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Implantable nanogenerator (i-NG) has shown great promises for enabling self-powered implantable medical
devices (IMDs). One essential requirement for practical i-NG applications is its long-term bio-compatibility and
bio-safety. This paper presents a systematic study of polydimethylsiloxane (PDMS) and PDMS/Parylene-C
packaged polyvinylidene ﬂuoride (PVDF) NGs implanted inside female ICR (Institute of Cancer Research) mice
for up to six months. The PVDF NG had a stable in vitro output of 0.3 V when bended for 7200 cycles and an in
vivo output of 0.1 V under stretching. Multiple advanced imaging techniques, including computed tomography
(CT), ultrasound, and photoacoustic were used to characterize the embedded i-NGs in vivo. The i-NGs kept
excellent adhesion to the adjacent muscle surface, and exhibited stable electrical output during the entire examine period. No signs of toxicity or incompatibility were observed from the surrounding tissues, as well as from
the whole body functions by pathological analyses and blood and serum test. The PDMS package was also able to
eﬀectively insulate the i-NG in biological environment with negligible stray currents at a pA scale. This series of
in-vivo and in-vitro studies conﬁrmed the biological feasibility of using i-NG in vivo for biomechanical energy
harvesting.

1. Introduction
During the last ten years, nanogenerator (NG), a device that harvests micro- and nanoscale mechanical energy and converts it into
electricity, has been rapidly advanced from a conceptual design to a
practical technology for eﬃcient mechanical energy harvesting from
the ambient environment [1–6]. The simple conﬁguration, high eﬃciency, decent electrical output and good ﬂexibility have endowed NGs
a great potential for powering implantable medical devices. Since the
ﬁrst demonstration of ZnO nanowire-based implantable NG (i-NG) in
2010 [7], i-NGs has been consistently investigated and developed as a
self-sustainable implantable power source and for real-time healthcare
monitoring [8,9]. For example, ﬂexible NG based on polyvinylidene
ﬂuoride (PVDF) microbelts with tunable thickness was developed to
harvest energy from low-speed air ﬂow, and demonstrated an opencircuit voltage of ~ 0.5 V driven by respiration [10]. The open-circuit
voltage of a NG is typically deﬁned as the voltage measured between
the two NG electrodes when there is no load connected in between. A
⁎

maximum output power (deﬁned as the electrical energy generated per
unit time) of 12 μW was achieved on a 100 kΩ load. A ﬂexible and
implanted NG based on lead zirconate titanate (PZT) nanoribbons was
developed to aﬃx on the heart of bovine and an output open-circuit
voltage up to 4 V was generated upon heart beating [11]. Kim et al.
reported a high performance (1-x)Pb(Mg1/3Nb2/3)O3-(x)Pb(Zr,Ti)O3
(PMN-PZT) i-NG with an open-circuit voltage of 17.8 V from the contraction and relaxation of a porcine heart [12]. These recent developments of i-NG showed consistent > 3 V output voltage from regular
body functions, which was suﬃcient to power small implantable
medical devices (IMDs), such as pacemakers, cardiac deﬁbrillator, and
hearing aid [13,14]. In addition, applying i-NG as an active sensor for
real-time biomedical monitoring has also been attracting growing interests. A number of physiological and pathological behaviors such as
respiration, heartbeat and blood pressure, could be accurately and
continuously monitored by interpreting and recording the voltage signals from specially-designed i-NG systems, providing excellent sensitivity, and spatial and time resolution [15–17]. Most recently,
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holes (~ 0.8 mm in diameter) were drilled by the small benchtop drill
press at each corner of the PDMS/Parylene C ﬁlm.

