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Abstract
Recapitulating the natural extracellular physical microenvironment has emerged as a promising method for 
tissue regeneration, as multiple physical interventions, including ultrasound, thermal and electrical therapy, 
have shown great potential. However, simultaneous coupling of multiple physical cues to highly bio-mimick 
natural characteristics for improved tissue regeneration still remains formidable. Coupling of intrinsic electrical 
and mechanical cues has been regarded as an effective way to modulate tissue repair. Nevertheless, precise 
and convenient manipulation on coupling of mechano-electrical signals within extracellular environment to 
facilitate tissue regeneration remains challengeable. Herein, a photothermal-sensitive piezoelectric membrane 
was designed for simultaneous integration of electrical and mechanical signals in response to NIR irradiation. The 
high-performance mechano-electrical coupling under NIR exposure synergistically triggered the promotion of 
osteogenic differentiation of stem cells and enhances bone defect regeneration by increasing cellular mechanical 
sensing, attachment, spreading and cytoskeleton remodeling. This study highlights the coupling of mechanical 
signals and electrical cues for modulation of osteogenesis, and sheds light on alternative bone tissue engineering 
therapies with multiple integrated physical cues for tissue repair.
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Introduction
Along with the increasing patients suffering from bone 
loss and insufficient bone regeneration achieved by clini-
cal bone implants, the clinical demand for implanted 
biomaterials is in urgent need [1–4]. Natural biophysi-
cal microenvironment comprised of temperature, light, 
topographic structure, electrical and mechanical cues, 
play crucial roles in homeostasis of normal tissue and 
regeneration of defects and wounds [5–8]. In particular, 
mechanical and electrical cues are of great importance 
and have been the focus of research during recent years 
[9, 10]. Based on this theory, novel therapeutic strate-
gies in tissue engineering have been developed to mimic 
extracellular characteristics for improved tissue regener-
ation [11, 12]. Extensive studies have revealed that simu-
lating endogenous physical cues of extracellular matrix 
could modulate cell functions [13–15]. Indeed, endog-
enous mechanical and electric properties have attracted 
great attention, as they have been discovered to modu-
late various mesenchymal cell behaviors [16–18], and 
external mechanical or electrical stimulation has been 
broadly studied and proved to facilitate tissue regenera-
tion including bone, cartilage, nerve and skin [19–21]. 
Implantable polymer membrane materials with electrical 

cues have exhibited significant application experience 
in tissue engineering and regenerative medicine due to 
their significant enhancement in MSC cell metabolism 
and tissue differentiation [22, 23]. Biomaterials inspired 
by mechanical cues have also made a number of advances 
due to their ability to act directly on the cellular behav-
ior [24, 25]. YAP (yes-associated protein), an endotran-
scriptional effector of the Hippo signaling pathway, has 
been identified to sense a variety of mechanistic signals 
within the extracellular environment [26]. Recent stud-
ies have confirmed that there is a crosstalk among YAP 
and bone metabolic pathways such as Wnt/β-catenin, 
which could affect osteogenic differentiation [27]. How-
ever, conventional invasive mechanical/electrical stimu-
lating devices in clinical practice have a narrow range 
of adjustable parameters and low adjustable precision, 
resulting in unsatisfactory clinical treatment results, as 
well as potential risk of infection and secondary surgi-
cal injuries [28, 29]. Accurate dosage control and precise 
location of working area is also difficult achieve [30, 31]. 
Thus, supplementation of biophysical mechanical and 
electrical signals at natural level with implanted bio-
materials is regarded as alternative method for optimal 
bone regeneration. Biomaterials such as elastic hydrogels 
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or electroactive nanoparticles could provide mechani-
cal or electrical cues separately [32, 33], but still failed 
to acquire complete satisfactory outcomes. Therefore, 
mechano-electrical coupling is expected to produce syn-
ergistic effect, exhibiting substantial potential for high-
performance tissue regeneration.

Within the native microenvironment, diurnal varia-
tions in electrical and mechanical signals are critical for 
modulation of cellular functions, and they are accompa-
nied along with each other [34–36]. Hence, simultane-
ous and mutual coupling of mechanical and electrical 
cues via remote control and regulation for their diurnal 
shifting is of significant importance for facilitated bone 
regeneration. In the natural extracellular microenviron-
ment, mesenchymal stem cells could on-demand regu-
late electric field via mechanical deformation of matrix 
fibers [37–39]. This natural phenomenon inspires our 
concept that remote modulation of piezoelectric fibers 
could simultaneously combine and control mechanical 
and electrical cues, thereby efficiently providing a local 
mechano-electrical microenvironment. However, there 
still lacks a convenient and efficient strategy to simulta-
neous mechano-electrical coupling in response to remote 
tuning.

Here, Near-infrared (NIR) mediated photothermal 
effect was selected for remote control. we first fabri-
cated the flexible membranes consisting of piezoelectric 
fibers by employing electrospun poly (vinylidene fluori-
detrifluoroethylene) nanofiber [PVFT NF]. To achieve 
remote control of fiber deformation, polyurethane (PU) 
serves as highly elastic phase change polymer (HEPCP) 
and grows inside the interspace among PVFT NFs. The 
nanocomposite 3D framework was then encapsulated 
by photothermal-sensitive agent polydopamine (PDA). 
Photothermal effect of PDA in response to NIR irradia-
tion subsequently induced volume variation of PU due 
to its microcrystallization phase transition. The expan-
sion and shrinkage of PU mediates elastic deformation 
of PVFT NFs, driving excellent piezoelectric effects of 
PVFT NFs. The bi-directional shape changes of PVFT 
NFs (deformation and restoration) simultaneously gen-
erated mechanical and electrical signals in response to 
NIR irradiation. By optimizing the cyclic NIR irradia-
tion strategy, high-performance diurnal mechano-elec-
trical coupling was successfully accomplished. Based 
on the results from osteogenic differentiation measure-
ment and RNA sequencing of in vitro cells co-cultured 
with nanocomposite membranes, as well as intervention 
on cranial bone defects in rats for up to 8 weeks using 
cyclic NIR therapy in vivo, the biomimetic mechano-
electrical orchestration could significantly promote bone 
regeneration within defect region, and this outcome 
was attributed to enhanced osteogenic differentiation 
of bone marrow stem cells (BMSCs). The novel remote 

tuning strategy contributed to coupling and diurnal shift 
of mechanical and electrical signals, which significantly 
promoted osteogenesis, and represents a promising tool 
for recapitulating synergistic mechano-electrical micro-
environment during tissue regeneration.

