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A B S T R A C T   

Promoting the differentiation of osteoblasts is critical to maintain bone homeostasis for treatment osteoporosis 
and fracture healing. For these orthopedic diseases, a portable, highly patient compliance therapy device remains 
a great challenge. Here, we proposed a biomechanical-energy-driven shape memory piezoelectric nanogenerator 
(sm-PENG) that integrated with fixation splint to promote osteogenic differentiation. The pulsed direct current 
(DC) generated from the sm-PENG effectively promote MC3T3-E1 preosteoblast cell proliferation, orientation 
and increase intracellular calcium ion. At the same time, the ALP activity of cells is also improved by pulsed-DC 
under long-term culture conditions. Ultimately, increasing calcium deposition, extracellular matrix mineraliza-
tion and osteogenesis. Our work demonstrates the potential of sm-PENG as a power source for pulsed-DC 
stimulation of bone repair, and shows great prospect self-powered and portable electronic medical device.   

1. Introduction 

Bone has the function of sports, support, and protection of the body, 
which is of great significance to maintain the normal activities of the 
human. Bone fracture is a common clinical disease that causes the 
continuity of bone structure to be completely or partially broken [1]. It 
mostly occurs in children and the elderly [2]. The healing process of 
fracture will continue for a long time, and susceptible to the interference 
of many factors leading to delayed or even non-healing, which seriously 
affects the quality of life of patients. Therefore, how to promote fracture 
repair and shorten the healing time is the frontier and difficult point of 
orthopedics research. 

With in-depth study on the mechanism of fracture healing, A variety 
of adjuvant treatments have been widely used clinically. For example, 
bone tissue engineering (BTE) simulates bone autograft in many aspects, 
uses scaffolds, bone-forming cells to fill the defect bone, and regulation 
of cell-cell and cell-scaffold interaction by adding growth factors or 
electrical stimulation [3,4]. Especially the physical therapy of electrical 
stimulation, its effect of promoting fracture healing has been fully 
confirmed. Electrical stimulation can not only promote the healing of 
fresh fractures, but also has a good effect on delayed healing of fractures, 
nonunion, osteotomy and false joint formation [5,6]. 

Electrical stimulation for enhance osteogenesis that is a critical factor 
in the process of bone remodeling repair process. It can be divided into 
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current stimulation [7–9], electric and electromagnetic field stimulation 
[10–12]. However, during clinical treatment, the electrical stimulation 
device is too bulky. A portable, highly patient compliance electrical 
stimulation therapy device for bone repair remains a great challenge. 
Portable and new self-powered electrical stimulation devices based on 
nanogenerator that are constantly being proposed [13,14]. The nano-
generator technology including triboelectric nanogenerator [15,16] and 
piezoelectric nanogenerator [17,18], which can convert the biome-
chanical energy to electricity. With the continuous improvement of 
output performance of nanogenerator [19], high-stability, low-cost, 
light-weight and easy fabricated nanogenerators have shown great po-
tential in biomedical engineering filed for electrical stimulation [20] 
and biosensor [21], including drug delivery, cancer treatment [22,23], 
wound healing [24], nerve stimulation [25,26], muscle stimulation [27] 
and health monitoring, etc [28–31]. It has also received a lot of attention 
in the field of bone healing [32,33]. But at present, only the results of 
electric field stimulation have been reported. As a common clinical 
method, the effect of current stimulation based on nanogenerator has 
not been reported. The specific mechanism of current stimulation pro-
moting bone healing has not been clarified. Compared with the electric 
field, it only needs a small current to directly effect on the deep bone 
tissue, and the device is more portable, which has a good clinical 
application prospect. 

