.53, which limited its stretching up to 30% (Figure
S6, Supporting Information). With this SI, the Twistron stretched
safely and also generated the best performance in the target
strain range compared to the other Twistrons having different
spring indices even though their performances at their respec-
tive maximum strain are on the same level around 120 mV of
OCV (Figure 2B). For an SI of 0.38 (lower than 0.53), the max-
imum strain range of the Twistron was only 15% therefore not
performing fully within the entire target strain range. Twistrons
having a ST higher than 0.53 could be stretched over the targeted
range, whereas the performance in the target strain range was
low. Although the stretching range of the Twistron with SI of 0.77
was 50%, the maximum peak-to-peak OCV at the target strain
range was only 87.9 mV compared to 122.3 mV of peak-to-peak
OCV generated by the Twistron with 0.53 of SI at the same strain
range (30%), Twistrons having ST higher than 0.53 was not appro-
priate in terms of performance. In addition, by adjusting the SI of
Twistrons and eventually its optimal working condition, it has the
potential to be applied to other parts than the heart of the periodi-
cally moving body like the diaphragm, stomach to harvest various
biomechanical energy with the most optimal performance.

3.1.3. Device Encapsulation

Figure 2C shows the 20% applied sinusoidal tensile strain and
the corresponding generated OCV of the identical coiled CNT
yarns under two different conditions in the experimental setup
which was the two-electrode system in the electrolyte bath using
a platinum mesh as a counter electrode and in the fully packaged
TECH. It turned out that the abilities to generate OCV before and
after being encapsulated into the compact device had a negligi-
ble difference, that their peak-to-peak OCV is 91.7 and 87.2 mV,

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Characteristics of a TECH as a cardiac implantable energy harvester. A) Illustration and photograph of a structure of a TECH (scale bar, 1cm).
B) Spring index optimization of the CNT coiled yarn regarding the general range of LV's global longitudinal strain (GLS). C) A sinusoidally applied
tensile strain of 20% and resulting change in open-circuit voltage (OCV) generated by Twistron before (black) and after (red) being fabricated into a
fully packaged TECH. D) Peak-to-peak OCV according to the applied strain values and the number of connected harvesters in series. Sinusoidal strain
of 1 Hz was applied. E) Frequency dependence of peak-to-peak OCV (black squares), peak power (blue circle), and matching impedance (red triangles).
F) Peak-to-peak OCV during ~50 000 stretch-and-release cycles to 20% sinusoidal strain at 1 Hz. (Inset) Comparison of the OCV at the first three cycles

and after ~42 600 cycles.

respectively, showing that there was no serious degradation of
performance due to encapsulation.

3.1.4. Multiple Device Combination
In order to enhance the performance for more diverse appli-

cations, the connection between several TECHs was tested. As
shown in Figure 2D and Figure S7 (Supporting Information) per-
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formance became higher with larger strain and more TECHs
involved in the connection. When four TECHs were connected
in serial or parallel and stretched sinusoidally to 30%, around
350 mV of maximum peak-to-peak OCV and 230 pA of maximum
peak short-circuit current (SCC) are achieved respectively. The
electrical outputs of TECH depending on stretching frequency
were measured considering a diverse range of beating frequency
of human heart with 20% sinusoidal strain applied. Figure 2E
shows that peak-to-peak OCV tended to decrease slightly as beats

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U80|7 SUOWILWIOD BAIIER.D 8|qed![dde 8Ly Aq pausencb a1e S9jole YO 8sn JO Sa|NJ 10} A%eid1 78U UO A8]1M UO (SUOTIPUOO-PUB-SWLBY W0 A8 | IMARIq U UO//:SdNY) SUOIIPUOD pue SWie 1 8y &8s " [202/S0/ST] Uo Akeiqiauliuo A8|im ‘Ariqi Aisieaun BueAueH Aq 889€TEZ0Z@WIPE/Z00T OT/I0P/LLI00" A3 1M Aeuq 1 |euluo//:Sdny oy pepeojumod ‘0 ‘G60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

per minute (BPM) increased because rapid stretch and release
prohibits enough ion intrusion and extrusion to and from coiled
CNT yarn, however, the decrease in OCV was not at a critical de-
gree.