Results and discussions
Fabrication and characterization of NIR-responsive 
piezoelectric nanocomposite membrane
PDA@PVFT/PU piezoelectric nanocomposite mem-
branes were constructed by electrospinning and surface 
self-assembly (Fig.  1A). In detail, PU was synthesized 
(Figure S1A) and uniformly distributed within the PVFT 
electrospinning solution. After stretching and polar-
ization by high-voltage electric field and surface self-
assembly in the PDA polymerization solution (Figure 
S1B), PU particles were uniformly embedded into PVFT 
NF matrix with encapsulation of PDA nano-particles 
on their surface. The phase structure of nanocomposite 
membranes was analyzed by Fourier transform infrared 
(FTIR), Attenuated Total Refraction (ATR) and X-ray dif-
fraction (XRD) spectroscopy. There are two crystalline 
phases (α and β) in PVFT NFs, of which α phase is the 
most common and stable nonpolar phase, while the more 
β content accounts for the stronger piezoelectric proper-
ties [40]. FTIR and ATR shows three β-phase correlated 
absorption bands at 1279, 840 and 510  cm− 1(Fig.  1B, 
Figure S3). In XRD, the main characteristic peaks of the 
α and β phases of the membranes appeared at 18.3° and 
20.4° (Fig.  1C). The relative amount of the β-phase was 
calculated using the absorption intensities of the β-phase 
at 840 cm− 1 and the α-phase at 765 cm− 1. According to 
the equation: [41]

	 F (β) =Aβ/ (1.3Aα+Aβ) 100%

F(β) denotes the β-phase content and Aα and Aβ are the 
absorbance at 765  cm− 1and 840  cm− 1. The calculated 
β-phase content of the PVFT membranes were 79%, con-
firming its high-voltage electrical response. Due to the 
viscosity of the electrospinning solution after the addi-
tion of PU, the diameter of nanofibers in the PVFT/PU 
nanocomposite membranes was finer, which led to a bet-
ter polarization effect within the high electric field. So, 
the proportion of β-phase in PVFT/PU nanocomposite 
membranes is slightly increased to 81% [42]. Similarly, 
the ratio of β-phase is slightly reduced in PDA@PVFT/
PU nanocomposite membranes due to the hydrogen 
bonding between -OH, -NH2 and PVFT NFs with PDA 
(Fig. 1D). In summary, XRD and FTIR analysis confirmed 
the superior piezoelectric behavior of the nanocomposite 
membranes.

Subsequently, Scanning Electron Microscopy (SEM) 
was used to visualize the PVFT NFs and particle 
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morphology (Fig.  1E). PVFT is a porous 3D network 
structure constructed by nano-scale fibers. SEM images 
of PVFT/PU nanocomposite membranes showed that PU 
particles were uniformly dispersed and tightly contacted 
with the PVFT NFs due to the blended electrospinning 
of PVFT and PU polymers. Compared with PVFT/PU 
nanocomposite membranes, the PU and fiber network 
from PDA@PVFT/PU nanocomposite membranes con-
tained a large number of PDA nanoparticles filling and 
coating.

The nanocomposite membranes possessed good hydro-
philicity and flexibility. By evaluating the water contact 
angles on the surface of the nanocomposite membrane, 
it was confirmed that the addition of hydrophilic PDA 
could render the nanocomposite membrane optimal 
hydrophilicity (Figure S4). The tensile strength of PVFT 
membranes was within the range of 20–25 MPa, and the 
strain at break reaches 178%. It could be observed that 
the decrease in mechanical strength due to the thinning 

of fibers by adding PU and the increase in mechanical 
strength due to the addition of PDA are almost offset, 
and the flexibility of PDA@PVFT/PU nanocomposite 
membrane was suitable for clinical application (Figure 
S5).

NIR irradiation triggers mechanical output of PVFT NFs
Upon NIR irradiation on the PDA@PVFT/PU nanocom-
posite membranes, the temperature rapidly rises to a 
certain high temperature due to the photothermal effect 
of the surface PDA particles [43, 44]. The PU microcrys-
tals, as HEPCP, in the nanocomposite membranes starts 
to melt, and the melting of the microcrystals is accom-
panied by volume expansion [45–48]. The volume expan-
sion of the uniformly distributed microcrystals produces 
extrusion stress and internal stress on the PVFT micro-
nanofibers therein, causing local deformation of the 
PVFT fibers. When the NIR irradiation is turned off, 
the temperature of the composite membrane decreases 

Fig. 1  Fabrication and structural characterization of the NIR-responsive nanocomposite membrane. (A) Schematic diagram depicting the fabrication of 
PDA@PVFT/PU nanocomposite membrane. Created by BioRender online tool. (B) FTIR spectrum of PVFT, PVFT/PU and PDA@PVFT/PU nanocomposite 
membrane. (C) XRD patterns of PVFT, PVFT/PU and PDA@PVFT/PU nanocomposite membrane. (D) Comparison of the content of β-phase of PVFT powder 
and nanocomposite membranes. (E) SEM images of PVFT, PVFT/PU and PDA@PVFT/PU nanocomposite membranes (Scale size = 10 μm and 2 µm)
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rapidly. During the cooling process, the PU microcrystals 
gradually crystallize, accompanied by volume contrac-
tion, so that the internal stress and external extrusion 
stress of the fiber disappears, and the fiber deforms in 
the reverse direction to restore its original shape. In sum-
mary, the mechanical response is achieved by the fiber 
deformation induced by the reversible phase transition 
of PU microcrystals upon NIR irradiation, which results 
in the NIR-responsive mechanical output of the nano-
composite membrane (Fig.  2A). Differential scanning 
calorimetry (DSC) images showed that the phase transi-
tion temperature of nanocomposite membrane is stable 
at 42.62–42.99℃, a temperature that effectively promotes 
osteogenesis through thermal effects [49–52], which was 
suitable for its potential application in medical treatment 
(Fig. 2B, Figure S6, S7). As detected by the thermal sen-
sor, the PDA@PVFT/PU nanocomposite membrane has 
a good photothermal ability to rapidly change the tem-
perature under NIR irradiation cycle (Fig. 2C). The tem-
perature of PDA@PVFT/PU nanocomposite membrane 
rose to a maximum of 41.0 °C during the 5-second irradi-
ation cycle, and to 44.9 and 47.8 °C during the 15-second 
and 30-second cycles respectively (Fig.  2D, Figure S8). 
This indicated that the maximum temperature range of 
the 15-second cycle not only reached the lowest tempera-
ture of the phase transition, but also remained within the 
temperature range of osteogenic thermotherapy. That is 
to say, the 15-second NIR irradiation cycle was expected 
to achieve high-performance phase transition and medi-
cal effect.

Subsequently, Atomic Force Microscope (AFM) was 
used to visualize the morphologic change of NIR-stimu-
lated PVFT NFs. When the temperature increases from 
room temperature to 45  °C, PVFT NFs are subjected 
to external extrusion and internal stresses, resulting in 
deformation in the transverse and longitudinal direc-
tions, which can be observed as a change in fiber orien-
tation and altitude difference on the surface under AFM 
probe (Fig. 2E, Figure S9). Cross-sectional analysis of the 
surface height of the PDA@PVFT/PU nanocomposite 
leimembrane consistently showed that NIR-responsive 
temperature increase led to deformation of the PVFT 
NFs within the composite membranes, which could gen-
erate mechanical signal and piezoelectric output simulta-
neously (Fig. 2F).

