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Abstract 

Electrical stimulation has been shown to regulate early immunity and late-stage osteogenesis in bone repair. How-
ever, achieving in-situ electrical stimulation in the form of self-power in vivo during the initial postoperative stages 
when the patients have limited mobility remains challenging. In this study, we developed a 3D-printed in-situ 
self-powered composite scaffold composed of shape memory polyurethane elastomers (SMPU) and polyvinylidene 
fluoride (PVDF) piezoelectric nanofibers. The composite scaffold demonstrates excellent shape memory perfor-
mance, allowing for minimally invasive implantation. During the shape memory process, the composite scaffold can 
provide mechanical force stimulation to PVDF nanofibers to generate charge. Therefore, self-power was achieved 
through the integration of the shape memory process and piezoelectric effects, and it can be used for in-situ elec-
trical stimulation during the initial postoperative period. Additionally, the composite scaffold can output voltage 
under continuous mechanical force stimulation, indicating that the patients can apply sustained mechanical force 
stimulation to the composite scaffold to output voltage through rehabilitation exercises when the patients regain 
mobility. Both cell experiments and animal studies confirmed that this composite scaffold can effectively regulate 
the immune microenvironment and enhance osteogenesis. This study successfully achieves in-situ electrical stimula-
tion in the form of self-power by integrating the shape memory process and piezoelectric effects, which is expected 
to be an effective repair strategy for bone tissue engineering.
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Introduction
Bone repair is a time-sequential process involving 
early-stage immune microenvironment modulation 
and late-stage osteogenesis [1, 2]. Studies have shown 
that electrical signals can effectively regulate immu-
nity and promote osteogenesis [3–6]. However, achiev-
ing in-situ electrical stimulation in  vivo remains a 
challenge. While implantable electrodes are widely 
used for in-situ electrical stimulation in bone repair, 
they require an external power source, complicat-
ing the treatment process [7]. Currently, the primary 
challenge in achieving in-situ electrical stimulation is 
enabling the electronic devices to apply electrical stim-
ulation spontaneously without reliance on external 
devices. Consequently, there is increasing interest in 
intelligent electronic devices with stimulus-responsive 
properties. Triboelectric and piezoelectric materials 
can generate charge under mechanical force stimula-
tion and are widely used in tissue engineering because 
they can provide electrical stimulation without the 
need for an external power source [8–10]. Shao et  al. 
[11] used polycaprolactone (PCL) and PVDF as raw 
materials to fabricate an ultrasonic electromechani-
cal treatment system for long-gap peripheral nerve 
repair using electrospinning technology. The nanofib-
ers can output voltage under ultrasound stimulation 
to improve the proliferation and the expression of 
neurotrophic factors in Schwann cells, as well as the 
neuronal growth and differentiation of PC12 cells. In 
addition, linearly aligned nanofibers provide nano-
topography-based contact guidance to further pro-
mote neurite outgrowth during regeneration. Hu et al. 
[12] fabricated PVDF nanofibers with random and 
aligned fiber orientations using electrospinning tech-
nology and further improved the piezoelectrical prop-
erties of nanofibers by high-temperature annealing. 
In this work, the authors demonstrated that the trac-
tion forces generated by cell adhesion and migration 
can induce the deformation of the nanofibers, trigger 

the piezoelectric effect of the nanofibers, and gener-
ate charge to stimulate the osteogenic differentiation 
of stem cells, realizing the self-triggering regulation 
of osteogenic differentiation by stem cells. Although 
the application of piezoelectric materials in tissue 
engineering has proved that they can generate electri-
cal signals for tissue repair without an external power 
source, the source of mechanical force has become 
the main challenge of piezoelectric materials to apply 
electrical stimulation spontaneously without relying 
on external devices. Most studies have used medical 
ultrasound devices to provide mechanical stimulation, 
failing to achieve in-situ electrical stimulation without 
relying on external devices [13–16]. Although relevant 
studies have proved that the traction force generated 
by cell adhesion and migration can stimulate piezoe-
lectric materials to produce electrical signals, whether 
the electrical signals generated by  this method can 
meet the needs of tissue repair remains to be studied. 
Previous studies have applied mechanical force stimu-
lation to triboelectric/piezoelectric electronic devices 
through rehabilitation exercises to achieve in-situ elec-
trical stimulation [17]. However, this approach is lim-
ited because many patients lack the ability to exercise 
during the initial postoperative stages. Moreover, the 
structure of most previously reported triboelectric/
piezoelectric electronic devices is primarily a complex 
two-dimensional structure, which poses challenges 
for minimally invasive implantation, and few of these 
devices have been applied in the form of scaffolds for 
bone defect repair [18–20]. You et al. successfully fab-
ricated triboelectric scaffolds based on poly(glycerol 
sebacate) (PGS), poly(3,4-ethylenedioxythiophene) 
(PEDOT), and polystyrene sulfonate (PSS), which can 
achieve in-situ electrical stimulation through frictional 
contact during human exercise [21]. Unfortunately, 
these scaffolds are also unsuitable for use during the 
initial postoperative period due to the patient’s limited 
exercise ability. Therefore, there is a critical need to 
develop minimally invasive implantable self-powered 
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bone tissue engineering scaffolds that can achieve 
time-sequential regulation of immune microenviron-
ment and osteogenesis during bone repair.

Shape memory polymers (SMPs) can fix the temporary 
shape and recover the permanent shape under specific 
external stimuli, such as room temperature and physi-
ological temperature. This phenomenon is referred to 
as the shape memory effect [22–25]. SMPs are particu-
larly advantageous for bone repair applications due to 
their excellent minimally invasive implantation perfor-
mance. The SMP scaffold with a temporary shape can 
be implanted through smaller incisions and recover to 
the original shape after implantation [22, 26]. Lai et  al. 
[27] prepared a near-infrared-responsive shape-memory 
bone repair scaffold using shape-memory polyurethane 
and magnesium nanoparticles as raw materials. The scaf-
fold can be compressed into a small size before implan-
tation, which could be easily implanted into the defect 
site. After implantation, the scaffold can recover the 
original shape and completely fill the defect site under 
near-infrared light irradiation. Zhao et al. [25] prepared 
a photothermal-responsive shape memory bone tissue 
engineering scaffold (BP/peptide/TCP/P(DLLA-TMC)) 
by incorporating black phosphorus nanosheets and oste-
ogenic peptide into β-tricalcium phosphate/poly(lactic 
acid-co-trimethylene carbonate) (TCP/P(DLLA-TMC)) 
nanocomposite scaffold. The scaffold can be compressed 
into a small size before implantation, which can be easily 
implanted into the defect site by minimally invasive sur-
gery. After implantation, the scaffold’s temperature can 
quickly increase to 45 ℃ and recover its original shape 
under near-infrared light irradiation. Due to the shape 
reconstruction property of the scaffold, the scaffold can 
fit the irregular bone defect boundary well. Additionally, 
the scaffold has sufficient compressive strength at physi-
ological temperature to provide long-term mechanical 
support. Research has shown that the shape-recovery 
process of SMPs involves the release of mechanical 
energy [28]. By combining flexible piezoelectric materials 
with SMPs, it is possible to prepare composite scaffolds 
that can provide mechanical force stimulation to induce 
deformation in the piezoelectric materials during the 
shape-memory process. According to the literature, flex-
ible piezoelectric materials such as PVDF can generate 
charge when they undergo deformation, such as bending 
by mechanical force stimulation [29]. Based on this strat-
egy, the composite scaffold is expected to achieve in-situ 
self-power and be used to modulate the immune micro-
environment during the initial postoperative period. Fur-
thermore, bone tissue, particularly load-bearing bones, 
can experience compression during physical activity, 
resulting in mechanical force absorption and deforma-
tion [30]. Therefore, as treatment progresses, patients can 

apply sustained mechanical force stimulation to the com-
posite scaffold through rehabilitation exercises when they 
regain exercise ability, enabling the composite scaffold 
to output voltage for bone repair. Despite this combined 
strategy’s potential for bone defect repair, no similar 
designs have been reported to date.

