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Organic piezoelectric materials are emerging as integral components in the development of advanced
implantable self-powered sensors for the next generation. Despite their promising applications, a key
limitation lies in their reduced mechanical force-to-electricity conversion efficiency. In this study, we
present a breakthrough in the fabrication of soft poly(vinylidene fluoride) (PVDF) organic electrospun
piezoelectric nanofibers (OEPNs) with exceptional piezoelectric performance achieved through the
incorporation of zinc oxide nanorods (ZnO NR). The inclusion of ZnO NR proved instrumental in
augmenting the nanocrystallization of PVDF organic electrospun piezoelectric nanofibers (OEPNs),
leading to a highly efficient crystal phase transformation from the o phase to the B/y phase, serving as
superior piezoelectric working dipoles. The resulting PVDF/ZnO NR OEPNs exhibited unparalleled
piezoelectric output voltage and current density, particularly noteworthy under a micro-pressure of 1
kPa and a low frequency of 1.5 Hz. Utilizing the obtained PVDF/ZnO NR OEPNs as the piezoelectric
working element, we engineered a soft self-powered micro-pressure sensor. This sensor was implanted
simultaneously on the cardiovascular walls of the heart and femoral artery in pigs. The sensor
demonstrated precise monitoring and recording capabilities for micro-pressure changes during various
physiological states, spanning from wakefulness to coma, euthanasia, and notably, the formation of

cardiac thrombus. These findings underscore the immense potential of the implantable self-powered
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Accepted 19th March 2024 sensor for the assessment and diagnosis of pressure-related cardiovascular diseases, such as thrombus

and atherosclerosis, during the postoperative recovery phase. This innovative technology offers valuable
insights into the dynamic physiological states, paving the way for enhanced postoperative care and
management of cardiovascular conditions.
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Introduction

Implanted micro-pressure biosensors hold significant promise
for evaluating and diagnosing acute and chronic pressure-
related diseases, encompassing cardiovascular diseases, brain
injuries, hydrocephalus, glaucoma, and tumor regeneration."”
However, their implementation has proven exceptionally chal-
lenging, primarily due to the limitations of conventional
piezoelectric-based pressure sensors reported thus far. These
sensors often exhibit suboptimal piezoelectric sensitivity and
conversion efficiency, coupled with high biotoxicity, particularly
under in vivo conditions.®™ In recent developments, organic
piezoelectric materials have emerged as compelling candidates
in the realms of bioelectronics and biomedicine. Their intrinsic
flexibility, biocompatibility, and facile processability position
them favorably for the advancement of implantable micro-
pressure sensors."' Nevertheless, the current drawback lies
in the limited piezoelectric performance of available organic
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materials, hampering their efficacy in converting internal
micro-pressure into a discernible piezoelectric signal for
biomedical applications in vivo.'*"” Addressing this challenge
necessitates the implementation of an effective strategy for
fabricating ultrahigh-performance organic piezoelectric mate-
rials with exceptional biocompatibility. This strategic impera-
tive stands as a pivotal factor in propelling the future
development of implantable micro-pressure sensors.
Polyvinylidene fluoride (PVDF), recognized as a semi-crystalline
polymer, predominantly exhibits piezoelectric properties in its
B and y phases, achievable through electrical polarization and
physical stretching processes.'®>* However, these post-treatments
are often entangled with intricate processing protocols and yield
limited piezoelectricity.”* Notably, electrospinning has emerged
as a favored technique to enhance the content of 8 and y phases in
organic piezoelectric materials. This is attributed to its ability to
induce self-polarization and recrystallization within piezoelectric
molecular structures in polymeric nanofibers (PNs), facilitated by
high voltage application and rapid solvent evaporation.*** The
electrospinning method imparts exceptional flexibility and
a distinctive nanofiber architecture to the resulting organic
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electrospun piezoelectric nanofibers (OEPNs), ensuring their
conformable adhesion to soft tissues and organs in vivo for real-
time sensing of micro-pressure and deformation.”®* While
OEPNs may appear to be ideal materials for the development of
implantable self-powered pressure sensors, their current applica-
tions face significant challenges due to the inadequate sensitivity
and intrinsic inefficiency in piezoelectric conversion. This limita-
tion arises from the fact that internal pressures within organisms
typically remain very weak (<1 kPa) and exhibit low frequencies
(<1.5 Hz).