intriguing interactions between i-NG and cell activities were further
discovered. The periodic biphasic pulse-like electrical signals generated
from NG were found capable of accelerating cellular proliferation, adjusting cellular orientation, stimulating cellular motility and inducing
intracellular calcium transients [18–20].
One of the most essential requirements for i-NG development is the
long-term bio-compatibility and bio-safety. Earlier work on NG development has demonstrated extensively long life span of the piezoelectric
functional components owing to the nanoscale size, which oﬀers much
higher ﬂexibility and fractural tolerance compared to the bulk morphology [21–23]. Even ceramics based NGs could operate for more than
100,000 straining cycles without observable performance degradation
[9]. Our previous work also showed a continuous and steady operation
of PVDF-based NGs for more than 1.5 × 108 straining cycles [24]. Although such long straining cycles are suﬃcient for in vivo operation of
NG for 5–10 years in theory, long-term assessment of i-NG in biological
systems has not been investigated. Recent work has demonstrated the
biocompatibility and safe operations of piezoelectric i-NG in vivo for a
few days, such as LiNbO3-doped (K,Na)NbO3(KNN) thin-ﬁlm-based iNGs [25]. Nevertheless, since most IMDs are designed to have yearslong life span, it is necessary for i-NGs to have at least the same operation lifetime. Meanwhile, considering the potential risks of immune
reactions and infections over a long period of time, biological inﬂuence
of i-NG also needs to be fully evaluated to justify their implantation
feasibility. To ﬁll the gap and address this critical issue, herein we
systematically investigated the long-term bio-compatibility and biosafety of PVDF-based piezoelectric NGs in female ICR mice, including
the stability of materials functionality in biological environment, and
NG's inﬂuence to biological systems. PVDF was chosen in i-NG design
because of their combined merits of good mechanical ﬂexibility and
reasonably high piezoelectric coeﬃcients (20–30 pC/N for d33 and 16
pC/N for d31), which are critical for implanted devices [26]. Up to six
months in vivo testing, i-NGs exhibited excellent structural and functional stability over the entire implantation period. Histological, blood
and serum examinations also revealed no signs of toxicity or incompatibility. This research conﬁrmed the long-term bio-compatibility
of ﬂexible i-NGs and provided the ﬁrst cornerstone for practical i-NG
system implantation.

2.2. i-NG characterization
To characterize the piezoelectric output of NG, the leads were ﬁrst
bonded with PVDF ﬁlms and then the PVDF ﬁlms with leads were
packaged by PDMS. One end of the packaged PVDF ﬁlm was ﬁxed on a
stationary stage, while another end was attached to a moveable stage.
Driven by a permanent magnet shaker (LV201, M4-CE), the ﬁlm was
bended and released at a bending radius of 0.63 cm with a controlled
frequency. The voltage was recorded by an Agilent DSO1012A oscilloscope. The oscilloscope probes were directly connected to the two
electrodes of the NG and no additional load resistant was added in
between. When evaluating the piezoelectric performance after implantation, the i-NG was ﬁxed on a ﬂat bench surface. After the device
was extracted from the rat hosts at diﬀerent time frame, the excess
PDMS on one side of device was removed and two thin leads were inserted into device to make contacts with either side of PVDF. A force of
6 N (quantiﬁed by a Force Gauge HF-500N) was applied to the entire
NG surface by a permanent magnet shaker (LV201, M4-CE) at 2 Hz. The
frequency was controlled by a function generator (Stanford Research
Systems, Model DS345) and the force was tuned by a signal ampliﬁer
(Harman/Kardon, A-401). The voltage outputs were recorded by the
same oscilloscope setup as descried above. For stray current measurement, a device consisting of gold electrode (5 mm × 5 mm) and PDMS
package (200 µm thick) was immersed in a 60 mL 0.9% NaCl saline
solutions. A function generator (Stanford Research Systems, Model
DS345) connected with 1 MΩ resistor was used to provide a continuous
sinusoidal 20 μA current (peak-to-peak) toward electrode to simulate
the NG output. A copper electrode was attached to the surface of PDMS
package, and the stray current ﬂowing from the copper electrode to the
ground was measured periodically by a low noise current preampliﬁer
(Stanford Research Systems, Model SR570).
2.3. PVDF phase characterization
X-ray diﬀraction patterns of PVDF ﬁlms were acquired from the
Bruker D8 Discovery with Cu Kα radiation.