In this study, we developed an in-situ self-powered 
composite scaffold composed of SMPU and PVDF using 
3D printing and electrospinning technology (Fig. 1). The 
composite scaffold features a customized three-dimen-
sional structure, can achieve structural and functional 
transformation at physiological temperatures, and has 
the ability for minimally invasive implantation. After 
undergoing a shape memory process, the composite scaf-
fold can generate a surface static voltage of approximately 
− 0.34  kV. Furthermore, the composite scaffold can 
continuously output voltage under sustained mechani-
cal force stimulation. Both cell experiments and animal 
studies demonstrated that this scaffold can effectively 
modulate immunity and facilitate osteogenesis. This 
research presents an innovative approach to developing 
in-situ self-powered 3D-printed scaffolds that achieve 
self-power by integrating the shape memory process 
and piezoelectric effects, providing a simple and efficient 
method for in-situ electrical stimulation in bone defect 
repair.

Materials and methods
Materials
Polyvinylidene Fluoride (PVDF) was purchased from 
Macklin. Polycaprolactone diol (PCL) with a molecu-
lar weight (Mn) of 2000 was purchased from Aladdin. 
Hexamethylene diisocyanate (HDI) and castor oil were 
also purchased from Aladdin. N, N-dimethylformamide 
(DMF), and hexafluoroisopropanol were obtained from 
Innochem; acetone was purchased from Sinopharm. All 
reagents were used as received without any pretreatment.

Fabrication of arranged and random PVDF nanofibers
Two types of PVDF nanofibers were prepared using elec-
trospinning technology (SS-3556H, Yongkang Leye Tech-
nology Development, China). The PVDF particles were 
mixed with a solvent mixture of DMF and acetone (mass 
ratio: 2:3), and the solution was stirred overnight at 80 ℃. 
After cooling to room temperature (23 ± 2 ℃), nanofib-
ers were fabricated via electrospinning technology. The 
electrospinning parameters were set as follows: a solution 
feed rate of 1 mL/h, a high voltage of 20 kV, a distance of 
13 cm between the needle and collector, and a collector 
rotation rate of 2000 rpm.
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Characterization of PVDF nanofibers
The microstructure of PVDF nanofibers was analyzed 
using a scanning electron microscope (SEM, JSM-7500F, 
JEOL Japan), and the scanning voltage was set at 15 kV. 
X-ray diffraction (XRD, Bruker D8 ADVANCE, Ger-
many) and Fourier-transformed infrared spectroscopy 
(FT-IR, NICOLET iS10, USA.) were employed to analyze 
the crystalline structure of the nanofibers.

Fabrication of SMPU printable ink and scaffolds
In order to make SMPU have high repeatability, the 
material formulation and experimental conditions have 
been optimized several times, and finally, a mature prep-
aration process has been obtained. All samples were pre-
pared in the same time frame, using the same equipment 
and conditions, further enhancing the sample’s repeat-
ability. SMPU prepolymers were prepared as follows. 
First, PCL and castor oil were dehydrated at 80 ℃ under 
vacuum conditions for 12  h. Then, PCL, castor oil, and 
HDI were mixed and stirred at 90 ℃ under a nitrogen 

Fig. 1 Schematic diagram of preparation and design concept of the 3D printed in-situ self-powered scaffold. A The preparation process 
of the 3D printed in-situ self-powered scaffold. B The mechanism of achieving in-situ self-power in vivo by integrating the shape memory process 
and piezoelectric effect. The scaffolds feature a customized structure capable of structural and functional transformation triggered by physiological 
temperature, which can be used for minimally invasive implantation. During the initial postoperative period, the scaffold can generate electrical 
charge through the shape memory process to modulate the immune microenvironment. As treatment progresses, continuous mechanical force 
stimulation can be applied to the scaffold through rehabilitation exercises when the patient regains exercise ability, enabling the scaffold to output 
voltage and stimulate stem cell osteogenic differentiation
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atmosphere for 40  min to synthesize polyurethane pre-
polymer. The resulting polyurethane prepolymer was 
mixed with sodium chloride (NaCl) particles (mass ratio: 
1:2.5) to prepare the printable ink. The SMPU scaffold 
was fabricated using fused deposition modeling (FDM) 
technology (Bio-Architect®SR, Regenovo, China). The 
processing parameters were as follows: a scanning rate of 
0.001 mm/s, a needle diameter of 500 µm, and material 
barrel and needle temperature of 60 ℃ and 50 ℃, respec-
tively. After printing, the scaffold was cured at 80 ℃ for 
24  h. Subsequently, it was soaked in ultrapure water to 
eliminate the NaCl particles.

Fabrication of PVDF‑SMPU composite scaffolds
The composite scaffolds were prepared by adhering 
PVDF nanofibers to the SMPU scaffolds. First, an adhe-
sive solution was prepared by dissolving PCL (molecu-
lar weight: 50,000) in hexafluoroisopropanol at a mass 
ratio of 15%. The SMPU scaffold surface was coated with 
PCL solution as an adhesive layer. The PVDF nanofiber 
was then attached to the scaffold surface to form a com-
posite scaffold. The composite scaffold was subsequently 
dried in an oven (40 ℃, 48  h) to eliminate residual 
hexafluoroisopropanol.

Microstructural analysis of SMPU scaffolds and PVDF‑SMPU 
composite scaffolds
FT-IR was conducted to confirm the successful syn-
thesis of SMPU, and the spectral wavelength range was 
recorded as 4000–400   cm−1. The microstructure of 
SMPU scaffold and PVDF-SMPU composite scaffold was 
observed using an SEM.

In vitro shape memory performance analysis of SMPU 
scaffolds and PVDF‑SMPU composite scaffolds
The scaffold’s shape transition temperature was evaluated 
using differential scanning calorimetry (DSC, DSC2500, 
TA USA). The scaffold’s shape memory performance 
was evaluated by dynamic mechanical analysis (DMA, 
DMA850, TA USA).

In vivo shape memory performance analysis of SMPU 
scaffolds
To evaluate the in  vivo minimally invasive implantation 
and shape memory process of the composite scaffold, a 
male Sprague Dawley rat weighing 170 g and aged three 
weeks was anesthetized using pentobarbital sodium, and 
the indocyanine green-loaded temporary shape memory 
scaffold was implanted subcutaneously using a minimally 
invasive procedure. The shape memory behavior of the 
scaffold under physiological temperature was monitored 
using an imaging system (IVIS®Lumina III, PerkinElmer, 
USA).

Degradation behavior and surface hydrophilicity analysis 
of SMPU scaffolds and PVDF‑SMPU composite scaffolds
A contact angle detector (DSA30, Germany) was used to 
measure the scaffold’s water contact angle (WCA). Deg-
radation assays were performed in triplicate by incubat-
ing preweighed scaffolds (1 × 1 × 1  cm3) in 10 mL of PBS 
solutions containing 2000 U/mL lipase (pH = 7.4) at 37 ℃ 
under agitation (60  rpm) for 7 days. At the end of each 
time point, the scaffolds were carefully extracted, rinsed 
with water, dried, and weighed to quantify degradation.

Piezoelectric properties of PVDF nanofibers 
and PVDF‑SMPU composite scaffolds
A quasi-static  d33 piezoelectric coefficient testing device 
(ZJ-3A, China) was used to measure the piezoelec-
tric coefficient  (d33) of PVDF nanofibers. All samples 
(2.5 × 2.5) used for  d33 testing were prepared under the 
same conditions, and three groups of parallel samples 
at the same annealing temperature underwent the same 
annealing process. Before testing, all samples under-
went the same polarization process with an oil bath 
polarization mode and a 3 kV polarization electric field. 
To investigate the changes in the surface static voltage 
under ultrasound and mechanical force stimulation, a 
surface static voltage detector (JH-TEST, China) was 
used to measure the surface static voltage of the nanofib-
ers (3 × 3 cm) at varying ultrasound power (0 W/cm2, 0.4 
W/cm2, 0.5 W/cm2 and 0.6 W/cm2) and different levels 
of mechanical force intensities (0 N, 1 N, 2 N, 3 N, 4 N 
and 5 N; tensile force). The voltage output of the compos-
ite scaffold under continuous mechanical force stimula-
tion was measured using an ultrasonic therapy device 
(DJO 2776, USA) and a mechanical impact device, and 
the output voltage was recorded through an electrom-
eter (Keithley 6514, USA). The sample preparation pro-
cess was as follows: the top and bottom of a composite 
scaffold (3 × 3 cm) were connected with two copper foils 
as the upper and lower electrodes, respectively, to form 
a sandwich-like structure, and the upper and lower elec-
trodes were in close contact with the sample. The cop-
per foil size was 2 × 2 cm to prevent short circuits from 
contacting the upper and lower electrodes. Then, copper 
wires were connected to the bottom and top electrodes 
for wiring. Note that the wiring directions of the two cop-
per wires need to be staggered to prevent short circuits 
from contact. Two PET sheets (5 × 5  cm) were placed 
on the electrode with tape, and pressure was applied to 
make the sample compact and avoid triboelectric effects. 
To detect voltage output under ultrasound stimulation, 
the prepared sample was placed in close contact with 
the probe of the ultrasound therapeutic device, and two 
copper wires were connected to the electrometer. The 
ultrasound frequency was set to 1 MHz, and the output 
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power of the ultrasound therapeutic device was adjusted 
(1 W/cm2, 1.5 W/cm2, and 2 W/cm2) to detect the volt-
age output of the sample at different ultrasound powers. 
For the voltage output under repeated mechanical impact 
conditions, the sample was fixed to the force plate of the 
mechanical impact device, and two copper wires were 
connected to the electrometer. The distance between 
the mechanical lever arm and the sample was adjusted 
so that each mechanical impact produced a compressive 
strain of 2% on the sample. The impact frequency was set 
as two cycles per second. A surface static voltage detector 
was used to monitor the surface electrostatic potential 
before and after the shape memory process.

