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A B S T R A C T

Piezoelectric stimulation has garnered substantial interest as a promising strategy for tissue regeneration. 
However, studies investigating its impact on tendon-to-bone healing characterized by fibrocartilage remain 
scarce. Moreover, there are considerable technical challenges in achieving minimally invasive application of 
piezoelectric stimulation on the irregular tendon-to-bone interface. Herein, we developed Janus asymmetric 
piezoelectric adhesives by assembling adhesive hydrogel (GAN) and non-adhesive hydrogel (GM) on each side of 
piezoelectric poly (L-lactic acid) nanofiber. Piezoelectric adhesives exhibited superior anti-inflammatory effects 
both in vitro and ex vivo. Notably, the transient receptor potential (TRP) ion channels, a class of versatile signaling 
molecules, are closely associated with the regulation of inflammation. This study demonstrated that piezoelectric 
stimulation promoted Ca2+ influx through the activation of transient receptor potential vanilloid 1 (TRPV1), 
further enhancing cAMP signaling pathway in macrophages by RNA sequencing. Additionally, in vivo proteomic 
analysis revealed Arachidonic acid metabolism and TNF-α signaling pathway downregulation and VEGF 
signaling pathway upregulation in a rat rotator cuff repair model. Piezoelectric adhesives ultimately achieved 
inflammation alleviation, angiogenesis enhancement, and fibrocartilage regeneration promotion, improving the 
biomechanical strength of the enthesis. This study elucidated the mechanism by which piezoelectric stimulation 
regulated tendon-to-bone healing through multi-omics analysis. The piezoelectric adhesives hold promise as a 
convenient and effective strategy for enhancing tendon-to-bone healing in clinical practice.

1. Introduction

Rotator cuff tears are very common musculoskeletal disorders lead
ing to shoulder pain and functional impairment. The incidence exceeds 
20 % and escalates with age in the population [1]. Arthroscopic rotator 
cuff repair (RCR) is currently considered the preferred intervention for 
patients who fail to achieve relief from conservative treatment [2]. 
However, the retear rate following surgery remains alarmingly high, 
ranging from 20 % to 94 % [3]. This is often attributed to the formation 

of scar tissue at the tendon-to-bone interface, which replaces the natural 
fibrocartilage structure and results in a reduction of mechanical per
formance by approximately 50 % [4]. Such outcomes are closely asso
ciated with factors including the postoperative immune 
microenvironment and inadequate blood supply at the tendon-to-bone 
interface [5]. Therefore, the high-quality reconstruction of the fibro
cartilage layer at the tendon-to-bone interface is crucial for promoting 
tendon healing while simultaneously reducing the retear rate following 
rotator cuff surgery.
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In recent years, tissue engineering technology has increasingly been 
recognized as a promising strategy for promoting tissue repair such as 
the rotator cuff. While many studies involving stem cells and bioactive 
substances therapies were reported to face drawbacks related to 
biosafety, immunogenicity, and high costs [6]. In contrast, controllable 
physical stimulation represented by electrical stimulation and magnetic 
stimulation greatly reduces these risks and might be more conducive to 
clinical translation [7]. The electrical microenvironment is an integral 
part of normal physiological activities in human body, electrical stim
ulation might replenish the disrupted electrical microenvironment at the 
damaged tissue site, thereby achieving benefits [8]. Current reports 
indicated that electrical stimulation could directly promote tissue 
regeneration, particularly in bone and cartilage tissues [9].

Interestingly, electrical stimulation was believed to indirectly 
enhance tissue repair by modulating inflammatory states [10]. The 
immune microenvironment, exemplified by macrophages, plays a 
crucial role in the process of rotator cuff repair. In the early stages, the 
polarization of M0 macrophages towards the M2 phenotype and the 
inhibition of excessive secretion of inflammatory factors contribute to 
angiogenesis and the fibrocartilage regeneration [11]. However, the 
impact of electrical stimulation on the healing of the tendon-to-bone 
interface characterized by fibrocartilage remains to be fully investi
gated. Additionally, the application of external devices to deliver elec
trical stimulation might weaken due to tissue absorption, and there also 
exist risks of infection with implanted electrical stimulation devices and 
the complications caused by the surgical removal of toxic batteries [12]. 
Piezoelectric materials, which generate electrical energy under me
chanical stress (load or ultrasound (US)), present ideal candidate ma
terials for addressing these challenges, demonstrating potential 
applications across various fields of tissue regeneration [13]. Never
theless, there are limitations regarding the selection of piezoelectric 
materials, such as the hazardous substances (e.g., lead zirconate tita
nate), non-degradable properties (e.g., PVDF), and materials that 
require further verification of long-term biosafety (BaTiO3 and potas
sium sodium niobate) [14]. Poly(L-lactic acid) (PLLA), representative of 
biodegradable piezoelectric materials, exhibits excellent biosafety and 
has been widely used in the preparation of FDA-approved bio-scaffolds 
[13a]. Das et al. reported that PLLA-based piezoelectric scaffolds pro
moted skin regeneration while safely degrading into non-toxic byprod
ucts [15]. Additionally, Vinikoor et al. recently reported that 
piezoelectric PLLA with ultrasound-induced stimulation could promote 
chondrogenesis in rabbits and treat osteoarthritis [13b]. Currently, to 
the best of our knowledge, ultrasound-induced piezoelectric PLLA 
stimulation has not been attempted in repairing rotator cuff tears.

Recently, non-invasive methods (e.g., adhesives) for stabilizing 
scaffolds have attracted considerable interest [16]. Compared to tradi
tionally suturing the scaffold over the rotator cuff tears site, this 
approach can reduce arthroscopic surgery duration and complexity 
[17]. In addition, attempts have been made to inject hydrogel-based 
scaffolds in situ into the tear site; however, joint movement and irreg
ular interfaces make it challenging for hydrogels to stay stably at the 
injury site [18]. The application of adhesives offers a novel perspective 
to address these challenges. This non-invasive method allows for the 
simple adhesion of the scaffold/film to the rotator cuff tear, thus 
achieving stable fixation. Notably, the adhesive should not only exhibit 
strong adhesion to the tear site, but also maintain non-adhesive with 
surrounding tissues (e.g., the deltoid muscle) to ensure normal sliding 
between muscles. To address this problem, an intriguing concept might 
be provided by preparing asymmetric Janus adhesive films with adhe
sive property on one side and non-adhesive property on the other [19]. 
Among the various design strategies based on chemical bonding, cova
lent bonds, represented by N-hydroxy succinimide (NHS)-activated ester 
bonds, were reported to exhibit more stable and stronger adhesive 
properties compared to non-covalent bonds [16]. Recent studies were 
demonstrated that the adhesives with N-hydroxy succinimide (NHS) 
activated ester bonds exhibited excellent biocompatibility and adhesive 

capacity [20]. To construct the Janus adhesive, we utilized gelatin and 
acrylic acid (AA) in combination with N-hydroxy succinimide (NHS) to 
form the interpenetrating polymer network (IPN) as the adhesive sur
face. In contrast, the non-adhesive surface was constituted by gelatin 
and acrylamide (AM).

In this study, we developed a novel "sandwich-structured" Janus 
asymmetric piezoelectric adhesives, termed Gelatin-Polyacrylic acid- 
NHS/PLLA/Gelatin-Polyacrylamide (GAN/PLLA/GM) Janus adhesive 
films (N/P/M). Specifically, PLLA membranes were constructed using 
electrospinning, GAN and GM were crosslinked with ultraviolet light on 
each side, respectively. N/P/M exhibited asymmetric adhesive proper
ties and can generate appropriate electrical stimulation under ultra
sound induction (Scheme 1A). We investigated its effects on 
macrophage polarization and the inflammation modulation of human- 
injured rotator cuff samples, and further explored its role in vascular 
regulation. Subsequently, we assessed the therapeutic effect of N/P/M 
on tendon-to-bone healing in a rat rotator cuff repair model. Addition
ally, this study employed multi-omics analysis, including in vitro RNA 
sequencing and in vivo proteomics, to elucidate the molecular mecha
nisms by which N/P/M regulates inflammation in vitro and influences 
early-stage tendon-to-bone healing in vivo (Scheme 1B-C).

