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ABSTRACT: Operation time of implantable electronic devices is
largely constrained by the lifetime of batteries, which have to be
replaced periodically by surgical procedures once exhausted, causing
physical and mental suffering to patients and increasing healthcare
costs. Besides the efficient scavenging of the mechanical energy of
internal organs, this study proposes a self-powered, flexible, and one-
stop implantable triboelectric active sensor (iTEAS) that can provide
continuous monitoring of multiple physiological and pathological signs.
As demonstrated in human-scale animals, the device can monitor heart
rates, reaching an accuracy of ~99%. Cardiac arrhythmias such as atrial
fibrillation and ventricular premature contraction can be detected in
real-time. Furthermore, a novel method of monitoring respiratory rates
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and phases is established by analyzing variations of the output peaks of the iTEAS. Blood pressure can be independently
estimated and the velocity of blood flow calculated with the aid of a separate arterial pressure catheter. With the core—shell
packaging strategy, monitoring functionality remains excellent during 72 h after closure of the chest. The in vivo biocompatibility
of the device is examined after 2 weeks of implantation, proving suitability for practical use. As a multifunctional biomedical
monitor that is exempt from needing an external power supply, the proposed iTEAS holds great potential in the future of the

healthcare industry.
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hysiological and pathological parameters, such as heart

rhythm, respiratory rate, and blood pressure, are major
concerns in clinical practice. The absence of the timely
detection of sudden changes in vital signs often results in life-
threatening conditions and even mortality in a short term. For
inpatients, intermittent measurement of the physiological
variables could leave out transient or silent symptoms, thus
leading to misunderstanding involved in illness evaluations.
Moreover, the use of external bulk-size recorders over a long
period of time has been hampered by discomfort, complexity,
and inadequate patient compliance.’ The emergence of
implantable monitoring devices provides a continuous, stable,
and real-time solution, which is critically needed for prompt
and reliable diagnosis and intervention for patients with urgent
or severe diseases.” > For instance, implantable cardiac
monitors (ICMs) could identify potential arrhythmic origins
for tran51tory symptoms such as unexplained syncope or
palpitations.”” The application of implantable blood pressure
monitors could provide early diagnosis of health problems,
accurate assessment of drug efficacy, and reduction of
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healthcare cost.’ "' In contrast to wearable biomedical

monitoring systems, implantable counterparts bring about a
continuous monitoring function of high fidelity and accuracy
without activity limitations and artifacts caused by the patient’s
movement.'>”

Owing to unremitting efforts of the medical and engineering
communities, implantable momtormg devices experienced a
rapid progress in recent years.'”'° However, heavy reliance
upon power supplied by traditional electrochemical batteries
limits the operation lifetimes of these devices and therefore
constrains the implementation of real-time or continuous
biomedical monitoring. 17720 Bor example, the new- generatlon
ICMs only have a functioning lifespan of around 36 months.’
Depleted batteries have to be periodically replaced by surgical
procedures that would substantially heighten the morbidity and
mortality of patients and increase healthcare financial
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Figure 1. (a) Exploded-view illustration of the structure. (b) Schematic drawings of the iTEAS in original and bending states. (c) SEM image of
nanoscale feature of n-PTFE triboelectric layer on elastic Kapton substrate. Scale bar: 5 gm. (d) Photograph of the flexible fabricated nanogenerator.
(e) Schematic proposed mechanisms of the device working in a vertical contact-separation mode. (f) Schematic correspondence between voltage
output of the iTEAS and different phases of heart motion indicated by ECG. Typical in vivo (g) Vo and (h) I of the implanted device. Magnified

views of highlighted regions are shown in the inserted figures.

burdens.”' > For the minimization of power consumption and
the extension of battery life, one approach is to use circuitry
that turns the system on for 10 s every 5 min, in essence
creating a “sleeping mode” for the devices.”* However, these
solutions are not satisfying, and therefore, a truly continuous
and real-time monitoring function is not realized yet.”>
Recently, a broad spectrum of investigations emerged that
focused on harvesting mechanical energy in living environ-
ments to replace batteries. Our previous study has demon-
strated that the intracorporeal biomechanical energy could be
scavenged and converted into electric power.”*”>" However,
implantation of both the energy harvester and a medical
monitor would occupy more space inside the human body and
complicate the surgical procedure, which leads us to believe
that a one-stop device will be an ideal solution. Interestingly, we
further noticed that abundant biomedical information was
contained in the electrical outputs of an implanted nano-
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generator. Enlightened by this finding, we inspected the
relationship between vital signs and output signals and explored
the possibilities of applying implantable nanogenerators to
biomedical monitoring.