Methods for biomineralization, in  vitro biocompat-
ibility, immunofluorescence staining, RT-qPCR, Western 
blot, and in vivo bone defect repair performance evalua-
tion, etc. were described in the Experimental Section of 
supplementary materials.

Statistical analysis
Quantitative data were analyzed using one-way analy-
sis of variance (ANOVA) using Origin 8.5. Results were 
presented as the mean ± standard deviation for n ≥ 3. A 
p-value ≤ 0.05 is considered statistically significant, while 
a p-value ≤ 0.01 indicates a highly significant difference 
between groups.

Results and discussion
Preparation and characterization of PVDF nanofibers
As a piezoelectric polymer, PVDF has excellent bio-
compatibility and remarkable piezoelectric properties 
and can generate polarized charges similar to naturally 
piezoelectric bone tissue when subjected to mechanical 
force stimulation. Additionally, PVDF can deform under 
mechanical force stimulation due to its good flexibility, 
allowing it to adapt to the shape change of the compos-
ite scaffold. Therefore, we chose PVDF as the piezoelec-
tric component for the composite scaffold. Two types of 
PVDF nanofibers were prepared using the electrospin-
ning technology (Fig.  2A). The PVDF nanofibers with 
aligned fibers were named A-PVDF, while the others 
with random fibers were named R-PVDF. SEM images 
(Fig. 2B) revealed that A-PVDF exhibits a highly aligned 
fiber orientation, whereas R-PVDF shows a random fiber 
orientation. The average fiber diameters were measured 
as 430 ± 7 nm (A-PVDF) and 470 ± 5 nm (R-PVDF). The 
crystalline phase of PVDF is essential for its piezoelectric 
characteristics, and the β phase is recognized for exhib-
iting the most significant piezoelectric activity among 
the five crystalline forms in PVDF [31–36]. Addition-
ally, annealing can enhance the β-phase content of PVDF 
significantly [34]. In this study, PVDF nanofibers were 
subjected to annealing to increase the β phase content. 

XRD and FT-IR analyses (Fig. 2C, D) confirmed that the 
original A-PVDF exhibited a higher β phase content than 
the original R-PVDF. Under identical annealing condi-
tions, the A-PVDF also had higher β phase content than 
R-PVDF. This result is attributed to the stronger mechan-
ical stretching experienced by A-PVDF during the prepa-
ration process, which increases its polarization degree, 
resulting in a higher β phase content. The above findings 
indicate that the A-PVDF has a higher β phase content 
than R-PVDF and exhibited the highest β phase content 
after being annealed at 120 ℃.

The piezoelectric coefficient  d33, a vital parameter in 
describing piezoelectric performance, represents the 
proportional relationship between the charge generated 
by the piezoelectric strain along a particular direction 
and the applied electric field under the action of the elec-
tric field. The  d33 values of PVDF nanofibers were meas-
ured to evaluate their piezoelectric properties (Fig.  2E). 
The results showed that the  d33 values for the original 
A-PVDF (4.3 ± 0.2) were higher than those of the origi-
nal R-PVDF (4.0 ± 0.1). After annealing at 120 ℃, the  d33 
values increased to 7.9 ± 0.1 for A-PVDF and 6.2 ± 0.3 for 
R-PVDF. This result indicates that annealing at 120  ℃ 
leads to the highest  d33 values. The annealing process can 
promote the transformation of the non-polar α-phase 
into the polar β-phase. During the annealing process, the 
internal stresses within the PVDF are relieved, allowing 
the polymer chains to reorganize under thermodynamic 
driving forces. This reorganization promotes the transfor-
mation of the non-polar α-phase into the polar β-phase, 
which is known for its superior piezoelectric properties 
[37–39]. Based on these findings, all the nanofibers used 
in the subsequent experiments were annealed at 120 ℃. 
According to the literature, PVDF can generate charge 
under mechanical force stimulation, and the charge can 
accumulate on the surface, forming static voltage [40]. 
Ultrasound stimulation and tensile force were applied to 
PVDF nanofibers to evaluate their piezoelectric perfor-
mance further. As shown in Figure S1, increasing ultra-
sound power and tensile force resulted in higher surface 
static voltage for both A-PVDF and R-PVDF. However, 
A-PVDF consistently displayed a higher surface static 
voltage under identical conditions, highlighting its supe-
rior piezoelectric performance.

Previous studies have demonstrated that the PVDF 
can output voltage when subjected to repeated bending 
deformation under continuous mechanical force stimula-
tion, and higher mechanical force stimulation can cause 
larger bending angles, resulting in higher voltage output 
[41]. Therefore, to evaluate the voltage output perfor-
mance of PVDF nanofibers under continuous mechanical 
force stimulation, the voltage output of PVDF nanofib-
ers was measured by repeatedly bending the PVDF 
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nanofibers at various angles (Figure S2). Results showed 
that both nanofibers could continuously output voltage, 
with the voltage output increasing proportionally to the 
bending angle. Additionally, A-PVDF exhibited superior 

voltage output compared to R-PVDF. These results con-
firm that the prepared PVDF nanofibers possess excellent 
piezoelectric properties and can generate charge under 
mechanical force stimulation.

Fig. 2 Characterization of PVDF nanofibers. A The preparation process of PVDF nanofibers; B The SEM image of PVDF nanofibers (b1: aligned fibers; 
b2: random fibers). C, D The FT-IR and XRD pattern of PVDF nanofibers after annealing treatment at different annealing temperatures (A: aligned 
fibers (A-PVDF); R: random fibers (R-PVDF); E The piezoelectric coefficient of PVDF nanofibers after annealing treatment at different annealing 
temperatures; F The DSC curves of SMPU with different PCL: castor oil molar ratios; G, H The stress–strain curves of SMPU and corresponding tensile 
modulus (n = 3; error bars represent standard deviation) 
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Preparation and characterization of SMPU
The shape memory component is another critical com-
ponent in the composite scaffold besides piezoelectric 
materials. The PVDF can experience deformations such 
as bending and stretching when the composite scaffold 
undergoes shape changes such as compression, bend-
ing, and stretching. Consequently, the composite scaf-
fold can apply mechanical force stimulation to the PVDF 
to generate charge through the scaffold’s shape memory 
process, achieving in-situ self-power. Additionally, the 
shape memory properties contribute to the composite 
scaffold’s minimally invasive implantation capability. The 
composite scaffold can be compressed to a minimal size 
before implantation, allowing it to pass through smaller 
incisions and recover the original size under physiologi-
cal temperature. In this study, SMPU was selected as the 
shape memory component due to its exceptional shape 
memory performance, biocompatibility, and ease of fab-
rication. The SMPU prepolymer was synthesized using a 
one-step method using PCL, HDI, and castor oil as raw 
materials (Figure S3). In this formulation, PCL is the 
soft segment, providing flexibility and toughness. HDI 
is the hard segment, offering hardness and wear resist-
ance. Castor oil plays a role in plasticization and tough-
ening. The FT-IR analysis of the synthesized SMPU is 
shown in Figure S4. The peaks observed at 3390   cm−1 
and 1722  cm−1 are attributed to the stretching vibrations 
of –N–H and C=O groups, respectively, which suggests 
the presence of an amide bond. The characteristic peak 
(2250 ∼  2270   cm−1) for the NCO– group is not found 
in the spectrum, indicating that the NCO- group reacts 
completely [42, 43]. The above results validate the suc-
cessful preparation of SMPU.

