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A B S T R A C T   

Developing bioactive materials for bone implants to enhance bone healing and bone growth has for years been 
the focus of clinical research. Barium titanate (BT) is an electroactive material that can generate electrical signals 
in response to applied mechanical forces. In this study, a BT piezoelectric ceramic coating was synthesized on the 
surface of a TC4 titanium alloy, forming a BT/TC4 material, and low-intensity pulsed ultrasound (LIPUS) was 
then applied as a mechanical stimulus. The combined effects on the biological responses of MC3T3-E1 cells were 
investigated. Results of scanning electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffrac-
tion showed that an uniform nanospheres -shaped BT coating was formed on TC4 substrate. Piezoelectric be-
haviors were observed using piezoelectric force microscopy with the piezoelectric coefficient d33 of 0.42 pC/N. 
Electrochemical measures indicated that LIPUS-stimulated BT/TC4 materials could produce a microcurrent of 
approximately 10 μA/cm2. In vitro, the greatest osteogenesis (cell adhesion, proliferation, and osteogenic dif-
ferentiation) was found in MC3T3-E1 cells when BT/TC4 was stimulated using LIPUS. Furthermore, the intra-
cellular calcium ion concentration increased in these cells, possibly because opening of the L-type calcium ion 
channels was promoted and expression of the CaV1.2 protein was increased. Therefore, the piezoelectric BT/TC4 
material with LIPUS loading synergistically promoted osteogenesis, rending it a potential treatment for early 
stage formation of reliable bone-implant contact.   

1. Introduction 

The ideal material for implants should possess bioactivity that is 
similar to that in natural bone, thus encouraging osseointegration and 
the formation of reliable bone-implant contact. Titanium and its alloys 
have been widely used in dental and orthopedic implants, given their 
superior biocompatibility, excellent corrosion resistance, and favorable 
mechanical properties [1–3]; however, because they are considered 
bio-inert, they are not anticipated to augment bio-interaction with sur-
rounding tissues [4,5]. To enhance surface bioactivity while retaining 
desirable inherent characteristics, titanium and its alloys are commonly 
surface-coated to shorten osseointergration periods [6,7]. 

It is well established that electric signals play vital roles in bone 
formation and fracture healing [8]. Natural bone tissues are known to 
exhibit piezoelectricity [9], therefore, piezoelectric materials are 
promising in implants because they can convert mechanical forces to 

electrical signals, giving them the ability to provide electrical stimula-
tion to surrounding bone tissues without surgically implanting elec-
trodes [10,11]. As the first reported piezoelectric ceramic used in bone 
regeneration research, barium titanate (BaTiO3; BT) has received 
extensive attention as a lead-free implant material with good biocom-
patibility [12–14]. Studies have shown that composites containing BT 
have significant potential as bone substitutes both in vivo and in vitro [15, 
16]. Although existing investigations focus on BT combined with 
non-metallic substrates, titanium-based materials are the gold standard 
for large bone implants such as knee and hip replacements, given their 
close-to-ideal mechanical properties [17]. Study methods typically 
attempt to enhance osteogenesis by applying a polarizing charge on a 
piezoelectric material under static conditions before placing the implant 
[18,19]. Some investigators have noted that the polarizing charge on a 
material is actually a result of ferroelectricity rather than a piezoelectric 
effect and that it can decay over time [20]. Alternatively, the 
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electroactivity of a piezoelectric material can be activated by mechan-
ical forces [21]. Thus far, however, mechanical loading devices do not 
seem to be quantified, and safety concerns remain. Therefore, we aimed 
to find a more optimal method of mechanical loading. 

Low-intensity pulsed ultrasound (LIPUS) is a non-invasive mechan-
ical wave transmitted to the human body in the form of high-frequency 
pressure waves. Its unique advantages include non-invasiveness, effi-
cacy, safety, ease of operation, and short treatment time. Since 1952, 
Corradi and others have used rabbit fracture models to confirm that 
LIPUS can accelerate callus formation. In 1983, studies confirmed that 
LIPUS has a therapeutic effect for bone healing on rabbits [22]. The US 
Food and Drug Administration approved LIPUS in 1994 as a clinical 
treatment for fresh fractures, delayed fracture healing, and nonunion 
fractures. A large number of studies have confirmed that LIPUS can treat 
fractures and promote bone healing [23,24]. 

In this study, the surface of a TC4 titanium alloy was coated with BT 
to form a BT/TC4 composite that was then activated by applying LIPUS. 
Its morphology, dielectric constant, piezoelectric properies, and electric 
properties stimulated with LIPUS were characterized, and MC3T3-E1 
cells were used to evaluate its biological performance. We explored 
the effects of LIPUS-activated biomimetic electroactivity in BT/TC4 
materials on MC3T3-E1 cells as well as its mechanism. 

2. Methods 

2.1. Preparation and characteristics of the BT coating 

Medical TC4 disks, Φ34.5 × L 2 mm3 in size (provided by Institute of 
Metal Research, Chinese Academy of Sciences, China), were used as 
substrates. They were first ground with 2000-grit abrasive paper then 
polished with diamond polishing paste impregnated onto a cloth. 
Finally, the disks were washed in acetone, ethanol, and distilled water 
for 15 min in each. 

