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Tissue-Adhesive Piezoelectric Soft Sensor for In Vivo Blood
Pressure Monitoring During Surgical Operation

Chan Wang, Yiran Hu, Ying Liu, Yizhu Shan, Xuecheng Qu, Jiangtao Xue, Tianyiyi He,
Sijing Cheng, Hong Zhou, Weixin Liu, Zi Hao Guo, Wei Hua, Zhuo Liu,* Zhou Li,*
and Chengkuo Lee*

The reliable function in vivo of self-powered implantable bioelectric devices
(iBEDs) requires biocompatible, seamless, effective interactions with
biological tissues. Herein, an implantable tissue-adhesive piezoelectric soft
sensor (TPSS), in which the piezoelectric sensor converts biomechanical
signals into electrical signals, and the adhesive hydrogel (AH) strengthens
this conversion by seamlessly adhering the sensor on the wet and curvilinear
surface, is proposed. The optimized AH exhibits strong adhesion to various
organic or inorganic surfaces, including six commonly used engineering
materials and three biological tissues. As a pressure sensor, TPSS proves
good in vitro electrical performance with a high output of 8.3 V, long-term
stability of over 6000 cycles, and high energy power density of 186.9 μW m−2.
In a large animal experiment, TPSS seamlessly adheres to the right-side
internal carotid artery of a Yorkshire pig to monitor blood pressure during a
surgical operation. Compared to commercial sensors that work by inserting
into tissues, TPSS does not cause any damage and can be peeled off after
service. The integration of adhesive hydrogel and self-powered pressure
sensors enables biocompatible, seamless, and more efficient interactions
between the biological system and iBEDs, which also contributes to
next-generation implantable bioelectronics with features of battery-free,
intelligent, and accurate.
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1. Introduction

Biomedical electronic devices (BED)
are interfaced with the human body in
wearable or implantable ways to extract
precise medical data or intervene in tissue
functions.[1] Wearable BEDs derive phys-
iological signals from the skin surface or
areas close to the epidermis (≈mm) by
measuring body movement, respiration,
sweetness, temperatures et al.[1b,2] On the
other hand, the physiological status of
organs or tissues, which are closely related
to disease, are available to implantable
biomedical electronic devices (iBEDs).[1a,3]

Since the first implanted cardiac pace-
maker, advances in micro/nanoelectronics
fabrication technologies and multifunc-
tional materials pushing iBEDs toward
ultralow power consumption, miniatur-
ization, and intelligence.[4] The proposal
of self-powered technologies represented
by triboelectric nanogenerators (TENG)[5]

and piezoelectric nanogenerators (PENG)
free iBEDs from the shackles of massive
and limited-life batteries.[1d,2b,5d,6] The first

Y. Hu
Department of Cardiology and Macrovascular Disease, Beijing Tiantan
Hospital
Capital Medical University
Beijing 100070, China
Y. Liu, Y. Shan, X. Qu, J. Xue, Z. H. Guo, Z. Liu, Z. Li
School of Nanoscience and Technology
University of Chinese Academy of Sciences
Beijing 100049, China
E-mail: liuzhuo@binn.cas.cn; zli@binn.cas.cn
Y. Liu, Y. Shan, X. Qu, J. Xue, Z. H. Guo, Z. Liu, Z. Li
Beijing Institute of Nanoenergy and Nanosystems
Chinese Academy of Sciences
Beijing 101400, China
Z. Liu
Key Laboratory of Biomechanics and Mechanobiology of Ministry
of Education, Advanced Innovation Center for Biomedical Engineering,
School of Engineering Medicine
Beihang University
Beijing 100191, China

Adv. Funct. Mater. 2023, 2303696 © 2023 Wiley-VCH GmbH2303696 (1 of 10)

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202303696&domain=pdf&date_stamp=2023-05-24


www.advancedsciencenews.com www.afm-journal.de

TENG-based iBED was designed to harvest energy in a living
rat.[7] After that, more successors demonstrated their extraor-
dinary abilities in cardiovascular disease monitoring and direct
electrical stimulation for treating neurological diseases. Mean-
while, with the advantages of lightweight, low cost, and high
output energy density, PENG-based iBEDs stand out. A two-ends-
bonded single ZnO nanowire on a flexible substrate was fabri-
cated as an alternating nanogenerator to convert biomechanical
energy from a live rat’s breath and heartbeat into an electrical
signal.[8] On this basis, self-powered iBEDs with extra character-
istics of good degradability,[4a,9] self-healing, and antibacterial[10]

were furtherly reported, which made applications in vivo energy
harvesting,[11] cardiovascular monitoring,[4a,12] cardiac pacing,[13]

muscle/nerve electrical stimulation,[14] tissue regeneration,[15]

and drug delivery.[16]

