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Transcatheter Self-Powered Ultrasensitive Endocardial 
Pressure Sensor

Zhuo Liu, Ye Ma, Han Ouyang, Bojing Shi, Ning Li, Dongjie Jiang, Feng Xie, Dan Qu, 
Yang Zou, Yue Huang, Hu Li, Chaochao Zhao, Puchuan Tan, Min Yu, Yubo Fan,*  
Hao Zhang,* Zhong Lin Wang,* and Zhou Li*

Changes in endocardial pressure (EP) have important clinical significance 
for heart failure patients with impaired cardiac function. As a vital parameter 
for evaluating cardiac function, EP is commonly monitored by invasive and 
expensive cardiac catheterization, which is not feasible for long-term and 
continuous data collection. In this work, a miniaturized, flexible, and self-
powered endocardial pressure sensor (SEPS) based on triboelectric nano-
generator (TENG), which is integrated with a surgical catheter for minimally 
invasive implantation, is reported. In a porcine model, SEPS is implanted into 
the left ventricle and the left atrium. The SEPS has a good response both in 
low- and high-pressure environments. The SEPS achieves the ultrasensitivity, 
real-time monitoring, and mechanical stability in vivo. An excellent linearity 
(R2 = 0.997) with a sensitivity of 1.195 mV mmHg−1 is obtained. Furthermore, 
cardiac arrhythmias such as ventricular fibrillation and ventricular prema-
ture contraction can also be detected by SEPS. The device may promote the 
development of miniature implantable medical sensors for monitoring and 
diagnosis of cardiovascular diseases.

DOI: 10.1002/adfm.201807560

body’s needs.[1] Typical symptoms of 
HF include dyspnea, weakness, fatigue 
and edema of lower extremities, which 
cause poor quality of life, high mortality 
and heavy economic burden associated 
with HF diagnosis and treatment.[2] A 
crucial indicator of the heart’s ability to 
pump blood and the effects of therapeutic 
approaches is endocardial pressure (EP), 
such as atrial and ventricular pressure. 
As the only effective approach in clinical 
practice to obtain EP data,[3] cardiac cath-
eterization is expensive, invasive and not 
feasible for long-term and continuous 
data collection. In addition, an external 
bulky recorder connected with cardiac 
catheterization will also bring a series of 
short boards, such as complex operation 
and inadequate compliance to patients. In 
clinical practice, the intermittent measure-
ment of EP will cause negligence of tran-
sient/silent symptoms, which may result 

in misdiagnosis of patients. In 2002, Brockway and Doten 
have proposed a patent about long-term monitoring EP by inte-
grating a remote sensor, a telemetry unit and a pressure trans-
mission catheter.[4] However, experimental or clinical study of 

Endocardial Pressure Sensors

1. Introduction

Heart failure (HF) is a global public health problem in which 
the heart is incapable to pump sufficient blood to meet the 
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this EP sensory system has not been reported. Developing a 
real-time, high-sensitivity and low-cost sensor to monitor EP is 
significantly important and urgent.

Synergistic development of advanced materials/electronic 
and nanotechnology will promote progress in medical moni-
toring and application.[5] Recently, nanogenerators (NGs) have 
been demonstrated for successfully scavenging and converting 
mechanical energy into electric power based on piezoelectric 
and triboelectric effects.[6] The fabrication techniques and asso-
ciated unusual device structures are helping to advance appli-
cation of NGs within the human body.[7,8] Moreover, previous 
reports proved that abundant physiological and biomedical 
information in the electrical outputs of NGs, such as heart rate, 
pulse and respiration.[9,10] Moreover, NG technology utilizing 
human body motions and organ activities as the energy source 
can realize self-powered healthcare systems and active sen-
sors.[11] There are some favorable advantages of those devices 
including high sensitivity, ultraflexibility and easy readout fea-
ture.[12] Compared with current devices, smaller physiological 
signal sensors based on NGs with characteristics of higher out-
puts, ultrasensitivity and excellent biocompatibility appear to be 
more critical. It will broaden the application scenarios of the 
NG-based sensors, and more in-depth physiological signals can 
be acquired in a minimally invasive surgical approach .