Here, we construct an integrated self-powered pulsed-DC stimulation 
device based on shape memory piezoelectric nanogenerator and fracture 
fixation splint used for bone repair. A shape-memory piezoelectric 
nanogenerator (sm-PENG) is demonstrated. The short-circuit current 
can reach 20 μA by tapping, which is more than twice that of the flat 
structure. In addition, the sm-PENG can integrate with fixation splint to 
form an electrical stimulation therapy system for osteoblast differenti-
ation, which has good flexibility and portability. The pulse-DC gener-
ated by the sm-PENG through the rectifier bridge can effectively 
promote cell proliferation, intracellular calcium ion, which has a certain 
cell orientation effect. At the same time, it can promote the ALP activity 
of cells under long-term culture conditions, ultimately promote calcium 
deposition, extracellular matrix mineralization and osteogenic differ-
entiation. The biological effect of pulsed-DC stimulation from the sm- 
PENG is basically consistent with that of the commercial signal gener-
ator. This work provides a new idea for fracture healing and promote the 
progress of nanogenerator’s application in wearable electric medical 
devices. 

2. Material and methods 

2.1. The fabrication of sm-PENG 

First, the Kapton film with the size of 55 × 25 × 0.1 mm3 was thermo 
forming around 200 ℃ by the heating rod. After forming, the PVDF film 
coated with the Ag electrodes (50 × 20 × 0.11 mm3) was attached to the 
arched Kapton film. Then, the PET film was employed as a packaged 
layer to encapsulate the device. Finally, all parts were glued together via 
silicone polymers one by one for fabricating the sm-PENG. 

2.2. The output characterization of sm-PENG 

A linear motor (LinMot, E100) with periodical mechanical triggering 
was employed to drive the sm-PENG. The output performance of the sm- 
PENG was characterized by a Keithley 6517 electrometer and an oscil-
loscope (LeCoy, HDO6104). An ESM301/Mark-10 system was used for 
applying and detecting the force. 

2.3. Preparation of electrical stimulation device 

Indium tin oxide (ITO) deposited on the glass (1.5 × 3 cm2) was used 
as the conductive substrate. The cylinder with an internal diameter of 6 
mm was printed with thermoplastic PLA material by the 3D printer and 

six cylinders were fixed on a conductive substrate by PDMS. The copper 
tape was used to fix copper wires on both sides of the substrate. The glass 
device with cylinder and wire was put into a six-well plate, the photo of 
the device was shown in Fig. S1. The plates were soaked in 75% ethanol 
for 3 h, cleaned with sterile water and irradiated with ultraviolet light in 
laminar chamber for 1 h. Then the cylinder was soaked in L-polylysine 
solution for 1 h, and dry overnight for cell culture. 

2.4. Cell culture and differentiation 

Murine calvarial preosteoblasts (MC3T3-E1, ATCC CRL-2594) were 
seeded in the cylinder with 8000 cells/cm2 and cultured in complete 
α-MEM (Minimum Eagle’s Medium) containing 10% fetal bovine serum 
and 1% penicillin-streptomycin with 5% CO2 at 37 ℃. After 12 h of 
culture, cells were cultured with the induced culture medium adding 
0.01 mmol/L dexamethasone (Dex), 10 mmol/L β-sodium glycer-
ophosphate, and 0.5 mmol/L ascorbic acid to induce cell differentiation. 

2.5. Electrical stimulation of MC3T3-E1 

There are two kinds of electrical stimulation systems including signal 
generator electrical stimulation and sm-PENG electrical stimulation 
system. The whole electrical stimulation system consists of three parts: 
stimulation power supply, rectifier bridge and cell culture device. Signal 
generator and Linear motor driven PENG were used as the power supply. 
The electrical stimulation parameters of the signal generator were 20 μA 
sine wave, and those of PENG were 20 μA pulse wave, with the fre-
quency of 3 Hz. The cells were exposed to current stimulation for 2 h per 
day. 