Despite the above advances, developing efficient, seamless
communication, and interactions between iBEDs and tissues
is still largely primitive. Existing iBEDs are mainly prepared
from hard, dry, and abiotic materials, such as elastomers, plas-
tics, metal, and silicon,[12,17] which are inherently incompatible
with the soft, wet, and living biological tissues.[3b,18] For exam-
ple, traditional nerve probes and arrays in neuroscientific ex-
plorations, such as Michigan probes and Utah arrays, normally
cause adverse foreign body reactions resulting in gliosis and fi-
brosis, which seriously hinder the reliability and functionality of
implants.[19] In parallel, the soft and curvilinear surfaces of bio-
logical tissues should be taken into consideration. Extensive ef-
forts in establishing conformal contact with tissue were invested
by endowing traditional materials with flexible and stretchable
structures, such as wavy shapes and mesh designs.[20] However,
these strategies did not improve the intrinsic modulus mismatch
between iBEDs and biological tissues. We summarized the re-
search progress of iBEDs in terms of device-tissue interfaces, de-
vice design, and performance, et al., please find more details in
Table S1 (Supporting Information). Currently, integrating self-
powered iBEDs with biological tissue mainly relies on physical
attaching, gluing, and surgical suturing (Figure S1, Supporting
Information). These methods are nonconformal, not stable, or
will damage surrounding tissues.

Adhesive hydrogels emerged as a versatile candidate in
bridging the iBEDs and biological tissues with their special
similarities to biological tissues.[1a,21] Adhesive hydrogels are
hydrophilic 3D polymer networks that contain tissue-like high
water content, which closely mimics physiological environments
and minimizes potential problems induced by implanted foreign
bodies.[19a,21a,22] The Young’s modulus of adhesive hydrogels is
ranging from pascal (Pa) to megapascal (MPa), which is well
matched with biological tissues.[1a,23] This enables adhesive
hydrogels to form seamless conformal contact with curvilinear
physiological surfaces. Although, efforts were made to design
adhesive hydrogels used as epidermal electrodes, immobilize im-
plants, sealants, and surgical instruments coats.[15b,19a,24] These
adhesive hydrogels usually require surface polar treatment of
targets, otherwise, the adhesion efficiency will greatly reduce. In
nature, mussels can tightly cling to reefs under seawater, relying
on the adhesive proteins secreted by their byssus.[25] These
mussel adhesive proteins (MAPs) contain abundant catechol
groups, which enable strong adhesion with various organic and
inorganic surfaces through forming charge–charge interactions,

covalent bonds, hydrogen bonds, and Π–Π bonds (Figure S2,
Supporting Information).[25] Taking full consideration of the
biocompatibility and wet adhesive characteristic, MAPs in-
spire the hydrogel design for facilitating efficient and seamless
interactions between iBEDs and biological tissues.

In this paper, we propose a tissue-adhesive piezoelectric soft
sensor (TPSS) for in vivo monitoring, in which a piezoelectric
sensor converts biomechanical movements into electrical sig-
nals, and the adhesive hydrogel (AH) strengthens this conversion
by seamlessly adhering the sensor on the wet and curvilinear
surface of biological tissues. The soft sensor is fabricated using
piezoelectric polyvinylidene fluoride (PVDF) film in 𝛽 phase,
which was sensitive to continued dynamic bending. The AH
is designed based on biologically derived MAPs and gelatin,
behaving strong adhesion to 6 commonly used engineering ma-
terials (including polyimide, rubber, polycarbonate, polymethyl
methacrylate, titanium, and copper) and 3 biological tissues
(kidney, skin, and heart). The tunable Young’s modulus, good
biocompatibility, and superior adhesion performance prove the
potential of AH in bridging iBEDs and biological tissues. As a
pressure sensor, TPSS can seamlessly adhere to the artery of
a Yorkshire pig to monitor intraoperative vital indicators, such
as blood pressure, heart rate, and respiratory rate. After service,
TPSS is easily peeled off without damaging surrounding tissues.
The integration of adhesive hydrogel and self-powered pressure
sensor enabled the biocompatible, seamless, and more efficient
interactions between the biological system and iBEDs, which also
provided reference to next-generation implantable bioelectronics
with features of battery-free, intelligent, and accurate.