Here, we proposed a miniaturized, flexible, ultrasensitive and 
self-powered endocardial pressure sensor (SEPS) for real-time 
EP monitoring. SEPS is based on triboelectric nanogenerator 
(TENG), which can convert the energy of blood flow within 
the heart chambers into electricity. The electric outputs of the 
device can indicate physiological and pathological cardiovascular 
status, including EP, ventricular fibrillation and ventricular pre-
mature contraction. The SEPS was flexible and miniaturized 
enough to be implanted into the heart by minimally invasive 
surgery. Meanwhile, the in vitro and in vivo sensory capabili-
ties were both studied. An excellent linearity (R2 = 0.997) with a 
sensitivity of 1.195 mV mmHg−1 was obtained. In vitro results 
demonstrated the mechanical and electrical stability of the 
device by swinging over 100 million cycles in a humid environ-
ment. Additional results showed an excellent blood compat-
ibility of the encapsulation layer with sufficiently low risks of 
arousing hemolytic reaction and activating the coagulation cas-
cade. Furthermore, based on the changes in EP, cardiac arrhyth-
mias such as ventricular fibrillation and ventricular premature 
contraction can also be detected. These developments can help 
safely sense pressure situation, diagnose and monitor cardio-
vascular disease, which shows a promising perspective in the 
field of implantable health care monitoring.

2. Results and Discussion

To achieve more ideal leak-proofness, superior sensitivity and 
flexibility, the multilayered structure was introduced to fab-
ricate the SEPS, which consisted of the encapsulation layers, 
electrode layers, triboelectric layers and spacer layers. The 
SEPS in bending and original states displayed great flexibility 
and deformation-recovery ability (Figure 1a). The overall size 
of the device was 1 cm × 1.5 cm × 0.1 cm. Schematic illus-
tration of the SEPS is shown in Figure 1b. The surface of the  

nano-polytetrafluoroethylene (PTFE) film was treated by the 
inductively coupled plasma (ICP) method.[13] Scanning elec-
tron micrograph (SEM) and atomic force microscope (AFM) 
images of the nano-PTFE film (25 µm) employed as one of the 
triboelectric layers are shown in Figure 1c,d, respectively. An 
ultrathin gold (Au) layer (50 nm) was deposited on the back of 
the nano-PTFE film to act as one of the electrodes. A kapton 
film (150 µm) was fixed on the nano-PTFE layer, served as a 
flexible substrate. An Al foil (100 µm) acted as both the other 
triboelectric layer and electrode. A 3D ethylene-vinyl acetate 
(EVA) copolymer film (500 µm) was employed as the spacer 
layer. It was placed between the two triboelectric layers to fur-
ther guarantee the effective contact and separation process. To 
further promote the output performance and sensitivity of the 
SEPS,[14] a method of corona discharge was employed to modify 
the surface of nano-PTFE, which achieved higher surface 
charge density (Figure 1e).

The detailed operating principle of the SEPS based on the 
coupling of contact electrification and electrostatic induction 
is illustrated in Figure 1f. In brief, at original state, no charge 
is generated or inducted on both surfaces of the triboelectric 
layers. When the SEPS is pressed, the nano-PTFE layer is 
brought into vertical contact with the Al layer, while electrons 
are injected from the Al layer into nano-PTFE due to the differ-
ence in triboelectric series, leading to net positive charges at Al 
layer and net negative charges at nano-PTFE layer. As the SEPS 
starts to be released, the nano-PTFE film intends to revert back 
to its original position due to its own resilience. Once the two 
layers separate, an electric potential difference is then estab-
lished between the two electrodes. Specifically, fluctuations of 
the EP can cause a separating and contacting process between 
the two triboelectric layers, resulting in a periodically changing 
voltage on the external circuit. If the electric potential of the Al 
electrode (UA) is defined as zero, that of the Au electrode (UG) 
can be calculated by

σ
ε

= − ′
G

0

U
d

 (1)

where σ is the triboelectric charge density, d′ is the distance 
between two triboelectric layers, and ε0 is the vacuum permittivity.