2. Experimental section
2.4. Implantation of the NGs
2.1. Fabrication of i-NG
All animal experiments were conducted under a protocol approved
by the University of Wisconsin Institutional Animal Care and Use
Committee. 4-to-6-week-old female ICR mice (Envigo, New Jersey,
USA) were used to investigate the biocompatibility of the NGs postimplantation. Brieﬂy, anesthesia was introduced by inhalation of 5%
isoﬂurane and maintained with 2% isoﬂurane. Following anesthesia,
the mice were placed at the prone position. After the region of lower
back was sterilized with iodine and alcohol scrubs for three times, a
skin incision of ~ 3 cm was made near the hip joint. The NGs were
placed between the epithelial and deep muscle layer and were further
ﬁxed on deep muscle layer by diagonal sutures using natural proteinaceous silk ﬁbers. At last, the incision was sutured, then animals were
allowed to recover and remained normal activity for up to 6 months.

A piezoelectric PVDF ﬁlm (~ 50 µm in thickness, from Measurement
Specialties Inc.) was cut into a 5 mm × 5 mm piece ﬁrst. A layer of
50 nm gold was deposited on both sides of the PVDF ﬁlm as electrodes
by E-beam Evaporator (CHA-600). Four small holes (~ 0.8 mm in diameter) were drilled by micro drill press at each corner of the PVDF ﬁlm.
Then, a polydimethylsiloxane (PDMS) (Sylgard 184, Tow Corning) solution consisting of pre-mixed elastomer and crosslinker at the ratio of
10–1 was spin coated on both sides of PVDF ﬁlm with diﬀerent thickness. The 100 µm PDMS ﬁlm was coated at the speed of 800 rpm for
60 s; while the 300 µm PDMS ﬁlm was coated at the speed of 200 rpm
for 60 s. Another four small holes (~ 0.8 mm in diameter) were drilled
by the small benchtop drill press (DRL-300.00) at each corner of the
PDMS ﬁlm. For PDMF/Parylene-C packaged NGs, the PVDF NG was
ﬁrst encapsulated by PDMS through the same procedure discussed
above. Then a 15–20 µm Parylene-C thin ﬁlm was deposited on both
side of the PDMS package using a parylene chemical deposition system
(Model 3000 Lab Top, PARA Tech Coating, Inc.). Inside the deposition
system, 4 g dimer (Parylene Type “C”, Parylene Coating Service, Inc)
was ﬁrst vaporized at 130 °C and then pyrolyzed at 650 °C and at 15–20
mTorr to form Parylene-C vapor. The vapor went through a post-pyrolysis heater with a temperature of 220 °C and ﬂew into the room
temperature deposition chamber (The temperature of deposition
chamber was in the range of 25–65 ℃). After deposition, four small

