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ubiquitous healthcare (u-Health) systems
for in situ monitoring and diagnoses.[1,2]
Implantable biomedical devices used for
u-Health systems contain the function of
vital sign sensing as well as data transmitting.[3,4] However, wireless communication for data transmission significantly
increases power consumption, which in
turn decreases the battery lifetime.[5,6]
Thus, repeated and additional surgeries
are inevitable to replace discharged batteries every five to eight years due to the
limited battery life of implantable medical
devices.[7] However, battery-replacement
surgery can cause inflammation, bleeding,
and infection, and induce detrimental outcomes, especially for the elderly patients
who are vulnerable to complications
and side effects.[8] Therefore, developing
sustainable self-powered implantable
electronics is necessary to reduce the
patient’s physical, psychological, and
financial burden. Although several researchers have explored
various power supplies for medical electronic implants, such
as wireless charging technologies[9–12] and implanted photovoltaic devices,[13] they have critical drawbacks resulting from

Additional surgeries for implantable biomedical devices are inevitable to
replace discharged batteries, but repeated surgeries can be a risk to patients,
causing bleeding, inflammation, and infection. Therefore, developing self-powered implantable devices is essential to reduce the patient’s physical/psychological pain and financial burden. Although wireless communication plays a
critical role in implantable biomedical devices that contain the function of data
transmitting, it has never been integrated with in vivo piezoelectric self-powered system due to its high-level power consumption (microwatt-scale). Here,
wireless communication, which is essential for a ubiquitous healthcare system,
is successfully driven with in vivo energy harvesting enabled by high-performance single-crystalline (1 − x)Pb(Mg1/3Nb2/3)O3−(x)Pb(Zr,Ti)O3 (PMN-PZT).
The PMN-PZT energy harvester generates an open-circuit voltage of 17.8 V and
a short-circuit current of 1.74 µA from porcine heartbeats, which are greater by
a factor of 4.45 and 17.5 than those of previously reported in vivo piezoelectric
energy harvesting. The energy harvester exhibits excellent biocompatibility,
which implies the possibility for applying the device to biomedical applications.

1. Introduction
The prevalence rates of chronic diseases have risen along
with aging of the global population, which strongly calls for
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electromagnetic damage and low energy efficiency in human
body, respectively.
A feasible alternative is converting biomechanical energy
into electrical energy to power implantable biomedical devices
because there are abundant mechanical movements of internal
organs such as hearts, lungs, and diaphragms.[14,15] Triboelectric energy harvesters have recently been attempted to achieve
biomechanical energy harvesting,[16–18] but they have intrinsic
limitations such as susceptibility to humidity, stability, and
surface damage from friction.[19] In contrast, flexible piezoelectric energy harvesters have attracted much attentions as a
self-powered energy source due to its high flexibility and robust
stability in the confined living body.[20–27] As flexible piezoelectric materials, several researchers have investigated PZT
ribbons[28] and polyvinylidene difluoride (PVDF) films[29] to
harvest energy from the continuous motion of the circulatory
system. They reported current levels of a few hundreds of nA
generated by regular heartbeats, but the output power was too
low to operate practical electronic applications due to insufficient material properties.