Therefore, as the SEPS is released, the output open-circuit 
voltage (Voc) will keep increasing till reaching the maximal value 
when the nano-PTFE film fully reverts to the original position. 
Such a signal will remain constant, provided that the input 
impedance of the electrometer is infinitely large. If pressing 
is immediately followed, the electric potential difference starts 
diminishing during the process of the two triboelectric layers 
getting closer to each other. As a result, Voc will drop from 
the maximal value to zero when a full contact appears again 
between the two layers. Along with the dilating and contracting 
of the heart, cyclic electric output signals can be detected.

We systematically investigated the effect of the corona 
discharge process on the output performance of SEPS in 
vitro by applying a periodic external mechanical force. The 
Voc of the SEPS before corona discharge could reach ≈1.2 V 
(Figure 2a). After the corona discharge process, the average 
values of Voc of the SEPS was elevated to ≈6.2 V (Figure 2b). 
The statistical comparison of the average Voc of the SEPS 
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before and after corona discharge is shown in Figure 2c. 
With the corona discharge process, the Voc of the SEPS was 
enhanced by fivefold.

Mechanical robustness needs to be assessed for long-
term application in in vivo environment with circumferential 
extrusion and moisture. Photographs of the fatigue testing 
system and the SEPS at different cycle numbers are shown in 
Figure 2d. The SEPS was immersed in normal saline to simu-
late the body environment. The frequency applied in the fatigue 
test was 100 Hz. Every 20 million times, the performance of the 
SEPS was tested. After 100 million working cycles, the Voc of 
the SEPS (Figure 2e) maintained stable in comparison with its 
initial state, exhibiting an outstanding durability.

Beside in vivo integrity and reliability of the device in atrio-
ventricular cavities filled with blood, an acceptable blood com-
patibility is also required for the encapsulation layers. When 
blood flow encounters an artificial surface, a complex series 
of interacting events will occur, which may result in hemo-
lytic or clotting reactions. Therefore, hemolysis and coagula-
tion on the encapsulation layers were also characterized. The 
average hemolysis rate of the encapsulation layers was 1.08%, 
which was remarkably lower than the international standards 

organization (ISO) standard (5%) and would not induce the 
hemolytic reaction inside the body (Figure 2f). The red blood 
cells (RBCs) maintained a good cell morphology after con-
tacting with the encapsulation layers (Figure 2g). The SEM 
images of positive and negative control groups are shown in 
Figure S1 (Supporting Information).

The adherence and morphology of platelets on encapsula-
tion layers under different magnification were also examined 
by SEM. Figure 2h typically shows the encapsulation layers 
without adhesion of red blood cell or fibrin formation. There 
were very few adhered platelets sporadically distributed on 
the surface of the encapsulating materials. Almost all platelets 
adherent to the surface of the encapsulation layer retained their 
round morphology and there was no apparent deformation, 
agglomeration and pseudopod formation, indicating a less acti-
vated status. Collectively, the results demonstrated an excellent 
blood compatibility of the encapsulation layer with sufficiently 
low risks of arousing hemolytic reactions and activating the 
coagulation cascade.

The outputs of the SEPS were originated from external 
forces and might carry abundant information about its received 
circumferential force. Therefore, we examined the sensory 
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Figure 1. a) Photograph of the SEPS in bending and original states. b) Schematic illustration of the structure of the SEPS. c) SEM image of a nano-
structure on the PTFE film. d) AFM image of a nanostructure on the PTFE film. e) Schematic illustration of a corona discharge system. f) Schematic 
proposed mechanisms of the device working in a vertical contact-separation mode.
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functionality and pressure responsiveness of SEPS by per-
forming in vitro experimental evaluations. The set-up of the 
in vitro testing system is illustrated in Figure 3a and Video S1 
(Supporting Information), which consists of a gas control unit 
and a confined chamber to mimic the EP changes. The internal 
pressure of the confined chamber was monitored by a commer-
cialized probe and displayed using a data acquisition (DAQ) 
system. The SEPS was immersed in the normal saline inside 
the confined chamber, and two leads of the device were con-
nected to an electrometer. With the pressure in the confined 
chamber regulated by the gas control unit, the signals of the 
SEPS was collected and compared with the data documented by 
the DAQ system as a reference standard.