2. Experimental section/methods

2.1. Fabrication of oriented PLLA electrospun nanofiber membranes

Firstly, piezoelectric PLLA nanofiber mats were fabricated using the 
electrospinning technique. Specifically, 1 g of PLLA (Corbion Purac, 
Amsterdam, Netherlands) was dissolved in 20 mL of chloroform (Sigma- 
Aldrich) overnight to ensure complete dissolution. The resultant poly
mer solution was then electrospun using a G22 needle at a flow rate of 2 
mL/h under an electric field strength of 14 kV. To achieve well-aligned 
nanofiber mats, the fibers were collected on a rotating drum collector 
operating at 4000 rpm, with ambient humidity maintained between 25 
and 45 %. Following the electrospinning process, the PLLA nanofiber 
mats were subjected to thermal annealing at 105 ◦C for an extended 
period, followed by slow cooling to room temperature. The annealing 
process was repeated at 160 ◦C to further optimize the material 
properties.

2.2. Preparation of N/P/M Janus adhesive films

To prepare the GAN pre-solution, 5 wt% gelatin, 2 wt% AAc-NHS 
ester, 30 wt% acrylic acid, 0.1 wt% GelMA, and 0.2 wt% α-ketogluta
ric acid were dissolved in deionized water at 45 ◦C under continuous 
stirring until complete dissolution was achieved. For the preparation of 
the GM pre-solution, 5 wt% gelatin, 10 wt% acrylamide, 0.1 wt% 
GelMA, and 0.2 wt% Irgacure 2959 were similarly dissolved in deion
ized water at 45 ◦C under continuous stirring until fully dissolved. Both 
pre-solutions were then cast onto PTFE molds, covered with glass slides, 
and exposed to UV light at a wavelength of 365 nm for 45 min, resulting 
in the formation of the respective hydrogels: GAN and GM. For the 
fabrication of the N/P/M Janus adhesive films, an oriented PLLA 
nanofiber membrane was placed in a PTFE mold. The GAN pre-solution 
was added to the upper surface of the PLLA fiber membrane and covered 
with a glass slide. This assembly was exposed to UV light at 365 nm for 
45 min. Subsequently, the GM pre-solution was added to the opposite 
side of the PLLA nanofiber membrane, again covered with a glass slide, 
and exposed to UV light at 365 nm for an additional 45 min, thereby 
obtaining the final N/P/M Janus hydrogel. Dry thickness: 0.3 ± 0.05 
mm (measured via micrometer). Hydrated thickness: 1.1 ± 0.10 mm 
(after 24 h in PBS).

2.3. Morphology and chemical structure analysis

The morphology of the samples was observed using a field emission 
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scanning electron microscope (FESEM, Hitachi, Japan). The chemical 
structures of the samples were determined using an FTIR microscopic 
imaging spectrometer (Nicolet 6700, Thermo Fisher Scientific, USA).

2.4. Piezoelectric performance testing

The dried film samples were cut into 10 × 10 mm squares. Copper 
tape was used as electrodes and adhered to both sides of the samples to 
ensure good electrical contact. The electrodes were encapsulated using 

polyimide tape (DuPont) to prepare the piezoelectric device. The 
piezoelectric signal was generated using a handheld ultrasonic device 
operating at a frequency of 1 MHz (Sonopuls 190), and the piezoelectric 
performance was measured with an oscilloscope (MSO22, Tektronix). 
Thermal properties and crystallinity were analyzed using differential 
scanning calorimetry (CLARUS SQ8-STA8000, PerkinElmer, 
Netherlands).

Scheme 1. Design and biomedical applications of Janus asymmetric piezoelectric adhesives. A) Preparation and properties of N/P/M Janus adhesive films. B) Usage 
and adhesion mechanism of N/P/M Janus adhesive films. Dashed lines represent hydrogen bonds, while solid lines represent amide bonds. C) Multi-omics analysis 
revealing the mechanisms in the application of N/P/M.
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2.5. Mechanical property testing and adhesion strength measurement

The stress-strain curves of the samples were obtained using a tensile 
testing machine (Wenzhou Darong Textile Instrument Co., Ltd., China). 
All samples were cut into a dumbbell shape and stretched at a rate of 50 
mm/min. To characterize mechanical anisotropy, the mechanical 
properties parallel and perpendicular to the fiber orientation were 
measured separately. To test the adhesive strength, according to the 
ASTM F2255 standard lap shear test, the samples and porcine muscle 
tissue were cut into rectangular shapes with a width of 25 mm, and the 
adhesive area was set to 25 mm × 10 mm. Cyanoacrylate adhesive was 
used to attach the tissue and samples to a polydimethylsiloxane (PDMS) 
plate as a rigid backing. The sample and tissue were brought into contact 
and pressed for 10 s. Afterwards, tensile testing was performed on a 
tensile testing machine at a constant speed of 10 mm/min. The detailed 
testing method and shear strength formula were shown in Fig. 1G.

2.6. Cell culture and viability assay

Tohoku Hospital Pediatrics-1 (THP-1) were obtained from Procell Life 
Science & Technology Co.,Ltd. (Shanghai, China) and maintained in RPMI 
1640 (Servicebio, China). Human umbilical vein endothelial cells 
(HUVECs) were acquired from the Chinese Academy of Science 
(Shanghai, China) and cultured in endothelial cell medium (ECM; Sci
encell, USA). Firstly, THP-1 seeded on adhesive films was induced to M0 
macrophage with 200 nM 12-O-tetradecanoylphorpol-13-acetate (PMA; 
Sigma, USA) for 48 h. The viability of M0 macrophages and HUVECs 
seeded on adhesive films was assessed with a Cell Counting Kit-8 (CCK- 
8) assay and a live/dead staining kit (Beyotime, China) under different 
ultrasound power densities (0.5 W/cm2 and 1 W/cm2; 1 MHz; 5 min) 
induced by the ultrasound probe. After the cells were incubated in ad
hesive films for various time points, the assays were carried out.

2.7. Effect of ultrasound-induced piezoelectric stimulation on macrophage 
polarization

Firstly, THP-1 seeded on adhesive films and incubated with PMA for 
48 h. Then, to induce M1 and M2 polarization, M0 macrophage on ad
hesive films was cultured with stimulating factors-1 (SF1; 100 ng/mL 
LPS and 20 ng/mL IFN-γ) and stimulating factors-2 (SF2; 20 ng/ml IL-4 
and 20 ng/ml IL-13) with or without ultrasound for 3 days, respectively. 
Flow cytometry was carried out to detect the biomarker (CD86 and 
CD206) of macrophages. Real-time quantitative polymerase chain re
action (RT-qPCR) was used to assess the relative gene expression of M1 
and M2 macrophages. Immunofluorescence was performed to evaluate 
the relative marker expression of M1 and M2 macrophages (chemokine 
(C-C motif) receptor 7 (CCR7) and arginase-1 (Arg-1)). Furthermore, the 
relative semi-quantitative analysis was carried out by ImageJ software. 
the detailed information about antibodies and gene sequences is pro
vided in Table S1 and Table S2 (Supporting Information).

2.8. Impact of ultrasound-induced piezoelectric stimulation on human 
rotator cuff tear tissue

The collection of supraspinatus tendon samples was approved by the 
Ethics Committee of Shanghai General Hospital, and informed consent 
was obtained from all participants (2022KY014C23-1). Samples of 
human-injured supraspinatus tendon were harvested from arthroscopic 
RCR, which were then cut into ≈3 × 3 × 4 mm segments (four per 
sample) and placed on the adhesive films in a well plate with or without 
5 min/day ultrasound stimulation. After a 3-day co-culture, the samples 
were collected and prepared into sections for subsequent inducible nitric 
oxide synthase (iNOS), CD68, and CD206 immunofluorescence staining. 
Detailed information about the antibodies is provided in Table S1
(Supporting Information).

2.9. Mechanisms of macrophages treated with ultrasound-induced 
piezoelectric stimulation

RNA sequencing analysis was employed to detect the gene expression 
changes between SF1-stimulated and SF1+N/P/M + US-stimulated 
macrophages. Trizol reagent (Invitrogen) was used to extract total RNA. 
RNA sequencing analysis was conducted by Shanghai Xu Ran Biotech 
(Shanghai, China). Data analysis was carried out on the cloud platform. 
A significant threshold was defined as a fold change exceeding 1.5 
accompanied by a p-value below 0.05. Intracellular Ca2+ of THP-1 was 
detected using Fluo-4 AM (Beyotime, China). In detail, THP-1 was 
seeded on adhesive films and then serum-starved for 12 h. Subsequently, 
to inhibit TRPV1, THP-1 was incubated with 100 μM AMG9810 (Med
ChemExpress, USA) for 2 h. After that, THP-1 was incubated with Fluo-4 
AM in serum-free medium for 30 min. At the Ca2+-free medium, THP-1 
was treated with or without CaCl2 (2 mM) for 30 and 60 min, respec
tively. The images were measured by DMi8 microscope. The expression 
levels of phosphorylated protein kinase A (p-PKA), PKA, phosphorylated 
cAMP response element-binding protein (p-CREB), CREB were detected 
by western blotting. Enzyme-linked Immunosorbent Assay (ELISA), RT- 
qPCR, and immunofluorescence were further used to evaluate the 
inflammation levels after TRPV1 inhibition. The relative antibodies and 
RT-qPCR primers are provided in Table S1 and Table S2 (Supporting 
Information).