If four TECHs were serially connected and stretched with
1 Hz, 20% applied strain, 0.338 pJ of energy per cycle is pro-
duced at 6 kQ of load resistance (Figure S8, Supporting Infor-
mation), which is similar to the pacing threshold energy of the
human heart (0.377 yJ) and higher than that of the porcine heart
(0.262 yJ), showing the potential of its utility as a cardiac stimu-
lator which delivers electrical energy harvested from the physical
movement of the heart to heart itself in order to induce the nor-
mal heart thythm as the pacemaker does.[??° The power gener-
ated from TECH was also calculated with a measured matching
impedance at various stretching frequencies. Both peak power
and average power had a tendency to increase as BPM became
faster (Figure 2E and Figure S9, Supporting Information). Be-
cause TECH’s internal impedance is inversely affected by the
stretching frequency, the matching impedance diminishes as
BPM becomes more rapid, resulting in increasing power fol-
lowing the relationship that power generated from it (P) was
calculated as the square of peak voltage (V) divided by the load
resistance (R) (P = V2/R). The matching impedance is the inher-
ent impedance of a Twistron, where the Twistron can produce
its maximum power. Generated power tends to firstly become
higher as load resistance increases and eventually start to decline
after producing the maximum power at one point where the load
resistance and inherent impedance of Twistron become identical,
which is called the matching impedance (Figure S10, Supporting
Information).

3.1.5. Durability Testing

Durability and stability are essential to realizing a sustainable
power source for the continuous operation of implantable med-
ical devices. A cyclic test was conducted under the condition
of 20% sinusoidal strain at 1 Hz (Figure 2F). During a 50 000
iterative stretch-and-release cycle, the retention rate of peak-
to-peak OCV is about 94% as well as its elastic but sturdy
structure remains intact, demonstrating the possibility of the
long-term sustainable biomechanical energy harvester. Since this
energy harvesting is achieved through a reversible mechanical-
electrochemical reaction inside the silicone container, a semi-
permanent lifespan in vivo is expected, but additional observa-
tion is needed to address concerns about physical damage to the
CNT electrode or silicone container.

3.2. In Vitro Artificial Heartbeat System

Since a Twistron converts linear movements into electricity, the
unique 2D strain pattern of a cardiac surface generated from
the consecutive mechanical event of the cardiovascular system
affects the output of the TECH. Therefore, an in vitro artificial
heartbeat system that resembled the strain pattern of the target
implant surface, specifically a global longitudinal strain (GLS) of
LV’s epicardium was designed and TECH was evaluated on this
in vitro artificial heartbeat system.

Adv. Mater. 2024, 2313688 2313688 (6 of 12)
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Figures 3A and S1 (Supporting Information) show how an in
vitro artificial heartbeat system operates by adjusting a pressure
applied to a water-filled balloon and the resultant strain waveform
of the balloon surface. Figure 3B is the 20% peak GLS strain wave-
form at 60 BPM applied on the balloon’s surface simulated by an
in vitro artificial heartbeat system and corresponding OCV and
SCC generated by TECH, respectively. It was observed that the
OCV waveform follows the applied strain pattern, and the SCC
waveform has a phase difference of 90° compared to the voltage
waveform.

Electrical performances of TECH were assessed on an in
vitro artificial heartbeat system with consideration of the hu-
man heart’s diverse conditions. Since each part of the LV sur-
face has a variety of strain ranges of its own, TECH was tested
with various strain values within the scope of the LV’s epicardial
GLS.?l Figure 3C shows that the generated OCV was propor-
tional to the applied strain while maintaining the basic waveform
of GLS, representing the potential utility of TECH as a real-time
cardiac monitoring sensor as well. Moreover, TECH was tested
under conditions of various frequencies regarding actual human
heart rate (Figure 3D and Figure S11, Supporting Information).
Considering human heart rates, GLS stimuli with three differ-
ent BPMs of 50, 80, and 130 are applied. As demonstrated in
Figure 3D and Figure S11 (Supporting Information), a beating
frequency is reflected in the OCV and SCC change as the fre-
quency of the repeated pattern, showing TECH’s ability to de-
tect a heart rate by the generated voltage or current waveform by
virtue of its energy harvesting characteristic that its performance
was proportionally responsive to the exerted strain.

