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A Bioresorbable Dynamic Pressure Sensor for

Cardiovascular Postoperative Care

Han Ouyang, Zhe Li, Min Gu, Yiran Hu, Lingling Xu, Dongjie Jiang, Sijing Cheng,
Yang Zou, Yu Deng, Bojing Shi, Wei Hua,* Yubo Fan,* Zhou Li,* and Zhonglin Wang

Bioresorbable electronics that can be absorbed and become part of the
organism after their service life are a new trend to avoid secondary invasive
surgery. However, the material limitation is a significant challenge. There

are fewer biodegradable materials with pressure-sensitive properties. Here,

a pressure sensor based on the triboelectric effect between bioabsorbable
materials is reported. This effect is available in almost all materials. The
bioresorbable triboelectric sensor (BTS) can directly convert ambient pressure
changes into electrical signals. This device successfully identifies abnormal
vascular occlusion events in large animals (dogs). The service life of the BTS
reaches 5 days with a high service efficiency (5.95%). The BTS offers excel-
lent sensitivity (11 mV mmHg™), linearity (R? = 0.993), and good durability
(450 000 cycles). The antibacterial bioresorbable materials (poly(lactic acid)-
(chitosan 4%)) for the BTS can achieve 99% sterilization. Triboelectric devices
are expected to be applied in postoperative care as bioresorbable electronics.

invasive, complex surgery at the end of the
service life. Implantable biodegradable
electronic devices that can be absorbed or
degraded in vivo are a new trend to avoid
secondary invasive surgery.>>! A series of
breakthroughs have been achieved for bio-
degradable devices in wireless intracranial
pressure monitoring,’l abdominal cavity
detection,® and tissue strain sensing.l]
These works suggest the promising future
of biodegradable sensors in vital physi-
ological signal monitoring, postopera-
tive care, rehabilitation, and regenerative
medicine.

An implantable biodegradable sensor
is often required to be implanted in vivo
and to be directly conformable with soft

1. Introduction

Implantable biosensors improve patient care and disease
management due their ability to continue monitoring vital
physiological signals in situ.® However, most existing
implantable sensors must be removed or replaced via an

tissues and organs.®l Thus, favorable

mechanical properties, flexibility, and

biocompatibility are essential for these
sensors.*? Fortunately, many degradable polymers,'l metals
and oxides with good electrical performance have been explored
for bioelectronics.M Some critical parameters for biodegradable
implantable devices have been optimized in parallel with the
development of materials, electronics, and advanced manufac-
turing technologies.l1Z

Dr. H. Ouyang, Prof. B. Shi, Prof. Y. Fan

Key Laboratory for Biomechanics and Mechanobiology
of Chinese Education Ministry

Beijing Advanced Innovation Centre for Biomedical Engineering
School of Biological Science and Medical Engineering
Beihang University

Beijing 100083, China

E-mail: yubofan@buaa.edu.cn

Dr. H. Ouyang, Dr. Z. Li, Dr. L. Xu, D. Jiang, Dr. Y. Zou, Prof. Z. Li,
Prof. Z. L. Wang

CAS Center for Excellence in Nanoscience

Beijing Key Laboratory of Micro-Nano Energy and Sensor
Beijing Institute of Nanoenergy and Nanosystems
Chinese Academy of Sciences

Beijing 100083, China

E-mail: zli@binn.cas.cn

Dr.Z. Li

Beijing Institute of Technology

Institute of Engineering Medicine

School of Life Science

Beijing 100081, P. R. China

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202102302.

