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Atrial fibrillation is an “invisible killer” of human health. It often induces high-risk
diseases, such as myocardial infarction, stroke, and heart failure. Fortunately, atrial fibrillation
can be diagnosed and treated early. Low-level vagus nerve stimulation (LL-VNS) is a
promising therapeutic method for atrial fibrillation. However, some fundamental challenges
still need to be overcome in terms of flexibility, miniaturization, and long-term service of
bioelectric stimulation devices. Here, we designed a closed-loop self-powered LL-VNS
system that can monitor the patient’s pulse wave status in real time and conduct stimulation
impulses automatically during the development of atrial fibrillation. The implant is a hybrid
nanogenerator (H-NG), which is flexible, light weight, and simple, even without electronic
circuits, components, and batteries. The maximum output of the H-NG was 14.8 V and 17.8
HA (peak to peak). In the in vivo effect verification study, the atrial fibrillation duration
significantly decreased by 90% after LL-VNS therapy, and myocardial fibrosis and atrial
connexin levels were effectively improved. Notably, the anti-inflammatory effect triggered by
mediating the NF-xB and AP-1 pathways in our therapeutic system is observed. Overall, this
implantable bioelectronic device is expected to be used for self-powerability,
intelligentization, portability for management, and therapy of chronic diseases.

Keywords: Nanogenerators, Low-level vagus nerve stimulation, Closed-loop control, Atrial

fibrillation, Self-power, Implantable electronics

1. Introduction

Atrial fibrillation (AF) is a prevalent cardiovascular condition with one of the highest
rates of morbidity and death worldwide [1]. In the Global Burden of Disease project, an
estimated 46.3 million individuals suffer from AF, with the number expected to rise by at least
72 million in Asia by 2050 [2]. The mechanism of AF reveals that the interaction between AF
and the remodeling of the autonomic nervous system constitutes a vicious circle and
exacerbates the condition rapidly [3]. A number of studies have applied low-level vagus nerve
stimulation (LL-VNS) to inhibit AF inducibility. Electrical stimulation of the vagus nerve
without reducing sinus heart rate or atrioventricular conduction is known as LL-VNS.
LL-VNS is a promising therapeutic method for atrial fibrillation that can suppress autonomic

nervous system remodeling to prevent a vicious circle [4]. In clinical trials the atrial



fibrillation treatment outcomes of LL-VNS have been exciting [5]. In addition, LL-VNS can
be applied to avoid the unfavorable consequences of vagus nerve stimulation (VNS), such as
bradycardia and cardiac collapse [6]. Because of its good safety and few side effects, LL-VNS
has been extensively used in epilepsy [7], myocardial infarction [8], heart failure [9], and
other disorders. However, some fundamental challenges remain in terms of flexibility,
miniaturization, and long-term service of bioelectric stimulation devices. These issues also
have an impact on the future use of LL-VNS.

Zhonglin Wang and his colleagues [10] proposed triboelectric nanogenerators (TENGS)
in 2012, which can transform microscopic mechanical energy into electricity in the
environment. Since then, triboelectric nanogenerators and their applications have been
extensively employed in power generation, biomedicine, artificial intelligence, and other
fields [11-17]. Nanogenerators (NGs) have shown distinct benefits when used in implantable
devices: They can gather mechanical energy both within and outside the human body and
convert it to electricity, which eliminates the need for frequent battery replacements in
implanted devices [18,19]. In addition, NGs have the characteristics of high flexibility and
miniature size, ensuring the biocompatibility of implanted medical devices [20-23]. In recent
years, NGs and related devices have been widely used to stimulate nerve [24,25]. These
studies illustrate the advantages of NGs as an implantable neurostimulator.

In prior research, the majority of neurostimulators were performed without real-time
monitoring of the patient's physical status [26]. This type of open-loop neurostimulation is
potentially unable to achieve the intended goal and cause complications. Furthermore,
continuous parasympathetic nerve stimulation has been linked to the development of fever,
hoarseness, dyspnea, and cough [27]. Many studies have been conducted on the effects of
closed-loop neurostimulation in an effort to treat epilepsy [28], pathological tremors [29], and
overactive bladder [30]. It improved the effect of the experiment compared to the ordinary
stimulus. The closed-loop neurostimulation system based on nanogenerator can be applied to
LL-VNS to further improve the therapeutic effect for AF.