Power generation by TECH was also evaluated in an in vitro
artificial heartbeat system. When 30% simulated GLS strain of
60 BPM was applied, maximum peak power of 1.42 W kg~! and
average power of 0.39 W kg~! were generated at the matching
impedance of 400 and 700 Q, respectively (Figure 3E). In ad-
dition, power generated by TECH could be obtained at various
BPMs in the range of human heart rate (Figure 3F; Figures S12
and S13, Supporting Information). It was observed that power
and energy per cycle generated by TECH are dependent on the
deformation frequency. Decline in matching impedance as in-
crease in stretching frequency resulted in increasing power.'8]
When 20% simulated artificial heartbeat GLS strain was applied,
around 60 mV of peak-to-peak OCV was stably maintained de-
spite the BPM change. In addition, peak power increased from
1.05 to 2.50 W kg™, average power also increased from 0.32 to
0.55 W kg1, and energy per cycle declined from 0.36 to 0.26 |
kg! as the beating frequency becomes higher from 50 to 130
BPM. This implies that TECH can not only generate power from
heartbeat movement over the whole range of human heart rate
for providing power supply to CIEDs or stimulating the heart di-
rectly but also gain information about cardiac status like strain
and beating frequency from the tendency of power generation
related to these deformation properties.

3.3. In Vivo Application in a Porcine Model
To assess the possibility of a TECH to be implanted on the

actual heart surface and generate electrical energy by convert-
ing cardiac surface deformation, an in vivo performance of the
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Figure 3. An in vitro artificial heartbeat system and the performance of TECH under the simulated motility of an actual human heart surface. A) One
cycle of a strain change of the balloon surface which mimics the GLS of LV's epicardium generated by an in vitro artificial heartbeat system and (inset)
the simplified working principle of it. B) 20% GLS strain waveform generated by an in vitro artificial heartbeat system and corresponding OCV and short
circuit current (SCC) from TECH before (left) and after (right) normalization by the weight of a working electrode of TECH. C) OCV generations with
various applied strains within the range of LV's GLS. D) OCV generations at various beating frequencies of 50 (sleeping), 80 (at rest), and 130 (exercising)
beats per minute (BPM), with 20% of simulated GLS strain. E) Peak voltage (squares) and resulting peak power (blue, solid circles) and average power
(blue, open circles) outputs of a TECH as a function of load resistance during artificial heartbeat with 30% of GLS strain at 60 BPM. F) Tendency of peak
power (squares), peak-to-peak OCV (circles), and energy per cycle (triangles) depending on BPM of artificial heartbeat with 20% GLS strain.

TECH as an energy harvester and a potential cardiac pace- (1-4 devices) to amplify the output (Figure 4A,D) in all ani-
maker was evaluated in a porcine model (n = 10) (Figure 4A).  mals/experiments. One device was able to yield a peak-to-peak
During continuous heart beating, the length of TECH, su- OCV of =45 mV. A combined power of 60 mV was reached
tured along to the LV’s curved outer layer, changed simulta-  with two devices, 130 mV with three devices and a maximum
neously according to the periodic dimensional changes of the  of 140 mV with four devices (Figure 4D; Figure S14 and Movie
cardiac surface. Cardiac motion led to stretching of the flexi-  S1, Supporting Information). The electrical output was in syn-
ble TECH, during the filling phase (diastole) and relaxation dur-  chrony with the heartbeat and the connected ECG (Figure 4E).
ing blood ejection (systole) (Figure 4B,C). Voltage production  After ensuring that the TECH construct reliably generated en-
was quantified by oscilloscope measurements, which were per-  ergy through cardiac motion, a subsequent experiment was con-
formed with a different number of devices connected in series  ducted to demonstrate that the devices are capable of electrically
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Figure 4. In vivo energy harvesting of TECH from heartbeat of a porcine model. A) The anesthetized swine was placed on its right side to perform a
lateral thoracotomy and expose the heart. B,C) TECHs were placed between the apex of the heart and the valve level and generated electricity by repeated
stretching by systole and diastole phases of the heart. The heart was beating in sinus rhythm. D) In vivo continuous output of OCV from four serially
connected TECHSs from the periodic heartbeat movement. E) A waveform of OCV according to the change of length of TECHs due to the movement of

a heart.

stimulating the heart and thus can serve as a potential pace-
maker.