The melting temperature (Tm) is a critical parameter of 
temperature-response SMPs representing the threshold 
that triggers the shape memory behavior. In this study, 
SMPUs with varying molar ratios of PCL to castor oil 
were prepared, and their Tm values were determined 
using DSC (Fig. 2F). Results showed that decreasing the 
molar ratio of PCL led to an increase in Tm. The reduc-
tion of PCL content is accompanied by the increase of 
castor oil content, which increases the length of the 
molecular chain in SMPU and improves its heat resist-
ance [42, 44, 45]. Because the shape recovery of the scaf-
fold needs to be triggered by physiological temperatures, 
the Tm of the SMPU must be below 37 ℃. In the above 
samples, the Tm of SMPUs with a molar ratio of PCL to 
castor oil of 1:0.8 and 1:1.2 is below 37 ℃. To obtain the 
SMPU with optimal mechanical properties in which the 
Tm is below 37 ℃, tensile testing was performed on the 
two SMPUs (Fig. 2G). Analysis of the stress–strain curves 
revealed tensile moduli of 53 ± 1.7 MPa for SMPU (1:0.8) 
and 88 ± 1.2 MPa for SMPU (1:1.2) (Fig. 2H). The results 

indicated that increasing castor oil content enhanced the 
mechanical properties of SMPU. Furthermore, evaluation 
of maximum tensile strain (Figure S5) showed that SMPU 
(1:1.2) achieved a maximum tensile strain of 1164%, com-
pared to 769% for SMPU (1:0.8). This result highlights 
that SMPU (1:1.2) exhibits superior tensile performance 
and ductility, enabling it to undergo more considerable 
shape change during the shape memory process.

The shape memory process of SMPs involves energy 
absorption and release [46, 47]. The work output is a key 
indicator of energy release performance and reflects the 
amount of mechanical energy released during the shape 
recovery process [48]. A higher work output indicates 
that the SMPs can release more mechanical energy dur-
ing the shape recovery process. In this study, to assess 
the work output of the SMPU, pre-stretched SMPU thin 
splines were subjected to a 100 g load, and shape recov-
ery was triggered using a heat source. Results (Figure S6) 
showed that SMPU (1:1.2) exhibited significantly higher 
work output compared to SMPU (1:0.8). This finding sug-
gests that increasing the castor oil content enhances the 
energy release capability of SMPU during shape recovery, 
enabling the scaffold to apply greater mechanical force 
stimulation to the PVDF and generate more charge.

Based on the above results, the SMPU (1:1.2) was 
selected for subsequent scaffold preparation. This for-
mulation combines excellent mechanical properties, high 
ductility, and superior work output while maintaining 
a Tm of 33 ℃, which can trigger shape recovery under 
physiological conditions.

To evaluate the degradation behavior of SMPU, SMPU 
samples were immersed in PBS containing 2000 U/mL 
lipase at 37 ℃. The degradation kinetics of SMPU (Figure 
S7) showed that the degradation rate of SMPU can reach 
9.8% within 7 days, demonstrating its favorable degrada-
tion characteristics and is suitable for bone defect repair.

Preparation and characterization of PVDF‑SMPU composite 
scaffold
The SMPU prepolymer was mixed with NaCl parti-
cles (60–80  µm) in a series of proportions (1:1, 1:2.5, 
and 1:3 for mass ratio) to prepare the printable ink. To 
determine the appropriate proportion of ink composi-
tion, the ink cylinders were fabricated for shape reten-
tion experiments. Considering the curing temperature 
of polyurethane, which ranges from 60 ℃ to 80 ℃ [49], 
the shape retention experiments were conducted at 80 ℃. 
The results (Figure S8) indicated that the ink cylinders 
achieved optimal shape retention when the mass ratio 
of SMPU to NaCl was equal to or exceeded 1:2.5. Addi-
tionally, although the shape retention performance of the 
printable ink with a mass ratio of 1:3 was better than that 
of the printable ink with a mass ratio of 1:2.5, we found 
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that the printable ink with this mass ratio was difficult to 
print smoothly in the subsequent printing process of the 
scaffold, which was manifested as difficult extrusion and 
the extruded filament was easy to break. Consequently, 
the mass ratio of 1:2.5 was selected for the subsequent 
scaffold printing. The SMPU scaffold was fabricated 
using FDM technology (Fig.  3A). Figure S9 presents 
the overall image and SEM image of the SMPU scaffold 
before and after the removal of NaCl particles. The result 
demonstrated that the scaffold maintained its structural 
integrity after removing NaCl particles and exhibited 
porous microstructure. Figure 3B illustrates the scaffold’s 
morphology at both macroscopic and microscopic levels. 
The prepared scaffold had a three-dimensional porous 
structure, which could fill defect sites and promote cell 

proliferation and migration in bone repair. The mechani-
cal properties analysis of the SMPU scaffold (Fig.  3C) 
revealed a compressive modulus of 2.4 ± 0.4 MPa. These 
results indicate that the scaffold possesses a three-dimen-
sional porous structure with favorable mechanical prop-
erties, making it suitable for bone tissue engineering.

DMA was used to assess the scaffold’s shape memory 
capabilities (Fig. 3D), and the result showed that the scaf-
fold could maintain a fixed shape well. Upon heating, 
the scaffold could gradually recover to its original shape. 
The shape fixity rate (Sf ) and shape recovery rate (Sr) of 
the scaffold exceed 98% (Figure S10), indicating excel-
lent shape memory performance. As the temperature 
exceeds Tm, the soft segments within the SMPU molecu-
lar chain transition from a crystalline state to a molten 

Fig. 3 The shape memory properties of scaffolds. A The preparation process of the SMPU scaffold; B The overall image and SEM image of the SMPU 
scaffold; C The stress–strain curve of the SMPU scaffold, the strain range used for measurement is 0%–10%; D The DMA curve of the SMPU 
scaffold; E In vivo simulation of the SMPU scaffold for the minimally invasive implantation and shape memory process; F The preparation process 
of the PVDF-SMPU composite scaffold; G The overall image of the composite scaffold and the SEM image of the bonding interface of PVDF 
and SMPU in the composite scaffold; H In vitro simulation of composite scaffolds (AF) for the shape memory process. n = 3
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state, then the SMPU can deform and be prepared into 
various shapes under external forces. As the tempera-
ture drops below Tm, the soft segments will crystallize 
again, allowing the SMPU to retain a fixed temporary 
shape. Once the temperature rises above the Tm again, 
the molecular chains can transition from a crystalline 
state to a molten state again, and the presence of hard 
segments can prevent plastic deformation during the 
deformation process, contributing to an enhanced ability 
of the SMPU to recover its original shape. To evaluate the 
minimally invasive implantation capability of the scaf-
fold, a compressed scaffold was implanted into a simu-
lated bone defect model and underwent a shape recovery 
at 37 ℃. The results (Figure S11) showed that the scaf-
fold fully recovered its original shape and filled the defect 
site under physiological temperature conditions (37 ℃), 
demonstrating that the scaffold exhibits excellent shape 
memory performance and can fulfill the requirements for 
minimally invasive implantation.

To further assess the scaffold’s minimally invasive 
implantation performance and physiological tempera-
ture-triggered shape recovery performance, a scaffold 
loaded with the fluorescent dye indocyanine green was 
fixed in a temporary shape and implanted subcutane-
ously in rats via a minimally invasive approach. Fluores-
cence imaging was employed to monitor the scaffold’s 
shape recovery at physiological temperature. As shown in 
Fig. 3E, the compressed scaffold was implanted through 
a small incision and fully recovered its original shape 
within 30  min at physiological temperature, confirm-
ing excellent shape memory performance and minimally 
invasive implantation performance.

PVDF nanofibers were bonded onto the SMPU scaf-
fold’s surface with a PCL adhesive to prepare the com-
posite scaffold (Fig.  3F), the composite scaffold was 
denoted as PVDF-SMPU, and this design combines 
the shape memory properties of SMPU with the piezo-
electric properties of PVDF to create a multifunctional 
scaffold for bone defect repair. Figure  3G displayed the 
morphological characteristics of the composite scaffold 
at both macroscopic and microscopic levels. The SEM 
images reveal an intense and fused interface between 
the nanofibers and the SMPU scaffold, which ensures 
tight bonding between the scaffold and nanofibers. This 
robust interface prevents PVDF detachment or loosening 

during the shape change process of the composite scaf-
fold, enabling the PVDF to adapt fully to the composite 
scaffold’s shape memory behavior and receive mechani-
cal force stimulation. Figure  3H illustrates the shape 
memory capabilities of the composite scaffold. The com-
posite scaffold was deformed into a temporary shape at 
60 ℃, fixed at 4 ℃, and returned to its original shape once 
heated to 37 ℃. These results further demonstrated the 
shape memory performance of the composite scaffold. 
Notably, the PVDF nanofibers can undergo deformation 
during the composite scaffold’s shape memory process 
and remain tightly bonded post-recovery, further validat-
ing the interface’s stability. This strong adhesion ensures 
that the PVDF nanofibers fully receive mechanical force 
stimulation from the composite scaffold during the shape 
memory process, thereby achieving optimal piezoelectric 
effects.

