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Electronic vascular conduit for in situ
identification of hemadostenosis and
thrombosis in small animals and nonhuman
primates

Zhirong Liu1,2,3,6, Chuyu Tang1,2,6, Nannan Han4,6, Zhuoheng Jiang1,2, Xi Liang1,2,
Shaobo Wang1, Quanhong Hu1, Cheng Xiong1, Shuncheng Yao1,2, Zhuo Wang1,
Zhong Lin Wang 1,2,5 , Duohong Zou4 & Linlin Li 1,2

Patients suffering from coronary artery disease (CAD) or peripheral arterial
disease (PAD) can benefit from bypass graft surgery. For this surgery, arterial
vascular grafts have become promising alternatives when autologous grafts
are inaccessible but suffer from numerous postimplantation challenges, par-
ticularly delayed endothelialization, intimal hyperplasia, high risk of throm-
bogenicity and restenosis, and difficulty in timely detection of these subtle
pathological changes. We present an electronic vascular conduit that inte-
grates flexible electronics into bionic vascular grafts for in situ, real-time and
long-term monitoring for hemadostenosis and thrombosis concurrent with
postoperative vascular repair. Following bypass surgery, the integrated bioe-
lectronic sensor based on the triboelectric effect enables monitoring of the
blood flow in the vascular graft and identification of lesions in real time for up
to three months. In male nonhuman primate cynomolgus monkeys, the elec-
tronic vascular conduit, with an integrated wireless signal transmission mod-
ule, enables wireless and real-time hemodynamic monitoring and timely
identification of thrombi. This electronic vascular conduit demonstrates
potential as a treatment-monitoring platform, providing a sensitive and
intuitive monitoring technique during the critical period after bypass surgery
in patients with CAD and PAD.

Owing to the growing elderly population, the prevalence of vascular
diseases has risen substantially1–3. Arterial vascular grafts, particularly
small-diameter grafts with internal diameters <6mm, have important
implications for coronary artery bypass graft (CABG) surgery, periph-
eral artery reconstruction, and arteriovenous fistula creation, but

suffer from problems related to slow endothelialization, which fre-
quently results in platelet adhesion and initiation of the blood coa-
gulation cascade4–7, inducing thrombus formation and restenosis.
According to clinical data, 10–15% of patients suffer from early graft
dysfunction within 30 days after CABG surgery. Moreover, there is a
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lifelong risk of blockage after surgery, especially for patients with
underlying conditions such as hypertension, hyperlipidemia, and
diabetes8–11. There are multiple options for secondary revasculariza-
tion, including guideline-directed medical treatment, percutaneous
coronary intervention (PCI) and repeat CABG surgery; decision-
making should be performed on a case-by-case basis12. Generally,
medical therapy can be a reasonable intervention for nonobstructive
or intermediate lesions (30–60% diameter stenosis)13,14. As the lesion
progresses, PCI is commonly performed for secondary revasculariza-
tion of dysfunctional grafts, and repeat CABG surgery, with high
operative risk and possible peri-procedural complications, may even
be required15–20. We anticipate that timely and sensitive identification
of abnormalities at the implant site during the early stage can enable
less invasive anddangerous interventions for stoppingprogression21,22.

In the clinic, hemodynamic evaluation is fundamental and indis-
pensable for assessing the physiological status after graft transplan-
tation and is commonly conducted using Doppler ultrasound,
magnetic resonance imaging (MRI), and angiography23,24. However,
these methods require specialized equipment and skilled operators
and might induce mechanical compression of local blood vessels,
which is unsuitable for long-term continuous monitoring25. Addition-
ally, discharged patients are typically examined after ischemic symp-
toms recur, leading to delayed intervention and potentially
necessitating a second surgery. In recent years, there have been
advancements in the development of miniaturized and implantable
hemodynamic monitoring electronics26,27. These devices enable real-
time monitoring based on the Doppler effect28,29, photo-
plethysmography (PPG)30,31, thermal analysis32 and electromechanical
coupling effects22,33–35. Nevertheless, these later-introduced sensors
encounter issues such asmechanicalmismatch and poor compatibility,
increasing the risk of thrombosis and impeding in situ monitoring33,36.
Achieving long-term and in situ monitoring of hemadostenosis and
blood flow signals remains a considerable challenge, particularly in the
complex physiological environment following surgery. Due to the
pervasive nature of triboelectric phenomena, triboelectric sensors
provide a broader selection of materials, expecting to give considera-
tion to biocompatibility, flexibility and heightened sensitivity37.

We present an electronic vascular conduit with an integrate flexible
triboelectric sensor wrapped around the bionic vascular graft, allowing
in situ and real-time hemodynamic monitoring following vascular
replacement. Considering the anisotropic properties of natural arteries,
we fabricated a mechanically and structurally matching vascular graft
that can expedite vascular endothelialization and achieve a highpatency
rate in a rabbit carotid artery transplantation model over a 3-month
transplantation period. The flexible pressure sensor, bioinspired by
arterial baroreceptors and encompassing the graft, exploits the tribo-
electric effect for sensing and possesses high adaptability. Its three-
dimensional (3D) friction characteristic enables the sensitive perception
of weak blood flow signals, allowing real-time and in situ monitoring of
the physiological condition of vascular grafts, including restenosis and
thrombus. These captured hemodynamic signals, extracted from the
electrical output of the sensor, are wirelessly transmitted through a
Bluetooth low-energy (BLE) module and visualized in real time on a
customized cell phone application (app) at predefined times and
intervals. The system has demonstrated over 3 months of real-time and
wireless hemodynamic monitoring, reflecting artery repair and throm-
bosis and demonstrating potential for guiding decision-making. Our
electronic vascular conduit represents a comprehensive proof-of-
concept platform with promise for the treatment and concurrent
postoperative evaluation of patients with CAD and PAD.

Results
Design concept of the electronic vascular conduit
Following bypass surgery or other microsurgical anastomosis,
inflammation or thrombosis often leads to graft failure6,38. To address

this issue, we designed an electronic vascular conduit that not only
facilitates arterial reconstruction but also enables continuous wireless
monitoring of in situ hemodynamics postimplantation, allowing early
detection of lesions and timely intervention. The conduit comprises
three main parts: i) an inner biomimetic double-layered artificial graft
created by electrospinning; ii) a flexible triboelectric sensor encom-
passing the graft for real-time and in situ hemodynamic monitoring;
and iii) a signal-processing circuit and BLE transmission module
interconnected via a flexible printed circuit board (PCB) for wireless
signal transmission (Fig. 1, Supplementary Fig. 1).