Rhythmic NIR irradiation on PDA@PVFT/PU membrane 
triggers mechano-electric coupling
To further verify the effect of NIR-induced electric 
output, we perform electric output testing for the 
nanocomposite membranes (Figure S10). Piezoelec-
tric output testing of the membranes corroborates the 
β-phase results obtained in the previous section. In 
particular, PDA@PVFT/PU nanocomposite membrane 

could produce a voltage of 1.0-1.2 v at the surface pres-
sure of 5  N, which indicated its excellent piezoelectric 
property (Figure S11). According to the previous section, 
the NIR-responsive temperature variations cause PVFT 
NFs deformation and produce mechanical outputs. 
PVFT NFs, as highly efficient piezoelectric fibers, were 
expected to produce cyclic piezoelectric outputs during 
the rhythmic deformation process, leading to a diurnal 
mechano-electric coupling output (Fig.  2A). By detect-
ing the absolute voltage output of the PDA@PVFT/PU 
nanocomposite membrane along with temperature varia-
tions, we determined that the diurnal mechano-electric 
output was successfully achieved (Fig.  2G). According 
to the different NIR irradiation cycles proved above, we 
performed real-time monitoring for the piezoelectric 
output of the composite film. The 5 s and 15 s irradiation 
cycles showed stable cyclic piezoelectric output during 
both warming up and cooling down, and the output volt-
age of the 15 s cycle can reach up to 130 mV. However, 
the piezoelectric output of the 30 s is not regular, and its 
highest output voltage is only 120 mV (Fig. 2H). We then 
hypothesized that, when the period of PU microcrys-
tal melting phase transition within the nanocomposite 
membrane is longer than the period of the NIR-respon-
sive temperature variations, the NIR-responsive tem-
perature cycle can match up with the PU microcrystal 
melting phase transition period. It is shown as the lon-
ger time the temperature changes, the longer time for the 
PU microcrystal phase transition to reach larger ampli-
tude, and the larger the piezoelectric output of the PVFT 
NFs, which is compatible with the results reflected by the 
5 s and 15 s irradiation cycles. When the period of NIR-
responsive temperature change is longer than the melt-
ing phase transition of PU microcrystals, it would cause 
the PU microcrystals to directly phase into a molten state 
during the first temperature cycle, which will greatly 
reduce the stress of PVFT NFs and result in irregular out-
put voltage such as 30 s irradiation cycles. Also, the max-
imum temperature reached in a 15 s NIR cycle is within 
42–45  °C, which is clinically optimal for thermotherapy 
to promote osteogenesis. In summary, 15 s NIR irradia-
tion model could perform efficient mechano-electrical 
coupling and showed substantial potential in regulation 
of stem cell function and tissue engineering.

Evaluation of osteogenic differentiation of BMSCs on 
PDA@PVFT/PU in vitro
In order to characterize the effect of the diurnal mech-
ano-electrical coupling output of the circular NIR 
response on osteogenic efficacy, we grouped the compo-
nents with NIR irradiation into continuous NIR (NIR+, 
Con) and circular NIR (NIR+, Cir). Thermal imaging 
showed that NIR irradiation of cell culture plates from 
both groups resulted in maximum temperatures in 
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the range of 42–45  °C with stable temperature cycling 
at the power of 0.5  W/cm2 (Fig.  3A). The cell counting 
kit 8 (CCK8) assay and live/dead cell staining were per-
formed to assess the biocompatibility of nanocomposite 

membranes, and results suggested that the nanocom-
posite membranes are appropriate and safe for cell sur-
vival (Figure S12A-B). Alkaline phosphatase (ALP) assay 
revealed the highest ALP activity of BMSCs in PDA@

Fig. 2  Mechano-electrical coupling properties of the NIR-responsive nanocomposite membrane. (A) Schematic illustration of mechano-electrical cou-
pling mechanism. (B) DSC curves of PU in 10 heating-cooling cycles. (C) Thermal infrared photograph of PDA@PVFT/PU nanocomposite membranes at 
different NIR irradiation cycles (Scale size = 2 cm). (D) Temperature variations of PDA@PVFT/PU nanocomposite membranes within 15s NIR irradiation 
cycle. (E-F) AFM images and analysis of surface height of the PVFT NFs inside PDA@PVFT/PU nanocomposite membranes during NIR irradiation cycle 
(Scale bar = 2 μm). (G) Voltage output evaluation of PDA@PVFT/PU nanocomposite membrane during controlled temperature variations. (H) Real-time 
voltage tracking of PDA@PVFT/PU nanocomposite membrane for different NIR irradiation cycles (5 s, 15 s and 30 s)
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PVFT/PU (NIR+, Con) group after 3 and 7 days of culture 
(Fig.  3B-C). These results were corroborated by Immu-
nofluorescence staining, with significantly upregulated 
RUNX2 after 3 days (Fig.  3D, F) and OPN after 7 days 
(Fig. 3E, G). Furthermore, the expression of osteogenic-
related marker genes Runx2, Col1a1, Alp and Osx were 
analyzed by real-time quantitative Polymerase Chain 
Reaction (RT-qPCR) after 3 and 7 days of BMSCs culture. 

All these osteogenic genes were substantial increased in 
PDA@PVFT/PU (NIR+, Con) group (Fig.  3H-K, Figure 
S15). As markers of early stage of osteogenic differentia-
tion, the expression of RUNX2 and ALP were additionally 
analyzed by western blot after 7 days of culture. Images 
and the analysis results showed that all these osteogenic 
proteins were substantially increased in PDA@PVFT/
PU (NIR+, Con) group, which was consistent with the 

Fig. 3  Diurnal NIR exposure enhances osteogenic differentiation of BMSCs in vitro. (A) Control of temperature variations in 24-well plate under continu-
ous NIR (NIR+, Con) and circular NIR (NIR+, Cir) irradiation. NIR power = 0.5 W/cm2. Scale bar = 5 mm (B) and (C) The ALP activity of BMSCs under continu-
ous and circular NIR irradiation in nanocomposite membranes after 3 and 7 days co-culture. (D) and (E) Representative immunostaining images of 3-day 
RUNX2 (green), 7-day OPN (green), Phalloidin (red) and cell nuclei (DAPI, blue) of BMSCs cultured under indicated conditions for 3 and 7 days (Scale 
size = 50 μm). (F) and (G) Quantitative analysis of fluorescence intensity of 3-day RUNX2 and 7-day OPN. (H), (I), (J) and (K) The expression of osteo-related 
genes, Runx2 and Col1 at day 3 and 7 respectively. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 (n ≥ 3 per group)
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previous assays (Figure S16). Specifically speaking, high-
performance diurnal mechano-electrical coupling of 
PDA@PVFT/PU triggered by circular NIR irradiation 
substantially promoted osteogenic differentiation com-
pared with other groups in vitro.

To explore the level of matrix mineralization in BMSCs 
at late stage of osteogenic differentiation, the expres-
sion of Collagen I (COL1A1) and Osteocalcin (OCN) 
have been further determined. Secretion and matura-
tion of Col1A1 is the basis for mineral deposition and 
matrix mineralization in the late stage of osteogenesis 
[53, 54]. Meanwhile, OCN is a highly abundant bone 
protein which is the key to regulate mineral deposition 
during bone remodeling [55, 56]. Western blot assays 
showed the highest expression of COL1 and OCN in 
PDA@PVFT/PU (NIR+, Cir) group in vitro, indicating 
that circulating mechano-electrical coupling stimulation 
resulted in obviously increased levels of matrix mineral-
ization in vitro (Figure S17), which was consistent with 
previous results of immunofluorescence of COL1A1 and 
OCN after 7 and 14 days (Figure S13-14). Together, the 
above results regarding COL1 and OCN expression indi-
cated that diurnal mechano-electrical coupling of PDA@
PVFT/PU promoted cellular matrix mineralization in 
vitro.

Finally, to verify whether NIR-responsive mechano-
electrical coupling has an effect on osteoclasts during 
bone regeneration in vitro, we seeded monocytes in 
nanocomposite membranes and induced osteoblast dif-
ferentiation with or without circular NIR irradiation. 
After 10 days of osteoclast differentiation induction, the 
intensity of the osteoclast marker tartrate resistant acid 
phosphatase (TRAP) showed no statistically significant 
difference in TRAP activity of osteoblasts in each group 
(Figure S18), suggesting that diurnal mechano-electrical 
coupling had no significant effect or impact on osteoblast 
differentiation.

Herein, these results indicated that PDA@PVFT/PU 
nanocomposite membrane with circular NIR irradia-
tion showed superior inductivity for osteogenic differen-
tiation and matrix mineralization of BMSCs by diurnal 
mechano-electrical coupling output.