In vitro biocompatibility evaluation of PVDF‑SMPU 
composite scaffold
Biocompatibility is a critical challenge for the tissue engi-
neering application of piezoelectric electronic devices. In 
this study, to evaluate the biocompatibility of the com-
posite scaffold, CCK-8 assays and live/dead fluorescent 
staining were performed. Prior to biocompatibility evalu-
ation, the WCA was measured to evaluate the composite 
scaffold’s surface hydrophilicity. As shown in Figure S12, 
the WCA of A-PVDF-SMPU (AF) was 64 ± 1.7°, and the 
WCA of R-PVDF-SMPU (RF) was 60 ± 2.3°. It is known 
that a water contact angle between 60° and 80° is gener-
ally considered to be the optimal range for cell adhesion 
and proliferation. Specifically, a contact angle of about 80° 
can effectively promote the adhesion and proliferation of 
bone marrow mesenchymal stem cells (BMSCs) [50, 51]. 
Additionally, it has been shown that a water contact angle 
of about 60° is also beneficial for the adhesion and prolif-
eration of macrophages and BMSCs [52]. This result indi-
cates that both scaffolds have good hydrophilicity, which 
is beneficial for the adhesion and proliferation of BMSCs 
and macrophages and can be used in subsequent cell and 
animal experiments.

Bone marrow mesenchymal stem cells (BMSCs) were 
used to assess the biocompatibility of the composite scaf-
fold. The CCK-8 results are shown in Fig. 4A. The results 
demonstrated that all composite scaffolds exhibited 

Fig. 4 In vitro biocompatibility assessment. A The CCK-8 result of BMSCs treated with different scaffolds. B SEM images of BMSCs seed 
on the scaffold surface after 24 h C Live/dead fluorescent staining result of BMSCs treated with different scaffolds (red fluorescence indicates dead 
cells, green fluorescence indicates live cells). D Immunofluorescence staining result of BMSCs treated with different scaffolds (blue represents cell 
nuclei, red represents actin network). The control group was operated without scaffold treatment. **p < 0.01, highly significant (n = 3; error bars 
represent standard deviation)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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excellent cell compatibility, with the cells treated with the 
composite scaffold continuously proliferating. The SEM 
was performed to observe the cell morphology on the 
composite scaffold surface (Fig. 4B). The results showed 
that BMSCs exhibited normal adhesion on the scaffold 
surface, displaying no abnormal morphology. Filopodia-
like extensions of the cells were observed, demonstrat-
ing the composite scaffold’s favorable biocompatibility. 
Live/dead fluorescence staining was conducted to evalu-
ate the composite scaffold’s biocompatibility (Fig.  4C). 
The results showed that BMSCs in all experimental 
groups survived and proliferated normally, further dem-
onstrating the biocompatibility of the composite scaf-
fold. Additionally, because the BMSCs could adhere and 
proliferate normally in each experimental group, and 
the number of cells in each experimental group was suf-
ficient, the visual difference between the staining results 
of the experimental groups was minor. The quantitative 
analysis results of live/dead fluorescence staining also 
showed that the composite scaffold had good biocom-
patibility and could continuously promote cell prolifera-
tion (Figure S13A and S13B). The hemolysis test further 
proved the biocompatibility of the scaffold. According 
to the results (Figure S14), the hemolysis rates of all the 
scaffolds were lower than 0.4, while complete hemoly-
sis occurred in the positive control group  (H2O), which 
proved the excellent biocompatibility of the scaffold. The 
cell scratch results (Figure S15) indicated that the AF 
group exhibited the most excellent cell migration effect, 
indicating that the composite scaffold can effectively 
promote cell migration and diffusion. Immunofluores-
cent staining of the cytoskeleton and nuclei (Fig.  4D) 
revealed that BMSCs cultured with the composite scaf-
folds exhibited typical stem cell morphology, with well-
organized actin networks and intact nuclei, confirming 
the favorable biocompatibility of the composite scaffold. 
Similar to the results of live/dead fluorescence staining, 
because all experimental groups had good biocompatibil-
ity and the number of BMSCs was sufficient, the visual 
difference between the staining results of the experimen-
tal groups was minor. The quantitative analysis results of 
immunofluorescence staining (Figure S13C) also showed 
that the composite scaffold had good biocompatibility 

and could continuously promote cell proliferation. The 
above findings confirm that the composite scaffold does 
not adversely affect the morphology, adhesion, or pro-
liferation of BMSCs. In conclusion, the composite scaf-
fold exhibited excellent biocompatibility and holds great 
potential for subsequent immunological and osteogenic 
analyses.

In vitro macrophage phenotype modulatory performance 
evaluation of PVDF‑SMPU composite scaffold
Patients with bone defects often experience limited 
mobility during the initial postoperative stage, which 
restricts their ability to provide mechanical force stimula-
tion to scaffolds through rehabilitation exercises. Previ-
ous shape memory characterization demonstrated that 
the composite scaffold possesses excellent shape memory 
performance, enabling recovery to its original shape at 
physiological temperatures. During this shape recovery 
process, the composite scaffold can output mechanical 
energy, which can stimulate PVDF to produce charge 
(Fig.  5A, B). To evaluate the charge generation capabil-
ity of the composite scaffold during the shape memory 
process, the surface static voltage of the composite scaf-
fold was measured using a surface static voltage detec-
tor before and after the shape recovery. The scaffold was 
then immersed in PBS, and its surface static voltage was 
remeasured after 7 days to evaluate its stability (Fig. 5C). 
The results show that the surface static voltage signifi-
cantly increased after the shape memory process, and 
the AF exhibited the highest surface static voltage of 
− 0.34 kV, indicating that the composite scaffold can pro-
vide mechanical force stimulation to PVDF to generate 
charge through the shape memory process. Furthermore, 
after immersion in PBS for 7 days, the surface static volt-
age remained above − 0.14 kV. Since PBS contains a large 
number of ions, such as calcium ions and phosphate ions, 
the surface charge of the composite scaffold will bind to 
these ions, causing a decrease in the surface static volt-
age. After the process reaches equilibrium, the decreas-
ing speed of the surface static voltage of the composite 
scaffold will be greatly slowed down and maintained in 
a relatively stable state [53–56]. According to the litera-
ture, the surface static voltage in the range of − 0.1 kV to 

(See figure on next page.)
Fig. 5 In vitro evaluation of macrophage phenotype modulation. A Schematic representation of the charge generated and accumulated 
on the composite scaffold after undergoing the shape memory process; B Original composite scaffold culture with cells; C Surface static voltage 
of the composite scaffold before and after the shape memory process and after 7 days in PBS (SP: the composite scaffold undergoes shape memory 
process); D The expression of phenotype-related genes ARG-1 (M2), CD206 (M2), iNOS (M1), TLR-2 (M1), and TLR-4 (M1) in RAW264.7 cells treated 
with different composite scaffolds; E Immunofluorescence staining results of CD86 (M1) and CD206 (M2) expression in RAW264.7 cells treated 
with different composite scaffolds. F Analyzed macrophage polarization by flow cytometry in RAW264.7 cells treated with different composite 
scaffolds. The control group was operated without scaffold treatment. *p < 0.05, significant **p < 0.01, highly significant (n = 3; error bars represent 
standard deviation)
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Fig. 5 (See legend on previous page.)
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− 4.9  kV contributed to bone defect repair. In particu-
lar, the surface static voltage from − 0.1 kV to − 0.25 kV 
showed good immunoregulatory and osteogenic effects, 
indicating that the composite scaffold could meet the 
requirements of immunoregulation and osteogenesis [53, 
57]. These findings indicate that the composite scaffold 
integrates the shape memory process with a piezoelectric 
effect, enabling in-situ electrical stimulation in the form 
of self-power for bone defect patients with limited exer-
cise ability during the initial postoperative period.