In this study, we designed a closed-loop self-powered LL-VNS system based on a hybrid
nanogenerator (H-NG) for the routine treatment of patients with AF and tested its stability and

biocompatibility. Then, the output range of the threshold that would influence heart rate (HR)



was determined, and the effects of LL-VNS based on H-NG were experimentally verified on
rats. These findings suggest that H-NG decreased AF duration and relieved the AF symptoms.
Notably, an anti-inflammatory effect of LL-VNS mediated by the NF-xB and AP-1 pathways
was observed. In addition, the output of the H-NG in the range of 5-15 pA (peak to peak) was
beneficial for the treatment. Overall, this system with the advantages of self-powerability and

intelligentization can bring in new insights for the therapy of chronic diseases.

2. Experimental
2.1. Materials

Polydimethylsiloxane (PDMS, Sylgard 184) was purchased from Dow Corning (USA).
Polyvinylidene fluoride (PVDF) was purchased from Measurement Specialties, Inc. (USA),
TE Connectivity Company (China). Si-Pu (PMMA glue, acrylate, and methacrylate
copolymer) was obtained from Beijing Solaibao Technology Co., Ltd. (China).
2.2. Fabrication of H-NG

A commercial metallized piezo film sheet was used as the piezoelectric material. The
polarized PVDF membrane was coated with silver electrodes on both sides. First, the
piezoelectric film was cut to specifications (2 cm x 5 cm) and sandpaper was used to rub and
shear the edges to prevent short circuits. A thin polyimide (PI) film (300 um) was pasted onto
the lower surface of the polarized PVDF membrane to provide support. In contrast, we
selected a polyethylene terephthalate (PET) film (2 cm x 5 cm, 1.5 mm) and paste-polarized
PTFE film on its edge as a triboelectric layer. After that, the PVDF film with Pl was placed in
the mold, PMMA glue (acrylate and methacrylate copolymer) was added and covered to 3/5
(2 cm x 3 cm). Then, the PET film with the polarized PTFE film was gently covered on the
PMMA glue. After incubation in an oven at 50 °C for 24 h, the PI film was covered on the
surface of the device. The PDMS (Dow Corning, Sylgard 184) was poured into the mold with
the device. All parts were attached layer by layer.
2.3. Component of the closed-loop LL-VNS system

A bracelet PENG sensor was reported in Ref. [31]. Bluetooth transmission module and
micro-motor were purchased from LUILEC Technology Co., Ltd (China). The full details are

provided in Video S1 (online).



2.4. Characterization of H-NG

The mechanical properties of the H-NG were tested using a force gauge (Mark-10
ESM303, Mark-10 corporation, USA). The signals of the H-NG were measured using an
electrometer (Keithley 6517 B, Tektronix, Inc., USA) and an oscilloscope (LeCroy HDO6104,
Testwall Ltd, UK). A linear motor (LinMot E1100, LinMot Inc., USA) was used to provide
the periodic external force applied to the H-NG (frequency of 2 Hz, operating distance of 30
mm, acceleration of 10 m/s?, deceleration of 10 m/s?, maximum speed of 10 m/s).
2.5. Animals and diets

All animal experiments were conducted under a protocol approved by the Committee on
Ethics of the Beijing Institute of Nanoenergy and Nanosystems (A-2020016). Six-and
eight-week-old male Sprague-Dawley rats were obtained from the Charles River (China). All
rats were housed in separate cages with a 12-h light/dark cycle with free access to water and
rodent chow Charles River (China). A week after adaptation, rats were randomly assigned to
four groups (Multiple control groups are the primary means of eliminating confounding
factors): control group (no surgery, no modeling and no treatment, n = 3), sham group (only
surgery, n = 3), model group (AF modeling only, n = 3), and treatment groups (surgery + AF +
LL-VNS, n =9). Because the threshold of VNS is 30 pA, the stimulus strengths were 5 pA (n
=3), 10 pA (n = 3), and 15 pA (n = 3). Rats in the AF and AF + LL-VNS groups received a
daily injection of 1 mL/kg acetylcholine (ACh)-CaCl, (66 pg/mL ACh and 10 mg/mL CaCly)
in the tail vein for 7 d [32,33]. The AF+LL-VNS groups were treated with LL-VNS for 1 h
after the fourth day. The sham groups were treated with bilateral vagus trunk electrode
implantation, but no electrical stimulation experiment was performed. Rats in the control
group received a daily injection of 1 mL/kg saline solution.
2.6. Surgical preparation