2.10. Effect of ultrasound-induced piezoelectric stimulation on HUVECs 
directly and in M1 conditioned medium

HUVECs were seeded on adhesive films and treated with or without 
ultrasound stimulation for 24 h. RT-qPCR and immunofluorescence 
were performed to assess the relative protein (VEGF) and gene expres
sion (VEGF and α-SMA). Furthermore, M0 macrophages were seeded on 
adhesive films and incubated with or without SF1 and ultrasound 
stimulation for 3 days. The supernatants from different groups were 
obtained. The various conditioned medium (CM) was then prepared by 
mixing the supernatants and fresh ECM at a 1:1 ratio (M0 CM, M1 CM, 
M1+US CM, M1+N/P/M CM, and M1+N/P/M + US CM). The scratch 
and transwell tests were used to assess the migration ability of HUVECs 
under different CMs. The immunofluorescence, RT-qPCR and tube for
mation experiments were carried to evaluate angiogenic ability of 
HUVECs. For tube formation assay, HUVECs were seeded on matrigel 
matrix (Corning, USA) in a 48-well plate with different CMs for 6 h. The 
tubes were observed by DMi8 microscope (Leica, Germany) and 
measured using Image J software. The antibodies and gene sequences 
are provided in Table S1 and Table S2 (Supporting Information).

2.11. Animal models

The animal study was approved by the Institutional Animal Care and 
Use Committee of Shanghai General Hospital (AD2024090). A total of 
78 female Sprague-Dawley (SD) rats (250 ± 20 g) underwent RCR, 
conducted as follows: The rats were anesthetized using inhalation of 
isoflurane. The insertion point of supraspinatus tendon was exposed and 
bilaterally resected from the greater tuberosity of the humerus, and a 
bone tunnel was prepared at the greater tuberosity using a 0.5 mm 
diameter drill bit. A 4-0 suture was used to reattach the supraspinatus 
tendon to the greater tuberosity through the bone tunnel, and N/P/M 
adhesive films were applied at the tendon-to-bone interface. The sur
gical site was closed layer by layer, and the rats were treated with 
penicillin postoperatively. Three rats were designated as the sham 
group, where bilateral tendons were only tendon exposed without 
further treatment. Three rats underwent unilateral adhesive interven
tion, with the contralateral side serving as a non-intervention control. 
The rats requiring ultrasound treatment were subjected to daily ultra
sound intervention (5 min) for two weeks post-surgery. All rats were 
euthanized using carbon dioxide inhalation. Samples were harvested 
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Fig. 1. Characterization of the physicochemical properties of N/P/M Janus adhesive films. A) SEM images of various samples: A1) GM hydrogel, A2) GAN hydrogel, 
A3) PLLA nanofiber membrane, and A4) N/P/M (red arrows indicated fibers). B) The FTIR spectra of N/P/M, PLLA, GAN, and GM. C) The representative output 
voltage waveforms of N/P/M sensor at 1 MHz frequency under US. D) The adhesion mechanism of N/P/M. E) The photographs of N/P/M adhering to pork tissue, 
demonstrating Janus asymmetric adhesion effects with GAN as the adhesive surface and GM as the non-adhesive surface. F) The images of N/P/M adhering to glass, 
rubber, and muscle surfaces both in the air and under water. G) The scheme of the lap-shear test setup. H) The shear force versus displacement curves for the N/P/M- 
GAN layer and the N/P/M-GM layer. J) The shear strength of the N/P/M-GAN layer and N/P/M-GM layer. K) The scheme of rotator cuff tendon, where collagen 
fibers are aligned in the direction indicated by the arrow. L) The stress-strain curves of PLLA and N/P/M along both parallel and perpendicular directions relative to 
fiber alignment. M) The tensile modulus and ultimate tensile strength (UTS) of PLLA and N/P/M along both parallel and perpendicular directions relative to fiber 
alignment. n = 5. *p < 0.05, **p < 0.01, and ***p < 0.001.
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from these rats at one week postoperatively for proteomic analysis. 
Proteomic analysis was conducted by Genechem Biotechnology Co., Ltd. 
(Shanghai, China). The remaining 72 rats were divided into four groups: 
Control group, US group, N/P/M group, and N/P/M + US group. Each 
group consisted of 18 rats, which were euthanized at postoperative 
weeks 1, 2, 4, and 8 for histological analysis and biomechanical studies 
(n = 6).

2.12. Histological, immunohistochemical, and immunofluorescence 
analysis

The supraspinatus tendon-humeral complex was harvested and 
subsequently fixed in 4 % paraformaldehyde. After that, the complex 
was then subjected to decalcification with 10 % ethylenediaminetetra
acetic acid (EDTA; Servicebio, China) for 3 weeks. The supraspinatus 
tendon-humeral complex was then sectioned into 5 μm slices and sub
jected to H&E, Toluidine Blue, picrosirius red and Safranin O-fast green 
staining; additionally, immunofluorescence staining for CD86, CD206, 
TNF-α, IL-10, Cox-2, VEGF, and α-SMA was performed, as well as 
immunohistochemical staining for types I, II, and III collagen. The his
tological scoring system was employed to evaluate the maturation of the 
supraspinatus tendon-humeral complex [11b]. (Table S3; Supporting 
Information). For, biosafety evaluation, the major organs (heart, lungs, 
spleen, liver, and kidneys) of rats in each group were harvested at eight 
weeks post-surgery, fixed with paraformaldehyde (PFA), and subse
quently sectioned for H&E staining. Semi-quantitative analysis of the 
staining was conducted using Image J software. The antibody informa
tion is provided in Table S1 (Supporting Information).

2.13. Micro-CT analysis and biomechanical testing

The supraspinatus-humerus complex was subjected to Micro-CT 
(Bruker, USA) scanning with scanning parameters set to 90 kV and 
270 mA. The region of interest included the tendon-to-bone interface 
and the greater tuberosity. Analysis parameters included bone volume to 
total volume ratio (BV/TV), trabecular number (Tb. N), trabecular 
thickness (Tb.th), and trabecular separation (Tb.sp). The cross-sectional 
area of the tendon at the tendon-to-bone interface was measured using a 
digital caliper. Biomechanical testing was performed using a universal 
testing machine (Instron 5567, USA). In brief, the humerus was fixed 
with a clamp, and the tendon was secured on the opposite side. Samples 
were loaded to failure using a pre-treatment force of 0.1 N and a loading 
rate of 10 mm/min [21]. The ultimate failure load, stress, and stiffness 
were recorded and analyzed.

2.14. Statistical analysis

Data analysis was performed using GraphPad Prism 8.0. Statistical 
analysis was conducted using Student’s t-test or one-way analysis of 
variance (ANOVA). Results are presented as mean ± standard deviation. 
A p-value of less than 0.05 was considered to indicate statistical 
significance.

3. Results and discussion

3.1. Synthesis and characterization of N/P/M Janus adhesive films

SEM images of the samples were shown in Fig. 1A, illustrating that 
both GAN and GM exhibited porous structures (Fig. 1A1 and 1A2). The 
electrospun PLLA nanofiber membranes, collected using a high-speed 
drum, possessing an oriented structure that mimicked the alignment of 
collagen fibers in natural tendons. Upon integration with hydrogels, 
these membranes formed an interpenetrating fibrous-hydrogel network 
(Fig. 1A3 and 1A4). This composite structure not only significantly 
improved the mechanical properties of the materials, but also created a 
more biocompatible environment. Such an environment was conducive 