DOI: 10.1002/adma.202102302

Adv. Mater. 2021, 33, 2102302

2102302 (10f9)

Prof. M. Gu, Dr. Y. Hu, S. Cheng, Y. Deng, Prof. W. Hua
The Cardiac Arrhythmia Center

State Key Laboratory of Cardiovascular Disease

National Clinical Research Center of Cardiovascular Diseases
Fuwai Hospital

National Center for Cardiovascular Diseases

Chinese Academy of Medical Sciences and Peking Union
Medical College

Beijing 100037, China

E-mail: drhuaweifw@sina.com

Dr. L. Xu, D. Jiang, Dr.Y. Zou, Prof. Z. Li, Prof. Z. L. Wang
School of Nanoscience and Technology

University of Chinese Academy of Sciences

Beijing 100049, China

Prof. Z. Li, Prof. Z. L. Wang

Center on Nanoenergy Research School of Physical
Science and Technology

Guangxi University

Nanning 530004, P. R. China

© 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Currently, some barriers still have to be overcome for post-
operative care applications. 1) The service life of most implanted
biodegradable sensors cannot meet the postoperative care cycle,
which is often 4-10 days.’¥ Commonly used biodegradable
packaging materials have a short degradation time,*" such
as poly(vinyl alcohol), silk fibroin, and poly(lactic-co-glycolic
acid). Long-term biodegradable encapsulating material design
is a critical issue. 2) The surface antibacterial strategies used
in implants are not suitable for degradable devices. Substances
inside the devices will be exposed in vivo during the degrada-
tion process. 3) Ultralow power consumption is a necessity due
to the limited energy supply matching biodegradable devices.!"”!

Recently, self-powered sensors based on triboelectric and
piezoelectric nanogenerators('®! for wearable/implantable
applications!”l have been rapidly developed due to their wide
range of material choices, simple production processes, and
high output voltages.®l The triboelectric effect of biodegrad-
able materials has been proven,'”) and the maximum output
voltage can reach several volts or even hundreds of volts when
driven by external forces. Thus, biodegradable triboelectric
devices are expected to be made into biodegradable sensors for
disease diagnosis in vivo after overcoming key challenges such
as sensitivity, linearity and stability. In addition, the triboelec-
tric effect breaks through the limitation of the pressure-sen-
sitive principle for materials and expands the usable material
library.l20

Here, we propose an implantable bioresorbable self-powered
sensor based on the triboelectric effect (BTS). The BTS directly
converts biomechanical movement into electrical signals and
successfully identify vascular occlusion events in large animals
(dogs). In addition, the BTS is endowed with good antibacterial
properties. We designed antibacterial bioresorbable materials
for the BTS, poly(lactic acid)—(chitosan 4%) (PLA/C), which
can achieve 99% sterilization. As a mechanical sensor, the BTS
has a sensitivity of up to 11 mV mmHg™. The good linearity
(R? =99.3%) due to the air spacer structure causes the mechan-
ical properties of the BTS to comply with the ideal gas law. The
BTS can be absorbed and become part of the organism after
the service life. Its service life has reached 5 days. This self-
powered sensor is the first to achieve full bioresorbability in
vivo and show the ability to identify abnormal disease events.
These findings show that triboelectric pressure sensing is a
new technology able to compete with piezoelectricity, etc., in
bioresorbable applications.

2. Results and Discussion

2.1. Overview of the BTS

The core component of the BTS is two triboelectric layers
that convert mechanical motion signals into electrical signals
(Figure 1a,b). An external encapsulation layer prevents internal
components of the sensor from being invaded by the liquid
environment. One PLA/C film with a nanostructured surface is
used as a triboelectric layer. A magnesium (Mg) layer deposited
on the backside serves as an electrode. In addition, Mg has been
deposited on the other PLA/C film to obtain a nanostructured
metal layer for use as an electrode and a triboelectric layer
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simultaneously. The entire device is packaged in PLA/C. Elastic
poly(1,8-octane diol-co-citric acid) (POC) is used as the adhesive
layer (Figure S1 and Table S1, Supporting Information).

The two triboelectric layers are in contact under an external
force, and the electrons on the Mg surface are transferred to
the PLA/C surface due to contact electrification. The distance
between the triboelectric layers changes due to variations in
external forces, at which point the sensor outputs an electrical
signal associated with the mechanical motion®! (Figure 1c;
and Note S1, Supporting Information). The surface nanostruc-
ture can increase the actual contact area when the friction
layer works, leading to a larger electrical signal to improve the
sensitivity of the sensor (Figure S2, Supporting Information).