SD rats (male, 6-8 weeks, 200-250 g) were anesthetized with 1% pentobarbital sodium
(30 mg/kg body weight) via intraperitoneal injection. The anesthetized mouse was placed in a
supine position, and their limbs were held in place with medical tape. Hair clippers are used
to shave the fur from the neckline to the mid-chest level. An incision of 2 cm was made on the
median line of the cervix with the caudal terminus at the level of the clavicle. The sternohyoid

and sternocleidomastoid muscles were bluntly separated with tweezers until the carotid sheath



was exposed. After the carotid sheath was incised sharply, the vagus nerve was carefully
dissociated with pointed tweezers placing a black suture underneath.
2.7. Measurement of cardiac electrophysiological signals

The vagus nerve threshold was measured in SD rats (male, 6-8 weeks, 200-250 g) (n =
3). For this purpose, the H-NG stimulated the vagus nerve at different current intensities. The
HR change rate was observed after 60 s of stimulation. HR recovery was observed after
cessation of stimulation. The electrocardiogram (ECG) 100C module of a physiological signal
recording system (MP150WSW, BIOPAC, USA) was used to measure the whole process and
calculate the heart rate variability (HRV). The ECG of rats in all groups was recorded using a
physiological signal apparatus. Origin 8.0 was used for analysis. The full details are provided
in Video S2 (online).
2.8. H&E and Masson staining of atrial tissue

The hearts of rats were promptly removed under anesthesia, fixed with 10% neutral
formalin fixative, embedded in paraffin, and sectioned. Microscopy was performed using an
HE staining kit (Solarbio, G1120), neutral gum sealing, and a panoramic scanner
(3DHISTECH P250 FLASH, 3DHISTECH Ltd., USA). After staining with an improved
Masson tri-color solution (Solarbio, G12345), neutral gum was sealed, and a panoramic
scanner was used to observe the results. ImagePro 6.0 was used to evaluate the results.
2.9. Immunohistochemistry of atrial tissue

After typical paraffin sectioning, the slides were treated overnight at 4 °C with Rabbit
Polyclonal anti-CX43/GJA1 antibody (Abcam, AB11370, diluted to 1:2000), anti-Bax
polyclonal antibody (Solarbio, K001593P, diluted to 1:100), and anti-Bcl-2 polyclonal
antibody (Solarbio, K001594P, diluted to 1:100). The samples were evaluated using a
panoramic scanner (3DHISTECH P250 FLASH, 3DHISTECH Ltd.), and each sample was
studied in three random fields. Image-Pro 6.0 was used to evaluate the results.
2.10. H-NG biocompatibility in vivo

After surgical suturing, the H-NG was implanted subcutaneously. The morphology and
position of the H-NG were measured using micro-CT and 3D reconstruction for four weeks.
Histological evaluation of the in vivo biocompatibility was performed. The skin tissue, liver,

kidney, spleen, lung, and heart around the skin slice were rapidly removed under anesthesia



four weeks after implantation. The cells were examined using a panoramic scanner
(3DHISTECH P250 FLASH, 3DHISTECH Ltd.) after staining with H&E (Solarbio, G1120).
The performance of the H-NG implanted is shown in Video S3 (online).
2.11. Serum concentrations of TNF-a and IL-6

3 mL arterial blood was taken from the abdominal aorta and centrifuged for 10 min at
4 °C and 8000 g. The supernatant was collected, and TNF-o and IL-6 levels were determined
using an ELISA kit (Solarbio, SEKR-0005, SEKR-0009).
2.12. Statistical analysis

The statistical significance of the differences was determined using one-way ANOVA
analysis of variance. Data were analyzed as mean * standard error of mean (SEM) in
GraphPad Prism v. 6 (GraphPad Software Inc., USA). Differences were considered
statistically significant at P < 0.05, P < 0.01, and P < 0.001 were considered statistically
significant and were labeled with *, ** *** and ns, respectively; *p < 0.05, was considered

statistically significant.