High-performance diurnal mechano-electrical coupling of 
PDA@PVFT/PU promote osteogenic differentiation in vitro
To elucidate cellular response to circular NIR irradia-
tion on PDA@PVFT/PU on the transcriptomic scale, 
RNA sequencing (RNA-seq) was performed to analyze 
differential gene expression of BMSCs harvested from 
the PDA@PVFT/PU (NIR+, Con) group and PDA@
PVFT/PU (NIR+, Cir) group after 7-day culture. Princi-
pal component analysis (PCA) revealed a clear separation 
between cells cultured in NIR Con group and NIR Cir 
group (Fig. 4A). When compared with cells in continuous 

NIR irradiation, 1256 DEGs were identified from cells 
cultured in circular NIR irradiation (Fig. 4B-C). Top ten 
DEGs were “Gsg1”, “Ptprz1”, “Stac3”, “Pik3c2g”, “Wnt10a”, 
“Spata32”, “Ryr2”, “Snx22”, “Igsf11”, “Vwde”, the functions 
of which ranging from cell metabolism, calcium binding, 
actin binding, promotion of cell adhesion and osteogenic 
differentiation. Among them, “Wnt10a” and “Snx22” are 
osteogenic-related genes. As one of the Wnt gene fam-
ily, activation of Wnt10a promoted osteogenesis-related 
pathways in BMSCs [57]. As one of the genes encoding 
peptidylprolyl isomerase B (PPIB), Snx22 downregula-
tion was associated with Osteogenesis Imperfecta, Type 
Ix and Brittle Bone Disorder [58]. These results indicated 
that it is the NIR irradiation mode but not the NIR irra-
diation itself that contributed to the gene expression 
pattern alterations of BMSCs. Gene ontology (GO) anal-
ysis determined that channel activity, divalent metal ion 
transport, calcium ion transport, response to mechani-
cal stimulus as well as regulation of cell morphogenesis 
involved in differentiation associated genes were over-
represented in the NIR Cir group (Fig.  4D), suggesting 
the transport of divalent metal cations such as calcium 
ions, mechanical stimulation to cells, and enhanced dif-
ferentiation of stem cells due to various causes may be 
the potential mechanism in osteogenic differentiation 
after circular NIR irradiation. Enriched KEGG pathways 
such as the calcium signaling pathway, gap junction, 
cAMP signaling pathway, and MAPK signaling pathway 
confirming the previous results (Fig. 4E).

Based on RNA sequencing results, we conducted 
experiments to confirm the role of calcium signaling 
pathway in NIR-induced mechano-electrical coupling 
promoting osteogenic differentiation. It has been dem-
onstrated that electrical stimulation induces a cellular 
cascade response through initiated voltage-gated cal-
cium channels to promote bone defect repair, and related 
biomaterials have been commonly reported [59, 60]. To 
explore the results of calcium channel activation, Fluo-4 
calcium assay was processed and demonstrated supe-
rior intracellular Ca2+ concentration of BMSCs in PDA@
PVFT/PU (NIR+) group compared with the other groups 
after 24  h of culture (Fig.  5A and C). JC-1 is an ideal 
fluorescent probe widely used to detect mitochondrial 
membrane potential (∆Ψm) [61]. Fluorescent images and 
ratio of JC-1 aggregates and monomers indicated that 
BMSCs in PDA@PVFT/PU got higher mitochondrial 
membrane potential after NIR irradiation (Fig.  5B and 
D). As mitochondrial Ca2+ homeostasis is fundamental 
to the regulation of mitochondrial membrane potential 
and intracellular Ca2+ homeostasis, elevated intracellular 
Ca2+ concentration leads to increased uptake of Ca2+ by 
mitochondria, resulting in a higher mitochondrial mem-
brane potential [62, 63]. Herein, these results indicated 
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NIR-responsive electrical stimulation promotes calcium 
ion endocytosis and membrane potential changes.

Then, we seeded the cells in PDA@PVFT/PU and 
explored the mechanical stimulation effect to BMSCs 
caused by NIR irradiation. After 3 h and 6 h of culture, 
confocal microscopy showed that the BMSCs cultured in 
circular NIR irradiation exhibited more abundant cyto-
skeletal organization and significantly larger cell spread-
ing area, as compared to the continuous NIR irradiation 
group (Fig. 5E and G). Furthermore, cells cultured in cir-
cular NIR irradiation developed larger focal adhesions 
(FAs) stained by Vinculin (Fig. 5E and H). Yes-associated 
protein (YAP) is a mechano-transducer of the Hippo 
pathway and plays an important role in mechanical trans-
duction [64]. In response to mechanosensory regulation, 

increased cytoskeletal tension promotes YAP activation 
and nuclear translocation [65]. Positive feedback path-
ways are formed through the amplification of mechani-
cal signals by YAP, which promotes F-actin remodeling 
and enhances the assembly of FAs complexes [66]. Mean-
while, nuclear YAP binds to Runx2 and promotes BMSC 
osteogenic differentiation [67, 68]. Immunofluorescence 
results showed that YAP was almost exclusively localized 
in the nuclei in PDA@PVFT/PU (NIR+, Cir) group after 
3 h and 6 h of culture, which indicated superior mechani-
cal signaling (Fig. 5F and I). These results suggested that 
circular NIR irradiation promoted mechanical signal 
sensing and transducing.

Furthermore, with inhibition of calcium channel by 
Fantofarone, cell spreading area and FA area of BMSCs 

Fig. 4  Mechanical and electrical cues are closely associated with rhythmic NIR-induced osteogenesis. (A) Principal Component Analysis (PCA) of the RNA 
sequencing profile of BMSCs after 7-day culture in continuous and circular NIR irradiation. (B) Volcano plot of differentially expressed genes from RNA-seq 
analysis performed on BMSCs cultured in continuous and circular NIR irradiation after 7 days. (C) The heatmap of differentially expressed genes from RNA 
sequencing. (D) Gene ontology (GO) enrichment analysis of the upregulated genes in BMSCs cultured in circular NIR irradiation after 7 days. (E) Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analysis of upregulated genes in BMSCs cultured in circular NIR irradiation after 7 days
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Fig. 5  NIR-mediated physiological electric output facilitates osteogenesis by amplifying cellular mechanosensing. (A) Representative immunofluores-
cence images of Flou-4 (green) signals in BMSCs cultured for 24 h (Scale bar = 40 μm). (B) Representative immunofluorescence images of JC-1 monomers 
(green) and JC-1 aggregates (red) in BMSCs (Scale bar = 100 μm). (C) and (D) Quantitative analysis of relative mean fluorescence intensity of Flou-4 and 
JC-1 in different groups. (E) Representative immunofluorescent images of focal adhesions (FAs, Vinculin, green), YAP (green), actin network (Phalloidin, 
red), and cell nuclei (DAPI, blue) in BMSCs cultured in different NIR irradiation treatments for 3 and 6 h (Scale size = 50 μm). (F), (G) and (H) Quantitative 
analysis of the cytoskeleton area, FA spreading area and nuclear-to-cytoplasmic ratio of YAP per cell after 3 and 6 h culture. (I), (J) and (K) Quantitative 
analysis of the cytoskeleton area, FA spreading area and nuclear relative to cytoplasmic ratio of YAP per cell after the addition of calcium channel inhibitors 
Fantofarone for 3 and 6 h culture. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 (n ≥ 15 per group)
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cultured under circular NIR irradiation exhibited a sig-
nificant decrease after 3 h and 6 h respectively (Fig. 5E, 
F, J and K). Meanwhile, there was also a significant 
reduction in nuclear/cytoplasmic ratio of YAP after 
the addition of Fantofarone for 3 h and 6 h (Fig. 5F and 
L). These indicated that NIR-induced enhancement in 
mechano-sensing was largely determined by electric 
signal-mediated calcium channeling. ALP assay, immu-
nofluorescence staining and RT-qPCR showed a signifi-
cant decrease in osteogenic differentiation of BMSC with 
the inhibition of Fantofarone (Figure S19, S20 and S21), 
suggesting that decreased mechanical signaling pathway 
activity due to calcium channel blockade reduced the 
osteogenic efficiency of BMSCs. As the key link between 
osteogenic differentiation and mechanical stimulation, 
calcium channels have also been studied and regarded to 
guide biomaterial design [69]. Thus far, the blockage of 
calcium ion influx attenuated the osteogenic differentia-
tion promotion of NIR-responsive diurnal mechano-elec-
trical coupling effect, which suggested that NIR-induced 
electrical stimulation enhanced cellular mechanical sig-
naling for osteogenic differentiation through calcium 
channeling.