Efforts have been exerted to enhance the piezoelectric
sensitivity and conversion efficiency of organic/inorganic elec-
troactive polymer nanocomposites (OEPNs) by introducing
nanofillers. This involves doping agents that establish molec-
ular interactions with the —-CF, groups of polyvinylidene fluo-
ride (PVDF), inducing the formation of the p and y phases.
Examples of such nanofillers include metal nanoparticles (e.g.,
Au), inorganic nanoparticles (e.g., TiO, and barium titanate),
functionalized multi-walled carbon nanotubes, graphene, and
its derivatives.*®**> These nanofillers have demonstrated
a pronounced effect on enhancing the piezoelectric perfor-
mance of OEPNs. For instance, in a study by Ji et al., graphene
oxide flakes doped PVDF OEPNs exhibited a piezoelectric
constant 26% higher than that of pure PVDF OEPNs.*® Another
investigation by Ji et al. involved the preparation of flexible lead-
free OEPNs based on BNT-ST ceramics and poly(vinylidene
fluoride-trifluoroethylene) (PVDF-TrFE) copolymer. M. Wojtas
et al. have studied the dielectric and thermal stability of PVDF-
TrFE copolymer doped with large amount of the graphene oxide
(GO): 5, 10, 15, 20, 25%.*”** Well-arranged OEPNs in this study
demonstrated an improved piezoelectric property (0.524 V
cm %).** However, under micro-pressure (<1 kPa) and low
frequency (<1.5 Hz) conditions, none of these materials dis-
played adequate piezoelectric performance for implantable self-
powered pressure devices."™

In this study, we utilized nanoZnO as a nanofiller to enhance
the piezoelectricity of PVDF OEPNs. NanoZnO was chosen for its
high electromechanical coupling coefficient, physicochemical
stability, and excellent biocompatible and antibacterial prop-
erties.* Considering the decisive role of nanoZnO's nano-
structures on its electrochemical properties, three types of
nanoZnO (nanoparticles and nanorods) were incorporated into
PVDF OEPNs to investigate their impact on promoting the
piezoelectric properties of PVDF OEPN. We conducted
a comprehensive analysis of the morphology, crystal and
chemical structure, as well as the electrochemical and piezo-
electric performance of the resulting PVDF/ZnO OEPNs.
Furthermore, we successfully designed and fabricated a soft
self-powered pressure sensor using the PVDF/ZnO OEPNs as the
piezoelectric working element. This sensor was implanted onto
the cardiovascular walls of the heart and femoral artery to
monitor and record changes in primitive blood pressure. The
output piezoelectric signal from the soft sensor accurately and
in real-time reflected fluctuations in blood pressure within the
cardiovascular system. This was demonstrated as the pig
underwent different pathological conditions, from waking to
a comatose state, ultimately culminating in the euthanasia
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process. These findings not only pave the way for the develop-
ment of high-performance organic piezoelectric materials for
biomedical applications but also establish the implantable soft
self-powered sensor as a versatile platform for a wide range of
measurements related to internal micro-pressure.

Materials and method
Synthesis of PVDF/ZnO OEPNs

Schematic diagram of the electrospinning process for the
fabrication of PVDF/ZnO OEPNs (Fig. 1). All materials were
utilized without additional purification and were procured from
reputable sources: PVDF (molecular weight = 53.4 kDa, Kun-
Shan Hisense Electronic Co., Ltd, China), nanoZnO (Beijing
Deke Island Gold Technology Co., Ltd), N,N-dimethylforma-
mide (DMF, 99.5%, Sinopharm Chemical Reagent Co., Ltd,
China), and acetone (99.5%, Shanghai Lingfeng Chemical
Reagent Co., Ltd, China). To synthesize the PVDF/ZnO OEPNSs,
a 20% (wt/v) PVDF solution was prepared by dissolving PVDF in
a mixture of DMF and acetone (volume ratio 3/2). Subsequently,
nanoZnO was introduced into the solvent mixture, and the
resulting solution was stirred for 12 hours to ensure uniform
dispersion of ZnO. The solution was then injected into a spin-
neret (0.5 mm in diameter) using a microinjection pump at
a rate of 1.0 ml h™". The spinneret was connected to a positive
DC voltage of 18 kV, with the tip-to-collector distance main-
tained at 15 cm. The processing conditions included a temper-
ature of 30 °C and a humidity level of 35%. The resultant PVDF/
ZnO OEPNs were stored under vacuum conditions for subse-
quent investigations.