Recently, our group has demonstrated highly efficient
flexi
ble piezoelectric energy harvesters using single crystals
for biomedical application.[30–34] However, the above papers
demonstrated the operation of medical devices using in vitro
harvested energy from the bending stage. Thus, to realize in
vivo self-powered systems, there are still critical issues to be
investigated, including large animal model experiments, biocompatibility tests, and practical device operation such as
wireless communication, sensing, and pacing. In particular, a
large animal model is necessary to prove the practical use of
an energy harvester in the human body before human clinical
trials. It is also essential to check biocompatibility of the singlecrystalline generator to avoid producing an adverse effect like
necrosis or inflammation. In addition, wireless communication
devices should operate with in vivo energy harvesting to establish fully self-powered implantable u-Health systems. Although
the concept of wireless data transmission using in vivo energy
harvesting has been recently suggested by several researchers,
these systems have never been integrated with in vivo piezoelectric energy harvesters due to the requirement of microwattscale power consumption.[35–37]
In this study, we demonstrate the self-powered wireless
data transmission enabled by harvesting in vivo biomechanical energy with a high-performance piezoelectric energy
harvester in a large animal model. From the contraction and
relaxation of a porcine heart, the single-crystalline flexible
energy harvester generated a short-circuit current of 1.75 µA
(open-circuit voltage of 17.8 V), which is higher by a factor
of 17.5 than that of previously reported in vivo piezoelectric
energy harvesting.[28] Various cell viability tests and the histological aspects were also performed to show the biocompatibility of a flexible single-crystalline generator, which revealed
no serious sign of cytotoxic damage and inflammatory reaction. Finally, we were able to wirelessly transmit communication data using the self-powered system driven by the porcine
heartbeat. It was also visually proved by repeatedly switching
on and off a light bulb at a long distance of about 5 m without
any other power source. This successful self-powered wireless data transmission shows the possibility of powerful
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application to u-Health systems directly using biomechanical
energy harvesting.

2. Results and Discussion
Figure 1a illustrates the conceptual scheme for in vivo selfpowered system using a flexible single-crystalline (1 − x)
Pb(Mg1/3Nb2/3)O3−(x)Pb(Zr,Ti)O3 with 0.5 mol% Mn doping
(PMN-PZT-Mn) energy harvester attached to a porcine heart.
The Mn-doped PMN-PZT crystal has high piezoelectric charge
coefficient (d33 ≈ 1140 pC N-1)[38,39] and electromechanical coupling factor (k33 ≈ 0.92), which is significantly greater than
other PZT materials.[38] The figure of merit of PMN-PZTMn, an important factor for evaluating piezoelectric property,
was found to be one order of magnitude higher than that of
undoped PMN-PZT because of the high mechanical quality
factor (Table S1, Supporting Information). Moreover, the thirdgeneration single-crystalline PMN-PZT-Mn exhibited negligible dependence on the thickness due to higher coercive and
internal bias field,[38] which can be a great advantage for flexible
energy harvesters that require thin film for flexibility. The
flexible energy harvester was fabricated by a protocol similar to
our previous report[32] as shown in the Experimental Section.
To simulate the feasibility of energy harvesting in a human
body, a large animal model was set up in an adult pig, which
has a heart anatomy similar to that of human beings.[40] Wireless data transmission as a practical application was carried
out with the energy derived from periodic porcine heartbeats.
Figure 1b shows that the flexible PMN-PZT-Mn harvester bent
by human fingers has high mechanical flexibility and durability
during bending deformation. As shown in the scanning electron microscopy (SEM) image of the PMN-PZT-Mn thin film

Figure 1. a) Conceptual scheme for the in vivo self-powered system. The
flexible energy harvester attached to a porcine heart generated electricity
from rhythmical cardiac contraction and relaxation. Energy derived from
the heart can be used in wireless data transmission which is essential
to the u-Health system. b) The flexible energy harvester bent by human
fingers. The inset is an SEM image of the single-crystalline PMN-PZT-Mn
thin film on the PET substrate. c) A photograph of the device affixed to a
porcine heart between the right ventricle and left ventricular apex.
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on the polyethylene terephthalate (PET) substrate (inset of Figure 1b), the single crystal
was successfully transferred on a plastic
substrate without any waviness, fracture, or
crack. Excellent crystallinity of the PMN-PZTMn thin film after the transfer process was
clearly observed through an X-ray diffraction
analysis (Figure S1, Supporting Information), a transmission electron microscopy
(TEM), and a selected area electron diffraction pattern (Figure S2, Supporting Information). This superior crystallinity of the
flexible single crystal piezoelectric thin
film produced an outstanding output of the
energy harvester.