Here, we have designed an air spacer structure. The separa-
tion of the triboelectric layers depends on the air in the middle.
This kind of air spacer structure causes the mechanical prop-
erties of the BTS to comply with the ideal gas law. Therefore,
the pressure change detected by the device and the open-
circuit voltage output have good linearity (Note S2, Supporting
Information)

_ nRTg,
X00

AP U, (1)

Here, AP is pressure change. n is the number of moles. R is
universal gas constant. T is the temperature. & is the permit-
tivity of the vacuum. x, is initial displacement. o is surface
charge density. The U, is open-circuit voltage.

2.2. In Vitro Characterization of the BTS

To demonstrate the excellent mechanical sensing perfor-
mance, the BTS was attached to the throat to monitor vocal
cord vibration. A voltage signal of 49 mV was obtained
when the volunteer pronounced “B” “I” and “S” (Figure 2a).
After short-time Fourier transform analysis of the signal, the
changes in the pronunciation of different letters can be clearly
identified. Similar results from the two trials with accents also
confirmed the device’s good reliability. The BTS can detect
1 kHz vibration signals from a small loudspeaker and convert
them to electrical signals in real time. The response time is as
fast as 0.5 ms (Figure S3a-f, Supporting Information).

Stable operation in the body is essential for the BTS as an
implantable sensor. We measured the output stability in non-
liquid environments. The maximum output of the BTS can
reach 4.2 V when driven by a linear motor (20 N). The output
remains stable under the stimulation of a 1-5 Hz mechanical
force (Figure 2b). In addition, the output also remains stable
under 450 000 saturated mechanical stimuli (Figure 2c).
Here, =4 cycles can be observed in the cycle window of 3 s. A
linear motor was employed as a source of mechanical stimuli
(20 N, 1.35 Hz) for a long-term stability test. The output voltage
of the BT'S was measured at intervals of 18.5 h which is approxi-
mately every 9 x 10* cycles.

The BTS output performance is the most important indicator.
A pressure testing system was built to calibrate the sensi-
tivity of the BTS (Figure 2d). The BTS output increases with
increasing driving pressure (0-170 mmHg) and finally reaches
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Figure 1. Overview and principle of the BTS. a) lllustration of the BTS. b) Structure of the BTS. c) Principle of the BTS based on contact electrification

and electrostatic induction.

the full level of 2 V. This pressure range covers almost all pres-
sures in vivo. The BTS sensitivity reaches 11 mV mmHg™, and
the linearity is close to R? = 99.3% (Figure 2e,f).

2.3. Degradation Performance of the BTS

To measure the BTS mass decreases with time, the BTS was
placed in a constant temperature phosphate buffer saline
(37 °C, 1 x PBS). The chain splitting reaction preferentially
occurs in the amorphous region during the hydrolysis and
degradation of PLA/C. PLA/C break into polymer fragments of
PLA and polymer fragments of chitosan after swelling after the
chain breaks. These fragments degrade into H,0, CO,, lactic
acid, etc., which are eventually absorbed in vivo (Figure 3a; and
Note S3, Supporting Information). The mass of the BTS was
98.9 + 0.42% compared to the original mass after 3 days. The
Mg metal layers inside the device were degraded on the 8th day,
and the mass of the BTS was reduced to 96.3 £ 0.78%. The BTS
was completely degraded after 63-84 days in vitro (Figure 3b;
and Figure S4a,b, Supporting Information).

After =4-8 days, the device output suddenly dropped to =1 V
in nonliquid environment (Figure 3c). At =4-8 days, damage

Adv. Mater. 2021, 33, 2102302

2102302 (3 of 9)

to the device encapsulation layer reaching the interior caused
device failure. Thus, the device output dropped to =0 V in
liquid environment (Figure 3d). The initial output of the BTS
in nonliquid environment (3.2 V) is higher than that in liquid
environment (2 V) (Figure 3e). The attenuation of the output
voltage is mainly due to the electrostatic shielding effect caused
by liquid infiltration.