2. Results and Discussion

2.1. Overview of the Tissue-Adhesive Piezoelectric Soft Sensor
(TPSS)

The design principles of TPSS were displayed in Figure 1. There
are two parts consisting of TPSS, the adhesive hydrogel (AH), and
the piezoelectric sensor. To realize both strong adhesion and good
biocompatibility, MAPs derived from mussel byssus and gelatin
from porcine skin were selected to design AH through a simple
one-step method (Figure 1a). In brief, AH was fabricated by dis-
solving proportioned components into deionized water, followed
by 2 h of polymerization under ultraviolet (UV) light. More details
could be found in the Experimental Section. The size and thick-
ness of AH film could be customizable by altering the parameters
of glass molds used in polymerization. Figure S3 (Supporting In-
formation) displayed a dehydrated AH film in size of 10✗10 cm2,
in thickness of ≈40 μm. The as-fabricated AH performed strong
adhesion to both biological interfaces (like skin) and inorganic
interfaces (like metal), where no pretreatment or surface modi-
fication was required (Figure 1b,c). Five layers consisted of the
piezoelectric soft sensor, as shown in Figure 1d,e, including the
28 μm PVDF film as an electrical-mechanical conversion layer,
two 6 μm Ag layers as electrodes, and two 70 μm polyimide layers
as encapsulations. Combining AH and the piezoelectric sensor,
TPSS could seamlessly adhere to biological tissues. The fully en-
capsulated TPSS was small (30✗15✗0.2 mm3), light (0.171 g), and
flexible (Figure 1f–i). All these features ensure that TPSS work
steadily in vivo while reducing damage to surrounding tissues.
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Figure 1. The overview of TPSS. a) The design process, components, and structure of AH. b) The AH adhered to the skin. c) The AH adhered to metal
(Al film). Scale bars in (b) and (c) both are 1 cm. d) The diagram of TPSS in vivo, with the help of the AH, the TPSS anchor at the implant site. e) An
exploded view of TPSS. f–i) The optical images of the TPSS in well flexible with a dimension of 30✗15✗0.2 mm3, and a weight of 0.171 g. Scale bar: 1 cm.

2.2. The Adhesion Performance of AH

To evaluate the adhesion performance of AH with various targets,
we conducted three different mechanical tests, measuring inter-
facial toughness by 180° peel test, shear strength by lap-shear test,
and tensile strength by tensile test. To give a clear understanding,
we detail displayed the test procedures of one group sample (AH
and kidney). Figure 2a shows the optical photographs and force-
displacement curve of the 180° peel test. The force increased with
the displacement to peak and then decreased, stopped when the
kidney sheets were completely separated. The interfacial tough-
ness was calculated according to Equation (1), where Fit is the
peak value of peel force, and W is the width of the AH. The test
procedure and calculation method of shear strength was shown
in Figure 2b. The force-displacement curve performed a similar
tendency, with the peak appearing when two sheets were going
to separate. The shear strength was calculated following Equa-
tion (2), where the Fss is the peak value of measured force and L
is the length of AH. Figure 2c demonstrated the tensile strength
test procedure and corresponding curve, where two T-shaped 3D
printing molds were used to assist testing. The peak value was
higher than the previous two because it needs more energy to
tear AH in a vertical direction. The tensile strength was calculated

from Equation (3), where Fts is the peak value of the measured
force

Interfacial toughness =
2Fit

W
(1)

Shear strength =
Fss

WL
(2)

Tensile strength =
Fts

WL
(3)

The strong adhesion mainly came from multiple interactions
forming between AH and the targets’ surface, including hy-
drogen bonds, covalent bonds as well as 𝜋–𝜋 interactions and
charge–charge interactions. These interactions were contributed
by various polar groups, like catechol groups, carboxyl groups,
and NHS ester groups from AH (Figure 2d).[25,26] Fourier trans-
form infrared (FTIR) results further verified ours suppose, as
shown in Figure S4 (Supporting Information). The C–O stretch
at 1087 cm−1 might come from catechol groups of MAPs, the
sharp peak located at 1747 cm−1 indicated carboxylic acid C=O
stretch, the symmetric C–N–C stretch located at 1201 cm−1

and asymmetric C–N–C stretch at 1297 cm−1 were related to
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Figure 2. Mechanical adhesion performance of AH. The adhesion abilities of AH were evaluated by three methods: a) interfacial toughness tested by
a standard 180° peel test, b) shear strength tested by a standard lap-shear test, and c) tensile strength tested by a standard tensile test. The biological
targets used in (a–c) were small pieces of the kidney. Scale bar in (a-c) is 1 cm. d) The adhesion principle of AH. e) The interfacial toughness, shear
strength, and tensile strength of AH (with PI as test targets) vary with the content of MAPs. f) Interfacial toughness, shear strength, and tensile strength
between AH and various engineering materials. g) Interfacial toughness, shear strength, and tensile strength between AH and biological tissues. The
loading speed of all tests was 30 mm min−1.