The flexible energy harvester was
implanted in a porcine heart, as presented
in Figure 1c. An adult Yorkshire pig (male,
40 kg) was anesthetized, and then endotracheal intubation in the pig was performed
for mechanical ventilation. After a median
sternotomy, the energy harvester was
sutured onto the epicardium with one stitch
at each corner of the device to maintain
conformal contact. A flexible piezoelectric
energy harvester based on a polymer film
(75 µm thickness) has bending stiffness of
9.95 × 10−5 Nm, smaller than that of medical
patch for cardiac surgery (2.52 × 10−3 Nm),
which would not affect the physiological
activity of the heart.[40] Among various locations, the strongest flexion of the device was
achieved when the device was fixed at the
region between right ventricle and left ventricular apex.[40] It is notable that the flexible
energy harvester was smoothly deformed
with slight displacement even in a vigorous
contraction of ventricles (Video S1, Supporting Information), which provided high
stability and durability during contraction Figure 2. a) The generated output open-circuit voltage and short-circuit current from the
flexible energy harvester during the periodical bending and unbending motions on a linear
and relaxation motions of the heart.
stage. b) The charged voltage in a 22 µF capacitor with the flexible energy harvester. The upper
Figure 2a shows the electrical output perinset presents a schematic circuit diagram. The lower inset is a magnified view of the charging
formance of the flexible PMN-PZT-Mn energy graph in time scale from 0 to 5 s. c) Photographs of the device when the heart relaxes in diastole
harvester through mechanical bending and (top) and contracts in systole (bottom). d) In vivo output open-circuit voltage and short-circuit
unbending deformations on a linear stage. current of the device derived from porcine heartbeat and simultaneously recorded ECG signals
The harvesting device generated an open-cir- of the pig. e) Magnified view of the ECG, current, and voltage peak.
cuit voltage of 40 V and a short-circuit current
of 4.5 µA with a curvature radius of 2 cm and
a frequency of 0.4 Hz. As shown in Figure S3 in the Supporting
(κ: 0.50 cm−1), which definitely increases performance stability.
Information, the flexible energy harvester could respond to
Figure 2b presents the charging curve of a 22 µF capacitor from
various frequencies (1.7, 2.7, 5.3 Hz). Performance stability
0 to 3.7 V for 400 s using the flexible PMN-PZT-Mn energy haris important to operate the device for a long time. A bending
vester with 1 Hz continual bending and unbending deformafatigue test was performed to verify long-term stability and
tion. The electrical output was rectified to charge a capacitor
durability of flexible energy harvester. The output voltage sigwith a full-wave bridge rectifier of which the circuit diagram is
nals were steadily observed without performance degradation
displayed in the upper inset of Figure 2b. In full-wave bridge
during around 100 000 bending and releasing cycles as shown
rectifier, the four diodes are arranged in series pairs with only
in Figure S4 in the Supporting Information. Note that bending
two diodes, which makes the current flowing through the
curvature in actual in vivo conditions (κ: 0.17 cm−1) such as the
capacitor unidirectional (Figure S5, Supporting Information).
The lower inset is a magnified view of the charging graph,
heart and diaphragm is much less than that of our fatigue test
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which indicates a step curve by each cycle
of bending and unbending of the flexible
generator.
Figure 2c shows that the energy harvesting
device fixed on the epicardium bent and
released when the heart contracted in the systole and relaxed in the diastole, respectively.
Two powerful beats appeared in a cycle of
the heartbeat, corresponding to the atrial and
ventricular systole. The ventricular systole
produced a large deformation of the flexible
piezoelectric film because of its stronger contractility than that of the atria. From the contraction and relaxation motion of the porcine
heart, the flexible energy harvester generated
an open-circuit voltage of 17.8 V and a shortcircuit current of 1.75 µA (Figure 2d), which
were higher by a factor of 4.45 and 17.5 than
that of previously reported in vivo piezoelectric energy harvesting.[28] Note that the output
current has been significantly improved compared to the previous research. This high
level output current is extremely important
for practical application such as wireless
communication, sensing, and pacing. Especially, generating at least a microampere
level of current is crucial for wireless communication that has a power consumption
of several microwatts and driving voltage of a
few volts.[35] These outstanding performances
Figure 3. Immunofluorescence images of stained a) HEK293 cells, b) H9C2, and c) HL-1, which
were obtained because of the remarkable were cultured on a cell culture dish and flexible energy harvester. The panels show the cells grown
piezoelectric charge coefficient as well as the on the culture dish after a day (left upper panel), on the device after a day (left lower panel),
minimal-thickness dependence of the third- on the culture dish after 5 days (right upper panel), and on the device after 5 days (right lower
panel). d) Normalized viability of three kinds of cells after being cultured for 5 days.
generation single crystals.