In this work, we, for the first time, propose a self-powered
and multifunctional implantable triboelectric active sensor
(iTEAS), which can provide accurate, continuous, and real-
time monitoring of multiple physiological and pathological
signs. The flexible iTEAS is implanted into the pericardial sac of
living swine and fixed to the pericardium. In responding to the
heartbeat and breathing, an electric output with an open-circuit
voltage (Vo) of ~10 V and a short-circuit current (Igc) of ~4
UA can be yielded, showing a robust self-generated capability
and exempting the necessity of an onboard battery. The
integration of nanostructured triboelectric layers and pliable
encapsulating materials enable the proposed biomedical sensor
to detect tiny changes of motions of circumferential organs. As
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demonstrated in human-scale animals, the device can monitor
the heart and respiratory rate, detect life-threatening
arrhythmia, and estimate the pressure and the velocity of
blood flow with aid of an arterial pressure catheter. With a
novel core—shell packaging strategy, the in vivo sensing
accuracy and biocompatibility of the device are respectively
examined upon 72 h and 2 weeks after closure of chest,
suggesting the suitability for practical use.

Results and Discussion. The as-fabricated iTEAS was
composed of triboelectric layers, electrodes, and spacers, which
were encapsulated with multilayer biocompatible materials, as
presented in Figure lab. A nanostructured polytetrafluoro-
ethylene (n-PTFE, SO pm) thin film was employed as one
triboelectric layer and fixed on a Kapton (polyimide) film (150
um), which served as a substrate for its excellent elasticity and
strength. An ultrathin Au layer (50 nm) was deposited on the
back side of the Kapton film to form one of the electrodes. Al
film (100 ym) was used as both another triboelectric layer and
electrode. In addition, it is worth noting that the spacers
combined with an elastic titanium strip were integrated on
Kapton film to guarantee the contact and separation of
triboelectric layers more effectively. Figure 1c shows scanning
electron microscopy images of the n-PTFE thin film, which was
surface-morphologically modified by dry-etching to create
nanoscale features to enhance the surface triboelectric charge
density. A core—shell encapsulating strategy was applied to
achieve the hermetic, biocompatible, and flexible packaging.
PTFE, which has a wide application in medical implants, was
used as the first-layer encapsulation material. A flexible PDMS
layer was then deployed by spin-coating to enhance the
leakproof characteristics. To further increase the stability of the
device and avoid potential erosion in the humid and corrosive
in vivo environment, a Parylene film was deposited to form a
high-density and hole-free coating layer. More details can be
found in the Experimental Methods section in the Supporting
Information.

Mechanical robustness needs to be assured for long-term in
vivo application confronting circumferential extrusion and
moisture, while flexibility is required in case of damage to the
brittle tissues or compromising of the function of internal
organs. Trade-off were made by using this core—shell packaging
technique. Mechanical elasticity of the final assembled self-
powered active sensor is exhibited in Figure 1d, with a total
dimension of 30 X 20 X 1 mm® The thickness was strictly
controlled to be pliable enough to closely fit the nonplanar
surfaces of organs and maintain sensitivity in response to
biomechanical motions. The in vitro output performance was
examined by a linear motor with periodical mechanical
triggering. The Vo and Igc reached ~75 V and ~12 uA,
respectively, demonstrating considerable self-powered ability
(Figure Slab).