3. Result and discussion
3.1. System design

We designed a closed-loop self-powered LL-VNS system based on triboelectric
nanogeneration technology. The system was divided into three modules: sensing, signal
processing, and therapy (Fig. 1a). The sensing module consisted of a PENG sensor, a
wristband, and a Bluetooth module. The PENG sensor extracted pulse waves from the skin
and transmitted data through a Bluetooth module. The signal processing module was mostly
dependent on mobile phones and applications. It monitored the occurrence of AF by
analyzing the pulse waveform to alert the patient in real time (Fig. S1a, b online). When AF
occurs, the wristband sends out a timely warning message. Users can tap this device to exert
its anticholinergic effect by suppressing the activity of the vagus nerve, so as to prevent atrial
fibrillation inducibility to achieve therapeutic effects. At the same time, the users can see their
pulse waves on their phones and monitor their health in real time (Fig. S1c online). Figure 1c

shows a circuit diagram of the system.
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Figure 1. Overview and principle of the H-NG based closed-loop self-powered LL-VNS
system. (a) Illustration of the H-NG based closed-loop self-powered LL-VNS system. (b)

Structure of H-NG. (c) Circuit diagram of H-NG based closed-loop LL-VNS system.

The treatment module consists of two components: an H-NG stimulator and the hands.
The H-NG stimulator was an important component of the closed-loop LL-VNS system. It was
mainly composed of triboelectric, piezoelectric, and encapsulation modules. Piezoelectric and
triboelectric modules were the core components of the H-NG, which converted external
mechanical energy into electrical energy. The piezoelectric material was polarized PVDF, and
its surface was covered with two Ag electrode layers. For the triboelectric module, the Ag
electrode and polarized PTFE were used as two triboelectric layer materials. Additionally,
Si-PU was used as a spacer and was half-filled. This design effectively reduced the impact of
miscontact on the H-NG and significantly increased the stability of the system. The entire
device was packaged with thin PDMS to ensure performance and prevent the device from

being invaded by the liquid environment.



3.2. Principle and characterization of H-NG

Safety and durability are the most important features of implantable electronic devices
for neurostimulation [34]. To fit the daily treatment characteristics of patients with AF, we
designed an H-NG device as an energy source. In order to more efficiently harvest the
mechanical energy generated at a particular location, we designed a hybrid structure for
separating half of triboelectric layer and piezoelectric layer. This “switch” design provides a
spacer for the triboelectric module. Besides, it reduces the risk of additional stimulation
caused by accidental contact with the device, which can greatly improve the device security
and system stability.

The working process of the H-NG is illustrated in Fig. 2a. In the initial state, the top
layer was separated from the bottom layer, and there was no triboelectric or piezoelectric
potential between the different electrodes. When force was applied to the device, the right
side of the device deformed and brought the upper and bottom triboelectric layers together. In
this process, with the increase in stress, the contact surface of the upper and lower
triboelectric layers gradually increased. Then, the stress on the piezoelectric material adhering
to the lower surface gradually increased. When the top layer was fully in contact with the
bottom layer, the piezoelectric and triboelectric potentials both reached a maximum. If these
different electrodes were connected by an external circuit, the current would appear during the
deformation process of the H-NG. When the force was released, the upper and lower layers
were restored to their original state, and the electrons were driven back to the upper layer by
piezoelectric and triboelectric potentials. Fig. 2b shows the output difference between the

H-NG and the pure piezoelectric device without the triboelectric module.
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Figure 2. Characterization of the H-NG. (a) The working principle of H-NG. (b) The
difference between the performance of Hybrid-NG and the piezoelectric module. (c) The
variation of voltage and current. (d) Power of the H-NG with different external load resistance.
(e) Overall linearity of the applied force and the output current of the H-NG. (f) Current of
H-NG with different frequency. (g) Stability test of the H-NG under continuous operation for

10,000 s.

To demonstrate the working performance of the H-NG, we characterized the short-circuit
current, open-circuit voltage, and instantaneous power at different impedances. As shown in
the Fig. 2c and Fig. S2a—c (online), the maximum current and voltage of H-NG were 17.8 pA
(peak to peak) and 16.7 V, respectively. Meanwhile, with the increase in impedance, the

maximum instantaneous was is 35 uW at 2.3 MQ (Fig. 2d). After using the triboelectric



module, the voltage of the device increased by 110% and the current increased by 210%. The
results show that the “switch” structure can greatly improve the electron transfer efficiency.
The mechanical response of the device was also one of the properties we considered
[35-37]. Linear motors were used to simulate the forces within the human range. As shown in
Fig. 2e, the H-NG had excellent linearity of current and applied force, which also proves its
maneuverability. Fig. 2f shows the working performance of the device at different frequencies.
Because the operating frequency must be consistent with the hand movement frequency, we
choose 1-3 Hz for frequency testing. It can be seen that as the frequency gradually increased,
the current did not increase significantly. Finally, 10,000 s working tests were carried out to
verify the working durability of the device. Fig. 2g shows that the performance of the device

hardly decreased during the testing cycle.