The electrical output signals generated
the cardiac oscillation resulting from turbulent blood flow, the
from the flexible energy harvester were well synchronized
pulsation of coronary arteries on the surface of the heart, and
with electrocardiogram (ECG) signals from the porcine heart,
the nonsynchronous contraction of other parts of the heart,
as shown in Figure 2d, which proves that the generated elecetc.[18] While the generated output voltage signal has a little diftricity was originally derived from cardiac motions. Due to its
accurate coincidence with ECG signals, the energy harvester
ferent waveform from the ECG signal due to the capacitance of
could be applied to a heart monitoring sensor, detecting carthe device and source-meter, the change of the detailed value by
diac information such as normal and abnormal heart rates. For
each characteristic wave was obviously manifested, as shown in
example, the normal heart rate of the pig was 75.9 BPM, which
the right panel of Figure 2e.
was easily calculated as the peak-to-peak interval of electrical
Biomedical applications inside living bodies require the relisignals of 0.79 s (Supporting Information). To compare output
able evaluation of biocompatibility to prevent adverse influsignals with ECG signals in detail, each ECG, current, and
ences on surrounding tissues. As shown in Figure 3, to study
voltage peak is magnified in Figure 2e. A normal ECG comthe effect of the single-crystalline generator on the body, a cytoprises several characteristic waves that arise from the electrical
toxicity test was carried out via a comparison of the cell viability.
conduction system of the heart.[41] The first upright wave called
Three different species were chosen as common tissue cell
lines: human embryonic kidney cells (HEK293), rat cardiomyothe P wave corresponds to atrial depolarization, which causes
blasts (H9C2), and the mouse cardiac muscle cell line (HL-1).
the myocardium of the atria to contract. The QRS complex repCells of the control group were grown on the general cell culresents ventricular depolarization that results in the contraction
ture dish, and then the same species cells were also incubated
of the left and right ventricles. The T wave, the last event of the
on the device for the experimental group. The incubated cells
cycle, indicates repolarization of the ventricles, which restores
were stained with alpha smooth muscle actin (α-SMA) and
the resting state. All the characteristic waves (P, QRS, and T
waves) were clearly revealed in the output current signals as
4′,6-diamidino-2-phenylindole (DAPI) for taking fluorescence
expressed in the left panel of Figure 2e, although there was a
images with a confocal microscope. The myofibroblast formasubsidiary wave around the P wave. This residual minor signal
tion was marked in green with α-SMA and nuclei were stained
was presumably due to some mechanical deviations, such as
blue with DAPI. Figure 3a–c shows immunofluorescence
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images of HEK293, H9C2, and HL-1, respectively. Images
display cells were grown on the culture dish after a day (left
upper panel), on the device after a day (left lower panel), on
the culture dish after 5 days (right upper panel), and on the
device after 5 days (right lower panel). The images after 3 days
of culture are also shown in Figure S6 in the Supporting Information. Live cells with undamaged nuclei were clearly shown
during all periods of the culture, which means that all kinds of
cells were readily spread with intact cytoarchitecture for both
the control and experimental groups. Viability of the control
group showed no significant differences from that of the experimental group as shown in Figure 3d. Note that PMN-PZT-Mn
energy harvester had no detectable cytotoxicity to diverse species including human beings. Although the piezoelectric layer
contains Pb, PZT-based materials are known to be nontoxic to
cells in the crystalline state.[42] Moreover, the third-generation
single crystals lead to a substantial increase in crystal stability,[43,44] which reduces chemical reactivity with surrounding
cells. Little toxicity is further enhanced by complete encapsulation with biocompatible passivation epoxy (SU-8).[45,46] The
SU-8 passivation layer also prevents the generated electricity
from affecting the physiological activity of porcine heart due to
its excellent electrical insulation.[47–49]
In addition to cellular toxicity, we also tested inflammatory
reactions against the device to consider histological effects of
the implanting situation. The PMN-PZT-Mn flexible energy harvester with a size of 1 cm × 1 cm was inserted under the dorsal
skin of normal rats. After some given implantation periods, the
dorsal tissue was transversely sliced and stained with hematoxylin–eosin (H&E), which is the primary staining method in
medical diagnosis.[50] Hematoxylin was used to color nuclei of
cells in blue followed by eosin to counterstain cytoplasm in red.