The working principle of the iTEAS is illustrated in Figure
le,f. In brief, the triboelectric layers separated and contacted
along with the contraction and relaxation of the heart, thus
outputting electric signals continuously through the coupling of
contact electrification and electrostatic induction. Specifically,
the n-PTFE layer was brought into vertical contact with the Al
layer during the diastole of the heart, and the electrons were
injected from the Al layer into n-PTFE due to the difference in
triboelectric series, resulting in a positively charged Al layer and
negatively charged n-PTFE. The triboelectric layers contacted
when the heart was fully dilated, with positive charges on the
Au electrode being screened and the same amount of inductive
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charges presenting on the Al layer. During the systole of the
heart, the n-PTFE separated from the Al layer, and the
electrons flowed from the Au electrode to the Al layer. When
the heart fully contracted and the triboelectric layers were
separated, positive charges on the Al layer were completely
screened, and the same amount of inductive charges were
presented on Au electrode. Electrons were driven to flow
through the external circuit with the dilating and contracting of
the heart, thus contributing to cyclic alternating electric output
signals.

To simulate the internal environment of human body, a
large-scale animal model was deployed for in vivo inves-
tigations. Adult Yorkshire pigs (male, 30 kg) were handled by
strictly conforming to the “Shanghai Administration Rule of
Laboratory Animal” and the Institutional Animal Care and Use
Committee (IACUC) approved protocol of the Animal Care
Center at the Second Military Medical University. Briefly, the
animal was anesthetized with an injection of ketamine (8 mg/
kg, intramuscularly (IM)) followed by propofol (1 mg/kg,
intravenously (IV)) and then intratracheally intubated and
ventilated in a rate of 12 cycles per minute (S s per cycle).
Anesthesia was maintained with 1.0% isoflurane. A midline
sternotomy was made on the chest of each of the swine for the
implantation of our devices, providing a broad operative field
for testing. In consideration of the size and thickness of the
sensor (3 cm X 2 cm X 0.1 cm), minimally invasive techniques
including intercostal mini-thoracotomy and video-assisted
thoracoscopic surgery (VATS) would be feasible in future
clinical applications, allowing faster recovery and less scarring.

The iTEAS was implanted into the pericardial sac between
the epicardium and pericardium and then affixed to the
pericardium, with one stitch used at each corner of the device
(Figure S2a). This anchoring method avoided injuries to the
myocardium, reduced the risk of bleeding on account of the
limited blood vessels on the pericardium, and minimized the
disturbance on cardiac motions. Comparative anchoring
alternatives, such as fixing onto the epicardium (as previously
reported by Rogers’ group),'” optimized output performances
by maintaining conformal contact between the epicardium and
piezoelectric energy harvesters. However, this was not
necessary in our study because it was the rapid vertical contact
and separation between the heart and the triboelectric device
that efficiently generated the electrical signals. After the
implantation and fixation, the pericardium was sutured to
achieve complete contact of the iTEAS with the epicardium
during cardiac relaxation (Figure S2b). Lead wires, protruding
the chest wall, were used to connect the device and a
multichannel data acquisition (DAQ) system. The self-powered
ability of the active sensor was assessed by the in vivo output
performance of V5 and I, with no signal conditioning circuit
involved, which could reach to 10 V and 4 pA, respectively
(Figure 1gh). Although the in vivo electrical outputs were
lower than those of former in vitro tests based on a larger
extent of mechanical deformation induced by the external linear
motor, it was still higher than at least a majority of previousl;r
reported devices for intracorporeal energy harvesting,'®'*>%>

Because the electric outputs of the device were transduced
from biomechanical energy generated by motions of internal
organs, the outputs carry abundant information on biomedical
signals. Thus, we proposed that the sensory characteristics of
iTEAS could be used for self-powered biomedical monitoring.
First, we focused on the relationship between output signals of
the iTEAS and fundamental cardiac parameters, including heart
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Figure 2. (a) R waves of ECG (asterisks) absolutely corresponded to peaks of voltage output of the iTEAS (arrows). (b) The highlighted region
represented time intervals between two enlarged contiguous pairs of the R wave and output voltage. Instant heart rates were calculated to be 89.4
and 88.6 beats per minute (bpm), achieving an accuracy (A) of 99.11%. (c) The consistency between R waves and voltage peaks remained under
resting (~60 bpm, rHR), active (~90 bpm, aHR), and stressed (~120 bpm, sHR) conditions. (d) Further analysis of HRs under different states
using continuous intervals (n = 6). (e) R—R intervals were unequal between each other but consistent with corresponding peak—peak intervals in an
atrial fibrillation porcine model. (f) Ectopic R waves (asterisks) in representative ECG indicating ventricular premature contraction (VPC)
corresponded to diminished waveforms (arrows) of the device. All error bars indicate + sd.