2.6. Evaluation of cell morphology, alignment, proliferation, and 
migration 

The cells were cultured and stimulated for 1, 2 and 3 days and the 
cell proliferation level were evaluated by Cell Count Kit-8 (CCK-8, 
Dojindo Molecular Technologies, Inc. Japan). After removing the culture 
medium and wash it with phosphate-buffered saline solution (PBS), add 
110 μL complete medium including 10 μL CCK-8 reagent. After incu-
bation for 2 h, transfer 150 μL culture supernatant into 96 well plate and 
measure the absorbance at 450 nm. To visualize the cytoskeleton and 
nucleus, F-actin (green) and nucleus acids (blue) were stained with 
phalloidin and Hoechst. Before staining, the cells were washed with PBS 
three times. Then cells were fixed with fixative for 10 mins and stained 
with phalloidin for 40 mins at room temperature. Finally, Hoechst was 
added and incubated for 10 mins, each of the described steps was fol-
lowed by PBS washing three times. The stained cells were visualized by 
laser scanning confocal microscope (Leica SP8). To statistic the direc-
tionality of cell arrangement, we randomly selected 10 photographs per 
group and measuring the angle of 10 cells per group. The sharp angle 
between actin direction and horizontal direction was recorded as β by 
ImageJ. Every tenth degree was the interval for statistical analysis. Cell 
migration was characterized by wound healing assays, cells were seeded 
into ITO substrate and allowed to grow to 90% confluency. Scratches 
were generated with a 200 μL pipette tip and washed with PBS to form 
cell-free wounds. Then the cells were incubated with an induced me-
dium with stimulated for 24 h continuously. No electrical stimulation 
group was used as the control group. The cells at the same position were 
photographed and recorded every 6 h, and then the cell migration rate 
was calculated by ImageJ. 

2.7. Measurement of intracellular calcium levels 

Intracellular calcium levels in cells were measured with Fluo-4 direct 
calcium assay kits (Molecular Probes™, Thermo Fisher Scientific) after 
one day and three days of electrical stimulation. After removing the 
culture medium from the wells, adding 100 μL of the 1 × Fluo-4 Direct 
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calcium reagent loading solution per well and incubate plates at 37 ℃ 
for 60 mins. The stained cells were viewed by laser scanning confocal 
microscope (Leica SP8). Similarly, stained cells were washed with PBS, 
digested with trypsin, centrifuged, and collected. Each well was resus-
pended with 100 PBS, and measured by flow cytometry at 488 nm. 

2.8. Alkaline phosphatase staining and activity measurement 

Seven days after electrical stimulation, an alkaline phosphatase 
staining kit (Solarbio Science & Technology Co., Ltd. Beijing, China) was 
used for staining. The cultured cells were washed with PBS and fixed 
with ALP fixative for 3 mins. After a wash with PBS three times, 100 μL 
ALP incubation solution was added and incubate in dark for 20 mins and 
stained for 3 mins with nuclear solid red staining solution. Alkaline 
phosphatase (AKP/ALP) activity assay kit (Solarbio Science & Tech-
nology Co., Ltd. Beijing, China) was used to detect the alkaline phos-
phatase activity of the cells after 7 and 14 days of electrical stimulation. 
After digestion, the cells were centrifuged and each well was resus-
pended with 100 μL sterile deionized water. The cells were repeatedly 
frozen and thawed at - 80 ℃ for 3 times with an interval of 30 mins. 
After centrifugation, ALP activity in the supernatant was determined. 
The total protein concentration of cells was calculated from standard 
curves of BSA by Bradford method. Fig. S6 presented the standard curve 
of the protein quantitative test. The ALP activity was normalized to the 
protein concentration. 

2.9. Alizarin red staining 

Alizarin red staining was performed after 18 days of electrical 
stimulation to determine the presence of extracellular matrix minerali-
zation. Cells were washed three times with PBS and were fixed for 15 
mins and washed with deionized water for three times. After that, the 
cells were attained with alizarin red staining solution at room temper-
ature for 30 mins and take pictures under the microscope. The average 
integrated optical density (IOD) was analyzed by Image-Pro Plus. 

2.10. Statistical analysis 

All data were present as mean±standard deviations of are presen-
tative of at least three parallel samples. One-way and two-way ANOVA 
were used to determine the significant differences among the groups and 
a statistical significance was assigned as *P < 0.05, **P < 0.01, ***P <
0.001. 