Finally, with inhibition of actin polymerization by Cyto-
chalasin D, cellular mechano-sensing is largely blocked. 
ALP assay, immunofluorescent staining and RT-qPCR 
results showed a further decrease in osteogenic differen-
tiation of BMSCs (Figure S19, S20 and S21), which was 
almost identical to the group without NIR irradiation, 
suggesting that the effect of circular NIR irradiation was 
completely counteracted. By blocking cellular mechano-
sensing, we demonstrated that the osteogenic differen-
tiation promotion of PDA@PVFT/PU nanocomposite 
membranes with circular NIR irradiation was achieved 
through cellular mechanical signaling pathway. Here in, 
circular NIR irradiation generated diurnal mechano-elec-
trial coupling output of PVFT nanofibers, the mechani-
cal output promoted osteogenic differentiation through 
cellular mechano-sensing, while NIR-induced electrical 
stimulation mediated enhancement of mechanical signal-
ing via calcium channeling, which altogether promoted 
osteogenic differentiation. Meanwhile, many studies have 
also acknowledged the relationship between calcium 
channel activation and mechanical signaling [70–73].

Here, we focused on revealing the primary and cascade 
mechanism that NIR-induced mechano-electrical cou-
pling promotes osteogenic differentiation mainly through 
activation of calcium channels and mechanical signaling.

Biomimetic mechano-electrical orchestration of PDA@
PVFT/PU promote bone regeneration in vivo
To further assess the osteoinductive potential of PDA@
PVFT/PU with circular NIR irradiation, we prepared 
cranial defect models in rats (Figure S22A). Membranes 

were implanted covering the defects with continuous 
or circular NIR treatment at right side defect, and bone 
growth was evaluated after 4 and 8 weeks of NIR treat-
ment (Fig. 6A). To ensure that only unilateral skull defect 
is irradiated, the appropriate size of the NIR laser trans-
mitting probe was chosen to produce an NIR irradi-
ated area of 5 mm at the appropriate distance, which is 
exactly the diameter of the cranial defect (Figure S22B). 
Thermal imaging showed that NIR treatment resulted in 
maximum temperatures around 42  °C with stable tem-
perature cycling at the power of 0.5 W/cm2 (Fig. 6B). As 
evaluated by micro-computed tomography (Micro-CT), 
The photographs showed that more new bone formation 
was detected in PDA@PVFT/PU (NIR+,Cir) group after 
4 and 8 weeks (Fig. 6C, Figure S23A). The bone volume 
fraction (BV/TV), the bone surface density (BS/TV) and 
the number of bone trabecula (Tb.N) in PDA@PVFT/PU 
(NIR+,Cir) group was significantly higher compared with 
those in other groups, revealing that circular NIR irra-
diation exhibited superior bone regeneration capability 
(Fig. 6D-F, Figure S23B-D). Moreover, we conducted sole 
thermal treatment and NIR treatment on cranial bone 
defects to rule out the bone regeneration effects of ther-
motherapy and NIR therapy. In brief, PVFT membranes 
were covered and treated with individual thermotherapy 
and NIR therapy for 4 and 8 weeks. The CT images and 
analysis showed a better bone regeneration than the con-
trol group, but it was still significantly lower than that 
from NIR-responsive mechano-electrical coupling out-
put of PDA@PVFT/PU composite membranes (Figure 
S24). H&E staining showed flat and contiguous new bone 
formation in PDA@PVFT/PU (NIR+,Cir) group after 4 
and 8 weeks (Fig. 6G, Figure S25A). Masson’s Trichrome 
staining confirmed the most mature osteoid tissue and 
abundant bone content in defect areas of the PDA@
PVFT/PU (NIR+,Cir) group (Fig.  6H, Figure S25B). 
Meanwhile, as one of the common experimental methods 
for detecting mineralized nodules of osteoblasts, alizarin 
red staining was used to determine the level of matrix 
mineralization in vivo. Results confirmed the most min-
eralized nodules in defect areas of the PDA@PVFT/
PU (NIR+, Cir) group, suggesting the highest level of 
matrix mineralization (Figure S28A and S29A). In addi-
tion, immunofluorescence staining against COL1A1 and 
OCN and immunohistochemical staining against OPN, 
revealed that there were the highest expression levels of 
PDA@PVFT/PU (NIR+,Cir) group after 4 and 8 weeks 
(Figure S26-27). TRAP staining confirmed an overall 
low level of osteoclast activity within bone defect areas, 
but there existed a slight increase in TRAP + cells at the 
margins of the bone defects in PDA@PVFT/PU groups 
with or without NIR irradiation (Figure S28B and S29B). 
This suggested that acceleration of local bone remod-
eling could be responsive to PDA and NIR irradiation. 
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Fig. 6  Mechano-electrical coupling promotes bone regeneration in vivo. (A)Schematic illustration of the cranial bone defect rat model and application 
of diurnal NIR treatment. Created by BioRender online tool. (B) Thermal infrared photograph of defect areas in continuous NIR (NIR+, Con) and circular 
NIR (NIR+, Cir) irradiation. NIR power = 0.5 W/cm2. Scale bar = 1 cm (C) Representative micro-CT images of critical-sized rat calvarial full-thickness defects 
after 8-week treatment in different groups. Yellow circles and dotted lines denote the boundary between new bone tissue and host bone tissue. Scale 
bar = 1 mm (D), (E) and (F) Quantitative analysis of percent bone volume (BV/TV), bone surface density (BS/TV) and Trabecular number (Tb.N). *p < 0.05, 
**p < 0.01, ***p < 0.001 and ****p < 0.0001 (n ≥ 6 per group). (G) and (H) H&E staining and Masson’s trichrome staining of histological sections at after 
8-week irradiation treatment (Scale bar = 500 μm and 200 μm)
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Collectively, these results thus verified that PDA@PVFT/
PU activated by circular NIR irradiation can enhance 
bone regeneration though mechano-electrical orchestra-
tion in vivo.

Our NIR-responsive mechano-electrical coupling tech-
nology would be well translated for in vivo bone defect 
repair ranging from alveolar bone defects to long bone 
defects. In the bone defect scenario, we sealed the wound 
after implanting the NIR-responsive electroactive mem-
brane. By triggering PDA@PVFT/PU nanocomposite 
membrane in the defect area through remote NIR exter-
nal modulation featuring wireless and non-invasive char-
acteristics at regular intervals daily, high-performance 
diurnal mechano-electrical coupling stimulation was 
induced, which could accelerate the pace and efficiency 
of bone regeneration.