3.3. Biocompatibility of the H-NG in vivo

Excellent biocompatibility is required to avoid undesirable biological responses [38—40].
The use of PDMS as the encapsulation layer in the device can significantly improve the
flexibility and sealing of the H-NG. Meanwhile, in order to explore the biocompatibility of
the device, the sealed H-NG was implanted subcutaneously in the rear of the rat for four
weeks (Fig. 3a and Fig. S3a—e online), and the H&E staining of rats was observed (Figure 3b).
Histological sections of the skin showed no substantial inflammatory response, and a number
of cicatrices were observed. Meanwhile, there was no injury to the visceral organs. The
performance of the H-NG implanted showed that the human tap could produce a 5-15 pA
current. This is consistent with the device output required for the AF therapy (Fig. 3c). The
micro-CT scans displayed the H-NG transverse, sagittal, and coronal planes, and no breakage
or significant movement of the device was observed (Fig. 3d). H-NG has excellent sealing
properties and an unchangeable position in vivo, which ensures accuracy and stability when
the external force drives the internal device. During 3D reconstruction in CT, the H-NG was
found below the ribs and on the right side of the spine (Fig. 3e). The respiration, heartbeat,
and routine activity of the rat were unaffected by this placement. The results demonstrate that

H-NG has outstanding biocompatibility and output stability.
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Figure 3. Biocompatibility of the H-NG in vivo. (a) The illustration of a rat implanted with
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implanted with the H-NG subcutaneously after 4 weeks. (c) The performance of H-NG
implanted. (d) Micro-CT image of a rat implanted with the H-NG subcutaneously for 4 weeks.

(e) 3D reconstruction image of the H-NG implanted into the rat subcutaneously for 4 weeks.

3.4. Measurement of electrical stimulus strength for LL-VNS

In previous reports, the definition of LL-VNS in rats was unclear [41-43]. In this work,
the threshold for the vagus nerve was the electrical stimulus strength that can greatly change
the HR within dozens of seconds. LL-VNS was defined as less than half of the vagus nerve
threshold. The influence of stimulus strength on HR change rate contributes to the detection

of the vagus electrical stimulation threshold of the H-NG. In the experiment, we found that



when the intensity of stimulation was 80-300 pA, the range of HR changed by more than 40%
(Fig. S4 online). When the stimulus strength was 300 pA, the thresholds of the three nerve
fibers A, B, and C reached at the same time, and the heart rate dropped most obviously at this
time. The HR change rate gradually decreased when the stimulus strength was less than 80 pA
(Fig. 4a). When the stimulation was interrupted, the vagus nerve was no longer excited and
the release of acetylcholine stopped. Meanwhile, acetylcholinesterase worked to degrade
acetylcholine. The downward trend was obvious during 60 s of stimulation, and the HR
gradually increased. Based on this result, we mainly explored the effect on rats of stimulation
with a current intensity below 80 pA. When the current intensity was below 30 pA, the
amplitude of the HR change was less than 5%. There was no difference in HR between the
stimulus strengths of 30 and 20 pA (Fig. 4b). These results suggest that 30 pA may be the

threshold for vagus nerve stimulation.
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strength from 20 to 70 pA for 60 s. (b) HR change rate at different stimulus strength (n = 3).
(c) HR variability at different stimulus strength (n = 3). (d) AF duration in the model group
for 7 days continuous drug injection. (e) AF duration in the experimental group treated with
LL-VNS after the fourth day. (f) Comparison of AF duration between the model group and
experimental group on the first four days (n = 3). (g) Comparison of AF duration between the
model group and experimental group on the last four days (n = 3). (h) Comparison of AF

duration reduction rate between the model group and experimental group.