The Voc values of the SEPS at different levels of pressure 
are shown in Figure 3b. We first noticed that the electric 
outputs of the SEPS increased correspondingly along with 
the elevating trend of applied pressure ranging from 70  to 
350 mmHg (1 mmHg is approximately equal to 133 Pa), 
yielding higher outputs under a larger pressure. To further 
inspect and confirm their relationship, correlation analysis 
and linear fitting were conducted between average values of 
SEPS output peaks and external pressures. The sensitivity 
K can be defined as the slope of the peak voltage versus the 

peak pressure. As shown in the inset of Figure 3b, an excel-
lent linearity (R2 > 0.99) was achieved with a high sensitivity 
of 1.200 mV mmHg−1.

The signal waveforms of the SEPS and sensing probe were 
scrutinized in Figure 3c. A corresponding video of our testing 
system working in vitro is presented in supplement materials. 
Specifically, we found that the output voltage waves of the SEPS 
exhibited an exactly similar tendency of variation to the pres-
sure signals acquired by the DAQ system. The overall linearity 
of the two signal waveforms inside one typical cycle was further 
investigated. An excellent linearity (R2 = 0.997) with a sensitivity 
of 1.195 mV mmHg−1 was obtained inside one cycle of pres-
sure fluctuating from 0 to ≈350 mmHg (Figure 3c). This result 
demonstrated that the device has an outstanding sensitivity for 
pressure monitoring and can maintain an excellent sensory 
function in a wide pressure range. We further documented the 
electric output signals of SEPS under a maximal pressure of 
350 mmHg (Figure 3d). The Voc, short-circuit current (Isc), and 
transferred charge (Qtc) were typically about 0.45 V, 0.2 µA, and 
0.16 nC, respectively. It is noteworthy that the pressure values 
we set in in vitro measurements greatly surpassed the endocar-
dial pressure (less than 250 mmHg),[15] suggesting the capa-
bility of our device for endocardial pressure monitoring.

Adv. Funct. Mater. 2019, 29, 1807560

Figure 2. a) Voc of SEPS before corona discharge. b) Voc of SEPS after corona discharge. c) Statistical comparison of average Voc of the SEPS before 
and after corona discharge. d) Photographs of the fatigue testing system and the SEPS at different cycles. e) Voc of SEPS and its durability test.  
f) Hemolysis rate of the encapsulation layer. g) SEM image of red blood cells after contact with the encapsulation layer. h) SEM image of independent 
platelet adhesion on the encapsulation layer.
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To imitatively evaluate the function of the SEPS for real-
time biomedical monitoring in human bodies, we selected 
male adult Yorkshire pigs (40 kg) as our animal model. Before 
implantation of the SEPS, the animals were intubated and 
anesthetized by propofol (see the Experimental Section). The 
signals of electrocardiography (ECG), femoral arterial pres-
sure (FAP), and the SEPS were detected by the DAQ system. 
The schematic illustration of the in vivo testing system is 
presented in Figure 4a. To achieve minimally invasive implan-
tation, we fabricated a delivery system by integrating the min-
iature SEPS with a heparin-coated polyvinyl chloride (PVC) 
stretchable catheter, which is widely used in cardiopulmonary 
bypass surgery (Figure 4b). In comparison with traditional 
implantation approaches that involved a 20 cm long skin inci-
sion and median sternotomy, a very smaller 2 cm incision 
of the skin was sufficient for implantation in this study and 
concomitant iatrogenic orthopedic injury was negligible. The 
computed tomography (CT) images of SEPS are shown in 

Figure S2 (Supporting Information). The BaSO4 was mixed 
with the encapsulation material as a developer, which is only 
for displaying the position of the SEPS device in the heart 
more intuitively. The SEPS was implanted into the swine’s 
left ventricle (Video S2, Supporting Information) and a dig-
ital radiography (DR) image of the device-implanted heart is 
shown in Figure 4b.