2.4. Antibacterial and Biocompatibility Properties

Antibacterial performance is essential for implantable medical
devices to reduce the risk of infection. PLA/chitosan 4% was used
as an encapsulation layer to impart certain antibacterial properties
to the device. PLA/chitosan 4% has excellent antibacterial proper-
ties, and 99.9% of the bacteria are killed. As controls, the clean
culture dish and the PLA group showed almost no antibacterial
property, and a large number of colonies were produced on the
culture plate (Figure 3f,g; and Figure S5, Supporting Information).
In addition, the addition of chitosan did not change the output
voltage of BT significantly (Figure S6, Supporting Information).
Excellent biocompatibility and antibacterial properties are
essential to avoid negative biological responses and infections.

© 2021 Wiley-VCH GmbH

85U SUOWILLIOD BAITE8ID) Bqed!|dde 8Ly Aq peusAob aie sap1e YO '8N 4O S3|nJ 10 AReig 1T BUIUO 4811\ UO (SUOIPUOD-PUB-SLLLBYWOD /B | 1M ARe1q 11U 1UO//SURY) SUORIPUOD P SLB | 8U3 885 *[7202/TT/0€] Uo ARiqiauluo AB|IM ‘8owBis JO Aspeay aseuluyd JO AIsIAIIN AQ 20620T20Z BWPe/Z00T OT/I0p/LI0D" A3 |Im Aeiq1eutjuo//Sdiy Wwoij pepeojumod ‘6 ‘T20Z ‘S60vT2ST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

"~ L o E "B B ks r € : 1
= 1ol I " 6 { 1Hz 2Hz ! 3Hz ; 4Hz 5Hz 6 ; i
R A e & -
o : i
> - i [
5 L 4_) ” 4 ANA R AARI Yy
= =) i |
__750 : > i i
N o ) i i i
E : | i
550 il ‘ ”\ =211 1M
“\ N | (]
PR el S vl I R 11 o i
£ 6 - bt ' 3 i i
0 1 2 3 4 5 o 5 10 15 20 25 0 09 18 27 36 45
. Time (s) e Time (s) g Cycle Number(10°)
25
' &
CoG:t:ol 2 Experimental Data
Unit ./\/\,\’\/\'\/\, AVAVAN = 1 24 =——— LinearFit Curve
o
<)
==y ¢ -
DAQ syst: e
= system 250 g 4
£ S 1 -
. Electrometer 5150
Airtight £ 051 " R-square=0.993
cabin 2 50 ' .J’.
Oscilloscope (Teledyne LeCroy HD4096) a ° Slope= 11 .O4mV/mmHg
0
= | NV 250 0 : . :
L ) /\/ \/\/\/\ 0 10 20 30 0 50 100 150 200
Time (s) Pressure (mmHg)

Figure 2. Performance of the BTS in vitro. a) Output voltage of the BTS (top) and spectrum analysis result (bottom) in vocal cord vibration monitoring. b) Open-
circuit voltage of the BTS under different frequency load forces. c) Long-term stability tests of the BTS. d) Schematic diagram of the pressure simulation and
testing system. e) Comparison between the pressures and the output voltages of the BTS. f) Overall linearity of the pressure and the output voltage of the BTS.

Here, the mass of all magnesium layer of BTS is =0.15 mg.
The part of the Mg wire left in the body is about 1.3 mg.
The rapid degradation of excessive magnesium may cause the
surrounding environment to be alkaline, which may adversely
affect surrounding cells and tissues. Thus, we studied the
biocompatibility by observing the growth of mouse
fibroblasts (L929) cocultured with BTS and BTS fragments. In
the experimental and control groups, L929 had similar diffu-
sion and adherent growth behavior, and the complete cell struc-
ture was detected (Figure S7, Supporting Information). The
methyl thiazolyl tetrazolium (MTT) values of the experimental
group and the control group were similar, and both increased
well at 1, 2, and 3 days. These results confirm the good biocom-
patibility of the BTS (Figure 3h). No significant inflammatory
reaction was observed in the histological section of tissue at 9
weeks (Figure S8 and Note S4, Supporting Information).