2.5. In vivo imaging methods for the assessment of NG
Computer tomography (CT), ultrasound, and photoacoustic imaging
were performed to evaluate the position and integrity of NGs post-implantation. In brief, for CT imaging, mice were laid at the prone position after anesthesia. CT was scanned using an Inveon microPET/CT
scanner (Siemens Medical Solutions, USA) at the 4th, 12th, and 24th
week of post-implantation. For photoacoustic imaging, the mice were
anesthetized and set on a VisualSonics Vevo2100 LAZR instrument
(Fujiﬁlm, Japan). The target region was covered with ultrasonic
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material can be well transmitted to the PVDF ﬁlm. Two typical biocompatible polymer materials, PDMS and Parylene-C, were selected for
packaging. Parylene-C has long been used as the protective coating for
medical device. The long-term biocompatibility of PDMS has also been
conﬁrmed by several independent studies. (Supplementary Material S2)
[29–31] The PDMS packaging layer was spin coated on both sides of the
PVDF ﬁlm with diﬀerent thicknesses (Fig. S1). The asymmetric thickness of PDMS layer was designed to ensure that the PVDF ﬁlm was
positioned away from the neutral-strain plane during bending. A group
of PDMS-packaged PVDF was selected to receive an addition layer of
Parylene-C coating. The multilayer packaging was expected to provide
enhanced protection against bioﬂuids erosion and electrical leakage.
Another four pin holes at each corner were designed for aﬃxing the iNG to the muscle layer by sutures. The PVDF ﬁlm remained its β phase
after the entire fabrication procedures (Fig. S2) and the piezoelectric
output was only slightly reduced (by < 50 mV) after the complete
packaging (Fig. S3). The as-fabricated i-NG device was then tested in
vitro under regular deﬂection. When bended at a frequency of 2 Hz (to
closely represent the actual biomechanical energy stimulations found in
biological systems) [32,33], the NG exhibited a consistent peak-to-peak
current of ~ 45 nA (Fig. S4) and a voltage of ~ 0.3 V (Fig. 1b) for over
7200 bending cycles (Fig. S5). This stable output conﬁrmed the good
piezoelectric behavior of the PVDF ﬁlm as well as a reasonably high
piezoelectric output even under the package of polymer materials.
The surgery steps for i-NG implantation were shown in Fig. 1c. All
surgery procedures followed the standard surgery protocol. To prevent
infection, the packaged i-NG devices were sterilized before implantation. The lower right back near the hip joint was chosen as the implantation location, where the device could be easily deﬂected when
the mouse moved their lower limbs. At ﬁrst, an incision of ~ 3 cm was
cut down to the level of deep muscle (Fig. 1c-i). Then, the upper connective tissue and superﬁcial muscle layer were detached, and the
sterilized i-NG was sutured on the surface of deep muscle to ensure a
tight attachment and no relative movements between the i-NG and
muscle surface (Fig. 1c-ii). Given that the connective tissue between
skin and muscle is easy to remove, therefore, there is plenty room for
NG implantation. After implantation, the incision was sutured back to

coupling gel and imaged using the Visualsonics Vevo LAZER system
with an excitation wavelength at 690 nm. Ultrasound imaging was also
performed using this VisualSonics Vevo2100 LAZR instrument.
2.6. Safety assessment of NG in mice
Histological analysis, blood and serum test were used for safety
assessment of NG in mice at the 2nd, 4th, 12th, and 24th week of postimplantation, respectively. For histological analysis, after animals were
euthanized, tissue around NG was collected for histological analysis,
containing the skin, superﬁcial muscle, connective tissue, deep muscle
and the device on the top of deep muscle layer. The tissue was frozen
and sectioned at 10 µm thickness at the vertical direction of skin. Tissue
sections were hematoxylin and eosin (H&E) stained for analysis.
Assessment of the tissue sections used four criteria including: (1) degree
of inﬂammatory inﬁltrate; (2) degree of ﬁbrosis; (3) presence of muscle
degeneration; and (4) presence and degree of cellular toxicities around
NG (e.g., change of cell shape, cellular nucleus, etc). For blood and
serum test, orbital whole blood was collected before animals were euthanized. Blood test was performed using an Abaxis VetScan HM5
Hematology Analyzer (Allied Analytic, USA). After the whole blood was
centrifuged at a speed of 2000 rpm, serum was collected for urea nitrogen, creatinine, AST, and ALT measurement.
3. Results and discussions
3.1. NG implantation and electrical outputs
PVDF, a ferroelectric polymer with high piezoelectric coeﬃcients
(20–30 pC/N for d33 and 16 pC/N for d31) and good biocompatibility,
has recently been used as the functional material building block for iNG development [24,27,28]. In this work, PVDF NGs with selected
packaging materials were used as a model system to study the biocompatibility. Fig. 1a presents the schematic structure of a packaged
PVDF NG. Four small holes were drilled at each corner of the PVDF ﬁlm
to pin the PVDF ﬁlm tightly with the packaging material. These pin
holes were critical to ensure that the strain subjected by the packaging