The artificial vascular graft features a double-layered structure,
with the inner layer consisting of longitudinally aligned poly-
caprolactone nanofibers (PCL NFs), which mitigate blood flow resis-
tance and promote host intimal endothelial cell (EC) migration from
the anastomotic site toward the graft, thereby accelerating vascular
endothelialization and diminishing the risk of postoperative throm-
bosis. The outer layer of the graft consists of anisotropic thermoplastic
polyurethane nanofibers (TPU NFs) with mechanical properties com-
parable to those of native arteries; these fibers impart high tensile
strength and resilience, enabling the graft to withstand surgical
suturing and cardiac cycles.

The flexible sensor is integrated by seamlessly wrapping around
the vascular graft. The sensor works based on the triboelectric effect
between the polypyrrole (PPy) and polydimethylsiloxane (PDMS)
films, which have complementary nanowire array structures to
improve electromechanical coupling. During systole, compression of
the sensor by the arterial wall brings the two triboelectric layers into
contact, resulting in the transfer of electrons from the PPy surface to
the PDMS surface due to the overlap of electron clouds. As diastole
occurs, the distance between the charged triboelectric layers gradually
increases, generating a potential difference between the two electro-
des through electrostatic induction (Supplementary Fig. 2 and
Movie 1). The complementary surface nanostructures of the tribo-
electric layers enhance the actual friction area, improving the elec-
tromechanical conversion performance of the sensor. This allows the
sensor to detect pulse waves through monitoring periodic voltage
changes. Once hemadostenosis occurs and a thrombus forms, the
signal amplitude noticeably changes, accompanied by a tendency
toward waveform deterioration. The flexible BLE transmissionmodule
is positioned between the adipose and dermis layers near the surgical
site, and the customized software controls the timing and duration of
wireless measurements and enables real-time display and storage of
time-series blood flow data. For bypass graft surgery, this electronic
vascular conduit enables timely monitoring of and early warning for
vascular restenosis.

Fabrication and characterization of the electronic vascular
conduit
Following reconstructive surgery, vascular implantation may fail due
to secondary thrombosis, generally without evident premonitory
symptoms. To address this issue, we integrated a self-powered pres-
sure sensor around the vascular graft to enable real-timemonitoring of
hemodynamics following bypass surgery (Fig. 2a). And its dimensions
(size, length, thickness) can be customized for applications in various
anatomical sites or vascular graft configurations (Supplementary
Fig. 3). First, considering the endothelialization mechanisms of the
native artery,we fabricated a vascular graftwith aporous structure and
tunica intima topography akin to those of native tissue39–41. Cross-
sectional imaging of the vascular graft revealed a double-layered wall
(300 μm in thickness, 2mm in inner diameter) composed of a densely
compacted and porous nanofibrous network, which ensures unhin-
dered blood flow without posttransplantation leakage (Fig. 2b). The
inner layer of PCL NFs was arranged in an orderly manner along the
axial direction of blood flow (Fig. 2c, Supplementary Fig. 4), mimicking
the structure of the tunica intima in native arteries. The simulation

Article https://doi.org/10.1038/s41467-025-58056-2

Nature Communications |         (2025) 16:2671 2

www.nature.com/naturecommunications


results demonstrated that blood flow is faster and steadier in the graft
with longitudinally aligned nanofibers parallel to the blood flow
direction, without noticeable abrupt changes; conversely, intersec-
tions on the surface of random nanofibers would cause disturbed
blood flow and a slight decrease in blood flow velocity on the inner
surface of blood vessels (Fig. 2d, Supplementary Fig. 5). Additionally,
the elastic TPU NFs with exceptional mechanical stability was selected
as the outer layer to provide sufficient tensile strength and suitable
recoil capability during continuous contraction and relaxation (Fig. 2c,
Supplementary Fig. 6).

A mechanically matched and conformable pressure sensor,
bioinspired by arterial baroreceptors, was designed to encompass the
graft for in situ hemodynamic monitoring based on the triboelectric
effect. The triboelectric sensor utilized the PPy film as both the tri-
boelectric layer and the electrode, as well as a PDMS film as another
triboelectric layer, with an attached Au nanofibrous electrode (AuNFs)
on its backside (Fig. 2a). These functional layers were encapsulated by
a biocompatible PU/parylene-Cfilm, preventing signal attenuation due
to bodily fluids. By introducing complementary nanowire array struc-
tures (NWs) onto the friction layers (as shown in Fig. 2e, f and Sup-
plementary Figs. 7, 8), the surface charge density and friction area can
be enhanced, thereby improving the electromechanical conversion
performance of the sensor. The uneven structure of the PPy film cre-
ates an air microspacer between the friction layers, ensuring con-
tinuous contact-separation cycles during periodic pulse waves. The
electrode with aligned Au NFs exhibited exceptional electrical stability
when the stretching direction was perpendicular to the extension
direction of the nanofibers (Fig. 2g, k and Supplementary Fig. 9). In the

final electronic vascular conduit, the nanofiber direction of the elec-
trode was aligned with the axial direction of the artificial graft,
ensuring stable resistance during periodic expansion and contraction
of the graft. Then, the above functional layers were encapsulated by
the biocompatible PU/parylene-C film to make the sensor waterproof
and anti-fouling (Supplementary Fig. 10)42,43. Consequently, the tribo-
electric effect between the friction layers enables the conversion of
weak mechanical signals on the arterial surface into electrical outputs
for blood flow monitoring.