2.5. Abnormal Respiratory Event Identification in Small Animals

A biomechanical testing system was built to verify the sensing
ability of the BTS (Figure 4a). The BTS was placed under the
abdominal cavity skin, while a commercial mechanical sensor
was placed in vitro as a reference (Figure 4b; and Figure S9a,b,
Supporting Information). The process of contact-separation of
triboelectric layers is along with the inhale and expiration of
the thorax. The BTS is compressed in inhale, resulting in an
increased output voltage. However, the pressure on the BTS
is released in expiration, resulting in a reduced output voltage
(Figure S10a,b, Supporting Information).

Adv. Mater. 2021, 33, 2102302 2102302

Abnormal respiratory events (dyspnea) are easily detected.
When dyspnea occurs, which causes the overall thorax to
decrease, but the amplitude of each breath increases. The BTS
and commercial mechanical sensor are in and outside the body,
respectively. Thus, the compression force on the BTS in the
body is increased, while the compression force on the external
commercial mechanical sensor outside the body is reduced
(Figure 4c,d). In addition, the BTS can work stably in the body
for 5 days. The encapsulation layer was damaged on the 6th
day, and the liquid penetrated into the device, making it inef-
fective (Figure 4e).

2.6. Abnormal Cardiovascular Event Identification in Large
Animals

The BTS was attached to the vascular wall, whereas the com-
mercial sensors communicated with the inside of blood ves-
sels through needle tips and catheters (Figure 5ab; and
Figure S1la—f, Supporting Information). The sensor signals have
some differences due to the different placement positions. The
ambulatory blood pressure signal obtained by the BTS has good
consistency with commercial blood pressure sensors. Arrhythmia
events can also be easily identified by the BTS (Figure 5c).

The process of contact-separation of triboelectric layers is along
with the diastole and systole blood pressure phase. During the sys-
tolic blood pressure phase, the BT'S is compressed by the blood vessel
and leading to an increased output voltage. In the diastole blood
pressure phase, the pressure on the BTS is released and leading to
a reduced output voltage (Figure S12a,b, Supporting Information).

(4 of 9) © 2021 Wiley-VCH GmbH
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Figure 3. In vitro degradation performance and biocompatibility evaluation of the BTS, and sterilization results of PLA/C for E. coli and S. aureus.
a) Illustration of biodegradation for PLA/C polymer (encapsulation layer material). b) Relationship between the mass ratio of the BTS and degradation
time. c—e) Relationship between the open-circuit voltage of the BTS and degradation time in vitro and in vivo. f) Antibacterial effect on E. coli and
S. aureus treated with PLA/C. g) Sterilization of the bacterial population for E. coli and S. aureus; the CFU was reduced significantly after PLA/C treat-
ment. h) The viability of L929 cells after being cultured for 3 days. All data in (b,e,g,h) are presented as the mean+SD.

To confirm the ability of the BTS to monitor abnormal
vascular occlusion events, we constructed a vascular occlu-
sion model through an implanted balloon. When the bal-
loon is inflated, the blood vessel is blocked, and the blood
pressure drops rapidly; then, the blood pressure is restored
after deflating the balloon (Figure 5d). The BTS detected a
total of 5 simulated blood vessel blockage events in the trial
(Figure S13a—f, Supporting Information). There is great poten-
tial in the prognosis of cardiovascular surgery.

3. Conclusion

The long service life of the BTS demonstrated here is critical for
postoperative care applications. Most implanted biodegradable
sensors cannot meet the postoperative care cycle (=4-10 days).
A longer service life means a longer degradation/absorption

Adv. Mater. 2021, 33, 2102302
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time. Making devices compatible with long-term operation
and rapid degradation is challenging.?”l Thus, a thinner stable
encapsulation layer and a rapid degradation working layer are
required. The service life of the BTS is 5 days, and the average
complete degradation and absorption time is 84 days, which
meets the requirements of cardiovascular surgery prognosis.
Here, we suggest a service efficiency parameter to evaluate the
performance of bioabsorbable or degradable devices. This ser-
vice efficiency parameter is defined as the following equation

Service efficiency = Service UTHe - (2)
Total degradation time

The service efficiency of the BTS is 5.95%.