Fig. 1. NG fabrication and implantation. (a) Schematic structure of a packaged PVDF i-NG. Inset is a photo of the actual device, where the scale bar is 5 mm. (b) In
vitro voltage outputs of a packaged PVDF i-NG when deﬂected at a frequency of 2 Hz. Inset schematically shows deﬂection direction. (c) Digital photos showing the
typical surgery process of NG implantation (i)-(iii), and wound healing situations of the implantation area in the next day (iv) and after six months (v) post-surgery.
730
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implantation, ﬁne structures such as the shape of the i-NG, pin holes,
and position of the PVDF layer could still be clearly visualized (Fig. 2b),
conﬁrming that there were no observable damages and degradations of
the packages on both i-NGs. Transverse CT images showed that i-NGs
were located subcutaneously and wrapped tightly by the surrounding
tissues without any change of CT density, indicating good interfacial
compatibility between device and muscle/tissue (Fig. 2c). These CT
images revealed excellent long-term biocompatibility of both PDMS and
PDMS/Parylene-C packaged i-NGs.
Photoacoustic imaging combines the high contrast of optical imaging with the high spatial resolution of ultrasound, and is able to show
the optical properties of diﬀerent tissues [35]. In our study, gold electrodes could be detected at the absorption wavelength of ~ 690 nm by
photoacoustic imaging. Both PDMS and Parylene-C packaged NGs displayed a “sandwich”-like signal in photoacoustic imaging (Fig. S6). Two
long lines with hyper echo represented the upper and bottom encapsulation layers of the i-NG. The short line at the center with hyper
echo was high photoacoustic signals from the gold electrodes. While CT
scan was impractical to detect the gold electrodes, photoacoustic imaging perfectly revealed the fact that gold electrodes were well protected
by the encapsulation.
Ultrasound imaging was then used to obtain real-time observation
of the motion of i-NGs in response to muscle movements. Fig. 2d and e
show a series of ultrasound images recorded when the ICR mice moved
their right lower hip joints. The i-NG exhibited bright contrasts under

completely cover the i-NG inside the mouse body (Fig. 1c-iii). After the
surgery, the mice behaved normally without any disorder of movement.
The wound healed well without any inﬂammation on the skin one-day
post-surgery (Fig. 1c-iv). The skin fully recovered without any scar after
6 months (Fig. 1c-v), and the mouse behaved normally during such a
long period time (Supplementary video S1). These results evidenced a
successful i-NG implantation, which was critical for long-term biocompatibility and bio-safety study.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.07.008.
3.2. In vivo study of implantation and biocompatibility
Computed Tomography (CT), Ultrasound and Photoacoustic imaging were utilized to observe in vivo characteristics of the implanted
NGs. The small-animal CT produces 3-dimensional (3D) x-ray images
were based on the information of tissue densities, which were able to
reconstruct a high-deﬁnition 3D images of animals with a resolution up
to 100 µm [34]. Therefore, CT imaging was able to provide a precise
monitoring of the suture eﬀectiveness and i-NG's structural integrity
inside the mouse body. At the 4th, 12th, and 24th week of post-implantation, the same ICR mice implanted with NGs were scanned by CT.
The whole-body 3D projection CT images demonstrated that both i-NGs
(packaged with PDMS, and PDMS/Parylene-C) remained at the same
region without observable displacements (Fig. 2a). After 24 weeks of