Rapid endothelialization of the graft can substantially reduce
blood clot formation and promote the maintenance of vascular
tone, consequently mitigating early thrombosis risk44–46. Focal
adhesions (FAs), transmembrane connections between the extra-
cellular matrix and the actin cytoskeleton, participate in key cell
processes such as cell migration and wound healing47–49. After
human umbilical vein endothelial cells (HUVECs) were seeded on
the PCL NFs and cultured for 48 h, we observed numerous mature
FAs along the cell edges (Fig. 2h). Moreover, FAs in cells on aligned
PCL (a-PCL) exhibited a preference for alignment with the direction
of NF extension and cell spreading, whereas FAs in cells on random
PCL (r-PCL) displayed a random orientation (Supplementary
Figs. 11–13). In the cell migration experiment (Fig. 2i, j), the migra-
tion distance of cells parallel to the aligned NFs (a-PCL/p, 483.4 μm)
was significantly greater than that of cells perpendicular to the
aligned NFs (a-PCL/v, 143.7 μm) and cells on r-PCL (252.6 μm).
Besides, PCL NFs exhibit good blood compatibility and effectively
inhibit platelet deposition (Supplementary Fig. 14). These results
indicated that axially ordered NFs can guide the attachment and
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directional migration of endothelial cells, expediting rapid endo-
thelialization and vascular repair.

The mechanical compatibility between autologous blood vessels
and vascular grafts also plays a key role in successful vascular repair
and long-term patency following implantation40,50. The stress‒strain
curves revealed favorable radial and axial elasticity of the electrospun
tubular grafts (Fig. 2l), akin to the elastic modulus of healthy blood
vessels, which typically ranges from0.5 to 5MPa. The sensor exhibited
analogous elasticity (~2.3MPa; Fig. 2m), ensuring that it did not impose
mechanical constraints on the wrapped vascular graft. Additionally,
both the vascular graft and the electronic vascular conduit exhibited
high mechanical stability and consistently withstood applied stress

loading andunloadingwithminimal hysteresis (Fig. 2n, Supplementary
Fig. 6). The elongation rate at the point of rupture for the tubular grafts
surpassed 400%, representing a 1.5-fold increase compared with that
of native vessels (Supplementary Fig. 15)51. Moreover, the electrospun
grafts exhibited a high suture retention strength of approximately
2.95N, indicating their suitability for surgical suturing. These results
indicated that the candidate vascular graft had good biocompatibility
and mechanical properties.

In vitro validation of the hemodynamic monitoring capabilities
Vascular electronics work on the basis of the triboelectric effect. With
alternating contraction and diastole of the heart, blood flows
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Fig. 2 | Characterization of the electronic vascular conduit. a The diagram and
photograph of the electronic vascular conduit. bCross-sectional scanning electron
microscopy (SEM) images showing the double-layered, dense, fibrous structure of
the graft wall. c SEM images of a-PCL (top) and r-TPU (bottom). d Numerical
simulation of blood flow velocity on the axially ordered fibrous intima (top) and
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with axially ordered fibrous intima. SEM images of the (e) PPy and (f) PDMS films
with nanowire array structures and (g) aligned Au NF electrodes. h Fluorescence
microscopy images of HUVECs cultured on a-PCL and r-PCL for 48h. F-actin was
stained green, vinculin was stained magenta, and nuclei were stained blue.
i Representative images of HUVEC migration in the scratch healing assay (width of

500 μm) for different samples after 24 h. j Statistical analysis of the scratch width in
(i). Data are presented as mean values ± SD, n = 5 independent experiments, one-
tailed Student′s t-test. k ΔR/R0 versus tensile strain for aligned Au NF electrodes
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Data file.
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throughout the arterial vasculature in the form of pulse waves and is
sensed by vascular electronics in the form of pressure waves. To
simulate the working mechanism of vascular electronics, we fully
coupled the flow velocity, pressure, and displacement with an elec-
trostaticfield to simulate the output of the sensor during the pulsation
process. During ventricular systole, the sudden expansion of the artery
brings the two triboelectric layers into contact, resulting in the gen-
eration of triboelectric charges. With the advent of diastole, vaso-
constriction leads to the separation of triboelectric layers, thus
generating induced charges on the electrodes (Fig. 3a, Supplementary

Fig. 2 and Movie 1). Through optimization of both morphology and
electrical properties, the sensor demonstrated good durability and
maintained a stable output voltage after more than 10,000 cycles of
mechanical stimulation (Fig. 3b, c). When attached to the human neck,
the sensor proved to be sensitive for monitoring the pulse wave of the
carotid artery (Fig. 3d).

We initially evaluated the blood flow monitoring capability of the
electronic vascular conduit using an in vitro model that replicates the
pulsatile behavior of an artery (Fig. 3e). After gradually increasing the
driving pressure from 20 to 200mmHg at a frequency of 1 Hz, the

Fig. 3 | In vitro validation of the hemodynamic monitoring capabilities.
a Illustration and working principle of the electronic vascular conduit for hemo-
dynamic monitoring. Vascular electronics work based on the triboelectric effect
and electrostatic induction. During alternation of the diastolic and systolic states,
the two friction layers contact and separate repeatedly, thus generating periodic
electrical signals. b Output voltage of the sensor with different functional layers
under a force of 1 N; +/− indicatesfilmswith/without theNWarray structure. c Long-

term stability tests of the sensor (1 N, 1 Hz). d, Output voltage of the sensor for
wearable pulse wave monitoring. e Schematic diagram of the in vitro blood pres-
sure simulation and testing system. The system is regulated by an air pump and
obtains measurements in real time using a commercial mercury sphygmoman-
ometer. f Linear fit of the internal pressure and output voltage. gOutput voltage of
the sensor at different frequencies. h Output voltage of the sensor in the case of
upstream or downstream blockage. Source data are provided as a Source Data file.
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output voltage of the sensor displayed a corresponding increase,
demonstrating a sensitivity of 3.59mVmmHg−1 and good linearity
(R2 = 0.994; Fig. 3f and Supplementary Fig. 16). Furthermore, the sen-
sor exhibited a synchronous frequency response (Fig. 3g).

Subsequently, we assessed its ability to detect hemadostenosis
and thrombosis using an in vitro occlusionmodel inwhich tensionwas
applied to the artificial blood vessel through sutures. In cases where
occlusions occurred upstream of the sensor, the output voltage gra-
dually weakened as the blood flow volume in the artery at the sensor
site decreased, and the signal nearly disappeared when the vessel was
completely blocked. Conversely, when the downstream node was
occluded, the output signal became stronger as the degreeofblockage
increased (Fig. 3h, Supplementary Fig. 17 and Movie 2). This phe-
nomenonwas attributed to the elevated pressure caused by a reduced
vascular lumen volume and disturbed flow resulting from sudden
stenosis. These results indicated that the electronic vascular conduit
possesses the capability to monitor the location and progression of
arterial embolism, offering valuable insights for postoperative
monitoring.