Compared with the control group (Figure 4a), which did not
have device implantations, the experimental group revealed no
significant differences in terms of surgical pathology on one day
(Figure 4b) and 7 days (Figure 4c) after implantation. As shown

Figure 4. Histology images of a) control group, b) a day after, and
c) 7 days after the implantation of the flexible energy harvester in the
dorsal skin of a rat. d) Quantification of the percentage of inflammatory
and fibrotic areas in the histological sections.
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in Figure 4d, quantification of inflammation was expressed as
the percentage of the stained nuclei area compared with the
examined total area. The infiltration of inflammatory cells was
only slightly increased on one day after implantation compared
with the control group (1.88 ± 0.20% vs 1.36 ± 0.33%). There
was also little difference in levels of infiltration of inflammatory
cells 7 days after surgery (1.99 ± 0.31%), indicating that implantation of the single-crystalline generator had little inflammatory
reaction. Consequently, the excellent biocompatibility based on
histological analysis as well as a cell viability test implies the
possibility of applying the flexible energy harvester to biomedical applications. We are currently developing chronologically
biochemical and clinical investigations to inspect long-term
biocompatibility of the implanted PMN-PZT-Mn device.
Figure 5a illustrates the experimental schematics of the selfpowered wireless data transmission using the in vivo energy
harvesting approach. The energy produced by cardiac motions
was stored to a 22 µF capacitor through a full-wave bridge rectifier. When power supply pins of the transmitting part were
connected to the capacitor that was charged enough to operate
wireless communication, written data was wirelessly transmitted to the receiver using a communication protocol named
wireless universal serial bus. To visually verify the wireless
data transmission, the data was written as the instruction of
switching on and off a light bulb at a long distance of about
5 m away.
Figure 5b shows circuit diagrams and photographs of the
wireless communication module composed of the transmitting
and receiving parts.[51] The voltage of the capacitor charged by
the single-crystalline energy harvester was used to the drain
voltage (VDD) of the transmitting part (Figure 5b-i). When the
drain voltage was supplied, the microcontroller unit (MCU)
began to encode communication data. The total data size was
38 bytes long, which was composed of 2 bytes for the preamble,
32 bytes for the address, and 4 bytes for the message. The
encoded data was sent to the transmitter from the MCU and
then wirelessly transmitted to the receiving part in the form
of radio frequency (RF) signals through an antenna. When the
receiving part received the data, the receiver converted the RF
signals to digital signals (Figure 5b-ii). The data was decoded
through a decoder and then sent to a target application which
was used to switch on and off the light bulb. To successfully
operate wireless communication with a relatively small amount
of energy generated by biomechanical movements, as shown
in Figure 5c, analyzing the specifications of the communication module needs to be conducted. Figure 5c-i presents the
voltage change of VDD triggered by wireless communication
of which the steep slope in time from 29.8 to 34 ms indicates
that the data was wirelessly transmitted. Operation of the communication module required a threshold voltage of above 2.3 V,
therefore, the voltage drop after 34 ms resulted from a voltage
beyond its inherent range of input voltage. Energy consumption
for the wireless transmission was about 40.8 µJ as the voltage
of a charged capacitor changed from 3.0 to 2.3 V (see the calculation in the Supporting Information). Figure 5c-ii shows
the amount of current supplied to the module during wireless
communication at a time scale magnified from 29 to 35 ms.