Chemical and morphology characterization

The examination of nanoZnO distribution within the organic
electroactive polymer nanocomposites (OEPNs) and the
morphological features of nanoZnO were scrutinized using
a transmission electron microscope (TEM). The crystalline
structure of these OEPNs was ascertained through the
measurement of melting enthalpy via differential scanning
calorimetry (DSC), employing the following formula:

_ AH;

T AH;

wherein, X, is the crystallinity of the sample. AH¢ is the melting
enthalpy of the sample. AH; is the melting enthalpy of the
sample of 100% crystallization, and the value is 104.5J g™ .

Piezoelectric properties

To assess the piezoelectric characteristics of the poly-
vinylidene fluoride/zinc oxide organic electrospun piezo-
electric nanofibers (PVDF/ZnO OEPNSs), a soft pressure sensor
was meticulously devised and constructed. The OEPNs,
measuring 20 mm x 20 mm with a thickness of 26 um, were
integrated by sandwiching them between two aluminum
foils, firmly affixed using conductive adhesive. Copper wires
served as the electrodes, and the sensor assembly was
encapsulated within a packaging material film composed of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the electrospinning process for the fabrication of PVDF/ZnO OEPNSs. (a) Electrospinning and the crystal phase
conversion in the PVDF/ZnO OEPNSs; (b) effect of morphologies of nanoZnO on intermolecular interaction between —CF, of PVDF in the PVDF/

ZnO OEPNs.

polyimide (PI) and polyethylene terephthalate (PET). Subse-
quently, a squeeze-release experimental setup was estab-
lished to scrutinize the piezoelectric properties of the sensor.
The experimental rig was actuated by an automotor operating
at a frequency of approximately 1.5 Hz. Employing an elec-
trochemical workstation (CHI 760e), the output piezoelectric
voltage and current of the sensor were meticulously recorded
and analyzed.

F/ZnO NP-1

200 nm

Fig. 2 TEM images of PVDF/ZnO OEPNS.

© 2024 The Author(s). Published by the Royal Society of Chemistry

In vivo implantation and blood pressure monitoring

A male domestic pig weighing 80 kg underwent a 6 hour fasting
period prior to the surgical procedure. The animal was anes-
thetized through an initial injection of ketamine (8 mg kg,
intramuscular) followed by propofol (1 mg kg™, intravenous).
Anesthesia was sustained using 1.0% isoflurane. Subsequently,
the right femoral artery and carotid artery were meticulously
dissected, with careful separation of the artery and surrounding
muscle tissue. Preceding implantation, the pressure sensor,

VDF/ZnO NR
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measuring 10 mm x 10 mm, underwent sterilization for one
hour. The sensor was then implanted to envelop the surfaces of
the right femoral and carotid arteries. Following implantation,
the incision was sutured, and the animal was interfaced with an
electrochemical workstation for continuous monitoring of
60 52.1 % voltage output. Throughout the procedure, the animal received

X compassionate care and was managed in strict adherence to the
\U 40- Institutional Animal Care and Use Committee (IACUC) approval
>

80+ 73.9 %
66.3 %

27.5% protocol of the Animal Care Center at the Nanjing Military

20. Region General Hospital.
o Results and discussion
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Fig. 3 Crystallinity of PVDF/ZnO OEPNs. In the course of electrospinning, three distinct nanoZnO vari-
ants exhibiting diverse morphologies, namely nanoparticles
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Fig.4 Effect of nanoZnO on piezoelectric property of PVDF/ZnO OEPNSs. (a) Schematic diagram of the PVDF/ZnO OEPNs based pressure sensor
and the SEM image of the cross-sectional scan of the pressure sensor. (b) Output voltages and (c) current of the PVDF/ZnO OEPNs with the
optimum doped ZnO concentrations.
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Fig. 5 Electrical properties of PVDF/ZnO OEPNs. (a) Impedance map (b) CV curve of different PVYDF/ZnO OEPNSs.