to guiding cell alignment and promoting tissue regeneration. As shown 
in Fig. 1B, the FTIR spectra of the PLLA nanofiber membrane and N/P/M 
adhesive films exhibited the characteristic peaks at 1750 cm− 1 and 872 
cm− 1, corresponding to the C=O stretching vibration of α-crystals and 
the β-phase peak, respectively. The results indicated that the PLLA 
nanofibers prepared by electrospinning formed an ordered crystalline 
phase, which was typically associated with piezoelectric properties. 
Additionally, N/P/M showed the characteristic peaks at 1648 cm− 1 and 
1170 cm− 1, attributed to the C=O stretching vibration of acrylamide 
and the symmetric stretching of the C-N-C bond in NHS groups, indi
cating successful integration of GAN and GM hydrogels with PLLA 
nanofibers. DSC data revealed that PLLA formed an ordered crystalline 
structure with a crystallinity of 44.7 %, further confirming the presence 
of piezoelectric properties (Fig. S1, Supporting Information) [22]. 
Compared to traditional pressure-induced electrical signal generation, 
the piezoelectric stimulation method using a handheld ultrasound de
vice offered significant advantages. Its portability and ease of use made 
clinical applications more convenient, and simply placing the ultra
sound transducer on the target area ensured stable and consistent 
electrical signals. As shown in Fig. 1C, the results showed the repre
sentative output voltage waveform of the N/P/M sensor at 1 MHz fre
quency using a handheld ultrasound device. Under different ultrasound 
power conditions, the N/P/M sensor consistently generated clear 
piezoelectric signals with uniform intervals and peak amplitudes. Spe
cifically, at an ultrasound power of 1 W/cm2, the output voltage was 
approximately 404 mV; at 0.5 W/cm2, it was approximately 230 mV 
(Fig. S2, Supporting Information). We selected these two power levels to 
test the piezoelectric properties of this adhesive film, given that 
low-intensity ultrasound is generally regarded as safe for human appli
cations [13b,23]. As shown in Fig. 1D, in the GAN adhesive layer, 
hydrogen bonds originate from Polyacrylic acid (PAA) (carboxyl and 
hydroxyl groups) and gelatin (hydroxyl groups) interacting with the 
tissue surface, providing rapid initial adhesion. Simultaneously, NHS 
esters react with amino groups on the tissue surface to form stable amide 
bonds, ensuring long-term adhesion. This unique chemical design en
ables the GAN layer to adhere firmly to soft tissues, a capability that the 
GM layer lacks, thereby demonstrating the Janus effect of the N/P/M 
adhesive films (Fig. 1E). Further validation showed that the N/P/M 
adhesive films exhibited robust adhesion not only in air but also under 
water, adhering strongly to various surfaces such as muscle, glass, and 
rubber (Fig. 1F). This property was particularly significant for rotator 
cuff tissue, which were rich in fluids like synovial fluid and tissue fluid. 
The exceptional adhesion capability of N/P/M ensured stability and 
functionality even in complex biological environments filled with 
liquids.

Quantitative characterization of the adhesion performance accord
ing to ASTM F2255 lap shear test standards (Fig. 1G) revealed that the 
shear force of the GAN layer significantly exceeded that of the GM layer 
(Fig. 1H). Specifically, the shear strength of the GAN layer reached 
16.86 ± 1.11 KPa, approximately 8.78 times higher than that of the GM 
layer (1.92 ± 0.55 KPa), and surpassed the performance of commer
cially available cyanoacrylate adhesives reported in the literature [22c] 
(Fig. 1J). Moreover, N/P/M exhibited excellent flexibility and elasticity, 
enabling it to bend and twist, which made it well-suited for the 
demanding environment of the rotator cuff (Fig. S3, Supporting Infor
mation). Therefore, the Janus adhesion effect exhibited by N/P/M not 
only provided superior adhesion performance but also offered several 
clinical advantages: it eliminated the need for surgical suturing and 
prevented unnecessary adhesion to surrounding normal tissues. These 
characteristics simplified the surgical process, reduced operative time 
and patient discomfort, minimized postoperative complications, and 
promoted faster recovery and functional restoration [22c]. Natural 
tendons exhibited mechanical anisotropy, with collagen fiber bundles 
aligned in the direction indicated by the arrow, providing excellent 
mechanical properties to the tendon tissue (Fig. 1K) [11b,24]. To eval
uate the mechanical anisotropy of the piezoelectric nanofiber membrane 
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and composites, tensile tests were conducted in both parallel and 
perpendicular directions relative to the fiber alignment (Fig. 1L). The 
stress-strain curves revealed that, for both PLLA and N/P/M, the tensile 
strength in the parallel direction was significantly higher than in the 
perpendicular direction. This anisotropic behavior was attributed to the 
oriented structure of the PLLA nanofibers, which was preserved when 
combined with the hydrogel, enhancing the mechanical performance in 
the parallel direction [21,25]. The parallel tensile strength of N/P/M 
reached 5.88 ± 1.53 MPa, with a modulus of 48.85 ± 7.37 MPa and an 
elongation at break of 13.21 ± 2.28 % (Fig. 1M and Fig. S4, Supporting 
Information), closely matching the mechanical properties of human 
rotator cuff tendons, which have a tensile strength of 5–100 MPa, a 
Young’s modulus of 20–1200 MPa, and an elongation at break of 10–15 
% [24]. This structural biomimetic design not only replicated the natural 
anisotropy of tendon tissues but also achieved similar mechanical 
properties. In summary, the N/P/M adhesive films exhibited stable 
piezoelectric properties, unique Janus adhesion effects, biomimetic 
anisotropy, and mechanical properties similar to those of human ten
dons. These characteristics ensured the stability and functionality in 
complex biological environments, providing an innovative and clinically 
advantageous solution for rotator cuff injury repair.

3.2. Ultrasound-induced piezoelectric stimulation regulated macrophage 
polarization

The CCK-8 and live/dead staining assays demonstrated that N/P/M 
exhibited good cell compatibility when co-cultured with HUVECs for 5 
days and with THP-1 for 3 days, under 0.5 W/cm2 and 1 W/cm2 ultra
sound intensity (Figs. S5–6, Supporting Information). We investigated 
the impact of different interventions on macrophage polarization. As 
shown in Fig. 2A–H, immunofluorescence and flow cytometry results 
indicated that macrophages stimulated with SF1 or SF2 exhibited a 
significant increase in the expression of the biomarker of M1 phenotype 
(CCR7 and CD86), or the biomarker of M2 phenotype (Arg-1 and 
CD206), respectively. In comparison, the expression of CCR7 and CD86 
was significantly downregulated in the SF1+US (1 W/cm2) + N/P/M 
group, while the expression of Arg-1 and CD206 was further signifi
cantly upregulated in the SF2+US (1 W/cm2) + N/P/M group. However, 
when US (1 W/cm2) or N/P/M was used individually to treat macro
phages stimulated with SF1 or SF2, there was no significant alteration in 
the expression of CCR7, CD86, CD206, and Arg-1.

Similar results were also obtained through the analysis of the in
flammatory gene expression levels using RT-qPCR. The combined 
intervention of US (1 W/cm2) with N/P/M significantly suppressed the 
expression of pro-inflammatory genes in SF1-stimulated macrophages 
(TNF-α, IL-6, IL-1β), while further significantly promoting the anti- 
inflammatory genes expression in SF2-stimulated macrophages (Arg-1, 
IL-10, IL-1ra) (Fig. 2J and K). Nonetheless, the application of US (1 W/ 
cm2) or N/P/M in isolation to macrophages activated by SF1 or SF2 did 
not result in any significant modulation of the pro-inflammatory or anti- 
inflammatory genes expression levels. Previous studies were reported 
that low-intensity pulse stimulation (LIPUS) might exhibit anti- 
inflammatory effects, which is inconsistent with the results of this 
study [26]. Further analysis revealed that the reported ultrasound in
tensity was tens of mV/cm2, which significantly differs from the ultra
sound intensity used to drive the piezoelectric stimulation in this study. 
This might be the reason for the different inflammatory regulatory ef
fects observed.

To further explore the ability of N/P/M to modulate macrophages 
under different ultrasound intensity, we selected 0.5 W/cm2 and 1 W/ 
cm2 for the following experiments. As indicated in Figs. S7–10, Sup
porting Information, immunofluorescence and flow cytometry results 
demonstrated that both 0.5 W/cm2 and 1 W/cm2 driven N/P/M signif
icantly downregulated the expression of CD86 and CCR7 in SF1-treated 
macrophages, while upregulating the expression of CD206 and Arg-1 in 
macrophages stimulated by SF2. However, compared to the SF1 or SF2 

groups, N/P/M under 1 W/cm2 indicated more significant differences 
than 0.5 W/cm2. The results of RT-qPCR further substantiated this 
phenomenon (Fig. S11, Supporting Information). N/P/M under 1 W/ 
cm2 showed a greater capacity to inhibit the expression of pro- 
inflammatory genes and upregulate the anti-inflammatory genes 
expression compared to those under 0.5 W/cm2.