Fig. 2. In vivo CT and ultrasound imaging of i-NGs in ICR mice body. (a) CT 3D projection images of ICR mice with NG implanted on the top surface of deep muscle
near the hip joint. The mouse on the right- and left-hand-side of each pair was implanted with a i-NG packaged by PDMS (yellow circle) and PDMS/Parylene-C (green
circle), respectively. (b) Enlarged CT scans of PDMS packaged (left panel) and PDMS/Parylene-C packaged i-NGs (right panel). These devices were obtained after 24
weeks of implantation and cleaned before CT scan. (c) CT transverse images of ICR mice at the 12th week post implantation. The left and right images were from mice
implanted with i-NGs packaged by PDMS (yellow circle), and PDMS/Parylene-C (green circle), respectively. (d) Ultrasound imaging of PDMS packaged i-NGs and the
surrounding tissues. Images of static (i) and movement state (ii) were presented. (e) Ultrasound imaging of PDMS/Parylene-C packaged i-NGs and the surrounding
tissues. Images of static (i) and movement state (ii) were presented.
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frame. Regional tissues from the skin to deep layer muscle from the
implantation location were shown by H&E staining (Fig. 3). Tissue from
the same region in ICR mice without implantation was sectioned and
stained as well for comparison. Due to the multiple washing steps in the
process of H&E staining, the NG piece could not to be preserved;
whereas a gap between the adjacent tissue and deep muscle could be
observed in each section, indicating the location of the i-NG. The surrounding tissues of the NG exhibited no observable diﬀerences compared to the sham sample. There were no obvious inﬁltrations of lymphocytes in the adjacent tissues including skin, tissue and muscle layers.
Neither tissue injury nor morphological change at muscular cells were
found. No signs of cellular toxicity or muscular atrophy/degeneration
were observed over that 24-week period. In general, histological analysis revealed no signs of toxicity or incompatibility induced by both
PDMS and Parylene-C packaged NGs, conﬁrming the good bio-compatibility of our i-NGs over a long testing period.
To determine the physiological and biochemical states of whole
body functions of the mice, blood and serum test were performed at the
same implantation time frames, i.e. 2, 4, 12, and 24 weeks after implantation. Fig. 4 summarizes all the tested factors where the normal
range is marked between two violet dashed lines. First of all, the inﬂammation-related factors including lymphocytes (LYM), white blood
cells (WBC), monocytes (MON), neutrophile granulocyte (NEU) and
neutrophile granulocyte percentage (NEU percentage) did not show any
abnormality, which further conﬁrmed that there was no inﬂammation
in the entire body over 6 months of NG implantation. The implanted
NGs did not induce any abnormal readings of the number of red blood
cells (RBC) and hemoglobin (HGB), conﬁrming no signs of anemia.
Normal blood urea nitrogen (BUN) and serum creatinine (SCr) suggested normal renal function, and normal aspartate transaminase (AST)
and alanine transaminase (ALT) suggested normal liver function during
the entire 6-month implantation period. The only abnormal reading
shown in the blood test was platelets (PLT). PLT showed a high reading
during the ﬁrst two weeks of implantation. As a component of blood,
PLT functions along with the coagulation factors to stop bleeding by
clumping and clotting blood vessel injuries [39]. As a result, a temporarily increased PLT number is usually considered as a common situation related to post-surgery coagulation [40]. The PLT number decreased gradually over longer time and eventually reached the normal

ultrasound as highlighted by the dashed square boxes. The top and
bottom high echo lines represented the two encapsulation layers of the
i-NG. Between them, the two short high echo lines represented the two
gold electrodes. Several high echo lines below the NG region could be
related to multiple reﬂection artifacts. This ultrasound artifact is typically resulted from the movement of imaging target. When the mice hip
muscle was relaxed, the PDMS-encapsulated NG exhibited a slight upward bending toward the skin direction, exactly following the shape of
the muscle (Fig. 2d-i); whereas, the NG with Parylene-C exhibited a
fairly straight proﬁle (Fig. 2e-i). When the skin near the hip joint was
stretched, the deep muscle at the implantation region was elongated.
Accordingly, an apparent downward bending was observed from the
PDMS-encapsulated NG (left panel of Fig. 2d-ii, supplementary video
S2), suggesting that the NG could follow the movement of attached
muscle precisely. However, the Parylene-C packaged NG remained a
straight proﬁle regardless of the muscle motions (right panel of Fig. 2eii, supplementary video S3). This is because Parylene-C has a much
higher Young's modulus (3–5 GPa) compared to PDMS (0.1–1 MPa)
[36–38], which largely increased the rigidity of the i-NG even when its
thickness was relatively small. In order to maximize the i-NG's electrical
output, it is critical for the i-NG to show corresponding deﬂection as the
supporting muscle or tissue moves. In this regard, pure PDMS would be
a superior packaging material that can provide a desired device ﬂexibility.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2018.07.008.
Pathological analyses of the implanted devices were performed at
the 2nd, 4th, 12th, and 24th week after implantation to diagnose the
potential infections and necrosis in surrounding tissues. Gross pathology was performed ﬁrst by reopening the implantation area and
examining the i-NGs and its surrounding tissues. There were no signs of
toxicity or incompatibility induced by the NG, including changes of
shape, color and structure of surrounding tissues (Fig. S7). After 24
weeks of implantation, both i-NGs remained a tight adhesion to the
muscle surface and no detachment was observed. Growth of tissues
through the pinholes (without stitch) on the encapsulation layer was
observable, which further tightened the i-NG on muscle surface. Haemotoxylin and Eosin (H&E) staining was used to examine the position,
toxicity, and bio-compatibility of the i-NG devices at diﬀerent time