The BTS offers good durability due to the structure design
and material selection. The triboelectric device relies on con-
tact separation to generate electrical signals. The pressure on

© 2021 Wiley-VCH GmbH
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Figure 4. Abnormal respiratory event identification and in vivo performance test in a small animal. a) Diagram of the biomechanical testing system.
b) Micro-CT image of a rat abdominal cavity implanted with a BTS. c) Abnormal respiratory events (dyspnea) are detected by the BTS and commercial
sensors. d) lllustration of the in vivo performance test. e) Output of the BTS at several time intervals up to 6 days after implantation.

the device is relatively average and it is not easy to be damaged
under large strain. However, output of piezoelectric device
relies on degree of flexure with large local stress and easy lead
to break (Table S2, Supporting Information). Therefore, BTS
has advantages in sensitivity and durability compatibility.

Ultralow power consumption is a necessity for biodegradable
devices.”l Here, both low power consumption and high sen-
sitivity have been achieved with the BTS. The BTS as an active
device does not consume power. The self-powering ability of
triboelectric sensors is key to attaining compatibility of ultra-
high sensitivity and low power consumption for biodegradable/
bioresorbable sensors.

The improvement of linearity and measurement range is
a challenge for triboelectric sensors. The previous triboelec-
tric sensors with other spacer structures often have two linear
ranges.? The first linear range has extremely high sensitivity
but low measurable range. The second linear range has low
sensitivity and wide measurable range. However, the overall
linearity of these devices is limited. These devices are difficult
to meet the requirement of biological pressure measurement.
An air spacer structure is designed to improve the measure-
ment range and linearity, which has higher linearity and

Adv. Mater. 2021, 33, 2102302
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measurement range than other spacer structures (Figure S14a—f,
Supporting Information). Here, a smaller design distance
between the triboelectric layers may lead to a lower output
voltage (Table S3, Supporting Information).

The common antimicrobial strategies for implants surface
have difficulty meeting the requirements of bioabsorbable
devices. Here, the antibacterial property needs to apply to the
entire BTS device from outside to inside. The antibacterial
properties of the BTS can be maintained throughout degrada-
tion. This is a crucial aspect for the biosafety of bioresorbable
devices that only employ medical materials commonly used in
US Food and Drug Administration-approved implants for mon-
itoring of biomechanical forces.

In summary, we have demonstrated a BTS. This is a self-
powered sensor that is the first to achieve full bioresorbability
in vivo and show the ability to identify abnormal disease events.
The BTS can be absorbed and become part of the organism
after the service life. The BTS offers advantages of excellent
service efficiency (5.95%), antibacterial properties (99%), and
output performance (2 V) and is expected to be applied in
postoperative care as an in vivo bioresorbable electronic device
(Table S4, Supporting Information).
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Figure 5. Abnormal cardiac event identification in a large animal. a) Image of the human-scale animal cardiac monitoring experiment. b) Schematic
of in vivo experimental electrical characterization and physiological signal monitoring. c) Representative blood pressure indicating arrhythmia events
corresponding to the output signal of the BTS. d) Simulated abnormal vascular occlusion events are detected by the BTS.

4. Experimental Section

Fabrication of the PLA/C Layer. PLA (Sigma-Aldrich) was dissolved in
chloroform at a concentration of 5% w/v and stirred vigorously. Chiton
(Sigma-Aldrich) solution was prepared in a 1% acetic acid solution and mixed
with the PLA solution in a mass fraction of 4%. After no bubbles existed in
the solution, it was cast on a glass plate for air drying. Then, it was placed in
a heated oven for another 12 h to eliminate the remaining solvent. Plasma
etching was applied to provide a micro—nanostructure on the PLA/C film.

Preparation of POC: POC was prepared using a previously described
synthetic method.?’l Equimolar amounts of 1,8-octane diol and citric
acid were mixed in a three-neck round-bottom flask fitted with an inlet
and outlet adapter. The mixture was melted in a silicon oil bath at
165 °C. After the mixture temperature decreased to 140 °C, the mixture
was stirred for another hour. The entire process was carried out under
nitrogen gas with uniform stirring.