The actual transmission occurred in 0.4 ms from the start-up
and serial peripheral interface (SPI) process, preworks of the
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a few microcoulomb were needed to transmit
the data and then the single-crystalline
energy harvester was capable of generating
the amount of charge with in vivo energy
harvesting.
Figure 5d shows the large animal experiment with a median sternotomy of a pig for
in vivo energy harvesting. The flexible energy
harvester was affixed to the porcine heart
and worked stably even after chest closure,
as shown in the left inset of Figure 5d. A
22 µF capacitor was connected to the device
in parallel by a wire protruding the chest
wall, and then the transmitter (CY3668
WirelessUSB NL Development Kit, Cypress
Semiconductor Corporation) was connected
to the capacitor again in parallel. The light
bulb at a long distance from the transmitter
was repeatedly switched on and off without
any other power sources whenever the electricity charged in the capacitor was above
the driving threshold voltage (as shown in
Video S2 in the Supporting Information). It
proves that wireless data transmission was
successfully performed by biomechanical
energy.

3. Conclusion
In conclusion, we have demonstrated practical usage of a high-performance singlecrystalline flexible energy harvester by
operating wireless data transmission with
the electrical energy converted from heartbeats in a large animal model. The flexible
energy harvester was sutured onto the epicardium after a median sternotomy. The
energy harvester generated output voltage
of 17.8 V and current of 1.75 µA from rhythmical porcine heartbeats, which were greater
Figure 5. a) Experimental schematics of the self-powered wireless data transmission using
by a factor of 4.45 and 17.5 than that of prebiomechanical energy. The flexible energy harvester attached to porcine heart generates elecviously reported in vivo piezoelectric energy
tricity from cardiac contraction and relaxation motions. The energy derived from cardiac motion
harvesting. The electrical output, especially
was stored in the capacitor, and then the appointed data was transmitted to receiver wirethe output current, was well synchronized
lessly. A light bulb was repeatedly turned on and off as the data was used for the instruction
of switching on and off the light bulb to visually verify data transmission. b) Circuit diagrams with the porcine ECG, which showed that
and photographs of the wireless communication module comprised of i) transmitting part and
the output was originally obtained from carii) receiving part. c) Specification of the wireless communication module. d) A photograph of diac motion. Due to its accurate coincidence
the large animal model experiment. The left inset shows chest closure after the flexible energy with the ECG signals, the energy harvester
harvester was implanted. The right inset shows the light bulb switched on and off with wireless
could also be applied to a heart monitoring
data communication using biomechanical energy.
sensor. The biocompatibility of the device
was proved by a cell viability test and histological analysis. The cell viability test revealed no significant
data transmission, took 3.8 ms. The total amount of charges
sign of cytotoxicity for various cells of three different spefor transmission, corresponding to the area under the curve,
cies. Moreover, histology aspects showed that implantation of
was easily calculated by integrating the current graph. Because
the single-crystalline device had little inflammatory reaction.
the sharp peaks during the start-up and SPI process can be
Finally, the energy derived from porcine heartbeats was sucignored due to its short generation time, the current of transcessfully used to wirelessly switch on and off a light bulb as
mission (18 mA for 0.4 ms) mainly affected the total amount
practical application to a u-Health system.
of charge. It is notable that based on a rough calculation, only
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4. Experimental Section
Fabrication of the Flexible PMN-PZT-Mn Energy Harvester: The singlecrystalline PMN-PZT-Mn bulk block was grown by a solid-state crystal
growth method and the composition was 0.4 Pb(Mn0.33Nb0.67)O3 –
0.6 Pb(Zr0.42Ti0.58)O3 with 0.5 mol% Mn doping. The PMN-PZT-Mn bulk
block was bonded on a glass substrate with an adhesive wax that had a
melting point of 60 °C. The PMN-PZT-Mn bulk was polished to a thin film
with a thickness of 20 µm. The PMN-PZT-Mn thin film (2 cm × 3 cm ×
20 µm) was fixed on a PET (3.5 cm × 7 cm × 75 µm) substrate that
was coated with an adhesive epoxy (ultraviolet sensitive polyurethane).