Validation of the hemodynamic monitoring capabilities in
rabbits
We proceeded to validate the in vivo hemodynamic monitoring cap-
abilities of the electronic vascular conduit by surgically replacing the
isometric left carotid artery in New Zealand rabbits through end-to-
end anastomosis. Following transplantation, an electrometer con-
nected to the triboelectric sensor recorded pulse waves at a frequency
of 240.64 beats per minute (bpm) (Fig. 4a–c and Supplementary
Movie 3). Respiratory motions were also evident in the waveform and
were distinguishable from the pulse waves by notable differences in
frequency and amplitude.

When we administered adrenaline (AD) as a receptor stimulant to
modulate blood pressure, the sensor’s output voltage exhibited a 1.15-
fold increase (Fig. 4d, e). Based on the output frequency, the disper-
sion of heart rate values increased, with heart rate variability (HRV)
shifting from 0.159 to 0.169. Over time, each parameter gradually
returned to its initial value, suggesting recovery from the drug’s
influence. These results demonstrated that the electronic vascular
conduit promptly and accurately reflected dynamic changes in
hemodynamic parameters, enabling effective postoperative
evaluation.

To demonstrate the capability of the electronic vascular conduit
tomonitor vascular stenosis following bypass surgery, we constructed
occlusions via sequential compression and release of the proximal and
distal ends of the vascular graft. Applying sutures to the proximal
artery resulted in gradual stenosis. This was reflected by a decrease in
the sensor’s output voltage, with the relative intensity dropping from 1
to 0.595. Blood flow was restored upon loosening the suture, which
was also reflected by the sensor in real time (Fig. 4f, h). In the case of
distal artery occlusion, the signal amplitude noticeably increased from
1 to 1.975 due to disturbed flow caused by abrupt stenosis (Fig. 4g, i).

For a more realistic simulation of postoperative vascular rest-
enosis, we utilized an electronic vascular conduit lacking an intima for
vascular replacement of the isometric left carotid artery in New Zeal-
and rabbits, by which the thrombosis forming and receding can be
regulated by heparin. To facilitate long-term postoperative monitor-
ing, we employed a BLE transmission module powered by a wireless
charging module to achieve wireless hemodynamic monitoring and
verified its long-term reliability for up to 3 months (Supplementary
Figs. 18, 19 andMovies 4, 5). Anticoagulation treatmentwas suspended
on the 30th day following surgery to induce an acute thrombosis. As a
result, the output of the electronic vascular conduit decreased
obviously. Color Doppler ultrasound results displayed that there was
obvious abnormal blood flow in the artificial blood vessel, suggesting
vascular stenosis was in progression (Fig. 4j). Subsequently, we re-

introduced heparin anticoagulation therapy, and observed that the
output of artificial electronic blood vessels gradually recovered, con-
sistent with the Doppler ultrasound results. These results demon-
strated the stability and reliability of the electronic vascular conduit for
long-term postoperative blood flow monitoring.

Tissue adaptability of the electronic vascular conduit
Currently, implantable electronics often face issues, including
mechanical mismatch and poor compatibility, thereby increasing the
risk of thrombosis and impeding in situ monitoring. To verify the
influence of the integrated pressure sensor on the repair effect of our
vascular graft, we investigated the long-term patency and endothe-
lialization of the electronic vascular conduit by surgically replacing the
isometric left carotid artery in New Zealand rabbits (Fig. 5a). At
3 months postsurgery, Doppler ultrasound imaging confirmed unin-
terrupted blood flow through both the electronic vascular conduit and
native artery, with no indication of hemorrhage or aneurysm-like dis-
tension at the suture site (Fig. 5b).

We retrieved the grafts at 3 months postimplantation for overall
assessment. Similar to the vascular grafts, the electronic vascular
conduits were covered by remodeled tissues, and the lumen surface
appeared smooth without any signs of thrombosis (Fig. 5c). Besides,
the triboelectric sensor maintained close contact with the artificial
graft, further affirming the long-term structural stability of the inte-
grated electronic vascular conduit. Hematoxylin-eosin (H&E)-stained
transverse tissue slices after a 3-month repair period revealed the
presence of smooth and continuous tissue layers covering the graft
lumen, resembling the tissue structure in the native vessel. We
employed platelet endothelial cell adhesion molecule-1 (CD31) and
alpha smoothmuscle actin (α-SMA) as markers for the regeneration of
functional endothelial cells and smooth muscle cells, respectively. As
shown in Fig. 5d, the graft lumenwas completely enveloped by a CD31+

endothelial cell layer for both the vascular grafts and the electronic
vascular conduits, with a thickness of 2.6–2.8 μm and a coverage rate
greater than 88% (Fig. 5e–g). Anα-SMA+ contractile smoothmuscle cell
(SMC) layer was clearly observed exterior to the intima. Notably, the
endothelial cell layer and smooth muscle layer exhibited tight adhe-
sion, closely resembling the architecture of native vessels (Supple-
mentary Figs. 20 and 21). SEM images further confirmed that the tunica
intima was covered by endothelial cells that elongated along the
direction of blood flow with a characteristic cobblestone-like mor-
phology (Fig. 5h). No thrombosis or intimal hyperplasia was found.
Besides, the surrounding tissue (connective tissue, nerve and muscle)
and major organs (heart, liver, spleen, lung and kidney) appeared
structurally normal, without obvious inflammation (Supplementary
Figs. 22 and 23). On the basis of the above results, the integrated
electronic vascular conduit exhibited reparative performance com-
parable to that of the vascular graft, indicating that the presence of the
encapsulating sensor did not hinder blood vessel repair while mon-
itoring blood flow in situ.