HRV is also an important parameter for exploring the vagus nerve stimulation threshold.
It refers to the balance in the autonomic nervous system, which is related to the excitability of
the sympathovagal nerve. When the vagus nerve is given suprathreshold stimulation, the
excitability of the vagus nerve increases and HRV decreases. When subthreshold stimulation
of the vagus nerve is given, the excitability of the vagus nerve and the sympathetic nerve is
kept in balance, and the HRV remains at a normal level. High frequency (HF) and low
frequency (LF) represent the high- and low-frequency domains in the electrocardiogram,
respectively. The ratio of LF to HF represents HRV. In the gradient range from 40 to 70 pA,
HRV decreased with increasing current intensity, indicating that vagus nerve excitability
gradually increased. However, at 30 uA, HRV returned to normal (Fig. 4c). There was no
difference in the effect of 30 and 20 pA on HRV. Other experimental groups also obtained the
same conclusion (n = 3), which proved that the threshold of VNS in rats was 30 pA.

Therefore, we chose stimulus strength of 5-15 pA as the LL-VNS.

3.5. LL-VNS reduce AF duration in rat AF models

To test the effect of LL-VNS on rats with AF, we established a rat model of AF and
demonstrated the stability of the model through multi-group experiments (Fig. S5 online). In
the experiment, the experimental group received injections of the drug over seven days and
electrical stimulation starting on the fourth day. The model group was only injected with the
drug without stimulation. The experiment reveals that LL-VNS does not change the HR over
time, indicating that the device output is stable, and the experimental results are legitimate

(Fig. S6a—c online). Four seconds after the drug injection, the ECG indicated an obvious AF



waveform, which was characterized by the absence of P waves and the substitution of F
waves, as well as an unequal R-R interval and R wave voltage. AF duration is defined as the
interval from the emergence of AF waves to the return of normal sinus rhythm. The AF
duration increased dramatically in the model group, indicating that the cardiac injury was
gradually aggravated (Fig. 4d and Fig. S7a online). In contrast, after the fourth day of
LL-VNS, AF duration was reduced in the LL-VNS+AF group (Fig. 4e and Fig. S7b online).
This proves that LL-VNS can effectively reduce the duration of AF. However, because the
heart muscle was already damaged, the duration of the treatment group was no less than that
of the first day. At the same time, we found wide and distorted abnormal QRS waves in the
experiment, which may indicate premature ventricular contraction. Premature ventricular
contractions are prodromal signs of AF, indicating abnormal electrical conduction in atrial
myocytes [44]. On the first four days, the AF durations of the experimental and model groups
increased simultaneously (Fig. 4f). On the last four days, the AF duration in the experimental
group began to decrease (Fig. 4g). AF duration reduction rate refers to the ratio of the change
in the AF duration in the last four days to the change in the AF duration in the first four days.
After statistical analysis, the AF duration significantly decreased by 60%—-90% after LL-VNS
therapy (Fig. 4h). Notably, different rats have varying levels of medication tolerance, and AF
duration still shows great differences among the groups. In conclusion, LL-VNS can
successfully minimize AF duration to relieve cardiac injury, and a stimulus strength of 5-15

1A has a good effect.

3.6. LL-VNS alleviated the pathological changes of rat AF models

AF causes myocardial cell apoptosis and inflammatory infiltration of atrial tissue. The
overburdened normal atrial muscle becomes hypertrophic or overstretched as a result of atrial
muscle apoptosis. Abnormal collagen fibers are deposited in the interstitium of atrial
myocytes. The autonomic nervous system underwent remodeling to cater to changes in the
atria (Fig. 5a). H&E staining is a critical pathological examination for detecting myocardial
morphological injuries. Myocardial cells were dyed pink, and inflammatory cells were dyed
blue-purple in H&E staining. The arrangement of myocardial cells in the control and sham

groups was orderly and dense, and the morphology of the myocardial tracts was complete.