To separate the glass substrate from the PMN-PZT-Mn thin film, the
sample was heated on a hotplate at the melting point of the adhesive
wax for a few minutes. The Au interdigitated electrodes (IDEs, 100 nm
thick) were deposited on the successfully transferred PMN-PZT-Mn
thin film on a PET substrate. Encapsulation was performed with SU-8
passivation epoxy (2 µm in thickness) and then Cu electrical wires were
connected to the Au IDE by silver paste. Finally, a poling process was
carried out to align the dipoles by applying an electric field of 5 kV mm−1
at room temperature for 3 h.
In Vivo Study: The investigation conformed to the Guide for the
Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication, 8th edition, 2011). The study
protocol was approved by the Institutional Animal Care and Committee
of Yonsei University College of Medicine and Cardiovascular Research
Institute (approval reference no. 2015-0220), and conformed to the
guidelines of the American Heart Association. An adult Yorkshire pig
(male, 40 kg) was anesthetized by intramuscular injection of ketamine
(8 mg kg−1) followed by intravenous propofol (1 mg kg−1) injection, and
then endotracheal intubation in the pig was performed for mechanical
ventilation at a rate of 12 cycles per minute. Anesthesia was continued
with the isoflurane dose fixed at 1.0%. After a median sternotomy, the
energy harvester was sutured onto the epicardium with one stitch at
each corner of the device. Cu wires attached to metal electrodes of the
energy harvester were connected to a source-meter (Keithley 2612A)
to measure the electrical output voltage and the current from cardiac
contraction and relaxation motion.
Cell Culture: Human embryonic kidney (HEK293) cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Gaithersburg,
MD, USA) supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES, pH 7.4,
10 × 10-3 m), 1% nonessential amino acids, penicillin (100 U mL−1),
and streptomycin (100 µg mL−1). H9C2 embryonic rat heart-derived
cells from ATCC were cultured in Dulbecco’s modified Eagle’s medium,
supplemented with 10% FBS under 95% air/5% CO2, and subcultured
when at 50%–60% confluence. HL-1 cells from ATCC with cardiac
phenotype were grown in fibronectin–gelatin coated flasks containing
Claycomb medium (Sigma-Aldrich) and supplemented with 10% FBS,
penicillin (100 U mL−1), streptomycin (100 µg mL−1), l-glutamine
(2 × 10-3 m) and norepinephrine (0.1 × 10-3 m). Cells were cultured at
37 °C and 5% CO2.
Cell Viability Test: Cells of control groups and those of experimental
groups were grown on a general cell culture dish and a flexible energy
harvester, respectively. The cultured cells were fixed with 4% ice cold
formaldehyde (pH 7.2–7.3) for an hour at room temperature, then
washed with phosphate-buffered saline (PBS) and permeated with
0.3% Triton X-100 for 30 min. The cells were washed and blocked with
5% bovine serum albumin (BSA) with 0.3% Triton X-100 in PBS for
30 min. The cells were washed and stained with α-SMA as the first
antibody using 1% BSA with 0.3% Triton X-100 in PBS through the
night at cold room of 4 °C. The cells were washed and stained with
Alexa Fluor 488 dye as the second antibody using 1% BSA with 0.3%
Triton X-100 in PBS for 3 h at room temperature. Then, they were
washed for 5 min and repeatedly washed three times, then stained
with DAPI during the final washing. Fluorescence images were taken
using a Zeiss LSM 710 confocal microscope (Carl Zeiss, Oberkochen,
Germany).

Adv. Funct. Mater. 2017, 27, 1700341

Histological Evaluation of In Vivo Biocompatibility: The PMN-PZT-Mn
flexible energy harvester with the size of 1 cm × 1 cm was inserted
under the dorsal skin of randomly selected rats. The dorsal tissue was
transversely sliced and fixed in 10% formalin, embedded in paraffin,
and stained with H&E, which is the primary staining method in
medical diagnosis. Quantification of inflammation and fibrotic area was
expressed as the percentage of stained area in comparison with the total
area of fields examined, using ImageJ, image analysis software (National
Institutes of Health, Bethesda, MD, USA).

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