Wireless hemodynamic monitoring and identification of
thrombi in cynomolgus monkeys
To facilitate postoperative management, we utilized a BLE transmis-
sion module with timing function powered by a lithium-ion battery to
achievewireless hemodynamicmonitoring and verified its reliability in
nonhumanprimate cynomolgusmonkeys.Theblockdiagram inFig. 6a
illustrates the electrical architecture of the wireless monitoring mod-
ule, which includes initial blood flow signal acquisition, baseline
adjustment, signal amplification, low-pass filtering, and wireless
transmission to a customized cell phone app. The app allows the user
to configure the timing and duration of wireless measurements and
signal transmission.

We surgically replaced both the unilateral carotid artery and
the femoral artery in cynomolgus monkeys with an electronic
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vascular conduit (Fig. 6b and Supplementary Figs. 24–26). The PCB
and a 140mAh lithium-ion battery were embedded between the
adipose and dermis layers near the surgical site (Fig. 6c). Fig-
ure 6d, e demonstrates the ability of the system to wirelessly
monitor and transmit hemodynamic signals to the app. Regardless
of the animal’s status (asleep, awake, or active), the pulse wave
signal was continuously and wirelessly displayed in real time in the

app (Supplementary Movies 6 and 7). During the postoperative
anesthesia phase, the pulse waves remained stable, with a calcu-
lated pulse rate of 174 bpm. In comparison, in the awake state, the
pulse rate increased to 252 bpm, and the amplitude of the pulse
waves drastically increased (Fig. 6f–h). Over a period of 14 days
during which the conduit was patent, the pulse wave signal exhib-
ited high stability, as depicted in Fig. 6h, i.
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Following bypass surgery, the damaged intima activates the coa-
gulation system, leading to increased blood coagulation and platelet
aggregation on the rough surface of the damaged intima. Rejection
and inflammation further accelerate thrombus formation, causing
slowed or disturbed blood flow. Therefore, in the clinic, patients need
to take anticoagulant drugs for life after bypass surgery to reduce
platelet aggregation and blood viscosity. To investigate the ability of
the electronic vascular conduit to sense vascular restenosis and
thrombus, anticoagulation treatment was terminated on day 14 fol-
lowing surgery to induce acute thrombosis. The results recorded from
the electronic vascular conduit are depicted in Fig. 6h. In contrast to
the clear pulse wave during the first 14 days, the signal amplitude
substantially decreased upon the cessation of anticoagulation treat-
ment on day 15, and the signal nearly disappeared on day 16, accom-
panied by a tendency toward waveform deterioration. In addition, the
pulse wave integrals reflected the deceleration of blood flow, indicat-
ing that a thrombus may have formed (Fig. 6i). To test our hypothesis,
the grafts were retrieved for histological assessment. H&E-stained
transverse tissue slices revealed that the lumen of the graft was filled
with aggregated blood cells, which is representative of acute throm-
bosis caused by an incomplete intima (Supplementary Fig. 27).
Meanwhile, the sensor extracted after the animal experiments con-
tinued to function normally, retaining its sensitivity to subtle bio-
mechanical signals (Supplementary Fig. 28). These results indicated
that the electronic vascular system could be used for wireless and
in situ monitoring of vascular restenosis and thrombus following sur-
gical procedures. With the benefit of convenient and continuous data
collection, this approach can assist in evaluating the repair and
thrombosis process to guide clinical decision-making.

Discussion
Bypass graft surgery is used for the treatment of atheromatous
blockages in a patient’s coronary or peripheral arteries using bypass

grafts. Due to the inaccessibility of autologous grafts, the Food and
Drug Administration (FDA) has granted approval for several synthetic
vascular grafts, including expanded polytetrafluoroethylene (Teflon®)
and polyethylene terephthalate (Dacron®) grafts52. These grafts have
demonstrated efficacy as bypass conduits in patients with vascular
stenosis or hemodialysis. However, until recently, graft patency has
remained the Achilles’ heel of bypass graft surgery53. This is primarily
due to issues such as foreign-body reactions, intimal hyperplasia, and a
persistent risk of infection, all of which significantly increase the like-
lihood of acute thrombosis and vascular occlusion at the bypass
site54,55. Clinical research has revealed that early identification and
treatment of vascular graft lesions can be achieved via less invasive
procedures, thereby reducing the rate of graft transplantation failure.
Therefore, the development of techniques for the timely and sensitive
monitoring of vascular restenosis and progressive thrombus is highly
desirable. In this study, we developed a comprehensive proof-of-
concept electronic vascular conduit that is promising for the treat-
ment and concurrent postoperative monitoring of patients with car-
diovascular diseases. We investigated the potential application of this
conduit in bypass graft surgery for real-time and wireless hemody-
namic monitoring in rabbits and cynomolgus monkeys.

By integrating a highly sensitive triboelectric sensor around the
bionic artificial graft, we can realize in situ and real-timemonitoring of
hemodynamics and timely identification of thrombosis in vascular
grafts after bypass surgery. With respect to the cynomolgus monkey
model, we confirmed that the system is capable of wirelessly trans-
mitting hemodynamic signals following bypass surgery and facilitating
timely identification of hemadostenosis and thrombosis. For bypass
surgery in patients, the first postoperative week is recognized as a
critical period that requires vigilant monitoring by healthcare profes-
sionals. During this time, physicians need to closely monitor the
patient’s condition and employ necessary interventions to prevent and
manage any potential complications. Our electronic vascular system
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provides a convenient and intuitive solution for postoperative hemo-
dynamic monitoring and identification of hemadostenosis and
thrombosis and can assist in evaluating the progression of repair and
warning signs of thrombosis.

In summary, we successfully developed an electronic vascular
conduit and system inspired by native arteries and arterial baror-
eceptors. During the critical postoperative period following bypass
graft surgery, the integrated triboelectric pressure sensor surrounding
the bionic artificial graft enables real-time monitoring of the hemo-
dynamic status at the implant site. This allows timely detection of any
abnormalities, including vascular restenosis and thrombus formation,
facilitating the adoption of less invasive treatment procedures and

reducing the risk of progressive thrombosis. In the future, we antici-
pate that by establishing direct connections and feedback loops
among multiple functional modules, we will enable our conduit to
overcome the limitations associated with artificial blood vessels in
clinical applications.