3. Results and discussion 

3.1. Overview of the self-powered pulsed-DC stimulation system 

We construct an integrated self-powered pulsed-DC stimulation de-
vice based on shape memory piezoelectric nanogenerator with arch 
structure and fracture fixation splint used for bone repair (Fig. 1a). The 
sm-PENG exhibiting flexibility and portability can be well integrated 
with the fixation splint, simply fixed both ends of the sm-PENG on the 

Fig. 1. The Schematic diagram of self-powered electrical stimulation for bone repair. a) Schematic of the integrated self-powered pulsed-DC device based on sm- 
PENG and fracture fixation splint for bone repair in vivo. b) Working principle of the PVDF piezoelectric layer. c) Electrical stimulation accelerates bone repair. 
d) Effect of electrical stimulation on osteoblast precursor behavior. 
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gauze with adhesive tape. Fig. 1b shows the working principle of the sm- 
PENG. In the original arched state, the electric dipoles in PVDF were 
arranged in the electrode direction. When the device is flattened down 
by a force, the polarization charge density increases to generate an 
electric field and electrons flow through the external load. When the 
force was eliminated, the electrons would flow in the opposite direction. 
The pulsed alternating current generated by gently tapping sm-PENG 
that is converted into pulsed-DC through the rectifier bridge, and the 
electrode is implanted in the fracture site for electrical stimulation of 
bone repair. The healing process is physiologically complex and can be 
divided into hematoma, soft callus and hard callus (Fig. 1c). Osteo-
genesis is involved in bone remodeling in the repair process, there are a 

large number of studies have shown that electrical stimulation could 
enhance osteogenesis and bone repair. but the specific mechanism of 
current stimulation promoting bone healing has not been clarified. but 
many previous works have found that it has significant effects on the 
proliferation, adhesion, migration, directional arrangement, differenti-
ation, and other aspects of osteoblast precursor cells (Fig. 1d) [29]. 
Importantly, all of these behaviors have a potential role in promoting 
bone repair by electrical stimulation. 

3.2. Characterization of sm-PENG 

The as-fabricate sm-PENG was composed of piezoelectric layer, 

Fig. 2. Preparation and characterization of sm-PENG. a) The schematic structure of the sm-PENG. b) Kapton film was processed by thermo forming technology to 
realize arch structure and the short-circuit current of the device before and after thermo forming. c) The photograph of sm-PENG and integrated with a fixation splint. 
Scale bar: 1 cm. d) Short-circuit current of the sm-PENG. e) The short-circuit current after rectification. f) Local amplification of short circuit current. g) The open- 
circuit voltage of the sm-PENG. h) The charging profile of three different specifications of and the sm-PENG could directly power 23 LEDs. i) The profile of force- 
electricity coupling test. 
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Fig. 3. Morphology, proliferation and migration of MC3T3-E1 cell under the pulsed-DC stimulation. (a–c) Fluorescence image of cellular filamentous actin (phal-
loidin, green) and nucleus (Hoechst, blue) three days after electrical stimulation. d) Cell alignment analysis after electrical stimulation for three days. e) MC3T3-E1 
cell viability determined by the CCK-8 assay. Compared with the ctrl group. f) Migration rate of MC3T3-E1 after 24 h electrical stimulation. The scale bar is 50 µm. 
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substrate, and electrodes, which were packaged by PET film. Fig. 2a 
displays the schematic structure of the sm-PENG. The PVDF film as 
piezoelectric layer coated with Ag that was attached on the Kapton film, 
which serves as a substrate. Besides, it is worth noting that the Kapton 
film was processed by thermo forming technology to realize arch 
structure for its excellent elasticity and strength (Fig. 2b). This process 
guarantees the deformation of PVDF film more effective for enhancing 
the stress and strain of the device in operation, which will ultimately 
increase the output performance of the device. As result, the short- 
circuit current of the device increased from 8.2 μA to 20 μA after 
thermo forming. This thin-film device with a total dimension of 
55 × 25 × 0.3 mm3 can be integrated with a fixation splint to achieve 
portable treatment for clinical use (Fig. 2c). The output performance was 
characterized by laboratory conditions. Fig. 2d exhibits the short-circuit 
current of the sm-PENG, the short-circuit current value has no decay 
with about 20 μA after rectification (Fig. 2e and 2f). The open-circuit 
voltage of the sm-PENG was also examined, with about 78 V (Fig. 2g). 
Compared with the initial state after 10,000 working cycles, the Isc of 
sm-PENG remained stable (Fig. S2, Supporting Information), showing 
good durability. To prove the ability of the sm-PENG as a power source, 
we further evaluated the charging ability of the device. Three different 
specifications of capacitors can be well charged from 0 V to 3 V within 
600 s, and the sm-PENG could directly power 23 LEDs (Fig. 2h). Video 
S1 visually represented the current generated from sm-PENG with a 
slight tap. Through the force-electricity coupling test system, the 