NHS ester.[26,27] The adhesion performance of adhesive hydro-
gel could be optimized by tuning the content of MAPs. With
MAPs content increased, the shear strength and tensile strength
showed a rising tendency. The interfacial toughness increased
from 327 to 667 J m−2 and then reduced to 643 J m−2. The
downward tendency may be due to more catechol groups par-
ticipating in forming intramolecular interactions rather than
contributing to surface adhesion. More details about mechan-
ical tests of adhesive hydrogels with various MAPs contents
could be found in Figure S5 (Supporting Information). There-
fore, the AH with 10% MAPs was used for further study (un-
less otherwise specified, AH refers to samples containing 10%
MAPs).

The mechanical adhesion between AH and other targets
was systematically evaluated following the same procedures,
including six commonly used engineering materials (PI, rubber,
PC, PMMA, Ti, and Cu) and three biological tissues (skin,
kidney, and heart). The optical images taken during the test pro-
cedure demonstrated the tightly adhesive interfaces, as shown
in Figure S6 (Supporting Information). The corresponding
force-displacement curves were recorded and summarized in
Figure S7 (Supporting Information). Among these engineering
materials, AH performed strong adhesion to PI with interfacial
toughness of 656 J m−2, shear strength of 51.9 kPa, and tensile
strength of 93.6 kPa. Therefore, we chose PI as the packaging
material for TPSS. Among biological tissues, the adhesion
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Figure 3. The mechanical performance and biocompatibility of AH. a) Young’s modulus of AH is in the range of ≈25–80 kPa, which is located between
engineering materials and biological tissues. b) The tensile strain-stress curve and Young’s modulus curve of AH. c) The loading-unloading tensile
strain–stress curves of AH with maximum tensile deformation fixed at 50%, 100%, 150%, 200%, 300%, and 400%. d) The 10 times loading–unloading
tensile strain–stress curves of AH with maximum tensile deformation fixed at 400%. Loading speed in (c) and (d) was 30 mm min−1. e) The storage
modulus (G’) and loss modulus (G’’) of AH under temperatures ranging from 0 to 60 °C. f) The fluorescence images and g) cell viability of stained
mouse embryo fibroblasts after being cultured with AH for 1, 2, and 3 days. The scale bar in (f) is 200 μm.

ability showed increased tendency with skin, kidney, and heart.
Compared with other similar works, the adhesion forming of AH
does not require surface polar treatment of targets in advance,
which is more efficient in real clinical application scenarios.

2.3. The Mechanical Softness and Biocompatibility of AH

The tissue-matched mechanical softness, including Young’s
modulus and stretchability, helps alleviate the foreign-body
response of organisms.[19a] The Young’s modulus of AH was
ranging from 25 to 80 kPa, which was roughly placed between
biological systems and engineering systems (Figure 3a,b).[19a]

The breaking elongation and breaking tensile strength of AH
were calculated as 631% and 140 kPa. Furtherly, the stress–strain
curves of the hydrogels with different MAPs content (0%, 5%,
10%, and 15% by mass) were tested and displayed in Figure S8
(Supporting Information). The breaking elongation and max
Young’s modulus decreased along with the MAPs increased
from 0% to 15%, while the tensile strengths (under the same
strain) performed the opposite tendency. This may be because
MAPs contributed to forming more dynamic interactions, which
consumed energy by breaking and reconstructing bonds to

protect the hydrogel film from fracture, while also sacrificing
part strength.[23c]