The regulation of the immune microenvironment dur-
ing the initial stages of scaffold implantation is critical for 
achieving successful bone repair [2, 58]. Previous stud-
ies have confirmed the important role of macrophages 
in immune regulation [59]. Electrical stimulation can 
induce macrophages to polarize from the M1 to the M2 
phenotype, with M2 macrophages capable of releas-
ing factors that regulate the inflammatory response and 
promote stem cell osteogenic differentiation [2, 60]. 
RAW264.7 cells were used to assess the immunomodula-
tory performance of the composite scaffold (Fig. 5A, B). 
Composite scaffolds that underwent the shape memory 
process were designated AF-SP and RF-SP, while those 
that did not were named AF and RF. The gene expression 
levels of macrophage phenotypic markers were analyzed 
using RT-qPCR (Fig.  5D). Macrophages treated with 
AF-SP exhibited the highest gene expression levels asso-
ciated with the M2 phenotype and the lowest expression 
levels related to the M1 phenotype. These findings con-
firm that the composite scaffold can provide mechanical 
force stimulation to PVDF to generate charge through 
the shape memory process, and the charge can promote 
macrophage M2 polarization. During the initial immune 
process, M1 macrophages are involved in the primary 
immune response and subsequently polarize towards the 
M2 phenotype to play a role in the bone repair process 
[61]. However, excessive M1 macrophages can exacer-
bate inflammation and delay the subsequent bone repair 
process [62–64]. The RT-qPCR results demonstrated that 
the composite scaffold undergoing the shape memory 
process effectively induced macrophage M2 polarization, 
confirming their strong immunomodulatory capability.

The macrophage phenotype regulatory performance 
of the composite scaffold was further validated using 
immunofluorescence staining, western blotting, and 
flow cytometry. The immunofluorescence staining 
results are shown in Fig.  5E. Consistent with the qPCR 
results, RAW264.7 cells treated with AF-SP exhibited 
the strongest green fluorescence (M2 phenotype) and 
the weakest red fluorescence (M1 phenotype) among all 
groups, indicating robust M2 polarization. Flow cytom-
etry analysis (Fig. 5F and Figure S16) confirmed that the 
AF-SP group resulted in the most significant percentage 

of macrophages exhibiting the M2 phenotype. Western 
blotting was employed to assess the protein expression 
levels of CD86 and CD206 in RAW264.7 treated with 
the composite scaffolds. The results (Figure S17) further 
supported these findings; the AF-SP group exhibited the 
highest CD206 and the lowest CD86 protein expression 
levels, confirming the superior ability of the composite 
scaffold to induce macrophage M2 polarization. These 
results demonstrate that the composite scaffold can pro-
vide mechanical force stimulation to PVDF to gener-
ate charge through a shape memory process, which can 
effectively promote macrophage M2 polarization, thereby 
establishing a favorable immune microenvironment for 
bone repair. Additionally, the composite scaffold achieves 
in-situ self-power by combining the shape memory pro-
cess with piezoelectric effects, making it a promising 
solution for promoting bone defect repair, particularly in 
patients with limited mobility during the early postopera-
tive stage.

Prior research has demonstrated that M2 macrophages 
are capable of secreting various cytokines to regulate 
osteogenesis [59]. Immunofluorescent staining was 
performed to further assess osteogenic markers secre-
tion levels in RAW264.7 cells co-culture with compos-
ite scaffolds. BMP-2 can induce numerous osteogenic 
gene expression and is vital for bone repair. In contrast, 
TGF-β1 can facilitate intramembranous osteogenesis 
[65–68]. As shown in Figure S18, the results revealed 
that RAW264.7 cells treated with AF-SP demonstrated 
the highest secretion levels of BMP-2 and TGF-β1. These 
findings confirm that the composite scaffold, particularly 
undergoing the shape-memory process, can facilitate 
macrophage M2 polarization, thereby enhancing osteo-
genic factors secretion.

Subsequently, to evaluate the immunoregulatory role of 
the composite scaffold in osteogenesis, RAW264.7 cells 
were treated with composite scaffolds, and the resulting 
conditioned medium was collected to culture BMSCs 
(Figure S19). The results showed that the AF-SP group 
exhibited the highest alkaline phosphatase (ALP) and 
Alizarin Red S (ARS) activity. The above findings indi-
cate that the composite scaffold, particularly undergoing 
the shape memory process, can enhance osteogenesis via 
immunoregulation.

Mechanistic insights into macrophage polarization 
induced by the composite scaffold
We have confirmed that the composite scaffold can pro-
vide mechanical force stimulation to PVDF to generate 
charge through a shape memory process and facilitate 
macrophage M2 polarization. Western blotting analy-
sis was conducted to explore the signaling mechanisms, 
focusing on the expression of PI3K, P-PI3K, Akt, and 
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P-Akt in RAW264.7 cells treated with composite scaf-
folds. Previous reports have highlighted the critical role 
of the PI3K/Akt signaling pathway in inducing mac-
rophage M2 polarization [69]. Figure S20 illustrates that 
the AF-SP group exhibited the strongest upregulation of 
P-PI3K and P-Akt. The results demonstrate that the com-
posite scaffold, particularly undergoing the shape mem-
ory process, can activate the Pl3K/Akt signaling pathway 
to induce macrophage M2 polarization, modulate the 
immune microenvironment, and promote stem cell oste-
ogenic differentiation.

Biomineralization study of PVDF‑SMPU composite scaffold
Piezoelectric characterization results  revealed that the 
composite scaffold can generate negative charges dur-
ing the shape memory process. Under physiological con-
ditions, these charges can facilitate the formation of a 
mineralized matrix, which is beneficial for extracellular 
matrix mineralization [70]. To assess the biomineraliza-
tion performance of the composite scaffold, samples were 
immersed in 1.5-fold simulated body fluid (1.5 × SBF) 
for 7  days. The scaffolds were then  retrieved, washed, 
and dried. The SEM was used to observe surface miner-
alized components. As shown in Figure S21, the AF-SP 
group exhibited the thickest mineralized layer, followed 
by RF-SP. These results indicate that the composite scaf-
fold can provide mechanical force stimulation to PVDF 
to generate charge through the shape memory process, 
promoting the formation of the mineralized matrix.

In vitro osteogenic activity of PVDF‑SMPU composite 
scaffold
Patients with bone defects often experience limited 
mobility and can’t provide mechanical force stimulation 
to the composite scaffold through rehabilitation exercises 
during the initial postoperative stages. However, once the 
patients regain exercise ability, continuous mechanical 
force stimulation can be applied to the composite scaf-
fold to output voltage through rehabilitation exercises 
(Fig.  6A). To evaluate the voltage output performance 
of the composite scaffold under continuous mechanical 
force stimulation, a mechanical impact device was used 
to impact the composite scaffold repeatedly. By ana-
lyzing the stress–strain curve of the scaffold, we found 

that 2% compressive strain corresponds to a stress of 5 
N (Figure S22). Based on piezoelectric characterization 
results (Figure S1), this stress level can stimulate the 
PVDF to generate a surface static voltage of − 0.4 kV. Pre-
vious studies have shown that the surface static voltage 
in the range of − 0.1 kV to − 4.9 kV contributed to bone 
defect repair, indicating that the surface static voltage 
generated by the composite scaffold is sufficient for bone 
defect repair [57]. Consequently, the distance between 
the mechanical lever arm and the scaffold was adjusted 
so that each impact could induce a 2% compressive strain 
on the scaffold, with an impact frequency of two cycles 
per second, simulating the step frequency during human 
rehabilitation. As shown in Fig. 6B, both AF and RF scaf-
folds demonstrated stable voltage output under continu-
ous mechanical impact. These results suggest that the 
patients can provide continuous mechanical force stimu-
lation to the composite scaffold to output voltage through 
rehabilitation exercises for bone defect repair.

The composite scaffold was co-cultured with BMSCs to 
assess the osteogenic capacity. Direct mechanical impact 
on the composite scaffold during cell co-culture could 
adversely affect the cells, and applying such impacts 
under culture conditions presents practical challenges. 
Therefore, an ultrasound therapy device was used to 
simulate mechanical force stimulation on the compos-
ite scaffold (Fig. 6C). Before co-culture experiments, the 
voltage output performance of the composite scaffold 
under ultrasound stimulation was assessed. As shown in 
Fig. 6D and Figure S23, the voltage output increased with 
increasing ultrasound power. When the power increased 
to 2 W/cm2, the output voltage (RF: 1.6 V; AF: 2.1 V) was 
close to the output voltage under the mechanical impact 
experiment (RF: 2.2  V; AF: 2.9  V). According to previ-
ous studies, these voltage levels are sufficient to meet the 
requirements for immunoregulation and osteogenesis 
[11]. Therefore, the ultrasound parameters for the sub-
sequent experiments were set to 2 W/cm2, 1 MHz, and 
20 min/day.