The model group showed abundant fibrous connective tissue, extensive infiltration of
inflammatory cells, and a small amount of hemosiderin deposition (black dotted area).
Fibrous connective tissue can be found as an irregular, loose grid. Muscle fibers are broken
and loose with wide gaps. However, there was only a small amount of fibrous connective
tissue and inflammatory cell infiltration in the LL-VNS+AF group. In summary, AF modeling

resulted in significant pathological changes (Fig. 5b(i) and Fig. S8a online).
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Figure 5. Pathological feature of rats. (a) Schematic diagram of cardiac pathological changes
after AF. (b) Cardiac pathological changes after AF. (i) Myocardial morphological injury
(H&E staining, n = 3). (ii) Myocardial fibrosis (Masson staining, n = 3). (iii) Atrial connexin
levels (Immunohistochemistry staining, n = 3). (¢) Schematic diagram of Cx43 changes after
AF. (d) Myocardial fibrosis treated with LL-VNS. (e) Change in the number of Cx43 treated
with LL-VNS. (f) Change in Cx43 distribution treated with LL-VNS, particularly

lateralization of Cx43.



In Masson staining, myocardial cells were stained red and collagen fibers were stained
blue. The myocardium in the model group was severely disordered and loose, and the
myocardial space widened. The myocardial tracts were surrounded by a large grid of blue
fibrous connective tissue, with this large area replacing the normal myocardium (Fig. 5b(ii)
and Fig. S8b online). After LL-VNS treatment, the collagen volume fraction (CVF) was
markedly lower than that in the model group (blue) (Fig. 5d). In the VNS+AF group (red),
CVF was the lowest at 5-15 pA, indicating that the 5-15 pA group had a good effect on
improving myocardial fibrosis.

To determine changes in atrial connexin levels after AF, connexin 43 (Cx43) levels were
measured using immunohistochemistry. Studies have shown that Cx43 contains six connexins
arranged in a circle, and connexins within cells connect with connexins within adjacent cells
through gap junctions to form electrical conduction between atrial myocytes (Fig. 5¢). AF is
an abnormal electrical conduction activity of the myocardium, which means that AF may be
associated with changes in the number and distribution of atrial connexins [45]. A decrease in
atrial connexin and an increase in lateralization were the most common symptoms of AF (Fig.
5b(iii) and Fig. S8c online). Compared with the control group, the expression of Cx43 in the
model group was significantly reduced, and the lateralization of Cx43 was enhanced. A
comparison between the LL-VNS+AF group and the model group showed that LL-VNS
improved Cx43 expression and weakened the lateralization of Cx43 (Fig. 5e, f). Atrial
myocyte apoptosis is one of the main pathological changes in AF. By preventing the apoptotic
process, the loss of atrial myocytes and cardiac damage produced by AF can be avoided
[46,47]. In this study, LL-VNS upregulated the expression of Bcl-2 protein and
downregulated the expression of Bax protein in atrial myocytes, thereby inhibiting the
apoptosis of atrial myocytes (Fig. S8d, e online). In summary, LL-VNS could dramatically
improve the changes in atrial connexin induced by AF, and the stimulus strength of the 5-15

LA group was significantly effective.

3.7. Anti-inflammatory effects of LL-VNS
It is well proved that the levels of Toll-like receptors (TLR-2 and TLR-4) are elevated in

the atrium in patients with AF [48]. Inflammation in cardiac injury is triggered by the same



inherent pattern recognition mechanisms that are employed to identify microbes. However,
immunostimulatory molecular patterns in sterile inflammation are distinct from those seen in
infectious inflammation and are canonically related with damage. Thus, they are called
danger-associated molecular patterns (DAMPS). The release of DAMPS binds toll-like
receptors on the cell surface to induce the expression of pro-inflammatory genes through the
nuclear factor NF-xB and transcription factor AP-1 in a cell-specific manner, thereby
activating innate and adaptive immune responses (Fig. 6a). In clinical studies, serum TNF-o
level is higher in patients with AF than in those with sinus rhyth. Correspondingly, an increase
in TNF-o will increase the degree of atrial fibrosis and atrial matrix remodeling. In addition,
IL-6 is associated with blood hypercoagulability, platelet activation, and endothelial damage
caused by AF. Meanwhile, neutrophils and mast cells are also activated, and substantial
amounts of myeloperoxidase (MPO) and platelet-derived growth factors (PDGF) are released.
MPO and PDGF stimulate fibroblasts, which results in increased collagen production and
atrial fibrosis [49]. Despite the activation of separate inflammatory cascades, these processes
may interact and coexist in patients with AF. As a result, low levels of TNF-o and IL-6
significantly reduced the risk factors associated with inflammation in AF. Atrial inflammation
leads to myocardial injury and remodeling. A vicious cycle between atrial fibrillation and
inflammation can aggravate pathological process of atrial fibrillation. The concentrations of
TNF-a and IL-6 inflammatory factors in atrial within 24 h were measured using the ELISA
kit. There was a low level of inflammation in the control and sham groups, but high in the
model group. Compared with the model group, the inflammatory molecules in arterial blood
decreased in the AF+LL-VNS group (Fig. 6b, c). The experimental results showed that
LL-VNS could reduce the infiltration of inflammatory factors after AF and prevent further