Methods
Animals
Twelve NewZealand rabbits (male, 3–4 kg, ~6months) werepurchased
from Experimental Animal Breeding Center, Beijing, for unilateral
carotid artery replacement. All rabbits were individually housed in an
animal room with controlled humidity of 40–70%, temperature of
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22–26 °C, and a 12/12 light–dark cycle. Their diet includes SPF-grade
maintenance chow, hay, and fresh vegetables. The cage provides toys
to encourage natural behaviors and reduce stress. All animal handling
procedures were in strict compliance with the Beijing Administration
Rule of Laboratory Animals and the national standards Laboratory
Animal Requirements of Environment and Housing Facilities (GB
14925-2001). The animal experiments were approved by the Commit-
tee on Ethics of Beijing Institute of Nanoenergy and Nanosystems
(Approval Number: 2022A042).

Four adult cynomolgusmonkeys (Macaca Fascicularis,male, aged
approximately 5 years, 4–6 kg) were purchased from Fangchenggang
Changchun Biotechnology Development Co., Ltd, Guangxi. The mon-
keys were individually housed in an animal room with controlled
humidity of 40–70%, temperature of 22–26 °C, and a 12/12 light–dark
cycle. The monkeys were housed in stainless steel monkey cages.
During the adaptation period, two monkeys were housed per cage
(1600mm × 1400mm × 1640mm); during the experimental period,
each monkey were housed in a separate cage (800mm × 700mm ×
820mm). Their diet includes SPF-grade high-quality monkey chow,
fresh fruits, vegetables, and sources of protein (such as nuts and
legumes). The enclosure provides climbing structures, toys, and mir-
rors to promote natural behavior and alleviate stress. The animal
experiments were conducted in PharmaLegacy Laboratories (Shang-
hai) Co., Ltd. (Approval Number: PL22-0871), which was certified by
AAALAC (Association for Assessment and Accreditation of Laboratory
Animal Care International). Animal experiments followed US National
Institutes of Health regulations and were approved by the Institutional
Animal Care and Use Committee (IACUC).

Preparation of PCL/TPU vascular grafts
PCL/TPU vascular grafts were fabricated by electrospinning. Amixture
of dimethylformamide (DMF) and dichloromethane (3:1 by volume)
was used as the solvent for TPU, with a concentration of 37.5wt%. The
PCL solution was prepared by dissolving 20wt% PCL in 1,1,1,3,3,3-
fluoro 2-propanol (HFIP). Then, the electrospinning solution was loa-
ded into aplastic syringe equippedwith a 21 Gneedle, and theflow rate
was controlled at 1mL h−1. A constant voltage of 20 kV was applied
between the needle and the metal collector, with a distance of 15 cm.
For the randomTPU tube, a stainless steel rod rotating at 200 rpmwas
used as the collector. Afterward, a receiving rod with a two-end elec-
trode was used to collect axially- ordered PCL nanofibers under slow
rotation. To improve hydrophilicity for tissue growth, the nanofiber
tube was treated with oxygen plasma for 3min. Finally, the inner and
outer layers of the tube were reversed to obtain the PCL/TPU vascular
graft. The morphology of the nanofibers and vascular grafts was
evaluated by scanning electron microscopy (FEI Nova Nano SEM 450).
The water contact angle was measured via contact angle measure-
ments (XG-CAMB1, Xuanyi). A universal tensile testing machine (YL-
S71, Yuelian) was employed for the mechanical tests. The specimen
dimensions were 15mm in length and 10 cm in width. For the stress-
strain curve tests, the stretching speed was maintained at 10mm/min
until the samples fractured. In the cyclic stability tests, the stretching
frequency was set to 1 Hz, with a tensile elongation of 10%.

Fabrication and characterization of vascular electronics
Synthesis of PPy nanowires. PPy nanowires were synthesized via an
electrochemical polymerization process. Five milliliters of pyrrole
monomer (Py, Aladdin) was dissolved in 100mL of NaClO4 solution
(0.3mol L−1). Electropolymerization was performed in a three-
electrode electrochemical workstation (CHI 660 F instruments),
where conductive glass (ITO, 4 cm × 2 cm), Pt and Ag/AgCl were used
as the working, counter and reference electrodes, respectively. Elec-
tropolymerization proceeded at a potential of 0.8 V for 300–500 s.
Subsequently, a thin gold film was deposited on the PPy film via
magnetron sputtering (50W, 500 s), enabling the subsequent

synthesis of PPy nanowires via further electrochemical deposition.
Specifically, 1mM p-toluenesulfonic acid (p-TSA) was added to 51mL
of NaH2PO4 (0.2mol L−1) and 49mL of Na2HPO4 (0.2mol L−1). After
stirring until the mixture was dissolved, 1mL of Py monomer was
added. Then, electropolymerization was performed at a current den-
sity of 0.6mA cm−2 for 1.5–2 h, with PPy film-Au and Pt electrodes used
as the working and counter electrodes, respectively.

Fabrication of PDMS nanowires. A PDMS film with a thickness of
~60 μm was obtained by spin coating and drying. Afterward, Au
nanoparticles were sputtered onto the film to serve as a mask, facil-
itating the subsequent fabrication of PDMS nanowires through
inductively coupled plasma (ICP) reactive-ion etching. The gas flow
rates of Ar, O2, and CF4 were precisely adjusted to 15, 10 and 30 sccm,
respectively, and the pressure was adjusted to 1~2 Pa. The power
source for generating high-density plasma was 400W, and the power
source for accelerating plasma ions in the inductive coupling cavity
was 100W. Thedensity and length of the nanowireswerecontrolledby
adjusting the mask density and the plasma etching time, respectively.

Fabrication ofAuNF electrodes and PDMSnanowire-AuNFs. First,
aligned PVA NFs were fabricated by electrospinning a 10wt% PVA
solution in water onto a parallel-plate electrode receiver at a flow rate
of 0.5mLh−1 and a constant potential of 13 kV. Subsequently, a thin
gold layer was deposited on the PVA NFs by magnetron sputtering
(50W, 200 s, PVD75 Kurt J. Lesker) to form a uniform core-shell coat-
ing. The PVA/Au core/shell NFs were placed on the water surface and
then transferred to the backsideof the PDMS substrate to obtainPDMS
nanowire-Au NFs.