Fig. 3. H&E staining of regional tissue from skin to deep layer muscle. Sham sample from a mouse without implantation (a) and sliced samples from mice implanted
with PDMS- and PDMS/Parylene-C-packaged NGs for 2 weeks (b and c), 4 weeks (d and e), 12 weeks (f and g), and 24 weeks (h and i), respectively. A gap between
connective tissue and deep muscle was found in each mouse, which indicated the location of the i-NG.
732
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Fig. 4. Periodical blood and serum test results. Blue and orange bars represented i-NGs packaged with PDMS and PDMS/Parylene-C, respectively. The normal range
is marked in between two violet dashed lines. The inﬂammation factors including white lymphocytes (LYM), blood cells (WBC), monocytes (MON), neutrophile
granulocyte (NEU) and neutrophile granulocyte percentage (NEU percentage). The red blood cells (RBC) and hemoglobin (HGB) were related to anemia. For other
remaining values, the blood urea nitrogen (BUN), serum creatinine (SCr) are correlated to kidney function while aspartate transaminase (AST) and alanine transaminase (ALT) are linked to liver function. The changes of platelets (PLT) represented the coagulation function after surgery.

Fig. 5. I-NG performance stability investigation. (a) In vitro voltage outputs of PDMS and
PDMS/Parylene-C packaged i-NGs after they
were taken out from sacriﬁced mice at different time frames. (b) Stability of voltage
outputs as a function of time for i-NGs with
diﬀerent packaging strategies. The purple and
red bars represent i-NGs with PDMS and
PDMS/Parylene-C package, respectively. (c)
Leakage current test of PDMS-package NGs
over 21 days. Upper ﬁgure is the input current
signal (provided by the function generator).
Bottom ﬁgure is the corresponding leakage
current measured between the NG surface and
ground.
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reported stray currents of PDMS package [44]. Such a small ratio of
stray current of PDMS packages ensured that the i-NG could operate
safely inside human body without introducing any detrimental electrical inﬂuences to the surrounding tissues.

range when the i-NGs were implanted more than 6 weeks. In general,
no signiﬁcant abnormal readings were detected from the blood and
serum test, which further conﬁrmed that both PDMS and Parylene-C
packaged i-NGs had excellent biocompatibility over a long period of
time.

4. Conclusion
3.3. Long-term electrical performance evaluation
In summary, this work systematically studied the long-term biocompatibility and bio-safety of PVDF-based piezoelectric NGs in female
ICR mice, as well as the stability of materials functionality in biological
environment. The embedded i-NGs were characterized by multiple
advanced in vivo imaging techniques, including CT, ultrasound, and
photoacoustic. During the 24-month implantation period, the i-NGs
were remained at the same subcutaneous region by eﬀective sutures.
With the robust protection of encapsulation layers, the device integrity
including PVDF ﬁlm functionality and electrode coverage was well
preserved. No signs of toxicity or incompatibility induced by the
packaged NGs were observed in the surrounding tissues. Physiological
and biochemical states of the whole body functions of the mice remained normal with the implantation of i-NGs during the six-month
testing period. Moreover, no reduction in electrical outputs was found
over the entire implantation period. Only extremely low stray current
was detected from the packaged NG in saline solutions, ensuring an
electrically safe operation of the NGs in biological environment. These
systematic studies conﬁrmed the long-term biocompatibility and biosafety of PVDF-based i-NGs, providing a cornerstone for practical i-NG
system implantation.