(average diameter: 30 £+ 10 nm and 90 £+ 10 nm) and nanorods
(length: 200 & 60 nm, diameter: 20 & 8 nm), were incorporated
into the organic electrospun polymer nanofibers (OEPNs). The
successful integration of nanoZnO into the OEPNs during the
electrospinning process is evidenced in Fig. 2c. TEM images
further revealed the monodispersity of ZnO nanorods (ZnO NR)
and nanoparticles with a diameter of 30 nm (ZnO NP-2). In
contrast, ZnO nanoparticles with a diameter of 90 nm (ZnO NP-
1) exhibited agglomeration, resulting in a size range of 200-
350 nm due to the presence of abundant hydroxyl groups. The
diameter distribution of the resulting PVDF/ZnO OEPNs ranged
from 300 nm to 500 nm, as depicted in (Fig. 2 and 3). To achieve
optimal levels of B/y phase content in the OEPNs for each
nanoZnO variant, the doping percentages were meticulously
optimized. Ultimately, the most effective doping percentages
for nanoZnO in the OEPNs were determined to be 1 wt% (ZnO
nanoparticles of 30 nm), 0.25 wt% (ZnO nanoparticles of 90
nm), and 0.35 wt% (ZnO nanorods), denoted as PVDF/ZnO NP-
1, PVDF/ZnO NP-2, and PVDF/ZnO NR, respectively.

The introduction of nanoZnO into the polymer matrix insti-
gated a notably efficient phase conversion, leading to a marked
enhancement in crystallinity, as depicted in Fig. 3. The initial
crystallinity of pristine PVDF OEPNSs, recorded at 27.5%, exhibi-
ted a significant surge to 52.1% upon incorporation of ZnO
nanoparticles (PVDF/ZnO NP-1 OEPNs). Subsequent doping
iterations with nanoZnO led to a continued escalation in crys-
tallinity, reaching 66.3% for PVDF/ZnO NP-2 OEPNs and a peak
of 73.9% for PVDF/ZnO NR OEPNs. This augmentation in the
crystal structure of PVDF/ZnO OEPNs holds considerable impli-
cations for the improvement of their piezoelectric properties.

Piezoelectric and electrochemical properties of PVDF/ZnO
OEPNs

To evaluate the piezoelectric attributes of the synthesized PVDF/
ZnO organic/inorganic electrospun piezoelectric nanofibers
(OEPNS), a compliant pressure sensor utilizing PVDF/ZnO OEPNs
as the piezoelectric working element was meticulously devised and

© 2024 The Author(s). Published by the Royal Society of Chemistry

constructed, adopting a stratified “sandwich” configuration, as
depicted in Fig. 4a. The output voltage and current of PVDF/ZnO
nanorod (NR) OEPNs were systematically examined under low-
pressure conditions (1 kPa) and a frequency of 1.5 Hz. Illustra-
tively presented in Fig. 4b and c, the structural characteristics of
the incorporated nanoZnO proved pivotal in enhancing the
piezoelectric properties of the PVDF/ZnO OEPNs. The PVDF/ZnO
NR OEPNs demonstrated optimal piezoelectric performance,
surpassing that of ZnO nanoparticle (NP)-1 and NP-2. This supe-
riority is attributed to the one-dimensional rod-like architecture of
ZnO NR, inducing the formation of an orientational crystal inter-
face between ZnO NR and the PVDF molecular chain. This inter-
face proves instrumental in mitigating the damping effects of
grain boundaries on piezoelectric electrons and augmenting the
velocity of piezoelectric electronic transmission within the PVDF/
ZnO OEPNSs. Simultaneously, the proclivity of ZnO nanoparticles
to agglomerate as depicted in (Fig. 2a) during the electrospinning
process, owing to their elevated surface energy, hinders the regu-
larity of the crystal structure within the OEPNs. This agglomeration
obstructs the generation and transmission of piezoelectric elec-
trons within the OEPNs. Consequently, achieving the optimal
piezoelectric properties of the PVDF nanofibers (NFs) entails the
judicious doping of ZnO nanorods during a conventional electro-
spinning process. The resulting PVDF/ZnO NR OEPNs were
selected for further in-depth investigation.