3.3. Ultrasound-induced piezoelectric stimulation regulated macrophage 
polarization in human-injured rotator cuff specimens

To further investigate the anti-inflammatory properties of N/P/M 
under US, immunofluorescence double-staining of human-injured rota
tor cuff samples revealed that N/P/M under 1 W/cm2 significantly 
reduced iNOS intensity within the tissue, while significantly enhancing 
the expression of CD206. However, neither US nor N/P/M alone showed 
a notable alteration in the expression levels of iNOS and CD206 (Fig. 2L). 
Subsequent semi-quantitative analysis confirmed that N/P/M at 1 W/ 
cm2 markedly decreased the proportion of iNOS and increased the 
expression ratio of CD206 in the injured tissue (Fig. S12, Supporting 
Information). In summary, these results demonstrated that N/P/M 
driven by ultrasound possessed superior capability to modulate 
inflammation in vitro and ex vivo.

3.4. Ultrasound-induced piezoelectric stimulation inhibited M1 
macrophage polarization in the TRPV1/Ca2+/cAMP manner

We further explored the underlying mechanisms by which 
ultrasound-induced piezoelectric stimulation suppressed M1 macro
phages polarization. Specifically, we conducted RNA sequencing on SF1- 
treated macrophages and SF1-treated macrophages intervened by US +
N/P/M, and the group of SF1-treated macrophages was set as the control 
group. Initially, principal component analysis (PCA) results highlighted 
substantial variations in RNA expression between the two groups 
(Fig. S13, Supporting Information). Subsequent heatmap and volcano 
plot analyses revealed that, compared to the SF1 group, the SF1+US +
N/P/M group exhibited 462 upregulated genes and 329 downregulated 
genes (Fig. 3A; Fig. S14, Supporting Information). The results of Gene 
Ontology (GO) enrichment analysis revealed that the differential genes 
were primarily related to immune responses, ion transmembrane 
transport, and mitochondrial activity (Fig. 3B). Further KEGG analysis 
indicated that these differential genes were associated with Inflamma
tory mediator regulation of TRP channels and cyclic adenosine mono
phosphate (cAMP) pathways (Fig. 3C). Gene Set Enrichment Analysis 
(GSEA) demonstrated that, compared to the SF1 group, the SF1+US +
N/P/M group upregulated Inflammatory mediator regulation of TRP 
channels and cAMP signaling pathways (Fig. 3D).

The transient receptor potential ion channels are multifunctional 
signaling molecules, which are closely associated with a variety of 
physiological and pathological processes [27]. They can respond to 
stimuli such as temperature, pressure, and electricity, and are respon
sible for the ion translocation (Ca2+). Furthermore, they are widely 
distributed across various immune cell types [28]. Transient receptor 
potential vanilloid 1 (TRPV1), one of the representative cation channels, 
is involved in inflammation progress and pain perception. Recent study 
was reported that the activation of TRPV1 can reduce the inflammatory 
mediator expression through Ca2+/CaMKII/nuclear factor erythroid 
2-related factor 2 (NRF2) signaling pathway, thereby inhibiting M1 
macrophages polarization [29]. Consequently, we conducted an 
in-depth GO analysis, which demonstrated multiple GO terms enrich
ment associated with Ca2+ transport among the differential genes 
(Fig. 3E). Furthermore, the TRPV1 gene was also found to be signifi
cantly upregulated among the differentially expressed genes. In addi
tion, the cAMP signaling pathway, a classic anti-inflammatory pathway, 
was reported to be activated by Ca2+ (important second messenger), 
further exerting the anti-inflammatory functions [30]. Therefore, we 
hypothesized that in this study, ultrasound-induced piezoelectric 
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Fig. 2. Ultrasound-induced piezoelectric stimulation modulated macrophage polarization in vitro and in human-injured rotator cuff specimens. A-D) Immunofluo
rescence and its semi-quantitative analysis of macrophage-related proteins (M1: CCR7; M2: Arg-1) (n = 3). E-H) Flow cytometry analysis of M1 macrophage-related 
protein (CD86) and M2 macrophage-related protein (CD206) (n = 3). J-K) RT-qPCR results of macrophage-related genes (M1: TNF-α, IL-1β, and IL-6; M2: Arg-1, IL-10, 
and IL-1ra) (n = 3). L) Immunofluorescence and its semi-quantitative analysis of iNOS and CD206 in human-injured rotator cuff specimens (n = 6). *p < 0.05, **p <
0.01, and ***p < 0.001.
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Fig. 3. Ultrasound-induced piezoelectric stimulation inhibited macrophage polarization towards M1 phenotype by activating TRPV1/Ca2+/CAMP axis. A) Heatmap 
analysis. B) GO enrichment analysis and KEGG pathway analysis. D) Gene set enrichment analysis. E) GO enrichment related to Ca2+ transport. F-G) Typical images 
of Ca2+ influx assays and corresponding semi-quantitative analysis (n = 3). H) Semi-quantitative analysis of p-CREB/CREB and p-PKA/PKA (n = 3). J) The in
flammatory factors expression measured by ELISA (n = 3). K-M) RT-qPCR analysis of inflammation-related genes (TNF-α, IL-1β, and IL-6) (n = 3). N) Typical images 
of CCR7 immunofluorescence (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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stimulation facilitated the influx of Ca2+ by activating TRPV1, subse
quently activating the cAMP signaling pathway, ultimately achieving an 
anti-inflammatory effect.

We initially utilized Fluo-4 AM (cell-permeable Ca2+ probe) to detect 
intracellular Ca2+ concentrations under Ca2+-free conditions, in the 
presence or absence of US + N/P/M and CaCl2. Fluorescence results 
from co-culture periods of 30 min and 60 min demonstrated that no 
significant fluorescence intensity was observed in the control group, the 
CaCl2 group, or the US + N/P/M group at both time points. However, 
the CaCl2+US + N/P/M group exhibited significant fluorescence in
tensity at both time points, with a notable increase in fluorescence in
tensity as time progressed. Furthermore, we utilized AMG9180 (the 
selective TRPV1 antagonist) in co-culture with CaCl2 and US + N/P/M, 
and the results indicated a significant reduction in fluorescence intensity 
at both time points, compared to the CaCl2+US + N/P/M group. Cor
responding semi-quantitative analysis also demonstrated consistent re
sults (Fig. 3F and G). These results suggested that N/P/M under US can 
significantly promote Ca2+ influx, which was closely associated with 
TRPV1 activation. To further investigate the relationship between 
TRPV1 activation and cAMP signaling pathway, we examined the 
expression of proteins within this pathway in SF1-treated macrophages, 
with or without the intervention of US + N/P/M. The results revealed a 
significant upregulation of phosphorylated protein kinase A (p-PKA) and 
cAMP response element-binding protein (p-CREB) in the SF1+US + N/ 
P/M group, whereas there were no significant alterations in PKA and 
CREB levels compared with the SF1 group. However, we observed that 
the presence of AMG9180 significantly diminished the ability of the 
SF1+N/P/M + US group to upregulate p-PKA and p-CREB. (Fig. 3H; 
Fig. S15, Supporting Information). Subsequently, ELISA, immunofluo
rescence, and RT-qPCR results indicated that N/P/M under US signifi
cantly downregulated the pro-inflammatory proteins and genes 
expression; however, in the presence of AMG9180, this downregulatory 
effect was significantly reversed (Fig. 3J–N; Fig. S16, Supporting In
formation). In summary, N/P/M under US can effectively activate 
TRPV1, promote Ca2+ influx, thereby activating the cAMP signaling 
pathway, and ultimately exert a superior anti-inflammatory effect.