Materials and methods
Fabrication of nanoparticles and membranes
Synthesis of PU
In detail, PU was synthesized by adding phenyl 4,4’-meth-
ylenebisisisocyanate (4,4’-MDI) and 1,4-butanediol 
(BDO) sequentially to polyethylene glycol 2000 (PEG-
2000) in a two-step synthesis method (Figure S1A). First, 
a quantity of PEG-2000 and BDO was added to 20 mL of 
N, N-Dimethylformamide (DMF), and the mixture was 
magnetically stirred at 60  °C to dissolve. Then, 20  mL 
of DMF were introduced to a three-necked flask with a 
precise amount of 4,4’-MDI, and the mixture was con-
tinuously magnetic stirring in nitrogen at 70  °C. After 
the solution had been clarified, PEG-2000 solution was 
slowly added to it dropwise, and the reaction was car-
ried out in nitrogen for one hour. Next, BDO solution 
was slowly added dropwise, and the reaction continued 
for 3–4 h. Finally, when the solution appears viscous, the 
solution is cooled to room temperature and then dried in 
a blast dryer to collect the PU.

Fabrication of electrospun PVFT/PU nanofiber membranes
First, DMF and acetone were used to dissolve 
poly(vinylidene fluoride-co-trifluoroethylene) [P(VDF-
TrFE), PVFT] powder and the produced PU. The mixture 
was mixed for 6 h at room temperature and sonicated for 
1 h. After that, the solution was put into a 10 mL plas-
tic syringe and fitted with a blunt-tipped, 0.2 mm stain-
less steel needle. The fibers were gathered on a grounded 
drum wrapped in aluminum foil while being pushed by a 
injection pump at a flow rate of 1 mm/min. The electro-
static spinning load voltages were + 12 kV and − 5 kV, the 
collection distance was 15  cm, and the collection drum 
speed was 100 rpm. After the electrostatic spinning, the 
membrane was put into a vacuum drying oven at 120 °C 
for 1 h to obtain PVFT/PU nanofiber membrane. PVFT 

membrane was obtained by following the appeal step 
without adding PU.

Fabrication of PDA@PVFT/PU nanocomposite membranes
The dopamine poly solution was made by dissolving 2.4 g 
of tris-hcl in deionized water, adjusting the pH to 8 with 
NaOH, adding 0.4 g of dopamine hydrochloride and mix-
ing well. PVFT/PU membrane was then immersed in the 
solution and shaken on a shaker at room temperature for 
one day. After that, deionized water was used to rinse 
and wash the surface of the membranes. The amount of 
dopamine hydrochloride was then increased to 0.8 g by 
repeating rinsing and washing. After dried in a vacuum 
oven at 120  °C for 1 h, PDA@PVFT/PU nanocomposite 
membranes was finally obtained.

General characterization of nanoparticles and membranes
Structural characterization
The Fourier Transform Infrared Spectroscopy (FT-IR) 
and Attenuated Total Refraction (ATR) methods were 
used to confirm the chemical structures of the produced 
components and nanocomposite membranes. The scan-
ning range was 4000 –400  cm− 1. The crystalline phase 
composition and material structure of the nanocom-
posite membranes were analyzed using XRD detection. 
Cu-Kα target was detected in full scan mode with scan-
ning speed of 2°/s and detection range of 10–80°.

Morphology characterization
The nanocomposite membrane was treated with 75% 
ethanol-water solution for 10  min, then rinsed repeat-
edly with deionized water for 3 times and dried. The 
membrane was cut into squares, adhered to the electron 
microscope stage and plated in a vacuum plating device 
at 10 mA for 120 s. The surface morphology of the sam-
ples was observed using a scanning electron microscope 
(SEM).

Hydrophilicity test
Static contact angle was used to test the hydrophilicity 
of nanocomposite membranes at room temperature. A 5 
µL drop of deionized water was placed on the surface of 
the membrane, and clear images was obtained by adjust-
ing the position of the camera and the focal length of the 
microscope. The images were analyzed to calculate the 
contact angle of the nanocomposite membranes.

Mechanical performance evaluation
To measure the displacement of the nanocomposite 
membranes and the mechanical values at each instant, 
the membranes were sliced into rectangular specimens 
measuring 40 mm by 10 mm and stretched at room tem-
perature using an electronic universal material testing 
equipment at a speed of 10 mm/min.
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Mechano-electrical coupling measurement of membranes
Phase change detection
Differential scanning calorimetry (DSC) and atomic force 
microscopy (AFM) techniques were used to analyze the 
phase transition characteristics of PU and PDA@PVFT/
PU nanocomposite membranes.

DSC: Under nitrogen protection, cycles of heating 
and cooling were processed on PU and PDA@PVFT/PU 
nanocomposite membranes. The temperature range was 
− 10 to 70 °C.

AFM: To identify the changes of surface morphology 
and height brought on by temperature changing, a 1 cm2 
square of PDA@PVFT/PU nanocomposite membrane 
was cut. The PDA@PVFT/PU nanocomposite membrane 
was then photographed at 25  °C and 45  °C under NIR 
irradiation.

Photothermal performance evaluation
PDA@PVFT/PU nanocomposite membrane was placed 
15  cm away from the NIR laser with power density of 
0.2 mV/cm2.Each cycle contained of 5, 15, 30 s exposure 
and shielding of NIR. An infrared camera was utilized 
to gauge the temperature change after NIR irradiation. 
Temperature changes of PDA@PVFT/PU nanocomposite 
membrane was recorded with a thermal imaging camera.

Piezoelectric performance testing
The composite membranes were electrically encapsulated 
and connected to the electrochemical workstation with 
wires. The piezoelectric voltage output of the composite 
membranes was monitored by applying 5 N mechanical 
stress at a frequency of 0.5 Hz.

NIR-responsive piezoelectric performance evaluation of 
PDA@PVFT/PU nanocomposite membranes
In order to detect the piezoelectric output of PDA@
PVFT/PU nanocomposite membrane under NIR irra-
diation, we constructed PDA@PVFT/PU nanocompos-
ite membrane NIR-responsive piezoelectric detection 
device. On the upper and lower surfaces of the PDA@
PVFT/PU nanocomposite film, a layer of copper foil 
was applied as electrodes with dimensions of 18*18*0.16 
mm3, holes with dimensions of 80*80 mm2 were carved 
into the copper foil, and conductive copper wires were 
attached to the copper foils on both sides. NIR irradia-
tion was then applied to the portion of the membrane 
exposed in the skeletonized holes.

PDA@PVFT/PU nanocomposite membrane NIR-
responsive piezoelectric detection device was connected 
to electrochemical workstation with wires. The piezo-
electric voltage output was measured in 5, 15, and 30  s 
NIR irradiation cycle.

Cell culture
Rat bone marrow mesenchymal stem cells (BMSCs) 
were isolated form the femurs and tibias of 4-week-old 
male Sprague–Dawley (SD) rats. The rats were sacri-
ficed via cervical dislocation and soaked in 75% ethanol 
for 10 min. The tibias and femurs were separated and the 
epiphysis were cut under aseptic conditions. Bone mar-
row cavity was rinsed with minimum essential medium 
α (α-MEM; HyClone, USA) using 5 mL syringe to obtain 
bone marrow cell suspension. The flushing fluid was fil-
tered through a 63  μm sterile cell strainer and centri-
fuged at 1000 rpm for 10 min to obtain the cell pellet. The 
cells were resuspended in α-MEM supplementing 10% 
fetal bovine serum (FBS) (Gibco, USA) and 1% penicil-
lin-streptomycin (HyClone, USA) and placed in a T-25 
cell culture flask, which was incubated in a humidified 
incubator containing 5% CO2 at 37 °C. The medium was 
changed the next day and once three days thereafter. The 
BMSCs were passaged every 7 days and the cells at pas-
sage 3–5 were applied in the subsequent experiments.