After implanting the SEPS into the left ventricle, the swine’s 
heart beat normally and the normal vital signs were main-
tained. The cardiac cycle (alternative occurrence of systolic 
and diastolic phases) can be roughly divided into five periods, 
including isovolumetric contraction, rapid ejection, reduced 
ejection, isovolumetric relaxation and ventricular filling. Each 
period corresponds to a different value of LVP (Figure S3, Sup-
porting Information). The electric outputs of SEPS are gener-
ated from periodic changes in ventricular pressure as a result of 
cardiac contraction and relaxation, and thus carried abundant 
information about physiological parameters.

Adv. Funct. Mater. 2019, 29, 1807560

Figure 3. a) Schematic diagram of a system to simulate pressure changes. b) Voc of the SEPS at different pressure levels (inset: the measured results 
and linear fits of the peak Voc of the SEPS with corresponding pressure peaks). c) Comparison between the waveforms of the pressures and the output 
voltages of the device with a magnified view of the two waveforms within one typical cycle in the middle (right: The overall linearity of the two signal 
waveforms inside one typical cycle). d) Voc, Isc, and Qtc of the SEPS at a maximal pressure of 350 mmHg.
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Working signals of ECG, FAP, and SEPS were documented 
and compared under resting, arousing and active conditions, 
as exhibited in Figure 4c. At the resting status (systolic FAP 
< 100 mmHg), a positive Voc of ≈80 mV was obtained, with 

both FAP and Voc remaining constant, indicating that the 
miniature and flexible device exerted little interruption on 
the stableness of cardiac functionality. To further investigate the 
responsiveness of SEPS to the changes of endocardial pressure, 

Adv. Funct. Mater. 2019, 29, 1807560

Figure 4. a) Schematic diagram of the semaphore acquisition from the SEPS implanted into an Adult Yorkshire swine’s heart. b) Photograph of mini-
mally invasive surgery with a DR image of the heart implanted a device by integration with a surgical delivery system. c) The comparison of working 
signals from the ECG, FAP and SEPS under different physical status. d) QRS waves of ECG (rectangles) absolutely corresponded to the rising points of 
the SEPS outputs (circles), and the leading time (LT) represents the time interval between the peaks of the two corresponding waveforms (SEPS and 
FAP). e) Outputs of the SEPS increased along with the FAP under arousing status. f) Linear correlation between peak Voc of the SEPS and peak FAP. 
g) Real-time comparison between pressure peaks derived from FAP and SEPS based on K = 1.195 mV mmHg−1.
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a natural hormone (epinephrine) secreted during exercise and 
can enhance cardiac contractility, was introduced to step up the 
pressure. Along with the elevation of systolic FAP from ≈90  to 
≈180 mmHg as a result of epinephrine injection, the peak Voc 
of the SEPS increased simultaneously and the upward trend of 
both peaks remained highly consistent with each other at the 
arousing stage. It is worth noting that when FAP reached and 
maintained at its upper limit (active status), the peaks of SEPS 
outputs presented coinstantaneous tiny fluctuations along with 
systolic FAP (arrows), implying an excellent sensitivity of the 
device in response to subtle changes of endocardial pressure 
even at a very high level.

The enlarged drawing of signals at the resting status is dis-
played in Figure 4d. Blood filling and subsequent ventricular 
contraction led to periodical but sudden changes of LVP, actu-
ating contact and separation between the triboelectric layers 
of the SEPS and generating a significant voltage increase 
from 17.6  to 78.6 mV. Meanwhile, the diastolic and systolic 
pressures of femoral artery were 60.8  and 80.9 mmHg, 
respectively. The rising points of SEPS were highly synchro-
nous to corresponding QRS complexes in ECG, which were 
widely perceived as signs of ventricular depolarization and 
the beginning of systole. The SEPS outputs arrived at the 
top just before aortic valves opening and blood pumping out 
from the heart, while the peak of FAP wave appeared when 
blood flow reached the commercial sensor placed in femoral 
artery, resulting in a period of leading time (LT = 174 ms) 
between two corresponding peaks. Therefore, the average 
velocity of blood flow can be calculated (Figure S4, Supporting 
Information).