The electrical characteristics of the polyvinylidene fluoride
(PVDF) based organic-inorganic hybrid electroactive polymer
nanocomposites (OEPNs) were systematically evaluated
through a series of electrochemical analyses. The impedance
spectroscopy results revealed a noteworthy disparity in the
impedance values between PVDF/ZnO NR and PVDF/ZnO NR as
illustrated in Fig. 5a, with the former exhibiting lower imped-
ance. Cyclic voltammetry analyses demonstrated a consistent
closed, smooth curve for all OEPNs, without the emergence of
discernible redox peaks. This observation is indicative of the
commendable electrochemical stability inherent in these
OEPNs. Furthermore, the comparison of electronic storage and
transmission capabilities, as depicted in Fig. 5b, affirmed that

RSC Adv, 2024, 14, N775-11783 | 11779
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Fig. 6 Real-time monitoring of micropressure changes at the outside of cardiovascular wall in vivo. (a) Schematic of implantation of the sensor
for recording micropressure changes. (b) Schematic of the working principle of the sensor for sensing micropressure changes caused by
pulsation from the heart and femoral artery. (c) Output piezoelectric signals of the sensor when experimental pigs at different physiological states

from waking to coma and near death.

PVDF/ZnO NR outperforms PVDF/ZnO NR in these aspects.
These findings collectively underscore the superior electrical
properties and electrochemical performance of PVDF/ZnO NR,
suggesting enhanced electronic storage and transmission
capabilities in comparison to their PVDF/ZnO NR counterparts.

1780 | RSC Adv, 2024, 14, 11775-11783

Monitoring and recording of blood pressure changes at the
outside of cardiovascular walls

To assess the pragmatic applicability of the PVDF/ZnO nanorod
(NR) for in vivo blood pressure sensing, the PVDF/ZnO NR was
set as the piezoelectric working element in the above soft

© 2024 The Author(s). Published by the Royal Society of Chemistry
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pressure sensor, which was covered with a thin PI membrane
(thickness of 38 um) to prevent the erosion of body fluids. Thus,
the sensor has excellent flexibility to conformally attach onto the
surface of the target organ to precisely sense their deformation and
pressure changes, meanwhile, reduce organ damage caused by
exogenous implantation. In this study, the soft pressure sensor
was implanted into the femoral artery and heart of experimental
pig by sticking procedure with bio-glue to monitor and record the
internal blood pressure of the cardiovascular system at distal and
proximal end respectively (Fig. 6a and b), because that the long-
term and accurate internal blood pressure monitoring is still
a key technical challenge for tracing of various pressure-related
diseases such as vascular obstruction, hemangioma, hyperten-
sion, and so on. In addition, in order to test the sensitivity and
accuracy of the soft sensor on the internal blood pressure changes
under different physiological states, the experimental pig was
firstly kept in waking state, and then injected with propofol and
isoflurane to make it into coma state, finally the pig was eutha-
nized by air embolism process.