To evaluate the osteogenic differentiation of BMSCs, 
cells were cultured on the surface of the nanocomposite 
membranes immersed by mesenchymal stem cell osteo-
genic differentiation medium (α-MEM supplemented 
with 10% FBS, 1% penicillin-streptomycin, 10 mmol/L 
β-glycerophosphate (Sigma, USA), 10 nmol/L dexameth-
asone, and 50 µg/mL ascorbic acid).

Cell counting Kit-8 (CCK-8) assay
Cell viability of BMSCs with nanocomposite membranes 
was assessed by CCK-8 assay. CCK-8 assay was imple-
mented using Cell Counting Kit-8 (CCK-8) (Beyotime, 
China) according to the manufacturer’s instructions. 
Briefly, BMSCs were seeded onto the nanocomposite 
membranes in a 96-well plate at a density of 1 × 105 cells 
per well. After seeding for 1, 3, and 5 days, the medium 
was replaced with culture medium containing 10% 
CCK-8 solution, followed by incubation for 1 h at 37 °C. 
The supernatant each well was then transferred into 
another 96-well plate with 3 replicates per group, and 
then the absorbance was measured at 450 nm wavelength 
using a microplate reader (EnSpire, PerkinElmer).

Live/dead staining assay
Cell viability of BMSCs with nanocomposite mem-
branes was also assessed by live/dead staining. For live/
dead staining, cells were planted onto the nanocompos-
ite membranes in a 12-well plate. After incubating for 5 
days, cells were stained by Calcein-AM/PI Double Stain 
Kit (YEASEN, China). In brief, 200 µL staining buffer 
containing 2 µmol/mL calcein–AM and 1.5 µmol/mL 
PI was added per well and cells were incubated at 37 °C 
for 15 min. The fluorescent photos were captured with a 
confocal microscope (Nikon A1-Si).
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Alkaline phosphatase (ALP) assay
Alkaline Phosphatase Assay was measured by H5N1Al-
kaline Phosphatase Assay Kit (Beyotime, China) follow-
ing the manufacturer’s instructions. After cultured in 
medium on the nanocomposite membrane for osteogenic 
differentiation for 3 and 7 days, the cells were harvested 
and lysed in RIPA buffer (P0013B, Beyotime, China). 
Subsequently, ALP activity of cells was detected with 
chromogenic substrate solution following its instruc-
tions. DEA enzyme activity units are alkaline phospha-
tase activity units. It is defined as the amount of alkaline 
phosphatase required to hydrolyze para-nitrophenyl 
phosphate chromogenic substrate to yield 1 µmol of 
p-nitrophenol per minute in diethanolamine (DEA) buf-
fer at pH 9.8 at 37 °C is defined as a unit of enzyme activ-
ity, and is also referred to as a DEA enzyme activity unit. 
The absorbance was measured at 405  nm wavelength 
using a microplate reader (EnSpire, PerkinElmer), and 
the DEA enzyme activity intensity was calculated.

Quantitative real-time PCR (qRT-PCR)
Total RNA was extracted using TRIZOL (TaKaRa, Japan) 
according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) was reverse transcribed from the 
RNA templates using HiScript III RT SuperMix for qPCR 
(+ gDNA wiper) (Vazyme, China). qRT-PCR was per-
formed using ChamQ Universal SYBR qPCR Master Mix 
(Vazyme, China) on Step One Plus real-time PCR sys-
tems (Applied Biosystems, Thermo Fisher, USA). Quan-
tification of target gene expressions was analyzed by the 
2−ΔΔCt method, normalized to the expression of glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) gene, 
and was presented as mean ± SD of replicates. The primer 
sequences used in qRT-PCR are described in Table S2.

Immunofluorescence for cell staining
Cells cultured on the nanocomposite membranes were 
fixed with 4% paraformaldehyde for 15  min. After 
washed three times with PBS, 0.5% Triton X-100 was 
added to permeabilize the cells for 15 min. Subsequently, 
cells were blocked with 5% bovine serum albumin (BSA) 
for 1 h at room temperature, followed by incubation with 
primary antibodies (1:200) respectively in a humidi-
fied chamber at 4  °C overnight. Then the samples were 
washed three times and incubated with Coralite488-
conjugated Goat Anti-Rabbit IgG(H + L) secondary anti-
body (1:200) (Proteintech, USA) respectively for 1  h at 
room temperature. Cytoskeleton was stained with TRITC 
Phalloidin (YEASEN, China) for 30  min and cell nuclei 
were counterstained with 4′,6-Diamidino-2-phenylin- 
dole (DAPI, Sigma, USA) for 5  min. Images were cap-
tured using a laser-scanning confocal microscope (Nikon 
A1-Si, Japan). The primary antibodies used in immuno-
fluorescence are described in Table S3.

RNA sequencing
BMSCs were cultured on PDA@PVFT/PU nanocom-
posite membranes in continuous and circular NIR irra-
diation for 7 days. Then, cell lysates were collected using 
TRIZOL (TaKaRa, Japan) according to the manufactur-
er’s instructions. Three independent replicate samples 
from two groups were sent to Beijing Novogene Co, 
Ltd. for the global transcriptome analysis. Before tran-
scriptome sequencing, the samples were subjected to 
quality-control inspection, including: (i) RNA concentra-
tion > 50ng/uL, total amount > 1.5 µg; (ii) the 260 nm/280 
nm absorbance ratio was nearly within the range of 1.8–
2.1, and the sample was free of macromolecular pollu-
tion; (3) the sample remains intact without degradation.

In the differential expression analysis, DESeq2 was 
applied to identify differentially expressed genes. Dif-
ferentially expressed genes (DEGs) were chosen as 
p-value < 0.05 and |FoldChange| ≥ 1. For Gene Ontol-
ogy (GO) enrichment analysis of DEGs, clusterProfiler 
R package was implemented. GO terms with corrected 
p-value < 0.05 were considered significantly enriched by 
DEGs. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis of differentially-expressed 
genes was also performed by clusterProfiler R package. 
Differentially-expressed genes were significantly enriched 
for KEGG pathways with a p-value less than 0.05.

Intracellular Ca2+ concentration detection
Intracellular Ca2+ concentration was assessed by Fluo-4 
AM (Beyotime, China) following the manufacturer’s pro-
tocols. BMSCs were seeded on the membranes and cul-
tured for 24  h. After washed with phosphate-buffered 
saline (PBS) three times, the cells were stained by Fluo-4 
AM solution (5µmol/L) for 20 min at 37 °C. The images 
were captured with a confocal microscope (Nikon A1-Si).