By ruling out the influence of peripheral arteries on blood 
pressure which usually involved a chronic episode, both FAP 
and LVP depended upon the contractility of left ventricle, which 
enabled us to select FAP as a reference standard to evaluate 
the sensory functionality of the device. The climbing tenden-
cies of both FAP and SEPS outputs during arousing stage were 
enlarged and contiguously depicted in an overlapping manner 
in Figure 4e, which further intuitively indicated the excellent 
consistency between the two signals. To quantitatively examine 
the consistency, a remarkable linearity (R2 = 0.974) between the 
peaks of SEPS voltage and FAP was obtained (Figure 4f), which 
also significantly surpassed the previous work.[9] Based on the 
in vitro simulation results, the LVP can be calculated by the fol-
lowing formula

( ) ( )mmHg = 1.195 mVP U  (2)

Therefore, the SEPS-derived systolic pressure inside left 
ventricular (PLVP) was documented and compared with the 
extracted systolic FAP. As shown in Figure 4g, the dynamically 
changing systolic LVP measured by SEPS almost completely 
kept pace with the systolic FAP controlled by epinephrine, dem-
onstrating the feasibility and stability of SEPS as an endocardial 
pressure self-powered sensor.

The left atrium is one of the four chambers of the heart, 
located on the left posterior side. Its primary roles are acting 
as a holding chamber for oxygenated blood returning from 
lungs and a pump to transport blood to left ventricle. Struc-
tural and functional heart diseases, such as atrial septal defect 

and heart failure, might lead to abnormal left atrial pressure 
(LAP).[16] LAP is a key hemodynamic index and could be quite 
meaningful for evaluating indications and contraindications of 
medical or surgical intervention for cardiovascular diseases and 
alarming some emergent circumstances, e.g., severe myocar-
dial infarction accompanied by mitral valve prolapse.[17] How-
ever, currently there is a lack of widely accepted techniques 
for continuous and accurate LAP monitoring. Besides, LAP 
changes are relatively small, which puts forward a challenge for 
the sensitivity of the monitor device.

To validate the in vivo monitoring capability of LAP, the 
SEPS was implanted into the left atrium with an arterial pres-
sure catheter placed in the left femoral artery, as schematically 
shown in Figure 5a and Video S3 (Supporting Information). 
The voltage outputs were collected while the heart contracted 
and relaxed (Figure 5b). At the heart rate of 114 bpm and the 
FAP of 92/70 mmHg, the maximal Voc of the implanted SEPS 
was about 8 mV (6.9 mmHg). It is noteworthy that the vari-
ations of the Voc signal were entirely synchronous to those 
of both the FAP and ECG signals. Interestingly, we found a 
tiny notch at the top of each Voc waveform of the SEPS (red 
arrows). The notches occurred at the time points of the end 
of corresponding P waves (purple arrows) in ECG, which rep-
resented completion of depolarization and the beginning of 
left atrial contraction. The atrium contracts before the end of 
ventricular diastole to pump residual blood in atrium through 
atrioventricular valves, accompanied by a slight increase of 
LAP, which was successfully detected by the implanted SEPS. 
The results further proved that the device maintained its out-
standing sensitivity at a pretty low level of pressure in left 
atrium.

Next, the in vivo output voltages obtained by the device 
under different levels of LAP were investigated. Acute and 
chronic heart failures involved deficiency of ventricular func-
tion share the common pathway of elevated LAP.[18] Applica-
tion of cardiotonic agents such as epinephrine can reinforce 
ventricular contractility and accelerate ventricular emptying, 
thus reducing both the amount and time of blood filling in 
the left atrium, which leads to LAP decrease. As shown in 
Figure 5c, the femoral artery systolic pressure rose from 110  to 
176 mmHg after injection of epinephrine. Consistently with 
the physiological principle, the peaks of Voc decreased from 
8  to 5.5 mV slowly, this opposite and descending tendency 
was synchronously to FAP, which can serve as an indicator of 
epinephrine potency.