Fig. 6¢ showed the piezoelectric output voltage of the soft
sensor driven by the heart, when the pig was in the waking state,
the output voltage was stable at about 0.93 £+ 0.31 V. In
consideration of the effective working area (10 mm x 10 mm,
thickness: 26 um) of the PVDF/ZnO NR in the soft sensor, the
piezoelectric output voltage density of the sensor was 346.4 +
115.2 V ecm® under the cardiac blood pressure (left atrium,
~1.33 kPa). The value is significantly lower than the piezoelec-
tric output voltage density of 1875 V cm™* detected in vitro,
which is because that the cardiac blood pressure cannot
completely act on the sensor due to the soft tissue (including
connective tissue, fat e.g.) surrounding the outside of the heart
slowed down the attack from the blood pressure onto the
sensor. However, the presence of these soft tissue does not
affect the transmission of blood pressure change, thus the
sensor sensed the cardiac blood pressure change sensitively. As
shown in Fig. 6¢c, when the experimental pig was injected with
anesthetic to become into coma state, the piezoelectric output
voltage decreased into 0.51 £ 0.12 V immediately under
a reduced cardiac blood pressure of ~1.13 kPa and stabilized at
the level. Finally, when the experimental pig was applied with
the euthanasia process, the piezoelectric output voltage gradu-
ally approaches zero (Fig. 6¢). These results indicated that the
implanted soft sensor has a high sensitivity to the changes in
the cardiac blood pressure in vivo, which can semiquantitatively
reflect the fluctuations in blood pressure as the experimental
pig was at the different pathological condition.

Compared to heart, the femoral artery has a smaller working
area (~4 mm x 10 mm) on the soft sensor, which led to a lower
piezoelectric output voltage than that of the sensor implanted
in the heart. As shown in Fig. 6¢, the piezoelectric output voltage
of the sensor on the femoral artery was about 0.36 & 0.21 V and
0.15 &+ 0.07 V when the experimental pig was at waking and
coma state respectively. And the piezoelectric output voltage
became into zero when the pig was death state. Clearly, the soft
sensor monitored and recorded the fluctuation of blood pres-
sure of the femoral artery caused by the different pathological

© 2024 The Author(s). Published by the Royal Society of Chemistry
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condition of the pig, which was synchronous to the sensor
implanted into the heart.

Obviously, these data collected in vivo demonstrated that the
implanted PVDF/ZnO NR based soft sensor is sensitively
enough to sense the internal blood pressure from distal
(femoral artery) and proximal (heart) end of cardiovascular
system, and the output voltage signals precisely reflected the
fluctuation of blood pressure of experimental pig under
different pathological condition. The global blood pressure
monitoring and recording provide a promising strategy to build
internal blood pressure map for diagnosis and prevention of
cardiovascular-related diseases. In addition, the softness and
ultrasensitivity of this implantable PVDF/ZnO NR based sensor
enable it to be used not only in blood pressure monitoring but
also other internal stress detection, such as intracranial pres-
sure, intraocular pressure, renal pressure and so on. And
compared to the traditional hard implantable pressure sensor,
the soft pressure sensor is more suitable for long-term
implantation to monitor internal chronic stress changes in
vivo due to its biomechanical matching degree to organism and
distinctive self-powered function. Therefore, the development
of the implantable PVDF/ZnO NR based sensor provides
a technical platform for extraction of internal pressure-related
human health data.

Conclusions

Our investigation has successfully formulated an innovative
methodology for fabricating highly responsive organic piezo-
electric nanofibers using polyvinylidene fluoride (PVDF) doped
with nanostructured zinc oxide (nanoZnO) through an electro-
spinning process. NanoZnO, functioning as a nucleating agent,
played a pivotal role in orchestrating a proficient crystal phase
transition from the o phase to the B/y phases. The introduction
of ZnO nanorods significantly augmented the piezoelectric
properties. Employing the PVDF/ZnO nanorods as a transducer
for converting mechanical stimuli into electrical signals, we
engineered a pliable, self-powered pressure sensor. This sensor
was precisely implanted into the femoral artery and heart of an
experimental pig for the purpose of monitoring internal blood
pressure. The implanted sensor exhibited exceptional sensi-
tivity, furnishing real-time readings and accurately document-
ing fluctuations in blood pressure at both the distal and
proximal ends of the cardiovascular system. Furthermore, the
sensor adeptly discerned variations in blood pressure associ-
ated with a spectrum of pathological conditions, ranging from
wakefulness to coma and ultimately euthanasia. The PVDF/ZnO
nanorods, distinguished by their outstanding softness,
biocompatibility, and piezoelectric characteristics, emerge as
a highly auspicious candidate for intelligent pressure-
responsive materials in internal pressure detection. This
potential designates them as pivotal components for the diag-
nosis and monitoring of acute and chronic diseases correlated
with internal pressure.
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