ALP is a key osteogenic marker for cell maturation and 
mineralization [71, 72]. The ALP staining results (Fig. 6E) 
showed that the AF-U (AF scaffold stimulated by ultra-
sound) group and RF-U (RF scaffold stimulated by ultra-
sound) group exhibited a larger stained area than the 

Fig. 6 In vitro osteogenic differentiation study. A Schematic representation of the patient applying mechanical force stimulation to the composite 
scaffold to output voltage through rehabilitation exercise; B The voltage output of composite scaffolds under continuous mechanical impact; C 
Schematic representation of cells culture with scaffolds under ultrasound stimulation; D Voltage output of scaffold under ultrasound stimulation 
(1 MHz, 2 W/cm2); E, F ALP and ARS staining results of BMSCs treated with different composite scaffolds (G) Expression of osteogenic-related genes 
in BMSCs cultured with different composite scaffolds. The control group was operated without scaffold treatment. *p < 0.05, significant **p < 0.01, 
highly significant (n = 3; error bars represent standard deviation)

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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other groups, with the AF-U group showing the largest 
stained area, indicating the highest ALP expression level. 
The ALP activity assay results (Figure S24A) further con-
firmed this observation, as AF-U and RF-U groups dem-
onstrated significantly higher ALP activity, with AF-U 
displaying the highest activity, consistent with the ALP 
staining results. ARS staining was conducted to evaluate 
late-stage extracellular matrix mineralization (Fig.  6F). 
The results showed that the AF-U and RF-U groups 
exhibited larger and more intensely stained areas, with 
the AF-U group displaying the most extensive stained 
area and deepest color. The quantitative analysis of ARS 
staining results (Figure S24B) confirmed that AF-U and 
RF-U groups had significantly higher mineralization 
levels, with AF-U achieving the highest mineralization 
levels. These findings demonstrate that the composite 
scaffold can output voltage under continuous mechanical 
force stimulation, enhancing ALP expression and facili-
tating extracellular matrix mineralization, thereby exhib-
iting excellent osteogenic activity.

RT-qPCR was conducted to assess osteogenic-related 
gene expression. As shown in Fig.  6G, AF-U and RF-U 
groups exhibited significantly higher expression levels 
for both early osteogenic markers (ALP and OPN) and 
late osteogenic markers (OCN and COL-1), with AF-U 
showing the highest expression levels across all markers. 
The above results indicate that the composite scaffold 
can output voltage under continuous mechanical force 
stimulation, promoting osteogenic-related gene expres-
sion. Previous studies have shown that electrical stimu-
lation can stimulate osteogenic-related gene expression 
in BMSCs, aligning with the observations from our 
research [73]. Western blotting analysis further validated 
the composite scaffold’s osteogenic potential. As shown 
in Figure S25, BMSCs treated with the AF-U and RF-U 
significantly exhibited higher expression of four osteo-
genic markers compared to other groups, and the AF-U 
group displayed the highest expression levels for all four 
proteins. These findings indicate that the composite scaf-
fold can output voltage under continuous mechanical 
force stimulation and effectively promote osteogenic-
related protein expression in BMSCs. In conclusion, the 
composite scaffold can output voltage under continuous 
mechanical force stimulation, promoting osteogenic dif-
ferentiation of BMSCs and making it an ideal platform 
for bone regeneration.

In vitro osteogenic‑related mechanism study
When BMSCs are exposed to electrical signals, the spe-
cific surface receptors can be activated and then promote 
the transcription of osteogenic genes by activating rel-
evant osteogenic signaling pathways, ultimately promot-
ing osteogenic differentiation [4]. Integrin subtypes are 

a group of cell surface receptors, among which integrin 
α1, α2, α5, and β1 play crucial roles in cell adhesion and 
osteogenic differentiation [74]. Once activated, they can 
trigger corresponding signaling pathways to enhance 
osteogenic gene and protein expression. Figure S26A 
showed that BMSCs treated with AF-U and RF-U exhib-
ited significantly higher expression levels of integrin α1, 
α2, α5, and β1, with the AF-U group displaying the high-
est expression levels. These results suggest that the com-
posite scaffold can deliver electrical stimulation under 
continuous mechanical force stimulation, enhancing 
integrin gene expression in BMSCs. The integrin α2β1 
can activate the FAK signaling pathway, leading to the 
phosphorylation of Runx2, while integrin α1β1 can inter-
act with type IV collagen and influence osteogenic differ-
entiation [75, 76]. Furthermore, integrin α5 can promote 
osteogenic differentiation by activating the FAK/ERK1/2-
MAPKs and PI3K signaling pathways [77]. Therefore, 
after confirming that the composite scaffold can activate 
integrin-related receptors of BMSCs, the activation of 
signaling pathways related to stem cell osteogenic dif-
ferentiation was investigated. Figure S26B showed that 
the AF-U and RF-U groups exhibited higher P-FAK and 
P-ERK protein expression levels than other groups, with 
the AF-U group achieving the highest expression levels. 
These findings demonstrate that the composite scaffold 
can activate integrin-related receptors on the surface of 
BMSCs through in-situ electric stimulation, triggering 
the FAK/ERK signaling pathway and ultimately enhanc-
ing osteogenic gene transcription in BMSCs.

In vivo bone defect repair performance evaluation 
of PVDF‑SMPU composite scaffold
The rat femoral defect model was used to assess the com-
posite scaffold’s bone defect repair performance in vivo. 
To simulate the limited mobility experienced by patients 
during the early postoperative period, rats were placed 
in cages to restrict movement immediately after scaffold 
implantation at the defect site. After 3 days, the rats were 
allowed unrestricted movement to mimic patient reha-
bilitation exercises (Fig. 7A).

The experimental groups were categorized as follows: 
AF-SP: A-PVDF-SMPU composite scaffolds (3  mm 
diameter, 2 mm height), compressed and fixed to 2 mm 
in diameter, and experienced shape memory process 
after implantation in the defect site; AF: A-PVDF-SMPU 
composite scaffolds (3 mm diameter, 2 mm height), this 
composite scaffold was not experienced shape mem-
ory process after implantation in the defect site; RF-SP: 
R-PVDF-SMPU composite scaffolds (3  mm diameter, 
2 mm height), compressed and fixed to 2 mm in diame-
ter, and experienced shape memory process after implan-
tation in the defect site; RF: R-PVDF-SMPU composite 
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scaffolds (3  mm diameter, 2  mm height), the compos-
ite scaffold was not experienced shape memory process 
after implantation in the defect site; control group (no 
composite scaffolds). The composite scaffold can be 
implanted with minimally invasive procedures due to its 
excellent shape memory performance. Under physiologi-
cal temperature, the composite scaffold can recover its 
original size, providing mechanical force stimulation to 
PVDF and generating  charge. These charges contributed 
to immune microenvironment regulation during the early 
postoperative phase. After 3  days, unrestricted move-
ment of the rats provided further continuous mechanical 
force stimulation to the composite scaffold, enabling sus-
tained voltage output to promote bone regeneration.