3.5. Ultrasound-induced piezoelectric stimulation mitigated the inhibitory 
effects of M1 macrophages on HUVEC migration and angiogenesis

Considering that enhanced vascularization at the tendon-to-bone 
interface facilitates the supply of essential nutrients, thereby promot
ing tendon-to-bone enthesis repair, we further examined the effects of 
N/P/M under US on HUVEC angiogenesis [31]. We firstly explored the 
direct impact of N/P/M under US on the angiogenesis of HUVECs. 
Immunofluorescence and RT-qPCR results indicated that N/P/M at 1 
W/cm2 did not significantly affect the expression of VEGF protein and 
the angiogenesis-related genes (α-SMA and VEGF) expression levels in 
HUVECs (Figs. S17–18, Supporting Information). Subsequently, we 
collected the supernatant from SF1-treated macrophages with the 
intervention of US + N/P/M to explore the effects of ultrasound-induced 
piezoelectric stimulation on the migration and angiogenesis of HUVECs 
in the inflammatory environment (Fig. 4A). The results of the scratch 
and transwell assays demonstrated that, compared to the conditioned 
medium from M0 macrophages (M0 CM), the conditioned medium from 
M1 macrophages (M1 CM) significantly inhibited the migratory ability 
of HUVECs, with further semi-quantitative analysis yielding consistent 
results (Fig. 4B–E). In contrast, the US + N/P/M intervention had a 
significant alleviating effect on this inhibitory action, reaching levels 
comparable to those observed with M0 CM. However, neither US nor 
N/P/M alone could reverse this inhibitory effect. Immunofluorescence 
results indicated that M1 CM significantly suppressed the VEGF 
expression in HUVECs, whereas the US + N/P/M intervention signifi
cantly enhanced the expression of VEGF (Fig. 4F and G). On the con
trary, US or N/P/M alone did not alleviate the suppressive effect of M1 
CM on VEGF expression in HUVECs. Furthermore, the tube formation 

assay results showed that M1 CM significantly inhibited the tubule 
forming capability of HUVECs compared to M0 CM. However, US +
N/P/M significantly mitigated the inhibitory effects of M1 CM. 
Semi-quantitative analysis revealed that US + N/P/M effectively 
increased the total length, junctions and meshes numbers, which were 
reduced by M1 CM (Fig. 4H–L). Nevertheless, US or N/P/M alone did not 
increase the number of tubes suppressed by M1 CM. RT-qPCR results 
demonstrated that US + N/P/M significantly upregulated the expression 
levels of VEGF and α-SMA genes, which were suppressed by M1 CM 
(Fig. 4M and N). These results further substantiate the ability of US +
N/P/M to preserve the angiogenic capacity of HUVECs in an inflam
matory environment. Altogether, these findings demonstrated that 
N/P/M under US effectively mitigated the impairment of HUVEC 
migration and angiogenic capacity in an inflammatory environment.

3.6. Ultrasound-induced piezoelectric stimulation alleviated the 
inflammation at the tendon-to-bone enthesis in a time-dependent manner

Early inflammatory responses are the initiating factors for the fibrous 
scar tissue formation, which can have a significant negative impact on 
the healing of the enthesis. Extensive studies were indicated that 
inhibiting macrophages polarization towards M1 phenotype and pro
moting M2 phenotype can contribute to enhanced tendon-to-bone 
healing [31,32]. Based on the anti-inflammatory effects of N/P/M 
under US in vitro and ex vivo, we established a rat RCR model and 
adhered N/P/M to the injured site with US treatment to further observe 
its regulatory effects on early inflammation (Fig. 5A). N/P/M can be 
easily adhered to the tendon-to-bone interface, forming a tight adhesion 
without any additional fixation procedures, thereby greatly simplifying 
its clinical application (Video S1). Unlike some studies that assess in
flammatory status at a single early postoperative time point, we con
ducted a sustained assessment of the inflammation during the first- and 
second-weeks post-surgery. This approach was employed to achieve a 
more comprehensive exploration on the effects of N/P/M under US 
[11b,21].As shown in Fig. 5B and C, During the postoperative first week, 
immunofluorescence staining was performed for CD86 and TNF-α (M1 
macrophage markers). The results revealed that the control group 
exhibited pronounced expression of CD86 and TNF-α. In contrast, the 
US + N/P/M group demonstrated a significant reduction in CD86 and 
TNF-α expression. However, both the US and N/P/M groups showed a 
significant elevation in CD86 and TNF-α expression, similar to that 
observed in the control group. By the second week postoperatively, the 
control, US, and N/P/M groups demonstrated a relative decrease in 
CD86 and TNF-α expression compared to the first postoperative week, 
yet still exhibited significant expression levels. Notably, the US +
N/P/M group showed a further reduction in CD86 and TNF-α expres
sion. Subsequently, the results of immunofluorescence for CD206 and 
IL-10 (M2 macrophage markers), revealed that the control group 
exhibited minimal expression of CD206 and IL-10 at the first week. 
Similarly, the US and N/P/M groups showed low levels of CD206 and 
IL-10 expression. In comparison, the US + N/P/M group demonstrated a 
notably higher expression of these markers (Fig. 5D and E). During the 
second week post-surgery, there was a slight increase in the expression 
of CD206 and IL-10 in the control, US, and N/P/M groups. In contrast, 
the US + N/P/M group exhibited a significant trend towards increased 
expression of CD206 and IL-10. Subsequent semi-quantitative analysis of 
immunofluorescence results also demonstrated a consistent trend for 
CD86, TNF-α, CD206, and IL-10 intensity (Fig. 5F; Fig. S19, Supporting 
Information). Altogether, through the dynamic assessment of inflam
matory levels at two time points over two weeks postoperatively, we 
found that N/P/M under US continuously reduced the expression of M1 
macrophage markers and promoted the expression of M2 macrophage 
markers, thereby providing substantial evidence for the effective 
anti-inflammatory action of US + N/P/M in vivo.

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.ceramint.2025.02.045
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Fig. 4. Ultrasound-induced piezoelectric stimulation facilitated HUVEC migration and angiogenesis by alleviating the suppressive effects of the inflammatory 
microenvironment mediated by M1 macrophages. A) Illustrations depicting the influence of ultrasound-induced piezoelectric stimulation on HUVEC migration and 
angiogenesis within the M1 conditioned medium (CM) environment. SF1 represents 100 ng/mL LPS and 20 ng/mL IFN-γ. US represents ultrasound. B-E) Typical 
images and semi-quantitative assessments from the scratch and transwell assays (n = 3). F-G) Representative VEGF immunofluorescence images and the relative 
semi-quantitative analysis (n = 3). H-L) Representative images from tube formation assays and semi-quantitative analysis of junctions, total length, and meshes (n =
3). M − N) RT-qPCR analysis of angiogenesis-related genes (VEGF and α-SMA) (n = 3). *p < 0.05, **p < 0.01, and ***p < 0.001.
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3.7. Proteomic analysis: early effects of ultrasound-induced piezoelectric 
stimulation on the tendon-to-bone enthesis

It should be highlighted that transcriptomics generally offers a 

broader view of cellular alterations at the genomic level, albeit with less 
certainty, whereas proteomics delivers more dependable insights into 
cellular responses at the protein expression level, though with a less 
comprehensive scope [33]. Therefore, multi-omics, by integrating 

Fig. 5. Ultrasound-induced piezoelectric stimulation ameliorates the inflammatory microenvironment in a rat RCR model in a time-dependent manner. A) Illus
trations depicting the process of N/P/M adhesion at the tendon-to-bone interface and the details of postoperative harvesting procedures. B-C) Typical immuno
fluorescence images of CD86 and TNF-α expression at the tendon-to-bone interface at 1 week and 2 weeks postoperatively. D-E) Representative immunofluorescence 
images of CD206 and IL-10 expression at the tendon-to-bone interface at 1 week and 2 weeks postoperatively. F) Semi-quantitative analysis of TNF-α and IL-10 at the 
tendon-to-bone interface at 1 week and 2 weeks postoperatively. n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001.
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transcriptomics and proteomics, allows for a synergistic approach to 
achieve a more holistic and dependable insight into the interactions 
between biomaterials and biological entities (cells and tissues). Recent 
studies were frequent reported to employ RNA sequencing or proteomic 
analysis to explore the interactions between cells and biomaterials [34]. 

However, there is a lack of systematic investigations examining the 
impact of piezoelectric stimulation on cells and tissues at both tran
scriptomic and proteomic dimensions. To further investigate the impact 
of N/P/M under US on the tendon-to-bone healing in vivo, we collected 
the enthesis samples from the two groups (the control group and the US 