Mitochondrial membrane potential assay
Mitochondrial membrane potential was detected by 
Mitochondrial Membrane Potential Assay Kit (Beyotime, 
China) following the manufacturer’s protocols. JC-1 is a 
cationic dye that exhibits potential-dependent accumula-
tion in mitochondria. In cells with higher mitochondrial 
membrane potential, JC-1 aggregates in the matrix of 
mitochondria and forms the red fluorescent aggregates. 
However, in cells with lower mitochondrial membrane 
potential, JC-1 does not aggregate and exists as a green 
fluorescent monomer. After washed with JC-1 Staining 
Buffer three times, the cells were stained by JC-1 working 
solution for 30 min at 37  °C. The images were captured 
with a confocal microscope (Nikon A1-Si), and mito-
chondrial membrane potential change can be indicated 
by the red/green fluorescence intensity ratio.
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Animal experiments
All animal experiments were authorized by the Animal 
Ethics Committee of Tongji Medical College (Wuhan, 
China) and approved by the Institutional Animal Care 
and Use Committee of Tongji Medical College (Wuhan, 
China).

Adult male Sprague-Dawley (SD) rats at the age of 6–8 
weeks were used in this study to created cranial bone 
defects. The SD rats were allowed to accommodate to our 
laboratory environment for one week before the experi-
ment. The rats were anesthetized and surgically exposed 
with dorsal cranium. Then a 5-mm diameter trephine 
was used to create bilateral cranial defect models. Two 
parallel circular full-thickness bone defects were cut out 
of the skull and covered with different membranes. The 
treatments were divided into six groups (n ≥ 6 per group): 
(1) sutured without membrane (Control), (2) covered 
with PVFT membrane (PVFT), (3) covered with PVFT/
PU nanocomposite membrane (PVFT/PU), (4) covered 
with PDA@PVFT/PU nanocomposite membrane with-
out NIR irradiation [PDA@PVFT/PU(NIR-)], (5) cov-
ered with PDA@PVFT/PU nanocomposite membrane 
with continuous NIR irradiation [PDA@PVFT/PU(NIR+, 
Con)], (6) covered with PDA@PVFT/PU nanocomposite 
membrane with circular NIR irradiation [PDA@PVFT/
PU(NIR+, Cir)]. After suture removed, Rats implanted 
PDA@PVFT/PU nanocomposite membranes started to 
be treated with continuous or circular NIR irradiation 
(0.5 W/cm2, 10 min) every day on the right-side defects, 
with the left side untreated. For 30 days and 60 days after 
treatment, the rats were sacrificed respectively to acquire 
the skull specimens for further evaluation.

Micro-CT scanning evaluation
The cranial specimens were fixed with 4% paraformal-
dehyde for 24  h. Then the samples were scanned using 
a micro-CT scanner (Inveon Multimodality Scanner; 
Siemens, Erlangen, Germany) at a resolution of 9 μm to 
assess new bone formation. After 3D reconstruction of 
the images by the micro-CT system software package, 
the region of interest (ROI) was circled around the defect 
area at a diameter of 5 mm. Then, the percent bone vol-
ume ratio (bone volume/tissue volume, BV/TV), bone 
surface density (bone surface/tissue volume, BS/TV) and 
trabecular numbers (Trabecular Number, Tb. N) in the 
reconstructed ROI were calculated analyzed evaluate the 
level of bone regeneration.

Hematoxylin Eosin (H&E) staining
The skull specimens were decalcified with 10% EDTA 
decalcification solution after micro-CT scanning. When 
the bone tissue became soft, the samples were processed 
according to routine Hematoxylin Eosin (H&E) Stain-
ing procedures for morphological observation. Briefly, 

the samples were dehydrated, embedded in paraffin and 
cut into 4 μm thick sections. After deparaffinization and 
rehydration, the sections were subjected to hematoxy-
lin staining and differentiated with acid alcohol. Subse-
quently, the specimen sections were stained with eosin 
solution, followed by dehydration and clearing. Histolog-
ical images were captured by an optical microscope.

Masson’s trichrome staining
The paraffin sections were prepared as described above. 
For Masson’s trichrome staining, the tissue sections were 
first immersed in hematoxylin solution for nuclei stain-
ing. After differentiation, the sections were stained with 
trichrome staining solution, followed by routine dehy-
dration and clearing procedure. Relative images were 
obtained using an optical microscope.

Immunofluorescence for tissue staining
The paraffin-embedded cranial tissue sections were 
blocked with 5% bovine serum albumin (BSA) for 1 h to 
avoid non-specific staining. Subsequently, the sections 
were incubated with primary antibodies COL1A1 (1:200, 
ABclonal, China, A1352) and RUNX2 (1:200, ABclonal, 
China, A2851) at 4 ℃ overnight in a lucifugal chamber. 
The slides were then washed with PBS for three times, 
followed by incubation with Coralite488-conjugated 
Goat Anti-Rabbit IgG(H + L) secondary antibody (1:200) 
(Proteintech, USA) for 1 h in the dark. Cell nuclei were 
stained with DAPI for 5  min. The fluorescent images 
were captured with a confocal microscope (Nikon A1-Si, 
Japan). The primary antibodies used in immunofluores-
cence are described in Table S2.

Immunohistochemistry staining
The paraffin sections were prepared as described previ-
ously. The tissue sections were placed in EDTA antigen 
retrieval buffer (pH 9.0) and subjected to antigen retrieval 
in a microwave oven. After cooling, the slides were 
washed three times in PBS for 5 min each. Subsequently, 
the sections were incubated in 3% hydrogen peroxide 
solution at room temperature in the dark for 25 min to 
inhibit endogenous peroxidase activity. Then, 5% BSA 
was applied to the tissue sections to block non-specific 
binding at room temperature for 30  min. Afterwards, 
the sections were incubated overnight with relevant pri-
mary antibodies OPN (1:200, ABclonal, China, A1499) 
at 4 °C. After washing, the tissue sections were incubated 
with HRP-conjugated secondary antibodies (K5007, 
DAKO, Germany) corresponding to the species of the 
primary antibodies at room temperature for 1  h. After 
washing, fresh DAB coloration solution (K5007, DAKO, 
Germany) was added, and the reaction was stopped by 
rinsing the sections with distilled water. The sections 
were then counterstained with Harris hematoxylin for 
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approximately 3  min, differentiated in 1% hydrochlo-
ric acid alcohol for a few seconds, and blued with 1% 
ammonia water before being rinsed with running water. 
Finally, the sections were dehydrated and cleared in 75% 
and 85% ethanol, absolute ethanol, and xylene, and then 
transferred from xylene to neutral balsam for mounting. 
Images were obtained using an optical microscope.

Statistical analysis
All numerical data were presented as mean ± standard 
deviation (SD) and statistically analyzed using Graph-
Pad Prism 8.0 (GraphPad Software Inc., USA) with three 
or more replicate values. Significant differences were 
determined using Student’s t-test for comparison of two 
groups and one-way ANOVA with post-hoc Tukey’s test 
for multiple comparisons. The statistical significance 
was declared when *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001.

Conclusion
In conclusion, we successfully developed an electros-
pun membrane containing piezoelectric fibers inside, 
which was incorporated with HEPCP and equipped by 
photothermal-sensitive agents. The flexible piezoelec-
tric membrane was applied for bone regeneration which 
can respond to a remote NIR irradiation to achieve the 
biomimetic mechano-electrical coupling. Besides, cyclic 
NIR stimulation was applied to simulate the natural rule 
of diurnal shift of mechano-electrical coupling, which 
predominantly contributes to enhanced osteogenic dif-
ferentiation of BMSCs. This could mainly be explained 
by promotion in the cellular sensing and transduction 
of mechanical signals. Our study thus provides a feasible 
and high-performance strategy combining efficient elec-
trical and mechanical cues with local NIR application 
for promotion of bone repair, highlighting the promise 
of mechano-electrical coupling for clinical use in tissue 
repair.
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