Micro-CT analysis was performed to evaluate femo-
ral defect repair. Because the cylindrical femoral defect 
was constructed with a diameter of 3 mm and a depth of 
2 mm. When analyzing the micro-CT results, we deline-
ated a cylindrical region with a diameter of 3 mm and a 
depth of 2 mm at the defect site and quantified the vol-
ume of new bone by calculating the ratio of bone volume 
within this region to total volume. Figure 7B and Figure 
S27A are the reconstructed sagittal and cross-sectional 
images, and the green area represents the new bone. 
Because the volume of new bone was relatively limited 
in the fourth week and a small amount of new bone for-
mation was also observed in the control group, the dif-
ferences between groups were small. However, it was still 
revealed that the AF-SP group achieved the highest levels 
of bone regeneration. This result confirms that the com-
posite scaffolds could generate charge through the shape 
memory process of the scaffold and rehabilitation exer-
cises of patients to promote bone defect repair, achieving 
in-situ electricity stimulation in the form of self-power. 
Quantitative analysis of micro CT results (Fig.  7C, D) 
further confirmed these findings. Although previous 
studies have shown that the degradability of scaffolds 
negatively affects their continuous electrical stimulation 
performance [21], the degradation rate of the composite 
scaffold prepared in this study was relatively slow (Fig-
ure S7), which can avoid the rapid decline of continuous 
piezoelectric stimulation performance caused by rapid 
degradation. The micro CT results proved that the com-
posite scaffold had a good bone defect repair effect, indi-
cating that the composite scaffold can meet the needs of 

bone defect repair even though the degradation of the 
composite scaffold may have a negative impact on the 
sustainable piezoelectric stimulation performance of the 
scaffold. These results demonstrate that the scaffolds 
can generate charge through the shape memory process 
of the scaffold and rehabilitation exercises of patients to 
promote bone defect repair, providing a self-powered 
platform that effectively promotes bone defect repair. 
More importantly, this dual-phase mechanism, involv-
ing early immune microenvironment regulation and 
continuous electrical stimulation during rehabilitation 
exercise, highlights the composite scaffold’s potential in 
bone regeneration.

Histological staining evaluation was performed on 
decalcified femur sections to access new bone formation 
and biocompatibility. H&E staining results (Fig.  7E and 
Figure S27B) showed no signs of inflammation, fibrotic 
reactions, or pathological abnormalities across all experi-
mental groups. For the new bone formation, because the 
color depth and uniformity of staining may be affected by 
sample processing, staining time, or dye concentration, 
visual differences were smaller, but it was still observed 
that the AF-SP group showed the highest new bone for-
mation. Quantitative analysis of the H&E staining result 
in Figure S28A showed that the AF-SP group had the 
most new bone area, and the RF-SP group also had more 
new bone area, consistent with the staining results and 
Micro CT results, which proved that the composite scaf-
fold could continuously apply piezoelectric stimulation to 
the defect site through shape memory process and reha-
bilitation exercise, promote bone defect repair. Further-
more, no inflammatory signs were found in major organs 
(Figure S29), demonstrating the composite scaffold’s 
excellent biocompatibility. Masson’s trichrome staining 
(Fig. 7E and Figure S27B) revealed that the AF-SP group 
had the most collagen deposition and new bone forma-
tion. In contrast, the other three groups exhibited mini-
mal collagen deposition and limited new bone formation. 
Quantitative analysis of Masson’s trichrome staining 
result in Figure S28B showed that the AF-SP group had 
the most new bone area, and the RF-SP group also had 
more new bone area, consistent with the staining results 
and Micro-CT results. The above findings confirm that 
the composite scaffold can achieve in-situ electric stim-
ulation through the shape memory process of scaffold 

(See figure on next page.)
Fig. 7 In vivo evaluation of bone defect repair. A The scaffold implantation process and experiment design; B–D Reconstructed three-dimensional 
micro-CT images of the rat skull (the green area represented the new bone) and the regenerated bone’s bone volume fraction (BV/TV) and bone 
mineral density (BMD) values. E Histological evaluation using H&E staining and Masson trichrome staining. S: residual scaffold; FCT: fibrous 
connective tissue; HB: host bone; NB: new bone. The control group was operated without scaffold treatment. **p < 0.01, highly significant (n = 4, 
error bars represent standard deviation)
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Fig. 7 (See legend on previous page.)
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and rehabilitation exercises of patients to promote bone 
repair effectively.

Immunofluorescence and immunohistochemistry 
staining were conducted to assess osteogenic-related 
marker (OPN and OCN) expression in vivo. The immu-
nofluorescence staining results are shown in Figure 
S30A-F, with green representing OPN and red represent-
ing OCN. The results demonstrated that the AF-SP group 
had the most intense fluorescence, indicating robust 
secretion of osteogenic factors. The immunohistochem-
istry staining results are shown in Figure S30G, where the 
brown areas indicate positive protein expression, with 
darker color representing higher protein expression lev-
els. The results demonstrated that the AF-SP and RF-SP 
groups exhibited larger brown-stained areas than the 
other three groups, with the AF-SP group presenting the 
most extensive positive staining. The above results con-
firm that the composite scaffold can stimulate osteogenic 
marker expression in vivo through in-situ electric stimu-
lation, demonstrating outstanding osteogenic activity 
and bone repair performance.

Previous research indicates that the initial inflamma-
tory response after scaffold implantation plays a vital role 
in bone repair [78, 79]. However, prolonged inflamma-
tion significantly delays bone healing, ultimately leading 
to poor repair results [62, 63]. The phenotypic transfor-
mation of macrophages from M1 to M2 is essential for 
reducing inflammation in the bone regeneration process 
[58, 80]. Immunohistochemistry and immunofluores-
cence staining were performed to assess the macrophage 
phenotypic transformation in  vivo. The immunofluo-
rescence staining results are shown in Figure S31A-F. 
The results revealed that the AF-SP group exhibited the 
strongest green fluorescence (CD206) and the weakest 
red fluorescence (iNOS) among all groups, and the RF-SP 
group also showed a higher green fluorescence and lower 
red fluorescence than the remaining three groups. This 
result suggests that the composite scaffold can induce 
macrophage M2 polarization through in-situ electric 
stimulation. Immunohistochemistry staining (Figure 
S31G) further supported these results, with the AF-SP 
and RF-SP groups demonstrating significantly higher 
CD206 expression and lower iNOS expression, as evi-
denced by darker brown staining for CD206 and lighter 
staining for iNOS. Importantly, no significant inflam-
matory reaction occurred in all experimental groups, 
confirming the excellent in  vivo biocompatibility of the 
composite scaffolds. These findings suggest that through 
in-situ self-power, the composite scaffold can effectively 
induce macrophage M2 polarization. This transition alle-
viates the early inflammatory response following scaffold 
implantation and creates a conducive environment for 
subsequent bone repair.

Although our study successfully developed a 
3D-printed shape-memory piezoelectric bone repair 
scaffold with in-situ self-power capabilities and dem-
onstrated its excellent bone repair effect in subsequent 
in  vitro and in  vivo experiments, there are still some 
limitations. First, the scaffold will gradually degrade 
over time in vivo. While this is necessary for bone defect 
repair scaffolds, it inevitably negatively impacts the 
sustained piezoelectric output induced by structural 
changes. Although the biodegradable composite scaffold 
achieved a good repair effect of bone defect in this study, 
it is foreseeable that resolving the contradiction between 
scaffold degradation and sustainable piezoelectric output 
could lead to an even better bone repair effect.

Second, the long-term toxicity of the scaffold in  vivo 
has not been adequately investigated. The degradation of 
biodegradable materials in  vivo is a prolonged process, 
and the metabolism, distribution, and long-term toxic-
ity of their degradation products need to be adequately 
investigated, as this is crucial for further applications 
[81]. This study has only demonstrated that the scaf-
fold did not cause significant inflammatory responses in 
major organs during the 8  weeks post-implantation but 
did not sufficiently investigate the metabolism, distribu-
tion, and long-term toxicity of its degradation products. 
Therefore, future work will focus on enhancing the inves-
tigation of the long-term toxicity of the composite scaf-
fold in vivo.

Conclusion
This study successfully developed an in-situ self-powered 
3D printed composite scaffold with exceptional shape 
memory performance, piezoelectric properties, biocom-
patibility, immune modulation, and osteogenic proper-
ties. The shape memory activation temperature of the 
composite scaffold is 33 ℃, enabling it to undergo a shape 
recovery process at physiological temperatures. More 
importantly, the composite scaffold achieves a perfect 
combination of shape memory process and piezoelec-
tric effect during the bone repair process. The compos-
ite scaffold utilizes its shape memory behavior to provide 
mechanical force stimulation to PVDF to generate a 
charge, which can modulate the local immune microen-
vironment during the initial postoperative stage when the 
patients have limited mobility. As patients regain mobil-
ity, they can apply continuous mechanical force stimu-
lation to the composite scaffold through rehabilitation 
exercises, enabling sustained voltage output to promote 
bone repair further. This dual-stage functionality allows 
the scaffold to achieve in-situ self-power throughout the 
entire bone healing process. Both in  vitro and in  vivo 
experiments demonstrate the excellent immune modu-
lation and osteogenic performance of the composite 
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scaffold. In summary, this innovative scaffold integrates 
outstanding shape memory behavior, in-situ self-power, 
immune modulation, and osteogenic properties, offering 
a highly promising platform for bone tissue engineering.
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