Assembly of the triboelectric sensor and integration of the elec-
tronic vascular conduit. The sensors based on the triboelectric effect
include triboelectric layers, electrode layers, and encapsulation layers.
Specifically, the PPy nanowire film acted as both an outer triboelectric
layer and an electrode. PDMS nanowire-Au NFs were employed as the
inner triboelectric layer and electrode. The surfaces with nanowire
structures were placed opposite to each other. Then, the above func-
tional layers were encapsulated by the biocompatible PU tape/par-
ylene-C film to make the sensor waterproof. Finally, we assembled the
sensor on the vascular graft through the reserved interface on the
medical PU tape. The mechanical properties of autologous blood
vessel, the artificial graft and the sensor were matching, thereby
minimizing the poor contact caused by mechanical mismatch during
the periodic expansion and contraction of blood vessels.

In vitro measurement setup
A measurement setup was built to simulate blood flow in vitro and
verify the ability of the sensor to monitor blood flow. The setup
included a gas control unit, a gas‒liquid pressure conversion unit
connected to an electronic vascular conduit, an electrometer for
recording the output of the sensor, and a standard medical mercury
column pressure gauge for monitoring system pressure. The system
pressure and frequency were controlled from 20–200mmHg by the
gas control unit, and the output voltage of the sensor was recorded
and comparedwith themercury column pressure gauge that served as
a reference standard. An in vitro occlusion model was generated by
applying tension to artificial blood vessels by suturing.

Cell viability and proliferation on the nanofibers
HUVECs were obtained from the American Type Culture Collection
(CRL-1730) and cultured in high-glucose (4.5 g L−1) Dulbecco’smodified
Eagle’smedium (H-DMEM,Gibco) supplementedwith 10% fetal bovine
serum (FBS, Gibco) and 1% penicillin‒streptomycin (Gibco) in a
humidified atmosphere of 5% CO2 at 37 °C. The nanofibers were ster-
ilizedwith 70% ethanol andUV exposure, followed by three rinses with
PBS. A cell suspension (2 × 105 cells mL −1) was then seeded onto the
nanofibers in 24- or 48-well plates. After 48 h of culture, cell viability
was evaluated using a live/dead cell imaging kit (Life Technologies).
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Cell proliferation on the nanofibers was quantified using a Cell
Counting Kit-8 (CCK-8; Dojindo Molecular Technology) assay at 1, 3
and 5 days of culture, according to the manufacturer’s instructions.

Cell morphology
Immunofluorescence staining for F-actin, vinculin and nuclei was
performed in HUVECs after 48 h of culture. Cells on the nanofibers
were washed twice with PBS, fixed with 4% formaldehyde in PBS for
30min, permeabilized with 0.1% Triton X-100 for 10min, and blocked
with 10% goat serum for 2 h. The cells were incubated with primary
antibody (anti-vinculin, 1:200) at 4 °C overnight and then incubated
with secondary antibody (Cy3-conjugated goat anti-mouse IgG, 1:200)
at room temperature for 2 h. F-actin was stained with phalloidin-
conjugated Alexa Fluor 488 (1:200) for 2 h, and then the cells were
stained with 4′ 6-diamidino-2-phenylindole (DAPI, 300 nM) for 15min.
After each step, the cells werewashedwith PBS three times. Finally, the
samples were imaged with a Leica confocal microscope (Leica, SP8).

SEM was used to observe the morphology of the cells on the
nanofibers. After culturing HUVECs for 48 h, the cells were washed
twice with PBS and fixed with 2.5% glutaraldehyde overnight at 4 °C.
Then, the cells were dehydrated gradually using a series of ethanol in
water (30%, 50%, 70%, 80%, 90%, 95%, 98%, and 100%) two times.
Finally, the samples were imaged via SEM after being sputter-coated
with gold.

Hemolysis test
Red blood cells (RBCs) were obtained by centrifuging fresh New
Zealand rabbit blood containing anticoagulant (132 g, 10min). The
whole blood was washed 5 times with PBS to completely remove the
serum. The obtained RBCs were diluted 10-fold with PBS before the
hemolysis test. Then, the diluted RBCs (0.1mL) were mixed with 5mL
of PBS solution and incubated with different samples (1 × 1 cm2) at
37 °C for 2 h. Equal numbers of RBCs mixed with Milli-Q water and
normal saline were used as positive and negative controls, respec-
tively. After incubation for 2 h, all suspensions were centrifuged, and
the absorbance of the supernatant at 545 nm was measured. The
hemolysis rate (HR) was calculated as follows:

HRð%Þ= As � An

Ap � An
× 100% ð1Þ

where As, Ap, and An are the absorbency of the experimental group,
positive control and negative control, respectively.

Platelet adhesion test
Platelet-rich plasma (PRP) was obtained by centrifuging fresh New
Zealand rabbit blood at 206 g for 10min. Different samples (1 × 1 cm2)
were sterilized and placed in 24-well plates. Then, PRP (350 µL, well −1)
was added and incubated at 37 °C under gentle shaking for 3 h.
Afterward, the samples were gently rinsed with PBS to remove unat-
tached platelets. The number of adherent platelets was determined
using an LDH release assay kit. To directly observe platelet adhesion,
the samples were fixed in 4% paraformaldehyde, dehydrated in gra-
dient ethanol and observed by SEM.

In situ replacement of the rabbit carotid artery
Twelve New Zealand rabbits (male, 3–4 kg, ~6 months) were randomly
divided into 3 groups, control, vascular grafts and electronic vascular
conduits, for unilateral carotid artery replacement. The grafts were
sterilized and then soaked in heparin (70 U mL−1) for approximately
4 h. Before the operation, heparin was injected intravenously into the
ear margin of each rabbit. After anesthesia with pentobarbital sodium,
a 10mmsegment of the left carotid arterywas transected and replaced
with a PCL/TPU or TPU vascular graft or electronic vascular conduit
(2mm in diameter, 10mm in length) via an anastomosis procedure.