Arrhythmias contribute to most of sudden cardiac deaths, 
which are constantly accompanied by abrupt influences on 
endocardial pressure due to abnormal electrical impulses 
among cardiomyocytes and hemodynamic disturbance inside 
heart’s chambers. Therefore, we explored the feasibility of 
detecting arrhythmias by using the SEPS to monitor LVP 
changes. Ventricular premature contraction (VPC) was induced 
by stimulating the epicardium of ventricles with an external 
temporary pacemaker (Figure 5d). It is worth noting that an evi-
dently increase of Voc was observed, which was temporally cor-
responded to the ectopic R wave in ECG (the shaded area). The 
result indicated the occurrence of VPC. This phenomenon can 
be explained by the fact that advanced ventricular contraction 
brought forward the closure of mitral valves and impeded atrial 

Adv. Funct. Mater. 2019, 29, 1807560
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emptying, which increased the blood volume in left atrium and 
subsequently elevated the LAP. Ventricular fibrillation (VF) is 
the most emergent and life-threatening arrhythmia. When VF 
occurred, the initial regular waveforms of SEPS outputs turned 
to be entirely disorganized in terms of rhythm and amplitude, 
with frequency markedly quickened (Figure 5e). Collectively, 
above results suggested that the output performance of the 
SEPS was closely associated with hemodynamic coordination 
and the level of endocardial pressure, which exhibits great 
potentiality in alerting fatal arrhythmias.

3. Conclusion

In summary, we developed a SEPS with significant advantages 
of miniature, high flexibility and ultrasensitivity to detect EP, 
which can be used to monitor vital signs of cardiovascular 
system. The miniaturization and flexibility of SEPS can reduce 
potential damage of implantation on heart tissue, leading to 
its broad applicability based on minimally invasive techniques. 
The long-term reliability and excellent blood compatibility 
of SEPS also meet the requirements of practical applications 

Adv. Funct. Mater. 2019, 29, 1807560

Figure 5. a) Schematic diagram of the SEPS implanted into left atrium and a commercial arterial pressure sensor placed in the right femoral artery.  
b) Detailed inspection into the corresponding relationship between waveforms of ECG and the SEPS outputs. c) The comparison among signals of 
ECG, FAP, and SEPS during reinforcing process of cardiac function. d) Ectopic R waves in representative ECG indicating ventricular premature contrac-
tion corresponded to enhanced waveform of the device. e) Disorganized waveforms of SEPS signals with quickened frequency were observed when 
ventricular fibrillation occurred.
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of implantable medical sensors in human bodies. With the 
robust self-powered capability, the SEPS exempts the neces-
sity of onboard battery. The EP inside heart chambers with a 
wide fluctuation range can be precisely monitored in real time 
with simple data processing. Besides, life-threatening arrhyth-
mias can be also detected in a timely fashion based on sudden 
changes of EP. The proposed SEPS may promote the develop-
ment of next-generation implantable biomedical sensor for 
monitoring and diagnosis of cardiovascular diseases.

4. Experimental Section
Fabrication of the SEPS: Nanostructured PTFE (50 µm) was employed 

as triboelectric layers. The nano-PTFE was formed by ICP with the etching 
gas of Ar, O2, and CF4. The steps corona discharge of nanostructured 
PTFE were described in a recent study by Shao et al.[14] Au film (100 nm) 
was deposited on the back of nano-PTFE by magnetron sputter as 
electrode, the nano-PTFE film was adhered to a Kapton substrate. Al 
foil (100 µm) served as both another triboelectric layer and the other 
electrode. Two package groups were involved in the encapsulation 
process of the SEPS: the first package group is PTFE layer (50 µm). 
Commercial PTFE was used without further treatment. Then PDMS 
mixed with specific ratio of curing agent were spin-coated on the device 
as the second package layer.

Hemolysis: The encapsulation layer samples and 10 mL saline were 
immersed into a silylation tube as the experimental group. Saline and 
distilled water with the same volume were utilized as the negative and 
positive control group, respectively. The SD rat blood (blood: sodium 
citrate = 4:1) was added to each group. After reacting in a water bath 
at 37 °C for 30 min, the supernatants were obtained using centrifuging 
process with 2500 revolutions per minute. The degree of hemolysis was 
determined spectrophotometrically by the concentration of hemoglobin 
in the supernatant at 545 nm. The formula for calculating the haemolysis 
rate is shown as follows

= −
− ×η 100%U

D D
D D

e n

p n  (3)

where, Uη is the hemolysis rate (%), De is the absorbance in the 
experimental group, Dn is the absorbance in the negative control group, 
and Dp is the absorbance in the positive control group. The value of 
Uη ≤ 5% is taken as normal.