Bioﬂuid is one of the chemically harsh environments which pose
threats to biomedical implants by eroding the packaging layer, reacting
with the functional components, and leading to device failure. While
above investigation conﬁrmed the excellent bio-compatibility of the
selected packaging materials, it is equally important to conﬁrm that the
i-NG can be fully protected from the erosive bio-environment and remain an un-aﬀected performance during the long-term implantation. In
addition, the protective package also needs to provide electrical insulation, so as to minimize the stray current and thus electrical inﬂuences to surrounding tissues. To discover the electrical performance of
the encapsulated NGs, the piezoelectric voltage outputs and stray current of all i-NGs were tested as a function of implantation time.
Since it was not practical to monitor the voltage output of implanted
i-NG in vivo over a long time on living mice, the performance of i-NG
was evaluated in vitro after a certain period of time of implantation with
the hypothesis that in vitro output data validate normal in vivo operation. This hypothesis was supported by measuring the in vivo output of
the implanted i-NG and establishing the relationship with in vitro data
from the same device. When implanted, the i-NG generates a peak-topeak voltage of ~ 0.05 V when the leg muscle of mouse was stretched at
a frequency of 1 Hz; and the voltage raised to ~ 0.1 V at a higher
stretching frequency of 2 Hz (Fig. S8). The i-NG yielded ~ 0.3 V piezoelectric output under in vitro measurements due to much more signiﬁcant displacement. This comparison validated in vitro characterization was able to justify appropriate in vivo function of i-NGs.
Piezoelectric voltage outputs were then tested from implanted i-NGs
when they were removed from the mice body after 2, 4, 12, and 24
weeks of implantation. All the i-NGs were tested by applying a compressive force of 6 N toward the NG surface at a frequency of 2 Hz. A
same NG before implantation was also examined under the same conditions as a reference (marked as 0 week). As shown in Fig. 5a, all the
PDMS and Parylene-C packaged i-NGs exhibited a similar peak-to-peak
output voltage of ~ 0.5 V. By recording the output constantly over a
relatively long time, the average voltage outputs were obtained as a
function of implantation time and plotted in Fig. 5b. No trend of voltage
amplitude decay could be observed from the data collected during the
24 weeks of implantation period. The steady in vitro voltage outputs
evidenced the excellent durability of both packaging materials as well
as the PVDF ﬁlms after being placed in a real biological environment
and being subjected to constant body motions over a long period of
time.
The stray current of i-NGs in bioﬂuids was estimated in vitro by
immersing a specially-designed NG model in a 0.9% NaCl saline solution for 21 days. During the testing period, a function generator was
used to provide a continuous sinusoidal electrical signal toward electrode to simulate the piezoelectric output. The simulated electrical
signal remained a 20 μA peak-to-peak current amplitude, which was
among the highest current outputs that a piezoelectric NG could produce [41–43]. Selecting such a high output current would ensure the
safe operation of all piezoelectric i-NGs with an acceptable-level of
stray current. The current signal between the packaging material and
ground was monitored as the stray current (the characterization setup is
schematically shown in Fig. S9a). The measured stray current shared
the same pattern as the function current but with a pA-level amplitude
(Fig. S9b). The input current and leakage current were plotted as a
function of time in Fig. 5c. The stray current remained at an extremely
low level of ~ 20 pA over the entire testing period. This value was only
0.0001% of the functional current, which was at the same level of other
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