Heparin (20 U kg−1) was injected intravenously for 2 weeks after the
operation for anticoagulant therapy. Doppler ultrasound (Mindray,
Vetus 5) was used to evaluate the function of the blood vessels every
2 weeks. The rabbits were euthanized by first anesthetizing, followed
by intravenous administration of potassium chloride (75–150mg kg−1).
Histopathological analysis of the vascular grafts and major organs
(heart, liver, spleen, lungs, and kidneys) was then performed. The
vascular grafts were evaluated by H&E staining, Masson’s trichrome
staining, immunofluorescence staining (for CD31 and α-SMA) and SEM
observation at 3 months after surgery.

Wireless hemodynamic monitoring system
To facilitate postoperative management, we utilized a BLE transmis-
sionmodule conjugatedwith an electronic vascular conduit to achieve
wireless hemodynamic monitoring. The system was powered by a
lithium-ion battery or awireless chargingmodule. The PCB andbattery
were encapsulated together in a 3D-printed boxmade from either PLA
or photopolymer resin. After sealing the box with glue, a parylene-C
coating was applied to the surface via vacuum vapor deposition to
enhance biocompatibility and waterproofing.

In vivo sensor function assessment in New Zealand rabbits
After the electronic vascular conduit was implanted to replace the
isometric left carotid artery in New Zealand rabbits, the sensor was
connected to an electrometer (Keithley 6514) to monitor the output
voltage. Blood pressure and heart rate were regulated via intravenous
injectionof adrenaline (10−6mol L−1) to verify the ability of the sensor to
monitor hemodynamics in vivo. In addition, the proximal and distal
ends of the artificial blood vessel were blocked sequentially via suture
compression to verify its ability to monitor thrombosis.

Wireless hemodynamic monitoring in cynomolgus monkeys
The electronic vascular system was sterilized with glutaraldehyde.
Four adult cynomolgus monkeys (male, 4–6 kg) were fasted for 12 h
before the operation and anesthetized by an injection of Zoletil
(1.5–5.0mgkg−1). The animals were intratracheally intubated and kept
anesthetized with 2-5% isoflurane during surgery. Afterward, the car-
otid or femoral artery of each cynomolgus monkey was replaced with
an electronic vascular conduit via an anastomosis procedure. The PCB
and the lithium-ion battery were buried between the adipose layer and
dermis layer near the operation site. After implantation, the pulsewave
signal was displayed on the app interface in real time via a wireless
signal transmission system. During the postoperative recovery period,
cephalosporin (0.1 g kg−1) and dexamethasone (1mgkg−1) were injec-
ted for anti-infection treatment, and heparin (20 U kg−1) was injected
for anticoagulation treatment. Tolfenamic acid (4mg kg−1, twice a day)
was injected intramuscularly for three days after the surgery, and the
condition of each animal was closely monitored. For postoperative
blood flow monitoring, the cynomolgus monkeys were placed in
transfer cages, and data were collected using a non-contact Bluetooth
module at a distance. For animal euthanasia, we used themosthumane
methods in accordance with the recommendations of the Panel on
Euthanasia of the American Veterinary Medical Association and the
guidelines of the National Institutes of Health Guide for the Care and
Use of Laboratory Animals. The animals were anesthetized via intra-
muscular injection of Zoletil (2–3mg/kg), and once deep anesthesia
was achieved, euthanasia was performed by a rapid intravenous
injection of KCl (75–150mgkg−1).

Numerical simulation
Numerical simulations were performed using COMSOL 6.1 software.
To evaluate the effectof intimal topographyonbloodflow features,we
constructed different geometric models in which the surface fibers
gradually changed from an axially ordered state to a disordered state.
To avoid the impact of fiber volume on blood flow, the total volume of
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the fibers was kept essentially the same. In all the models, a constant
velocity (35 cms−1) was set as the inlet and outlet conditions. The initial
flow direction was along the axial direction, and at the inlet (cross-
section of the plate at x = 0), the velocity remained constant.

To illustrate the hemodynamic monitoring capability of the
electronic vascular conduit, an arterial model was built using Neo-
Hooke elasticity with an external diameter of 2mm and an elastic
modulus of 6MPa. The analysis consists of two distinct but coupled
procedures: first, a fluid-dynamics analysis including a calculation of
the velocity field and pressure distribution in the blood (variable in
timeand in space); second, amechanical analysis of thedeformationof
the tissue and artery. For fluid dynamics analysis, two pressure con-
ditions were established with reference to statistical blood flow
information for establishing the boundary conditions: 11208 Pa for
inlet end and 11192 Pa for outlet end. Those pressure values are the
mean values over a heart-beating cycle. For the time-dependent ana-
lysis, a simple trigonometric function is used for varying the pressure
distribution over time (Fluid-Structure Interaction in a Network of
Blood Vessels, https://cn.comsol.com/model/fluid-structure-
interaction-in-a-network-of-blood-vessels-660):

f ðtÞ= sin πt 0≤ t ≤0:5s

1:5� 0:5 � cos 2π t � 0:5ð Þð Þ 0:5s≤ t ≤ 1:5s

�
ð2Þ

A fluid‒solid coupling analysis was performed to evaluate the
mechanical effects and deformation of the vascular wall under simu-
lated flow conditions with an inlet pressure of 11208*f(t) Pa and an
outlet pressure of 11192*f(t) Pa.

For the vascular sensor based on the triboelectric effect, the tri-
bocharge density (σTribo) of the PDMSfilmwas set to be4μCm−2. In the
initial state, the distance between the two triboelectric layers was 300
μm. The periodic expansion and contraction of the artery alter the air
spacer between the triboelectric layers, consequently impacting the
potential distribution on the electrodes.

Statistical analysis
Data are reported as the mean ± SD (standard deviation), with the
number of samples (n) indicated. Statistical analysis was performed
using Student’s t test, and a P value of 0.05 or less is considered sta-
tistically significant. Data for box-and-whisker plots were plotted as
median with first and third quartiles. Confocal and SEM micrographs
were consistent across at least three independently conducted
experiments. All the data were analyzed and plotted by ImageJ 1.54 g
(National Institutes of Health (NIH), Bethesda, MD, USA), GraphPad
Prism v6.01 (GraphPad Software Inc., La Jolla, CA, USA) or Origin
(OriginPro 2021C, OriginLab Corporation, USA).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data supporting the key findings of this study are available
within the article and its Supplementary Information files. Source data
are provided with this paper.
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