Fig. 6. Proteomic analysis of the tendon-to-bone interface following ultrasound-induced piezoelectric stimulation. A) Volcano plot analysis. B) Heatmap analysis. C) 
Top 30 GO enrichment analysis. D) Subcellular localization analysis of differentially expressed proteins. E) Top 20 GO enrichment analysis. F) Gene set enrichment 
analysis. G-K) Typical immunofluorescence images of Cox-2 and VEGF expression at the tendon-to-bone interface at 1 week postoperatively. n = 6. *p < 0.05, **p <
0.01, and ***p < 0.001.
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+ N/P/M group) at the first postoperative week for proteomic analysis. 
PCA results revealed significant differences in protein expression be
tween the two groups (Fig. S20, Supporting Information). Further 
analysis identified 273 differentially expressed proteins in the US +
N/P/M group compared to the control group, with 116 proteins being 
significantly upregulated and 157 proteins being significantly down
regulated (Fig. 6A and B). GO enrichment analysis indicated that the 
differential protein expression was predominantly associated with im
mune responses, angiogenesis events, calcium ion channel activity, and 
positive regulation of stem cell differentiation (Fig. 6C). Subcellular 
localization results indicated that the differentially expressed proteins 
were predominantly localized to the nucleus and the extracellular 
compartment (Fig. 6D). KEGG analysis demonstrated that the differen
tially expressed proteins were associated with multiple signaling path
ways, including Arachidonic acid (ArA) metabolism, TNF-α signaling 
pathway, and VEGF signaling pathway (Fig. 6E). In detail, ArA meta
bolism and its downstream prostaglandins product are potent 
pro-inflammatory factors, significantly impacting the repair of muscu
loskeletal system injuries [35]. Free ArA undergoes metabolic conver
sion to Prostaglandin E2 (PGE2) via the cyclooxygenase (COX) pathway. 
Subsequently, The PGE2 generated by COX-2 serves to amplify and 
prolong the inflammatory response [36]. We also observed down
regulation of PGE2 among the differentially expressed proteins. The 
inhibition of ArA metabolism and TNF-α signaling pathway might be 
closely associated with the anti-inflammatory effects of N/P/M under 
US. Interestingly, we observed a significant upregulation of VEGF 
signaling pathway, which is consistent with the macrophage RNA 
sequencing results, suggesting that N/P/M under US might promote 
macrophages polarization towards M2 phenotype, leading to the 
secretion of factors conducive to angiogenesis and thereby facilitating 
vascular regeneration at the tissue level. Stahl et al. demonstrated that 
tailored graft pore sizes directly promoted M2 macrophage polarization, 
which enhanced VEGF secretion and angiogenesis via IL-10/STAT3 
signaling [37]. Huang et al. reported that Cobalt-loaded PCL grafts 
regulated M2 macrophages to amplify VEGF-driven endothelial migra
tion and nitric oxide production to promote angiogenesis [38]. GSEA 
results further demonstrated that, compared to the Control group, the 
N/P/M + US group upregulated VEGF signaling pathway and down
regulated ArA metabolism and TNF-α signaling pathways (Fig. 6F). To 
further validate these findings, we performed immunofluorescence 
staining for COX-2 and VEGF at the tendon-to-bone interface. The results 
demonstrated that the control, US, and N/P/M groups exhibited high 
expression of COX-2 and low VEGF expression. In contrast, the US +
N/P/M group showed a significant decrease in COX-2 expression and a 
significant increase in VEGF expression (Fig. 6G–K). In summary, pro
teomic analysis of the tissue further elucidates the underlying mecha
nisms by which N/P/M under US achieves anti-inflammatory effects and 
promotes angiogenesis in vivo.

3.8. Ultrasound-induced piezoelectric stimulation promoted the tendon- 
to-bone enthesis repair

The tendon-to-bone enthesis is naturally constituted by four gradient 
layers: bone, mineralized fibrocartilage, unmineralized fibrocartilage, 
and tendon. The advantage of this structure lies in the capacity to 
minimize stress concentration and effectively distribute the load across 
the skeletal system [39]. The alleviation of inflammation serves as an 
effective prerequisite for facilitating tendon-to-bone interface repair, 
which is conducive to the remodeling of the fibrocartilaginous layer at 
the tendon-to-bone enthesis. Therefore, we firstly employed H&E 
staining to assess the repair of the supraspinatus tendon. At 4 weeks 
postoperatively, the results indicated that the tendon-to-bone interface 
structure was relatively disordered in the control, US, and N/P/M 
groups, while it was more organized in the US + N/P/M group. By the 
eighth week postoperatively, the tendon-to-bone interface structure in 
all groups had further improved in organization compared to the fourth 

week, with the US + N/P/M group demonstrating the most orderly state 
(Fig. 7A). The histological scoring results demonstrated a gradual in
crease across all groups from 4 to 8 weeks postoperatively. At both 4 and 
8 weeks postoperatively, the histological scores were similar in the 
control group, US group, and N/P/M group. In contrast, the US + N/P/M 
group exhibited significantly higher histological scores compared to the 
other groups (Fig. 7F). These findings indicated that N/P/M under US 
significantly enhanced the alignment, integrity, and maturation of the 
regenerated tendon-to-bone interface, which are crucial for maintaining 
good long-term function post-surgery. Picrosirius red staining was 
further employed to assess the repair efficacy and maturity of the re
generated tendon, wherein collagen I is manifested as yellow or red, and 
collagen III appears as green (Fig. 7B). At four weeks postoperatively, 
the control group, US group, and N/P/M group all exhibited high levels 
of collagen type III and low levels of collagen type I. In contrast, the US 
+ N/P/M group displayed a higher proportion of collagen I and lower 
levels of collagen III. By the eighth week postoperatively, collagen 
maturity increased further in all groups; in addition, the US + N/P/M 
group continued to demonstrate the highest collagen I level and the 
lowest collagen III level. Additional immunohistochemical staining for 
collagen I and collagen III also revealed that the US + N/P/M group had 
the highest content of collagen I and the lowest content of collagen III in 
the supraspinatus tendon at both 4 and 8 weeks (Fig. 7C; Fig. S21, 
Supporting Information). Further semi-quantitative analysis of immu
nohistochemical staining also revealed a consistent trend (Fig. S22, 
Supporting Information). Masson’s trichrome staining results at two 
time points indicated that the US + N/P/M group exhibited a higher 
collagen fiber content compared to the other three groups, with no 
significant differences in collagen fiber content observed among the 
remaining groups (Fig. S23, Supporting Information). In addition, the 
results of various staining for the sham group were depicted in Fig. S24, 
Supporting Information.

Subsequently, we employed Safranin O-fast green staining, collagen 
II immunohistochemical staining, and Toluidine Blue staining to further 
assess the formation of fibrocartilage at the tendon-to-bone interface. 
Proteoglycans in the regenerated tissue were stained red by Safranin O 
and blue by Toluidine Blue, respectively. At 4 weeks postoperatively, 
fibrocartilage regeneration was scant in the control, US, and N/P/M 
groups. In contrast, the US + N/P/M group exhibited a significantly 
larger area of Safranin-O and collagen II positivity, and deeper Toluidine 
Blue staining compared to the other three groups (Fig. 7D and E; 
Fig. S25, Supporting Information). At 8 weeks postoperatively, there 
was a further increase in fibrocartilage regeneration across all groups 
compared to the 4-week postoperative assessment, with the US + N/P/ 
M group continuing to demonstrate the most pronounced fibrocartilage 
regeneration. Further semi-quantitative analysis for Safranin O-fast 
green staining and collagen II immunohistochemical staining also 
revealed consistent results (Fig. 7F; Fig. S26, Supporting Information). 
Collectively, these results indicated that N/P/M under US significantly 
improved tendon healing quality, tissue maturity, and collagen deposi
tion postoperatively. Furthermore, these findings highlighted its prom
ising therapeutic capacity in facilitating fibrocartilage quality and 
maturity in the tendon-to-bone healing process.

3.9. Ultrasound-induced piezoelectric stimulation facilitated vascular and 
bone regeneration and enhanced biomechanical strength

The restricted healing of the tendon-to-bone enthesis can be attrib
uted to the diminished vascularization and the impaired bone integra
tion, which are crucial steps in the ingrowth of bone into the tendon and 
the formation of a continuous tendon-to-bone interface [31]. Thus, we 
assessed the vascular regeneration at the tendon-to-bone interface using 
immunofluorescence staining for VEGF and α-SMA at 4 and 8 weeks 
postoperatively. As depicted in Fig. 8A, at 4 weeks postoperatively, the 
control, US, and N/P/M groups exhibited minimal positivity for α-SMA 
and VEGF staining, while the US + N/P/M group demonstrated a higher 
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Fig. 7. Ultrasound-induced piezoelectric stimulation promoted the supraspinatus tendon repair and fibrocartilage layer reconstruction in a rat RCR model. A) H&E 
staining images at the tendon-to-bone interface at 4 weeks and 8 weeks postoperatively. B) Picrosirius red (PR) staining of the tendon-to-bone interface at 4 weeks 
and 8 weeks postoperatively. C) Immunohistochemical staining for Collagen I (COL I) at the tendon-to-bone interface at 4 weeks and 8 weeks postoperatively. D) 
Safranin O-fast green (SO-FG) staining of the tendon-to-bone interface at 4 weeks and 8 weeks postoperatively. E) Toluidine blue (TB) staining at the tendon-to-bone 
interface at 4 weeks and 8 weeks postoperatively. F) Histological score of supraspinatus tendon and semi-quantitative analysis of SO-FG staining at 4 weeks and 8 
weeks postoperatively. n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001.
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Fig. 8. Ultrasound-induced piezoelectric stimulation promoted vascular and new bone formation and increased the biomechanical properties of supraspinatus- 
humerus complex. A) Typical immunofluorescence images of α-SMA and VEGF at the tendon-to-bone interface at 4 weeks and 8 weeks postoperatively. B) 
Micro-CT analysis of the proximal humerus at 4 weeks and 8 weeks postoperatively. C) BV/TV, Tb. N, and Tb.th analysis at 4 weeks and 8 weeks postoperatively. D) 
Images of biomechanical testing for the supraspinatus-humerus complex postoperatively. E) Ultimate load, stress, and stiffness analysis for the supraspinatus- 
humerus complex at 4 weeks and 8 weeks postoperatively. n = 6. *p < 0.05, **p < 0.01, and ***p < 0.001.
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number of α-SMA positive vessels and VEGF expression. By 8 weeks 
postoperatively, there was a further increase in α-SMA and VEGF 
expression across all groups, with the US + N/P/M group showing the 
most obvious α-SMA and VEGF protein expression. Semi-quantitative 
analysis of the fluorescence intensity for α-SMA and VEGF further sub
stantiates the significant angiogenic capacity of US + N/P/M group 
(Fig. S27, Supporting Information). Additionally, the US + N/P/M group 
demonstrated significantly larger microvascular diameters, indicating 
enhanced vascular maturity and increased vascular density. These 
findings were also consistent with the upregulation of VEGF signaling 
pathway observed in proteomic analysis, likely attributable to the early 
inflammatory modulatory effects of N/P/M under US, thereby promot
ing the regeneration of mature and functional vessels and ultimately 
aiding in tendon-to-bone interface healing.