relationship between the force application process and the electrical 
output signal of the sm-PENG is shown in Fig. 2i. The output of the sm- 
PENG continues to increase with force loading. When the force loading 
drops to zero, the output of the sm-PENG begins to fall back due to its 
own resilience. The force to flatten the sm-PENG is about 2N. At this 
time, the device can achieve the optimal output performance. As a 
wearable device, the sm-PENG will achieve considerable mechanical 
energy-to-electricity conversion efficiency by tapping lightly. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106009. 

3.3. The effect of electrical stimulation on cell morphology, alignment, 
proliferation, and migration 

Cell electrical stimulation system mainly includes power supply 
system, rectifier bridge and cell culture device. When electrical stimu-
lation was applied, the current density on ITO surface and in the culture 
medium was simulated by finite element analysis. The instantaneous 
current density on ITO surface can reach 350 μA/cm2 (Fig. S3). AS 
shown in Fig. 3a, after three days of stimulation, the cells fully extend 
along the main axis on the basement after adherent, the cells in the 
nuclear area were wider and narrower at both ends, and form multiple 
foot like bifurcations, which may be related to cell exclusion and 
communication. With the increase of culture time, the number of oste-
oblasts increased and multi-layer cells were formed. (Fig. S4) Cell 

Fig. 4. The intracellular calcium ion level after different electrical stimulation times. a) Schematic of intracellular calcium concentration promoted by electrical 
stimulation, calcium ion concentration was characterized by fluorescence staining. b) Compare the intracellular Ca2+ was measured by flow cytometer in the same 
group after EF stimulated in 1 day and 3 days. Unstained cells were used as N-Ctrl. c) The average fluorescence intensity was recorded from average FL1-H. d) The 
optical fluorescence diagrams of MC3T3-E1 cells staining by Fluo-4 after current stimulated for 2 h. Scale bar: 100 µm. 
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alignment relative to the current was analyzed using ImageJ. The acute 
angle between the long axis of the cell and the horizontal line was 
recorded as β, 86% of the cells in the SG group had a β value less than 
40◦, which was 53% in the control group and 61% in the NG group. 
These results indicate that current stimulation can promote the direc-
tional arrangement of cells. Osteoblast cell proliferation and migration 
are directly associated with bone repair. On the first day of stimulation, 
there was no significant difference in cell proliferation among different 
groups, but on the second and third days, the proliferation rate of the NG 
and SG group was significantly higher than the control group, there was 
no significant difference between the SG and NG group (Fig. 3e). As 
shown in Figs. 3f and S5, compared with the control group, the cell 
migration rate of the experimental group had no significant difference, 

indicating that short-term continuous pulsed-DC stimulation does not 
increase cell migration rate. 

3.4. Intracellular calcium ion level 

Many studies have found that calcium plays an important role in the 
response of bone cells to electric stimulation. ES can increase the con-
centration of intracellular calcium ion in two ways, the first is the release 
of calcium from the intracellular calcium pool, and the second is to open 
the L-type calcium ion channel through transmembrane potential de-
polarization to make extracellular calcium influx into cells (Fig. 4a) 
[34]. Cytoplasmic calcium can directly activate protein kinase or indi-
rectly activate protein kinase-related pathway by activating calmodulin, 