Fabrication of the BTS: The as-fabricated BTS contains triboelectric
layers, electrodes, spacers, and encapsulation layers. In detail, a
nanostructured PLA/C film was applied as the bottom triboelectric
layer, and Mg (=50 nm) deposited on the backside of PLA/C acted as
one of the electrodes. A thin Mg film on a PLA/C film acted as both the
top triboelectric film and another electrode. In addition, the spacers
fabricated from POC were integrated into the PLA/C film to guarantee
highly effective contact and separation. The structure mentioned above
was encapsulated with a PLA/C film. It was further sealed by a heat sealer
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to exclude any interstices and ensure that the BTS was protected from
the environment.

Electrical Measurement: All SEM images were obtained using a field-
emission scanning electron microscope (Hitachi, SU8020) with preset
parameters of 3 kV and 10 uA. The voltage, current, and charge transfer
were measured by an electrometer (Keithley 6517B) and recorded by an
oscilloscope (Teledyne LeCroy HD 4096) or data acquisition hardware
(PowerLab 4/35). Mg wires (Mg 0.1 series JingJun Materials Technology
Co. Ltd. (Suzhou China)) have been used as electrical connections. The
high-temperature annealing method is used to make it form a MgO
passivation layer. Then PLA/C coating is added to surface to improve its
resistance to corrosion by phosphate buffer saline (PBS) solution. When
the BTS is implanted in vivo, the part of the Mg wires left in the body
(0.1 mm x 0.1 mm X 20 mm x 2) is about 1.3 mg.

Vocal Cord Vibration Monitoring: To demonstrate the dynamic
mechanical sensing performance, the BTS was attached to the throat
to monitor vocal cord vibration. The volunteer pronounced “B” “T” and
“S.” The voltage were measured by an electrometer (Keithley 6517B)
and recorded by an oscilloscope (Teledyne LeCroy HD 4096). The study
protocol was reviewed and approved by the Ethical Committee of Beijing
Institute of Nanoenergy and Nanosystems (A-2019032). The informed
consent of all participating subjects was obtained.

Calculation of Sensitivity: The sensitivity is employed to evaluate the
BTS sensing performance. The sensitivity (S) can be derived from the
following equation

© 2021 Wiley-VCH GmbH
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AU,
S =SlopeUpc(P) = P 3)

Here, “Slope” is the slope function, Uqc is the open-circuit output
voltage, and P is the load pressure.

In Vitro Pressure Test: The pressure testing system contains an airtight
cabin, a gas control system, an electrometer, and commercial pressure
measurement equipment (BIOPAC MP150, TSD104). The internal
pressure of the confined chamber was monitored by a commercial probe
and displayed using a data acquisition (DAQ) system. With the pressure
in the confined chamber regulated by the gas control unit, the signals of
the BTS were collected and compared with the data documented by the
DAQ system as a reference standard.

In Vitro Force Test: The BTS was driven by a linear motor (frequency,
1-5 Hz; acceleration, 1 m s7%; deceleration, 1 m s% maximum speed,
1 m s72). The applied force was =20 N, as measured by a dynamometer
(MARK-10-M7-2).

Accelerated Fatigue Test: A linear motor (RSO1, LinMot) was employed as
a source of mechanical stimuli (20 N, 1.35 Hz) for a saturated accelerated
fatigue test. The output voltage of the BTS was measured within 10 s
at intervals of 18.5 h which is approximately every 9 x 10* cycles. The
measurement method is shown in the “In vitro force test” section.

High-Frequency Test: A small loudspeaker (HARMAN WS54N8A)
generates mechanical vibrations. A 1 kHz sinusoidal alternating current
(10 V, 1 kHz) gave as the driving source. The maximum mechanical
displacement caused by the 1 kHz loudspeaker is approach to 0.17 mm.

Degradation Performance of the BTS: To mimic the in vivo environment
on BTS operation, the test environment was replaced with (1 x PBS),
named in liquid environment. Here, the nonliquid environment is in a
dry environment (relative humidity 40-50%). In addition, the accelerated
degradation test of bioresorbable triboelectric sensor with Mg wires is
performed in 1 x PBS at 90 °C (Figure S15, Supporting Information).