To evaluate the recoverability of AH after stretching, we con-
ducted the loading–unloading cycle test. The fusiform hystere-
sis loops were observed, which came from energy dissipation
during tensile deformation (Figure 3c). When the applied ten-
sile strain was 50% and 100%, the AH almost completely re-
covered to its original state after unloading. When the applied
tensile strain was 150%, 200%, 300%, and 400%, there was less
than 10% irreversible deformation remaining. Furthermore, 10
cycles loading–unloading test demonstrated the stability of AH
under 600% tensile deformation (Figure 3d). After the first cycle,
the loading and unloading curves almost overlapped, indicating
less energy dissipation. This behavior was mainly related to the
arranged polymer segments following the stretching direction.
The storage modulus (G’) kept larger than the loss modulus (G’’)
under temperatures from 0 to 60 °C, indicating the stable solid
state of AH (Figure 3e; and Figure S9, Supporting Information).
This is important for implants to keep stable functions given the
temperature differences between the in vivo and in vitro environ-
ments. Good biocompatibility is essential to reduce foreign-body
reactions and subsequent adverse effects on the organism. Af-
ter being cultured with an AH-contained medium for 1, 2, and
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Figure 4. In vitro electrical performance of TPSS. a) The SEM and explosive view of TPSS displayed the multi-layered structure with close contact between
layers. b) The working principle of TPSS. c) The Voc and d) Csc of TPSS under different bending strains. e) The Voc, Isc, and Csc of TPSS vary with different
bending strains. f) The Voc of TPSS under different frequencies with the bending strain fixed at 26.2%. g) The Voc and power density of TPSS in an
impedance-matching test. h) The performance stability of TPSS with 6000 times bending-recovering test under the 26.2% bending strain.

3 days, the Mouse fibroblasts L929s showed normal adherence
behavior and cell morphology (Figure 3f; and Figure S10, Sup-
porting Information). The cell viability of both experimental and
control groups was near 100% after 3 days, which indicates the
good biocompatibility of AH (Figure 3g). In conclusion, with the
advantages of tissue-similar mechanical softness, tissue-matched
Young’s modulus, and good biocompatibility, AH demonstrated
its potential in bridging biological tissues and implantable bio-
electronics.

2.4. The In Vitro Electrical Performance of TPSS

The tissue-adhesive piezoelectric soft sensor was constructed
with PVDF as a mechanical-electrical conversion unit, Ag as elec-
trodes, PI as packaging layers, and AH as a tissue-attaching layer.
Figure 4a; and Figure S11 (Supporting Information) demon-
strated the multilayer structure of TPSS and the close adhe-

sion between layers. The detailed working principle of TPSS was
demonstrated in Figure 4b, which is based on the positive piezo-
electric effect of PVDF in the 𝛽 phase. When TPSS was bend-
ing pressed by external mechanical movements, the polarized
dipole density of PVDF film increased correspondingly. At the
same time, electrons flowed from the bottom electrode to the top
electrode through an external circuit to keep charge balance. Af-
ter removing external force, TPSS returned to its original state.
Polarized dipole density decreased, and electrons flowed from the
top electrode to the bottom electrode. By connecting the display
system to the external circuit, the alternating electrical signals
could be read out. An element simulation was conducted to verify
the surface potential distribution of TPSS using COMSOL Multi-
physics. There was almost no obvious difference in surface poten-
tial distribution between the simulation models with an AH layer
and without AH payer (Figure S12, Supporting Information).

During in vitro electrical performance studies, a linear motor
was used to drive TPSS to generate bending strain along the Z
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Figure 5. The in vivo sensing performance of TPSS. a) Schematic diagram of in vivo experimental test system. b) TPSS is closely attached to the surface
of the right-side internal carotid artery. Scale bar: 1 cm. c) The blood pressure date from a commercial sensor (top) and the corresponding output signals
from TPSS (down). d) The relationship between the arterial blood pressure and the output voltage of TPSS. e) Voc of TPSS can sensitively distinguish
the slight rising or dropping of ABP. f) The overall uptrend and downtrend of voltage peaks are caused by inhalation and exhalation movements.

axis, which direction has the highest piezoelectric response. We
defined the bending strain of TPSS in Figure S13 and Table S2
(Supporting Information). The open-circuit voltage (Voc), short-
circuit current (Isc), and short-circuit charge (Qsc) of TPSS un-
der various bending strains were tested and summarized in
Figure 4c–e; and Figure S14 (Supporting Information). Under
4.5%, 10.0%, 17.3%, 26.2%, and 36.3% bending strain, the Voc
was 4.02, 4.93, 5.6, 6.2, and 8.3 V, respectively. Correspondingly,
the Qsc was 0.07, 0.105, 011, 0.127, and 0.158 μC as well as the
Isc was 0.93, 1.03, 1.059, 1.14, and 1.26 μA. The test frequency
showed less effect on the output performance of TPSS. Keeping
bending strain as 26.2%, the Voc of TPSS was calculated as 6.54,
6.49, 6.58, 6.59, and 6.50 V under 0.5, 1.0, 1.5, 2.0, and 2.5 Hz test
frequency (Figure 4f). As an implantable pressure sensor, keep-
ing working performance stable is essential. We evaluated the
cycle stability of TPSS under 26.2% bending strain with a test
frequency fixed at 1 Hz. After 6000 times bending and recover-
ing tests, there was almost no attenuation with the Voc of TPSS
kept stable around 6.3 V (Figure 4g). The energy output of TPSS