rate (HR) and rhythm. Here, the electrocardiogram (ECG) was
selected as the reference standard for its accuracy and reliability
in tracking simple heart rate and diagnosis of complex
arrhythmias.””*" Probes fixed on the skin of the swine were
connected to the DAQ system to record ECG results. As
depicted in Figure 2a, the peak waves of voltage output are
highly synchronous to corresponding R waves in ECGs, which
are widely perceived as signs of heartbeats. The time interval
between two consecutive QRS complexes, which is conven-
tionally represented by the time between two neighboring R
waves, can be used to calculate instantaneous heart rate under
physiological conditions. Therefore, HR can be obtained with
the following formula:

HR (beat per minute) = 60/p—p interval (1)
where the p—p interval is the time between two consecutive
peaks of output Vio¢ or R waves in the ECG. It is worth noting
that there occur some small waves between two prominent
peaks constantly. These relatively tiny waves are probably
raised by the nonsynchronous contraction of different parts of
heart, pulsatile coronary arteries on the rough and nonplanar
surface of the heart, or oscillation of the heart as a result of
turbulent blood flow. They are not stable and could be easily
influenced by changing physiological state of the heart and
relative position of the implanted device. Therefore, the tiny
waves were ignored as noise signals during analysis of the
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output signals of the proposed sensor. A unified standard to
distinguish the P—P intervals were settled: (1) connection of
lead wire probes (positive or negative) was marked and fixed,
which ensured the consistency of the general directions of data
in different experiments or time points; and (2) only peaks of
positive and prominent waves in the output voltages were
chosen during analysis of the heart rate monitoring function of
the device. Our further inspection showed that a high
consistency was achieved in HRpcg (HR measured by ECG)
and HR;1pss (HR measured by the iTEAS), as shown in Figure
2b. To quantitatively assess monitoring properties of heart rate,
the accuracy (A) of the HR monitoring was defined as the
degree of closeness of HRirgas to HRgcg, and it could be
expressed as

A= (1 — IHR g5 — HRpeol/HR o) X 100% @)

As a result, a high accuracy of ~99% was achieved in the
present study, demonstrating an accurate HR monitoring
function of the device for normal and regular heartbeats.

Heart rates may vary significantly under different physio-
logical and pathological states. We then tracked performances
of the iTEAS under orderly altered heart rates by
administrating epinephrine (0.1 mg/mL, IV) and amiodarone
(2 mg/mL, IV), which can elevate and reduce HRs,
respectively. The synchronicity in peak voltages and R waves
remained under resting (~60 beats per minute (bpm)), active
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Figure 3. (a) Output of the iTEAS increased along with the blood pressure (BP). (b) Linear correlation between voltage outputs and systolic BP
(sBP). Blue points represent mean values of six consecutive peaks, randomly selected every ~20 s. The purple line corresponds to the linear fitting

function; K, slope of the function;

R?, adjusted R square. (c) Schematic diagram illustrating the mechanisms for monitoring the velocity of blood

flow. Red arrows represent the direction of blood flow. (d) Time interval (leading time, LT, shown in highlighted region) between the peaks of the
two corresponding waveforms. (e) The leading time decreased and the velocity of blood flow increased along with the elevation of BP. Purple points
represents the mean values of three consecutive leading times randomly selected under different sBPs. Blue points represent the mean velocity of

blood flow calculated according to the corresponding leading time.

(~90 bpm), and stressed (~120 bpm) states (Figure 2c). In
addition, we observed a slightly decreased output voltage
during the transition from the resting to the active state. This
was partially due to shortened periods of ventricular dilation
under increased HRs allowing less blood to flow into ventricles,
giving rise to a smaller degree of cardiac relaxation and
following the contact of two triboelectric layers. Furthermore,
the consistency between HRycg and HR g was stable and the
accuracy remained high under different physiological states,
showing excellent stability and reliability, as illustrated in Figure
2d.