3.3.1. Mapping Studies

To investigate the relationship between the electrical energy
generated from TECH and a sufficient excitation of the my-
ocardium a detailed activation mapping of the left ventricle was
performed using the Rhythmia system (Rhythmia, Boston Sci-
entific, Marlborough, MA). After insertion of cardiac catheters, a
3D high-density electro-anatomical maps of the heart chambers
and anatomic reference points for AV node, sinus node were cre-
ated using an Orion catheter (IntellaMap Orion, Boston Scien-
tific, Marlborough, MA) (Figure 5A-C and Movie S2, Support-
ing Information). The mapping was assessed at the beginning
before implantation of TECH. The two wires of the TECH each
connected to working and counter electrodes respectively were
placed into the myocardium of the left ventricle with a distance
of #1 cm. During the series of experiments (n = 10) a workflow
for decrease of spontaneous heart rate was established aiming
to allow spontaneous ectopic heart beating generated by auto-
genic electrical transfer by the TECH device. For reduction of
the heart rate attempts with drug administration were not suf-
ficient due to minor heart rate changes. By application of intra-
venous betablocker (esmolol) mean heart rate was only reduced
from 75 + 14 to 72 + 12 BPM. With adenosine i.v. bolus admin-
istration, heart rate decreased further down, but did not lead to
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sufficient bradycardia allowing ectopic PVCs to originate, neither
from the myocardium near the device or the other surrounding
myocardium independent from the TECH. Therefore, AV node
ablation was required. AV node ablation was performed using an
irrigated ablation catheter (Intellanav Stablepoint, Boston Scien-
tific, Marlborough, MA) and delivery of radiofrequency energy
of 50 W for 60 s based on AV node localization in the 3D map.
Subsequent to successful generation of total AV block (third de-
gree) asystole occurred, requiring RV pacing, which was initiated
to maintain a certain stable heart rate at 80 BPM. Afterward, RV
pacing was maintained for a train of 2 min and then held or al-
ternatively RV pacing rate was reduced down to 30 BPM to allow
spontaneous beating of ectopic areas including the TECH area.
After cessation of RV pacing or during bradycardic stimulation,
the resulting ectopic beats, which occurred were mapped with
the Orion mapping catheter, which was placed in the close prox-
imity to the TECH device on the endocardial surface guided by
fluoroscopy (Figure 5C and Figure S15, Supporting Information).
Mapping analysis revealed that ectopic heart beats originated in
different regions compared to regular AV nodal activation and
(Figure 5D,E) further we could identify a close proximity of these
areas to the TECH device in the fluoroscopy.

We aimed to confirm this observation by epicardial pace-
mapping by pacing from stimulated area by TECH by a
pace/sense catheter and creating an analog activation map
(Movie S3, Supporting Information). These maps showed con-
sistent QRS morphology in the surface ECG as well as an iden-
tical LAT map of the spontaneous ectopic beating compared to
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Figure 5. Cardiac pacing by electrical energy generated by TECH observed through mapping studies. 3D anatomical ultra-high-density maps including
local activation time (LAT) of A) right atrium (RA) and right ventricle (RV), and B) LV with left ventricular outflow tract (LVOT) and atrioventricular (AV)
node during sinus node activation. White arrows indicate where the heartbeat initiates (IVC: inferior vena cava; SVC: superior vena cava). C) LV map
of spontaneous premature ventricular contractions (PVC) after AV node ablation and stimulated by electrical energy produced by the TECH. D) LAT of
the LV with LV activation during sinus rhythm originating from the AV node. E) LAT map showing PVC occurring spontaneous during bradycardia from
LV when stimulated by electricity produced by a TECH. F) Electrocardiogram (ECG) with narrow QRS complex from (A) and (B), and (G) wide QRS

morphology in the ECG from (C).

local paced rhythm in the TECH area suggesting a TECH origin
of PVCs (Figure 5F,G and Movie S4, Supporting Information).

Assumptions are justified that the electrical impulses emitted
by the TECH were capable of electrical stimulation of the heart
and thus contraction of the myocardium.

Hemodynamic parameters decreased during ventricular map-
ping from a mean arterial pressure (MAP) of 68 + 7 to 63 +
10 mmHg despite arterenol administration. During pacing with
CNT hemodynamics and arterenol doses remained stable (MAP
61 £ 10 mmHg).

To ensure that the electrical stimulation of the heart was not
caused by the mechanical irritation of the wires, the working elec-
trode was disconnected in order to disable energy production as
an intraindividual control. Subsequently there was a return to
baseline heart rhythm as prior to device implantation.