could be maximized by conducting an impedance-matching ex-
periment. As shown in Figure 4h, the power density reached a
peak of 186.9 μW m−2 with an external resistance of 108 Ω, which
was matched with the internal impedance of TPSS.

2.5. In Vivo Sensing Performance

To evaluate the in vivo performance of TPSS, an adult Yorkshire
porcine (about 40 kg) was employed in this work. Figure 5a
schematic demonstrated the test system used in this animal
model. The TPSS was seamlessly attached to the right-side
internal carotid artery, which was linked with an electrometer.
In parallel, a commercial sensor was used as a reference, which
worked by inserting a probe into the femoral artery. The data
acquisition (DAQ) system was employed to display the arte-
rial blood pressure (ABP) and electrocardiograph (ECG) from
commercial sensors. As a pressure sensor, TPSS captured the
mechanical physiological movement of biological tissue and
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converted it into visible electrical signals. By collecting and
analyzing these alternating electrical signals, we could monitor
intraoperative blood pressure, heart rate, and respiratory rate.
Based on the mechanical flexibility and strong tissue-adhesive
ability of AH, TPSS closely adhered to the surface of biological
tissues. Moreover, after completing the service, TPSS was easily
peeled off from the tissue. Figure 5b shows the close interfaces
between TPSS and the internal carotid artery.

The pressure from blood flow in the internal carotid artery
drove TPSS to deform and output electrical signals. After inject-
ing dopamine (DA), ABP slowly rose from 55 mmHg (low ABP
area) to 110 mmHg (high ABP area), and the Voc of TPSS in-
creased correspondingly (Figure 5c). The real-time ABP and the
Voc of TPSS satisfied the fitting equation Y= 3.5–0.039 X+ 8.2E−4

X2, where X referred to artery blood pressure, Y referred to the
peak value of Voc, R2 was calculated as 0.85 (Figure 5d). Fur-
thermore, the TPSS accurately distinguished the slight rise and
drop of ABP, even 2 mmHg, which demonstrated outstanding
sensing performance (Figure 5e). At the same time, we noticed
that the periodic fluctuations of both ABP and Voc were related
to the breathing movements of the experimental animal. Dur-
ing inhalation, the ABP and Voc kept rising, which was opposite
to that during exhalation. As shown in Figure S15a,b (Support-
ing Information), the real-time respiratory rate was calculated as
about 14 cycles per minute (cpm) according to the time of one
inhalation/exhalation cycle displayed in the Voc curve. A simi-
lar periodic relationship could be found between the peak of Voc
curves and the R wave in electrocardiogram (ECG), as shown in
Figure S15c,d (Supporting Information). The real-time heart rate
was calculated as 130 beats per minute (bpm) through the peak-
to-peak time interval of Voc from TPSS, which is close to that
calculated from ECG. As a control group, a piezoelectric sen-
sor without AH layer was implanted into the same site (Figure
S16a,b, Supporting Information). As shown in Figure S16c (Sup-
porting Information), the waveform had no characteristic peaks
and showed little variation in amplitude, which indicated ineffec-
tive contact between the piezoelectric sensor and artery. In gen-
eral, with AH as a tissue-adhesive layer, TPSS formed nondam-
aging, seamless, and effective communications with the artery.
Meanwhile, the output performance of TPSS was closely related
to artery blood pressure, respiration rate, and heart rate, demon-
strating its great potential for monitoring cardiovascular health
status.