RBC Morphologies: After incubation with a bulk encapsulation layers 
in isotonic saline for 1 h at 4 °C, RBCs were collected and incubated 
in electron microscopy grade glutaraldehyde (2.5%) for 18 h. The cells 
were isolated by centrifugation (2500 rpm for 10 min) at room temperature 
and the supernatant was discarded. After washed once with saline, the 
fixed cells were then resuspended in 60% ethanol solution by gentle 
aspiration. The dehydration process was then proceeded by sequentially 
increasing quantities of ethanol (70%, 85%, 95%, and 100% v/v ethanol) 
before final recovery of the RBC pellet by centrifugation. RBCs were 
resuspended in absolute ethanol and dropped onto silicon wafer. After 
the evaporation of ethanol, gold deposition was performed for 30 s at  
20 µA and examined by SEM.

In Vitro Platelet Adhesion Testing: Blood was obtained from SD rats. 
The whole blood was treated with the anticoagulant (sodium citrate). 
After centrifuging, the platelets and red blood cells were separated, and 
platelet rich plasma (PRP) was obtained. The samples were immersed 
in PRP and incubated at 37 °C for 2 h. The samples were subsequently 
rinsed with PBS solution to remove weakly adherent platelets. The 
adhered platelets were fixed with immunohistochemically fixed fluid 
(Beyotime) at room temperature for 12 h and rinsed three times with 
prewarmed PBS, and then dehydrated in a graded ethanol series, and 
critical point dried, and covered using a sputter coater with a layer of 
gold. Platelet morphology on the encapsulation layer was taken by SEM.

Animal Experiments: The procedures in handling the animals were 
strictly conformed to the “Shanghai Administration Rule of Laboratory 
Animal” and the Institutional Animal Care and Use Committee (IACUC) 
approved protocol of the Animal Care Center at the Second Military 
Medical University. Briefly, the animal was anesthetized with an injection 
of ketamine (8 mg kg−1, intramuscularly (IM)) followed by propofol 
(1 mg kg−1, intravenously (IV)) and then intratracheally intubated and 
ventilated in a rate of 5 s per cycle. Epinephrine (0.1 mg mL−1, IV) 
was administered as the α-receptor agonist to increase the heart rate 
to simulate the active status. The devices were implanted in each 
swine’s heart through surgery. In consideration of the miniaturized size 
(1 cm × 0.5 cm × 0.1 cm) and flexibility of the sensor, minimally invasive 
techniques with transapical access were utilized in the surgeries. 
Specifically, a ≈2 cm left anterolateral minithoracotomy in the sixth 
intercostal space was made to gain the access to the left ventricular apex. 
After opening the pericardium, two purse-string sutures (Prolene 2-0)  
were placed at the left ventricular myocardium with no apparent 
coronary arteries. The apex was then punctured, followed by insertion 
of the sheath of the SEPS transcatheter delivery system. After the SEPS 
was delivered to the desired heart chambers, the sheath was retracted, 
with the purse-string sutures tightened, which can stop bleeding and 
also fix the device. The more detailed experimental process are shown in 
Figure S5 (Supporting Information).

An arterial pressure catheter was placed in the right femoral artery and 
connected to the DAQ system (PowerLab 4/35). Probes fixed on the skin 
of the swine were connected to the DAQ system to record ECG results.

Characterization Methods: The open-circuit voltage, short-circuit 
current, and transferred charge were measured by an electrometer 
(Keithley 6517B) and recorded by oscilloscope (Teledyne LeCroy HD 
4096) or DAQ system. The fabricated nanostructured PTFE film was 
processed by inductively coupled plasma (500, SENTECH/SI). The Au 
electrode was deposited by magnetron sputter (635, Denton Discovery). 
All SEM images were taken by Hitachi field emission scanning electron 
microscope (SU8020, HITACHI). All AFM images were taken by Asylum 
Research MFP-3D-SA-DV.

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