Subsequently, we employed micro-computed tomography (micro- 
CT) to analyze new bone formation in the bone tunnels of each group 
postoperatively (Fig. 8B). At both 4 and 8 weeks postoperatively, the US 
+ N/P/M group demonstrated a significantly reduced bone tunnel size 
compared to the other three groups. There was no statistical difference 
in the bone tunnel size between the control group, US group and N/P/M 
group at the two observation time points. Further analysis of BV/TV and 
Tb. N for all four groups was conducted (Fig. 8C). No significant dif
ferences were observed between the control, US, and N/P/M groups at 
either time point; in contrast, the US + N/P/M group exhibited a sig
nificant increase in BV/TV and Tb. N. Specifically, at 8 weeks post
operatively, the BV/TV and Tb. N were as follows: control group (38.59 
± 3.72 %, 5.08 ± 0.52 1/mm), US group (41.14 ± 2.84 %, 5.32 ± 0.29 
1/mm), N/P/M group (39.65 ± 2.19 %, 5.11 ± 0.82 1/mm), and US +
N/P/M group (50.64 ± 2.53 %, 7.36 ± 0.37 1/mm). Further analysis of 
Tb.th and Tb.sp revealed that the US + N/P/M group had highest Tb.th 
and lowest Tb.sp values compared to the other groups, with no signifi
cant differences observed among the remaining three groups (Fig. 8C; 
Fig. S28, Supporting Information). Collectively, these results indicated 
that the US + N/P/M group significantly promoted neovascularization 
and new bone formation at the tendon-to-bone interface, potentially 
overcoming the challenges of poor vascularization and limited bone 
integration during tendon-to-bone healing.

The primary function of the tendon-to-bone enthesis is to facilitate 
the efficient transmission of mechanical stress from the tendon to the 
bone [40]. Therefore, a well-healed tendon-to-bone interface should 
promote the improvement of the mechanical function, which is essential 
in decreasing the retear rate. Biomechanical testing was performed to 
assess the mechanical properties of the supraspinatus tendon-humeral 
complex at 4 and 8 weeks postoperatively (Fig. 8D). Firstly, no statis
tical differences were observed in the cross-sectional area of the supra
spinatus tendon among all groups at both time points (Fig. S29, 
Supporting Information). The failure load (N) of the complexes showed a 
time-dependent increase from week 4 to week 8 in all groups post
operatively (Fig. 8E). Moreover, there were no significant differences in 
failure load between the control group (28.22 ± 2.93 at 4 weeks, 34.64 
± 3.06 at 8 weeks), the US group (29.28 ± 1.90 at 4 weeks, 33.06 ±
3.84 at 8 weeks), and the N/P/M group (30.24 ± 3.76 at 4 weeks, 36.66 
± 3.06 at 8 weeks). In contrast, the US + N/P/M group (36.75 ± 3.90 at 
4 weeks, 47.76 ± 4.12 at 8 weeks) demonstrated significantly higher 
failure loads at both time points. This finding might be attributed to the 
beneficial effects of N/P/M under US in increasing new bone formation 
and enhancing the structural integrity of the tendon-to-bone interface. 
Additionally, considering that there were no significant differences in 
tendon cross-sectional area among the groups, the differences in failure 
load were primarily due to the quality of the tendon-to-bone interface 
rather than the tendon size. Further analysis of the stress and stiffness 
values of the complexes revealed that the stress (N/mm2) and stiffness 
(N/mm) values also increased with the extension of healing time in all 
groups (Fig. 8E). Specifically, the US + N/P/M group indicated the 
highest stress values at both time points (4.53 ± 0.23 at 4 weeks, 6.10 ±
0.80 at 8 weeks) among all groups. The control group (3.46 ± 0.30 at 4 

weeks, 4.37 ± 0.21 at 8 weeks), the US group (3.65 ± 0.15 at 4 weeks, 
4.25 ± 0.12 at 8 weeks), and the N/P/M group (3.49 ± 0.13 at 4 weeks, 
4.53 ± 0.24 at 8 weeks) did not show statistical differences in the stress 
values. The results suggested that the effects of N/P/M under US not 
only improved mechanical strength but also contributed to stress dissi
pation, which both played vital roles in reducing the postoperative 
retear. Furthermore, the US + N/P/M group also demonstrated the 
highest stiffness values at both time points (21.29 ± 2.51 at 4 weeks, 
28.19 ± 3.19 at 8 weeks). The control group (14.72 ± 1.86 at 4 weeks, 
18.12 ± 2.31 at 8 weeks), the US group (15.96 ± 1.51 at 4 weeks, 18.52 
± 1.57 at 8 weeks), and the N/P/M group (16.18 ± 1.54 at 4 weeks, 
20.99 ± 1.36 at 8 weeks) exhibited no significant differences in stiffness 
values. These biomechanical data robustly indicated that N/P/M under 
US markedly enhanced the biomechanical performance of the enthesis, 
potentially improving the therapeutic outcomes after RCR. At week 8 
postoperatively, H&E staining from major organs in all groups revealed 
no significant adverse effects, demonstrating the superior in vivo 
biosafety profile of N/P/M (Fig. S30, Supporting Information).

We demonstrated that N/P/M under US can promote tendon-to-bone 
healing by achieving early inflammation modulation and angiogenesis, 
as evidenced by the rat RCR model. It is noteworthy that tendon-to-bone 
healing is a complex process also involving various functional cells, such 
as mesenchymal stem cells (MSCs). Additionally, previous studies were 
reported that piezoelectric stimulation might enhance the differentia
tion and function of stem cells, which were also essential for tendon-to- 
bone repair [13a,13b]. Future work will further elucidate the potential 
effects of N/P/M under US on stem cells related to the enthesis healing 
and explore the underlying mechanisms, thereby optimizing the efficacy 
of N/P/M under US for RCR and its potential applications in tissue 
regeneration.

4. Conclusion

In summary, we developed a novel Janus asymmetric piezoelectric 
adhesive that can be readily applied in RCR through a simple adhesion 
procedure and exhibited outstanding electrical stimulation effects under 
ultrasound stimulation. The piezoelectric adhesives were demonstrated 
to have superior anti-inflammatory effects on THP-1 cells and human 
rotator cuff tear samples, attributed to the activation of macrophage 
TRPV1 channels, subsequently triggering cAMP signaling pathway and 
effectively inhibiting macrophages polarization towards M1 phenotype, 
as evidenced by RNA sequencing. Furthermore, the piezoelectric adhe
sives were shown to alleviate the suppressive effects of the inflammatory 
environment on HUVECs angiogenesis. Early postoperative proteomic 
analysis revealed the downregulation of inflammatory signaling path
ways (ArA metabolism and TNF-α signaling pathway) and the upregu
lation of VEGF signaling pathway, further elucidating the potential 
mechanisms by which the piezoelectric adhesives promoted tendon-to- 
bone healing in vivo. The application of the piezoelectric adhesives 
eventually enhanced the histological repair of the enthesis and 
strengthened biomechanical strength, offering a simple, feasible, and 
promising tissue engineering platform for the clinical treatment of ro
tator cuff healing, with significant therapeutic potential.
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