3. Conclusions

In conclusion, this work proposed an implantable tissue-
adhesive piezoelectric soft sensor, which demonstrated their po-
tential for monitoring in vivo intraoperative vital indicators. First,
inspired by the adhesive behavior of mussels in seawater, we de-
signed the adhesive hydrogel (AH) based on biologically derived
MAPs and gelatin through polymerization under UV light. The
optimized AH with 10% MAPs performed superior mechani-
cal adhesion with six commonly used engineering materials (PI,
rubber, PC, PMMA, Ti, and Cu) and three biological tissues (kid-
ney, skin, and heart). AH was able to withstand over 631% ten-
sile deformation with the corresponding breaking strength of
140 kPa. The Young’s module of AH was calculated ranging
from 28 to 80 kPa, which is well-matched biological tissue. Tak-

ing all advantages of tissue-similar mechanical softness, tissue-
matched Young’s modulus, good biocompatibility, and strong ad-
hesion to both organic and inorganic interfaces, AH proved to be
a strong candidate in human–machine interfaces. TPSS demon-
strated good in vitro electrical performance with a high output
of 8.3 V, long-term stability of over 6000 cycles, and high energy
power density of 186.9 μW m−2. In a large animal experiment,
TPSS proved its in vivo application potential as a self-powered
pressure sensor for monitoring blood pressure, heart rate, and
respiratory rate during surgery. Compared to commercial sen-
sors that worked by inserting into tissues, TPSS did not cause
any damage and could be peeled off after service. The integration
of adhesive hydrogel and self-powered pressure sensor enabled
the biocompatible, seamless, and more efficient interactions be-
tween the biological system and iBEDs, which also provided refer-
ence to next-generation implantable bioelectronics with features
of battery-free, intelligent, and accurate.

4. Experimental section
Materials: All chemicals were used without further purification. To pre-

pare the adhesive hydrogel, the mussel adhesive proteins (MAPs, Usun
Bio), acrylic acid (AA, Sigma-Aldrich), gelatin from porcine skin (Sigma-
Aldrich), N-hydroxysuccinimide ester (AAc-NHS ester, Sigma-Aldrich, CAS
38862-24-7), 𝛼-ketoglutaric acid (Sigma-Aldrich), gelatin methacryloyl
from porcine skin with strength bloom 90–110 g and degree of substitution
60% (GelMa, Sigma-Aldrich) were used. The PI, Ti, rubber, Cu, PC, PMMA
film, and tissues were purchased from Casmart. L929 cells (fibroblasts,
GNM28) were from the Cell Bank of the Chinese Academy of Sciences in
Beijing, China. Phosphate buffer saline (PBS), Calcein-AM/PI Live/Dead
double-labeled kit, and Cell Count Kit-8 (CCK-8) was purchased from Bei-
jing Solarbio Technology Co., Ltd. Piezoelectric film, polyimide type, and
Cu wire was purchased from TE Connectivity.

Characterization: A transmission Fourier transform infrared spectro-
scope (VERTEX80v, Bruker) was used to characterize the chemical compo-
sition of AH with wave numbers ranging from 400 to 5000 cm−1. The mor-
phology of AH and TPSS were observed by Hitachi field emission SEM (SU
8020, Hitachi). The dynamic mechanical analysis (DMA) was conducted
in the air atmosphere (Q800, TA Instruments) with an AH dimension of
6.5✗ 5.0✗ 0.52 mm3. With a tensile preload force of 0.01 N, the small oscil-
lations of amplitude 1% strain were applied at 1 Hz frequency. The temper-
ature sweeps from 0 to 60 °C were performed at a rate of 5 °C min−1. The
potential distribution of the TPSS under the bending state was analyzed
through a finite element simulation using COMSOL Multiphysics.

Preparation of Adhesive Hydrogels: To prepare the adhesive hydro-
gel with 5% mussel adhesive protein (by mass ratio to water), 0.5 g
MAPs, 3.0 g acrylic acid, 1.0 g gelatin from porcine skin, 0.1 g N-
hydroxysuccinimide ester, 0.01 g gelatin methacryloyl, and 0.02 g 𝛼-
ketoglutaric acid were dissolved in 10.0 mL deionized water through con-
tinuous magnetic stirring for 2 h. The as-prepared mixture was filtered with
0.4 μm sterile syringe filters and transferred to the 10 ✗10 cm2 glass mold
with 210 μm spacer. After 2 h curing under ultraviolet light (UV, 365 nm,
20 W), the adhesive hydrogel was got. The adhesive hydrogel with 10%
and 15% MAPs were prepared by adding 1.0 and 1.5 g MPA, respectively.