Cardiac arrhythmia with irregular rhythms of heartbeats
contributes to significant morbidity and mortality in patients
with cardiovascular problems.””** As a distinctive approach
different from traditional diagnostic tools such as ECG and
Holtor monitor, which cannot provide continuous examination,
we tried to detect the arrhythmia through the monitoring of
heart motion. Atrial fibrillation (AF) and ventricular premature
contraction (VPC), respectively representing supraventricular
and ventricular arrhythmia, were opted to demonstrate the
monitoring function for arrhythmia of the iTEAS. In an
aconitine-induced AF porcine model**** with all R—R intervals
unequal in ECG, there was the onset of declined peak waves in
output voltage and unequal p—p intervals, which were one-to-
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one mappings to the unequal R—R intervals (Figure 2e¢). This
result demonstrated the capacity of the iTEAS for detection of
AF and timely diagnosis of paroxysmal atrial fibrillation (PAF),
which was thought to be an early stage of AF and frequently
asymptomatic, exposing patients to the risk of stroke and
thromboembolism. Similar results were obtained when VPC
was induced by stimulating the ventricle with an external
cardiac pacemaker, which was set to 50 bpm in enforce mode
(Figure 2f). It is worth noting that the ectopic R waves of VPC,
which represent abnormal ventricular contractions, corre-
sponded exactly to the evidently diminished output waves.
This behavior suggests that the output performance of the
iTEAS is closely associated with the potency and coordination
of the cardiac contraction and relaxation, which exhibits
potential applications in alerting life-threatening heart attack
and ventricular fibrillations.

An arterial pressure catheter was placed in the right femoral
artery and connected to the DAQ system through a
commercialized transducer widely used in clinical practice.
The peak output voltage of the iTEAS increased along with the
blood pressure (BP) after an infusion of epinephrine (Figure
3a). The peak voltage decreased accordingly when the BP went
down (data not shown). To minimize the interference of
respiratory movement on the voltage and blood pressure, a
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Figure 4. (a) Anterior and (b) posterior views of the heart schematically illustrating three selected implanting sites: the left lateral wall (LLW), right
lateral wall (RLW), and posterior wall (PW) of the heart. (c) The peaks of output voltage fluctuated periodically and stably when the iTEAS was
anchored over the LLW. Typical time intervals between two neighboring maximal peaks were measured to be ~Ss. Blue solid-line curves represent
positive waveforms of the output voltage. Blue points stand for the peaks of output voltage. (d) Output peaks of the device over the RLW showed
fine but slightly less stable cyclic fluctuations, while output peaks varied irregularly when the iTEAS was placed beneath the PW of the heart. (e)
Output peaks increased from ~4.8 to ~6.3 V during the process of inhalation and decreased during the process of exhalation, indicating different
respiratory phases. The red line indicates the tendency of variations of output amplitudes.

detailed examination of the relationship between the two
involved averaging values of six consecutive peaks was made.
Although there is a correlation between the output voltage and
systolic blood pressure (sBP) with a sensitivity of 17.8 mV/
mmHg, the linearity is not strong (R* = 0.78) (Figure 3b). This
can be explained by the fact that the sBP is not only related to
the heart but also depends on several other physiological
parameters, such as blood volume, vascular resistance, and
elasticity of the arterial wall. Further inspections revealed that
the output voltage waves were synchronous but slightly
precedent to corresponding BP waves (Figure S3). As
schematically illustrated in Figure 3c, the peak voltage appears
when the blood is pumping out from the heart, and the
recorded BP elevates to the culmination (sBP) when the blood
flows through the femoral artery; thus a leading time (LT)
exists between two corresponding peaks (Figure 3d). There-
fore, the average velocity of blood flow can be calculated as
follows:

Vig = S/LT 3)
Here, V,,, is an average velocity of blood flow, S is the length

from heart to femoral artery, and LT is the measured leading
time. Further study under different sBPs indicated that the
velocity of blood flow increased and the leading time reduced
when the sBP was elevated, as shown in Figure 3e.
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Respiratory rate (RR) presents another vital sign that is
valuable for assessing the function of the respiratory system and
can also be influenced by a broad spectrum of diseases.***°
Traditional methods for RR measurement, including visual
observation, acoustic sensing, and impendence pneumography,
are time-consuming, costly, or overly sensitive to artifacts
brought on by the movements of patients.”’ >’ Along with our
aforementioned in vivo study, we observed an interesting
phenomenon that the magnitude of output voltage was
significantly influenced by respiratory motion, characterized
by cyclic fluctuations of voltage peaks. Hence, we postulated
that iTEAS could be utilized to monitor respiration. In
consideration of the influence by the motion of lungs, three
sites of implantation were selected to evaluate the monitoring
function for respiration: left lateral wall (LLW), right lateral
wall (RLW), and posterior wall (PW) of heart (Figure 4a,b).
Peak output voltages of the iTEAS at LLW and RLW, which
were adjacent to lungs, presented stable periodical fluctuations
along with the respiration (Figure 4c,d). Specifically, the time
intervals between two neighboring maximal peaks was ~§ s,
indicating a respiratory rate of 12 cycles per minute (cpm),
which was consistent to the ventilating rate of 12 cpm
controlled by the artificial respirator. The intratracheal pressure
plot, which can roughly indicate the process and cycles of
respiration, was acquired from the artificial ventilator and
temporally calibrated with the voltage waveforms. In contrast,
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72 h after implantation. (d) Photograph of the iTEAS extracted from the porcine pericardial sac after 2 weeks of implantation without detectable
corrosion, rupture. or leakage. (e) Hematoxylin—eosin staining showed no obvious infiltration of lymphocytes in the myocardial tissue at the
implantation site. (f) Masson’s trichrome stain identified no cardiac tissue damage or obvious increase in the extent of inflammatory fibrous
hyperplasia at the implantation site. (g) Immunohistochemistry analysis indicates no significant differences of the expression of cleaved-caspase 3
between the tissues of two sites. Scale bars, 50 ym. All error bars indicate + sd.

the peak output voltage fluctuated unpredictably and irregularly
at the position of PW (Figure 4d), thus demonstrating that
lateral walls of heart are the optimal locations for monitoring
respiration. This obviously diminished, and unstable changes of
output peaks were attributed to relevantly fixed and
complicated environment and disturbance from circumferential
organs (major vessels and esophageal) around the posterior
wall of heart. Interestingly, as shown in Figure Sc, the relatively
small peaks, which laid among prominent peaks, also exhibited
a similar periodical fluctuation. However, these small waves are
not stable enough to be utilized, and the fluctuations in them
are much less obvious than the big ones.

Further inspections into the fluctuations revealed that peak
output voltage was associated with different phases of a

6048

respiratory cycle (RC). Figure 4e illustrates that output peaks
increase from ~4.8 to ~6.3 V during the process of inhalation
and decrease to the baseline during the process of exhalation. In
detail, the time periods of increasing and decreasing stages are
respectively 2.99 and 2.02 s, leading to a ratio of ~1.48, which is
fairly close to the inhalation/exhalation ratio (I/E ratio) of
1.5:1 set by the ventilator (data for more respiratory cycles can
be found in Table S1). Excellent characteristics of distinguish-
ing RC phases can provide reliable suggestions on the diagnosis
of metabolic acid—base disturbances and alerts of urgent and
adverse paroxysm in patients with chronic obstructive
pulmonary disease (COPD) and asthma. Collectively, these
results confirmed the potential of iTEAS to be an accurate self-
powered respiratory monitor.
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In vivo durability is a crucial necessity for practical use of an
implantable device in a living body. The interaction with the
electrolyte-rich aqueous environment within the body could
cause inadvertent shorts or electrical leakage if electronic
circuits were exposed. With the help of the core—shell hermetic
encapsulation, the iTEAS exhibited the same capabilities in
biomedical monitoring function from intraoperation to 72 h
after chest closure (Figure Sa). Excellent fatigue properties were
demonstrated in vivo after ~350 000 cycles of separation and
contact, showing no significant reduction in sensory character-
istics. As shown in Figure 5b, consistency between HRgcg and
HR;rgas maintained postoperatively. Quantified accuracies of
heart rate monitoring were calculated to stay at >99% upon 72
h after implantation, proving the favorable in vivo durability of
the monitoring function of the device (Figure Sc).