3.3.2. Histological Examinations

To identify potential structural damaged to the heart, caused by
the TECH, hematoxylin and eosin (H&E) and TEM examina-
tions were performed (Figure 6). For histological and TEM ex-
aminations, the animal, in which cardiac stimulation was un-
successful, was used as a control to compare the results to those
with successful stimulation. For initial inspection H&E was per-
formed to evaluate cells and tissue structure, which did not show
any severe injuries such as myocardial infarction, inflammatory
cell infiltration, necrosis, or loss of the normal myocardial tex-
ture (Figure 6A-F). In TEM examinations of the left atrium, sep-
tum and left ventricle mitochondrial agglomerations were visible,
with swollen, but in the vast majority intact mitochondria. My-
ofibrils were well preserved. No differences were seen between
paced and non-paced animals (Figure 6G-L). Thus, pacing with
TECH had no negative effect on cell morphology.

Adv. Mater. 2024, 2313688 2313688 (9 of 12)

4, Discussion

We developed a biocompatible and implantable coiled CNT en-
ergy harvester that showed good in vitro as well as in vivo perfor-
mance, harvesting biomechanical energy from the beating heart.
Furthermore, electrical energy from implanted TECH triggered
the generation of pacemaker QRS complexes.

Twistron in conjunction with biocompatible and flexible en-
capsulation was able to harvest biomechanical energy from the
continuous heart surface deformation. The optimal performance
suitable for the target strain range of the cardiac surface could
be achieved by adjusting the SI of the coiled CNT yarn working
electrode.

To generate energy from mechanical linear movement, the
Twistron needed to be stretched periodically. Applying the TECH
to the heart, which contracts with a frequency of 60-80 BPM
at rest was the obvious choice. The induced strain on the my-
ocardium is 9%-12% in circumferential direction and 15%-23%
in radial direction.?®] The LV was selected as a target area for
TECH to harvest cardiac energy on its surface due to its dynamic
and powerful movement with one of the thickest muscle walls in
the heart.[?! As the TECH devices are soft and easily stretch no
alterations to the myocardium or changes in strain pattern of the
heart are expected. Li et al. investigated the best possible implan-
tation site, in terms of maximum energy output for piezoelec-
trical devices on the heart."?l Of the four different cardiac areas
that were compared, namely the apex cordis, anterior wall, pos-
terior wall, and lateral wall of the heart, the apex showed the best
results. Therefore, the decision was made to implant the TECH
at the apex of the left ventricle, aiming for a 20%-30% stretch
of TECH. With this approach, a maximal output of 140 mV was
achieved in our in vivo model from serial connection of four
TECHs. Output was different for each device, and lower in the
in vivo model compared to in vitro results due to the difference
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Figure 6. Investigation of intactness of the structure and tissue of the heart after TECH being implanted and heart stimulated by electrical energy from
TECH. Hematoxylin and eosin (H&E) staining for cardiac cells and tissue structure of the left ventricle of the animal with A-C) successful pacing and D—F)
control (A, D: 1.25X magnification, B, E: 10X magnification, C, F: 40X magnification). No cell injury was observed. G-L) Transmission electron microscopy
(TEM) image of the atrium, septum, ventricle after device implantation comparing cardiac structures in a successful case (top) and control case (bottom)
of cardiac pacing. G) Left atrium: Scattered mitochondrial agglomerations with fragmentation are visible. Some mitochondria are swollen and ruptured.
Glycogen deposits and lipid drops are sign of modified metabolism. Swollen and cytosolic parts of muscle cells are visible. The ultrastructure of myofibrils
is partly clearly visible. H) Within the septum mitochondrial clusters are visible. Mitochondria appear voluminous, dark mitochondria can be interpreted
as physiological. Inner membranes of cristae are stuck together. 1) TEM of the left ventricle shows mitochondrial clusters, with voluminous, round,
and dark mitochondria. Few merged cristae membranes are identifiable but more physiological mitochondria are present. Some areas show cytosolic
swelling and mitochondrial degradation as well as changes in tubular systems. In the control case (J)—(L), similar structures are present. Mitochondrial
agglomerations are shown in the left atrium (J), with small and fragmented, sporadically perforated and swollen mitochondria. Myofibrils are difficult
to recognize. K) Septum: Around the nucleus mitochondrial clusters are visible, representing a physiological state. Voluminous mitochondria show
swelling without rupture. Degradation and remodeling processes in the sense of mytophagy can be seen from cristae sticking to each other. Myofibrils
are well preserved. L) Left ventricle: Few clusters of mitochondria are visible. Mitochondria are fragmented with stuck together cristae membranes (mt:
mitochondria; cri: Crista; Nc: nucleus; myf: myofibrils; sr: sarcoplasmatic reticulum; icd: intercalated disc).

of strains between the implantation sites. The difficulty in plac-  20%-30% stretch, and further research regarding more sophis-
ing the TECH on the heart was to find the optimal LV position  ticated miniaturization of the device will be able to resolve this

as well as the correct length, to ensure the TECH was able to
completely relax during systole. Since four TECH devices were
sutured to the relativity small porcine LV, some TECH devices
were not able to perform the full stretch-and-release cycle with a
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issue.