Fig. 5. Evaluation of osteogenic differentiation after electrical stimulation. Untreated MC3T3-E1 cells were used as control. a) ALP staining was performed 14 days 
after electrical stimulation activity. b) Alizarin red S staining was used to visualize the level of muneralization18 days after electrical stimulation. c) The percentage 
of ALP staining area was recorded from image a. d) ALP activities were measured on day 7 and day 14 after electrical stimulation. e) The average integral optical 
density (IOD) of the cell was quantified using Image-Pro Plus. (n = 6). 
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which converts the electric signal into biological signal and transmits it 
to cells, causing gene expression and protein synthesis and promoting 
cell proliferation and differentiation. The intracellular calcium flow was 
analyzed by flow cytometry after one and three days of stimulation. The 
results showed that the intracellular calcium level was increased with 
the increase of stimulation time under the same experimental conditions 
(Fig. 4b). At the same time, the intracellular calcium content in the 
electrical stimulation group was significantly higher than that in the 
control group (Fig. 4c). Fig. 4d shows the calcium fluorescence image of 
MC3T3-E1. Due to the effect of the fluorescent probe, the cell adhesion is 
reduced, and the cell tends to be round with the edge smooth, but the 
intercellular connection is still clear. Compared with the control group, 
the fluorescence intensity of the electricsl stimulation groups were also 
significantly enhanced. 

3.5. ALP activity and extracellular matrix mineralization 

The expression of alkaline phosphatase is an important marker of 
osteoblast differentiation in the early stage. The highest activity was 
found in the late proliferation stage, which provided favorable condi-
tions for phosphate enrichment in the mineralization stage [35]. The 
degree of osteoblast differentiation can be characterized by ALP activity. 
ALP staining was applied by the azo coupling method on the 14th day of 
electrical stimulation. The results are shown in Fig. 5a. The purple part 
(black arrow) is cells that had ALP activity, indicating that they have 
differentiated into osteoblasts. We used ImageJ to calculate the area of 
the purple part, the results are shown in Fig. 5c. The area of ALP staining 
in the experimental group is more than twice that in the control group. 
The staining of the NG group was much deeper than that of the SG group, 
but there was no significant difference in the staining area. We also used 
a quantitative method to detect ALP activity on 7 and 14 days. With the 
extension of culture time, ALP activity increased more significantly than 
that of the control group. ALP activity increased more significantly than 
that of the control group. On the seventh day, the ALP activity of the SG 
group was significantly higher than that of the control group, and that of 
the NG group was also higher than the control group, but the difference 
was not significant. On the 14th day of ES, there were significant dif-
ferences between the two experimental groups and the control group, 
indicating that pulsed-DC electrical stimulation could enhance ALP ac-
tivity (Fig. 5d). 

Extracellular matrix mineralization is the most direct manifestation 
of osteogenesis [36]. After 18 days of electrical stimulation, the level of 
mineralization was analyzed using alizarin red S staining. The 
orange-red particles in the first line of Fig. 5b are calcium phosphate 
crystals deposited after staining, to distinguish the coloring situation 
more intuitively, three groups of images were processed by Image J 
software (second line). It is shown that the coloring area (blue) of the 
experimental group was significantly larger than that of the control 
group. Further analysis of the average optical density also showed that 
the extracellular matrix mineralization was more obvious in the elec-
trical stimulation group. The pulse electricity generated from sm-PENG 
and signal generator can obviously promote osteogenic differentiation. 

4. Conclusions 

In summary, we developed a sm-PENG processed by thermo forming 
technology to realize arch structure with the short-circuit current of 
20 μA, which is more than twice that of the flat structure. It can be in-
tegrated with fixation splint to form an electrical stimulation therapy 
system for promoting osteoblast differentiation with good flexibility and 
portability. The sm-PENG and commercial signal generator were used 
for osteogenic differentiation in vitro. The biological effect of sm-PENG 
pulsed-DC stimulation from the sm-PENG is basically consistent with 
that of the commercial signal generator. Under the stimulation of 3 Hz, 
20 μA, two hours per day, the results showed that at the early stage of 
differentiation, pulsed-DC stimulation could promote the proliferation 

of MC3T3-E1 cells, enhance the intracellular calcium concentration, and 
had no obvious effect on cell migration. In the middle and late stages of 
differentiation, the electrical stimulation can enhance ALP activity, 
promote extracellular matrix mineralization and accelerated osteogenic. 
It demonstrated that self-powered pulsed-DC stimulation is promising 
for bone repair, and shows great prospect self-powered and portable 
electronic medical device. 
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