Any application inside the human body will require the
reliable assessment of biocompatibility and the absence of
biotoxicity. Because numerous in cellulo tests were performed
in previous studies’™*” to exclude potential adverse effects of
the encapsulating materials on adhesion, growth, and viability
of cells, we opted to in vivo examine the influences on adjacent
tissues of the circumferential organ. After 2 weeks of
implantation, the pig was anesthetized and the iTEAS extracted
from the pericardial sac. As expected, the encapsulation layers
were intact, and no corrosion or rupture was observed,
indicating integrity in the complicated internal environment
(Figure 5d). Next, the myocardium tissues at the implantation
site and the relatively distal site were obtained for histological
study. Hematoxylin and eosin (H&E) staining shows no
detectable infiltration of lymphocytes in both sites (Figure Se),
prompting the conclusion that neither humoral nor cellular
rejection to the device occurred in myocardium from the
implantation site. Masson’s trichrome stain was applied, which
determined no significant difference between the two sites on
the extent of cardiac tissue injury and inflammatory fibrous
hyperplasia after prolonged implantation (Figure 5f). As shown
in Figure Sg, no apoptosis is noticeable in both samples by
immunohistochemical labeling of anticleaved caspase-3 anti-
body, which is a widely used marker for apoptotic cell death.

In comparison to the biomedical monitor at the body surface,
i.e,, wearable devices, there are many challenges existing for
implantable alternatives. First, the in vivo environment is filled
with bodily fluid, which will significantly affect the performance
of the device if it leaks into the inner structure. Thus, hermetic
packaging has to be guaranteed. Second, the biocompatibility of
packaging materials is demanded for in vivo use. Third, the
thickness of the encapsulation layer needs to be strictly
controlled to maintain the sensitivity of medical implants in
responding to biomechanical motions. Finally, the flexibility is
required in case of damage to the brittle tissue or
compromising of the function of organs inside the body. In
the present work, the active structure was encapsulated with
compound biocompatible materials in a core—shell structure.
PTFE was used for its excellent strength, a PDMS layer was
deployed to enhance the leakproof characteristics, and Parylene
film was deposited to form a high-density and hole-free coatin%
layer to circumvent potential erosion for in vivo environment. "
All layers were deployed with a microscale thickness to
maintain the sensitivity and flexibility for the device. Here, the
absence of both corrosions or ruptures in the device and
adverse influences on the surrounding tissue demonstrates an
excellent bidirectional biocompatibility, which is a requirement
for operation in the human body.
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A battery-free and fully implantable monitor could provide
early detection or even real-time diagnosis, sever the tether to
the bulky size of an onboard battery, and avoid the necessity of
surgical replacement for depleted batteries. As a powerful
means of scavenging mechanical energy in the ambient
environment, nanogenerators emerged as a promising solution
for the power supply of medical monitors. Besides the robust
self-powered capability, the excellent flexibility and sensitivity of
the iTEAS proposed in this study enable us to extract abundant
biomedical information from the output signals. This one-stop
solution will significantly reduce surgical risks of patients by
simplify the implanting procedure. Via incorporation with an
active telemetry, the monitored signals could be wirelessly
transmitted to an external device, e.g, smart phones, and
therefore, the device could be employed as an ideal component
for a wireless body sensor network (WBSN) in future health
strategies.

Conclusions. This work presents a novel multifunctional
implantable triboelectric active sensor that could provide real-
time and continuous monitoring functions for various
physiological and pathological signs by sensing the biomechan-
ical motion of intracorporeal organs. With the robust self-
powered capability, the proposed device exempts the necessity
of onboard battery. The rates of heartbeats and respiration can
be precisely monitored and life-threatening arrhythmia detected
in a timely fashion. Furthermore, the pressure and velocity of
blood flow could be estimated. The core—shell packaging
strategy guarantees the in vivo durability and bidirectional
biocompatibility of the device, which is a requirement for the
practical application in human body. On the basis of the
multilayer thin-film structure, the iTEAS obtains ideal flexibility
and thickness, which is favorable for implantation into body
through a minimally invasive surgical technique. In addition,
the in vivo experiments in human-scale animals provide more-
valuable and -comparable results for clinical application than do
small animals. With the aforementioned advances, this work
provides the proof-of-concept demonstration for the next-
generation implantable biomedical sensor.
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