Cell Viability: The biocompatibility of the BTS was tested using a
standard MTT (Sigma-Aldrich) assay through cell viability measurement.
1929 cells were seeded at 1 x 10° per well in 6-well cell culture plates
with and without the BTS. Until they adhered, they were incubated for
another 1-3 days. Error bars are based on the standard deviations of at
least quadruplicate measurements.

Cell  Morphology and  Immunofluorescent ~ Staining: ~ After  being
cultured for 1-3 days, the L929 cells in 6-well plates were fixed with
immunohistochemistry fixation fluid (Beyotime) at room temperature for
30 min. After the samples were washed with 1x PBS (pH 7.4) three times,
they were further treated with 0.1% Triton X-100 for 10 min and blocked with
0.1% bovine serum albumin (BSA) solution for 1 h at 37 °C. Then, Alexa
Fluor 594 phalloidin (1:40 dilution) and DAPI (1:400 dilution) were incubated
for 1 h and 10 min, respectively. The immunofluorescence images were
acquired using a Leica confocal fluorescence microscope (LECIA TCS SP8).

Antibacterial Property Test: The antibacterial activity of the samples
was assessed with gram-positive (Staphylococcus aureus, 29213) and
gram-negative (Escherichia coli, ATCC 25922) bacteria. The pure
bacteria in LB were cultivated overnight in a rotating shaker at 37 °C
and cultivated to a concentration of 10° CFU mL™ (OD490 = 0.3 for
S. aureus and OD600 = 1.0 for E. coli). The PLA and PLA-C films
(1 x 1 cm) were immersed in the bacterial solution at a concentration
of 107 mL™" for 24 h. Meanwhile, blank groups with 107 mL™" S. aureus
or E. coli cultured for 24 h were applied as the control group. After
removing the films, the bacterial solution was centrifuged at 8000 rpm,
resuspended in PBS, and then uniformly inoculated on solid medium
plates after gradient dilution. Colony counting was conducted after 24 h
of culture in a constant temperature incubator at 37 °C.

Animal Experimentation: All the animal experiments in this work (the
in vivo study and the abnormal respiratory and cardiovascular event
identification experiments) were performed following ethical approval by
the Ethical Committee of Animal Experimental Center in Fuwai Hospital
(0100-3-2-ZX(Y)), and the procedure strictly followed the “Beijing
Administration Rule of Laboratory Animals” and the national standards
of “Laboratory Animal Requirements of Environment and Housing
Facilities (GB14925-2001).
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In Vivo Study: The BTS was implanted into the back of an SD rat.
The biodegradation was measured using micro-CT for 0-12 weeks.
Histological evaluation of the in vivo biocompatibility was performed.
After 12 weeks of implantation, the BTS disappeared. The animal was
euthanized, and myocardial tissues were excised from the implantation
site. Tissue sections (5 um) were prepared for histologic analysis
including hematoxylin and eosin (H&E), Masson’s trichrome and
immunohistochemical staining.

Abrormal Respiratory Event Identification Experiment: To demonstrate
that the BTS can work properly and efficiently in vivo, the BTS
degradation after implantation into the abdominal cavity region of SD
rats was evaluated.

Abnormal Cardiovascular Event Identification Experiment: The adult
male beagle dog (15kg) fasted for 12h before surgery. Briefly, the animal
was anesthetized with an injection of propofol (6 mgkg™, 1V) and then
intratracheally intubated and ventilated. Anesthesia was maintained with
2mgkgh™' propofol during the surgery. A dynamic arterial pressure
catheter was inserted into the right femoral artery and linked.

Statistical Analysis: Data were expressed as mean £ SD. The one-way
ANOVA was used to compare mean values in groups of samples for all
experiments. Error bars were calculated using mean £ SD. with a group
size n > 3. All reported p values were calculated for groups with analysis
of variance (one-Way ANOVA) using the Origin software programme.
Reported p-values for all experiments correspond to *p < 0.05, **
p < 0.01, ***p < 0.001. The *p < 0.05 was considered significant.

Supporting Information

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