damage of inflammatory factors by myocardial cells.
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Figure 6. Anti-inflammatory effect of the H-NG. (a) Schematic diagram of inflammatory cell

regulation in AF. (b) TNF-a and (c) IL-6 concentration at different groups (Elisa kit, n = 3).

4. Conclusion

We designed a closed-loop self-powered LL-VNS stimulation system based on the
H-NG, which can be used for the daily care of patients with AF. The system monitored the
wearer's pulse waves in real time through a wrist bracelet and identifies the onset of atrial
fibrillation through a mobile phone. Consequently, the therapy module provides a force to
power the H-NG stimulator. An output of 5-15 pA (peak to peak) can be generated using our
device within the manual range. The closed-loop design of the device can effectively reduce
the side effects of constant stimulation and improve the security and stability of the system.
This work also innovatively used a specially constructed NG as a vagus nerve stimulator and
demonstrated that the ultra-low intensity output produced by it can effectively treat AF. At the
same time, we explored the optimal stimulus parameters and proved their reliability through a
large number of biological experiments, which has guiding significance for further research.

Durability is also an important factor in a vagus nerve stimulation device. Most existing
nerve stimulation devices use chips as controllers to generate electrical pulses [50]. These
devices tend to have very stable outputs, but are usually not used for a long time owing to the
capacity of the battery. With the development of nanogenerator technology, NG has been
widely used in nerve stimulation due to its characteristics of low energy consumption and

high biosafety. The H-NG used in this work can directly convert mechanical energy into



electrical energy, eliminating the need for batteries, thus greatly increasing the service life of
the device [51,52]. The H-NG can generate 5-15 pA (peak to peak) in the manual range,
while LL-VNS in this range has been proven to be effective in animal experiments and other
biological tests. Besides, the performance of H-NG shows good linearity in the range of 5-20
N. This further proves the reliability of the H-NG when applied to daily life. The system can
also be optimized for automation and closed-loop control and closed-loop design can
effectively improve the efficiency of treatment and improve the life quality of patients.

Antiarrhythmic is a good property for systems based on the H-NG. After the H-NG was
used for neurostimulation, it greatly reduced AF duration and improved the pathological
changes in AF, which proves that it can balance the electrical conduction activities between
cardiomyocytes. H-NG-based LL-VNS successfully breaks the vicious cycle of atrial
remodeling after AF and has good antiarrhythmic properties. It is promising to inhibit
ventricular fibrillation inducibility and alleviate the severity of ischemia-reperfusion injury
after myocardial infarction.

LL-VNS is well known for its anti-inflammatory properties. Inflammation during AF can
worsen symptoms, which demonstrates that the anti-inflammatory effects of implanted
devices should be taken seriously. However, Table S1 (online) shows that few studies have
focused on the anti-inflammatory effect of the implanted device used for vagus nerve
stimulation after comparing other studies on the treatment of AF. In our experiment, H-NG
was observed to have an excellent anti-inflammatory effect by using an extremely low current.
This will bring treatment to more patients in the future due to the synergistic effect of
inflammation in numerous diseases.

In summary, the closed-loop VNS system has been applied to diseases such as epilepsy
and Parkinson’s disease. LL-VNS has a far lower stimulus strength than VNS, which implies
less influence on organs and fewer adverse effects. In our closed-loop system, when atrial
fibrillation occurs, the patient can be reminded to treat themselves on demand in a timely
manner. Meanwhile, the closed-loop LL-VNS based on nanogenerators has excellent
antiarrhythmic and anti-inflammatory properties, which can greatly improve the targeting of
stimulation therapy. In the future, the system can help to promote the in-home health

monitoring and reduce the cost of clinical treatment.
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Graphic Abstract
Based on the flexible, miniaturized, and self-powered characteristics of the hybrid
nanogenerator, an integrated system for atrial fibrillation monitoring and treatment

through low-level vagus nerve stimulation was designed.
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