After ensuring the continuous generation of energy by stretch-
ing TECH through cardiac motion, the wires from working and
counter electrodes of TECH were inserted into the ventricle to
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stimulate the heart. A stimulation from the TECH was subse-
quently able to generate QRS complexes (Figure 6F,G). A detailed
electrophysiological mapping of the heart was performed.!”*"]
This setup allowed for the comparison of QRS morphology
caused by the TECH with an intentionally triggered excitation
by the mapping catheter at the location of the devices, showing
that both shared the same origin. The underlying principle is that
a new rhythm caused by the TECH must be treated as if an ec-
topic rthythm source has to be localized. In consequence, the here
recorded QRS complexes certainly originated from the electric-
ity delivered from TECH. If this effect can be maintained in a
long-term setting, CNT can not only be a potential source to re-
place batteries or at least reduce their energy consumption, but
also potentially serve as an artificial cardiac pacemaker. To further
exclude the possibility that the electrical excitations were caused
by the manipulation of the heart itself, the wires of the TECH
were torn, resulting in no further additional excitation. In addi-
tion, histological and TEM examinations confirmed, that pacing
with TECH had no negative effect on cell morphology.*!]

As this study was designed as a proof-of-principle, the proce-
dure was quite invasive regarding the access to the heart as well
as number of the devices and sutures needed for fixation. The lat-
eral thoracotomy was chosen to ensure optimal exposure of the
heart and ability to observe device performance during the proce-
dure, however in a potential clinical setting, these devices could
be implanted endoscopically.

The search for alternative energy sources is a current and
urgent matter in general but also for medical implants such
as cardiac pacemakers, defibrillators, ventricular assist devices,
neurostimulators, and insulin pumps. The current increase in
lithium demand might lead to a shortage of lithium supply. Since
lithium-ion batteries are the current power source for CIEDs, this
could potentially pose a problem for medical care. Not only the
production but also the disposal of batteries poses challenges,
especially for the environment. As technology develops rapidly,
power consumption of cardiac pacemakers is decreasing, open-
ing the possibility to either be powered by Twistron or use the en-
ergy harvested from Twistron and stored in a battery. The heart
as one of the most mechanically active organs presents an inter-
esting energy source. The main task of the heart is the generation
of cardiac output. However, a large amount of the energy gener-
ated by cardiac motion remains unused. Capture and subsequent
channeling of this inexhaustible mechanical energy and transfor-
mation into electrical energy is therefore a desirable approach as
an alternative energy source for medical implants. Biocompati-
ble energy harvesters, as presented here, could potentially solve
both problems by eliminating the need for batteries altogether,
reducing the frequency of replacing them, or using the harvested
energy itself for purpose of organ stimulation like a function of a
pacemaker or a nerve stimulator. Following chronic animal stud-
ies must address several points: 1) performance and behavior of
the device in long-term in vivo use, 2) different fixation meth-
ods, e.g., with a tissue adhesive, and 3) further optimization of
the device design and improvement of the output performance
to reduce the number of implanted devices.

One of our visions is the development of implantable car-
dioverter defibrillator and pacemaker electrodes in which the car-
bon nanotubes are integrated. In that way the electrodes could
produce the energy needed for pacing/defibrillation by them-
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selves through the motion of the heart or help recharge the bat-
teries of their respective cardiac pacemakers, reducing the need
for surgical battery exchange with all its caveats. Apart from that,
TECH-like constructs can also serve as a sensor for the filling
state of the heart in analogy to gastric sensors made of carbon
nanotubes as reported previously by our group.!?’!

5. Conclusion

A novel biocompatible energy harvester based on Twistron tech-
nology was developed to generate energy from mechanical con-
traction of the heart. TECH successfully and continuously gen-
erated electrical energy in the in vitro and in vivo experiments.
Our proof-of-concept experimental setup demonstrated that pac-
ing by TECH is feasible, opening the possibility for the develop-
ment of a sustainable pacemaker based on the Twistron energy
harvesting technology.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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