Preparation of TPSS: The as-fabricated pressure sensor consisted of a
piezoelectric layer, electrodes, packaging layers, and an adhesive layer. In
detail, the commercial piezoelectric film with a total thickness of 40 μm
was cut into 1.5✗3.0 cm2. Wiping four edges of the piezoelectric film with
acetone to avoid conduction between two electrodes. Both electrodes need
to be linked with short Cu wires with the help of silver paste. The polyimide
type was attached on both sides of the PVDF film as packaging layers. After
attaching the adhesive hydrogel in thickness of about 200 μm on one side
of the as-fabricated device, the TPSS was got.

Adv. Funct. Mater. 2023, 2303696 © 2023 Wiley-VCH GmbH2303696 (8 of 10)
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Stretchability and Young’s Modulus Evaluation of AH: To explore the
stretchability and Young’s modulus of the as-fabricated hydrogel, an elec-
trical vertical test bench (Mark-10/ESM301) was used for uniaxial tensile
test, and a force gauge (Mark 10/M5) was used to detect real-time tensile
force. To explore the recovery after 50%, 100%, 150%, 200%, 300%, and
400% tensile stretchability, 10 times cycle uniaxial tensile test was con-
ducted. For all uniaxial tensile tests, the tensile loading speed was 30 mm
min−1. All samples were in sizes of 30✗10✗1 mm3. The tensile strain,
tensile strength, and Young’s modulus of AH were calculated by Equa-
tions (4), (5), and (6), respectively

𝜀 =
L − L0

L0
× 100% (4)

𝛿 = F
S

(5)

E = 𝛿

𝜀
(6)

Where ɛ is the tensile strain, 𝛿 is the tensile strength, E is Young’s mod-
ulus, L is the length of the tested sample after tensile stretching, L0 is the
original length of the sample, F is the tensile force, S is the cross-sectional
area of the tested sample.

Adhesion of AH: Interfacial toughness between AH and targets was
tested by standard 180° peel test (ASTM F2256).[26] Shear strength be-
tween AH and targets was tested by a standard lap-shear test (ASTM
F2255). Tensile strength between AH and targets was tested by standard
tensile test (ASTM F2258). All adhesion tests were conducted by Mark-
10/MSE 301/M5 with a constant peeling speed of 30 mm min−1.

Biocompatibility test of AH: The AH-conditioned medium for cell cul-
ture was prepared by incubating 100 mg sterilized AH in 50 mL standard
Dulbecco’s modified Eagle’s medium (DMEM, Gibco) at 37 °C for 24 h.
The L929 cells were seeded in a 24-well cell culture plate (n = 10 for AH-
conditioned medium as the experimental group and n = 10 for pristine
DMEM as the control group). The L929 cells were cultured for 1 d, 2 d,
and 3 d at 37 °C under 95% air and 5% CO2. To observe cell morphology,
the L929 cells at 1, 2, and 3 d were immunofluorescent stained using the
Calcein-AM/PI Live/Dead double-labeled kit. The immunofluorescence
images of cells were acquired by an inverted fluorescence microscope
(DM6000, Leica) under 490±10 nm (live) and 545 nm (dead). To quantify
the cell viability, 10% CCK-8 solution and 90% culture medium were
used to treat L929 cells for 2 h after washing the cells with 1✗PBS. Then,
200 μL supernatant of each well was transferred into a 96-well plate. The
absorbance of the solution was measured under 450 nm with a microplate
absorbance assay instrument.

In vitro electrical test of TPSS: The Voc was acquired by an oscilloscope
(Teledyne LeCroy DPO6450), and the Isc and Qsc were acquired using an
electrometer (Keithley 6517). A linear motor (LinMot E1100) was used to
explore the electrical output under periodic tensile loads. The 6000-times
fatigue test was conducted under 1 Hz and 150° bending strain. All devices
used in vitro electrical test were in dimensions of 30✗15✗0.8 mm3.

In vivo study: The animal experiment was performed by the Nongnong
(Beijing) Life & Technology Company and approved by the Ethical Commit-
tee of Animal Experimental Center. The adult male Yorkshire pig (≈40 kg)
fasted for 12 h before surgery. After that, the animal was anesthetized
by intravenous injection of propofol (6 mg kg−1) and maintained on 1–
3% isoflurane with positive-pressure ventilation. The right-side internal
carotid artery was exposed with an incision. Then, the TPSS with the di-
mensions of 30✗15✗0.6 mm3 was adhered to the artery and connected
to an oscilloscope to acquire and record real-time electrical signals. An
arterial pressure catheter was inserted into the right femoral artery and
connected with the DAQ system (PowerLab 4/35) to record blood pres-
sure. Three probes were fixed on the limbs of the animal and connected
to the DAQ system to record ECG.

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