Potassium hydroxide (KOH, Analytically pure, Sinopharm Chemical 
Reagent Co., China) and barium hydroxide octahydrate (Ba(OH)2⋅8H2O, 
Analytically pure, Sinopharm Chemical Reagent Co., China) were dis-
solved in deionized water to prepare the hydrothermal solution (0.1 
mol/L and 0.6 mol/L, respectively). 

After transferring the solution to a Teflon-lined stainless steel auto-
clave, the disks were soaked in the solutions. Synthesis was conducted at 
180 ◦C for 5 h, and the autoclave was allowed to cool to ambient tem-
perature naturally. The disks were then ultrasonically rinsed with 
deionized water three to six times (until the rinse water reached neutral 
pH) and were then dried for 12 h in an oven at 100 ◦C. 

An Inspect F50 scanning electron microscope (SEM; FEI Co., USA), 
employing energy-dispersive X-ray spectroscopy (EDS; X-Max; Oxford 
Instruments Co., Britain), was used to observe the surface and cross- 
section microscopy and element compositions of the formed coatings. 
An X’pert Pro X-ray diffractometer (XRD; PANalytical Co., Netherlands) 
was used to obtain phase information from the BT/TC4 samples. 

An impedance analyzer was used at room temperature to measure 
dielectric performance across frequencies ranging from 1 Hz to 105 Hz. 
The poling electric field was 10 kV/cm. 

Piezoelectric properties of the BT/TC4 materials were evaluated 
using anatomic force microscope (AFM, Asylum Research MFP-3D, USA) 
with a piezoresponse force microscopy (PFM, Bruker, Germany) module. 
The PFM images were collected and recorded using a Ti/Ir-coated Si 
cantilever (Olympus Electrilever, Germany) with a nominal 2 N/m 
spring constant and a free air resonance frequency of 70 kHz. A sequence 
of DC biases imposed by a small AC driving voltage was applied on the 
surface of the BT/TC4 materials, and the corresponding PFM phase and 
amplitude were measured. The corresponding piezoelectric vibration 
signal was detected to acquire the strain-electric field hysteresis loop 
and to further evaluate the effective piezoelectric coefficient d33 of the 
BT coating. 

Samples were also characterized electrically using an 

electrochemical workstation (CST500; Corrtest Instruments Co., China). 
Current was measured between the working electrode and a counter 
electrode through a zero-resistance ammeter before the test was carried 
out at room temperature. The test solution was phosphate-buffered sa-
line (PBS). A saturated calomel electrode was used as the reference 
electrode, and a small-area platinum electrode was used as the counter 
electrode. The ultrasound probe was immersed in PBS approximately 5 
cm from the sample. The BT/TC4 and TC4 disks were divided into three 
groups each: the continuous ultrasound group, the sham group, and the 
intermittent ultrasound group. The first received continuous ultrasound 
at a frequency of 1 MHz and an intensity of 30 mW/cm2; the second was 
treated in the same manner, but with the ultrasound generator turned 
off; and the third received each treatment successively for alternating 1- 
min periods. 

2.2. Cell culture and seeding 

The mouse pre-osteoblast cell line MC3T3-E1 (passaese-16) was 
obtained from the Central Laboratory, School of Stomatology, China 
Medical University then cultured in α-minimum essential medium 
(α-MEM; Gibco, China) supplemented with 10% fetal bovine serum 
(FBS; Four-Seasons Green, China) in a humidified atmosphere of 5% CO2 
at 37 ◦C. The culture medium was refreshed every two days. Cells were 
seeded on sample surfaces in six-well plates, and 2 mL medium was 
added to each well. After the seeded samples were further incubated for 
24 h, LIPUS stimulation was initiated. 

The samples were randomly divided into four groups: BT/TC4 ma-
terials stimulated with LIPUS (UBT/TC4 group), TC4 materials stimu-
lated with LIPUS (UTC4 group), BT/TC4 materials with sham 
stimulation (CBT/TC4 group), and TC4 materials with sham stimulation 
(CTC4 group). 

2.3. LIPUS stimulation 

Therapeutic LIPUS stimulation was applied to the samples using a 
Sonicator 740 (Mettler Electronics Corp., USA) with a plane-wave ul-
trasound transducer (ME7410; area of 10 cm2), delivering an ultrasound 
wave comprising a sinusoidal ultrasound pulse 1 ms in length and 1 MHz 
in frequency, with a repetition rate of 100 Hz and a spatial average- 
temporal average intensity of 30 mW/cm2. As shown in Fig. 1, the ul-
trasound probe was immersed in water approximately 5 cm from the 
sample. Daily exposure was 20 min. The sham group was treated like-
wise with the ultrasound generator turned off. These parameters were 
selected based on previous findings by our group [25–27]. 

2.4. Cell attachment and morphology 

Morphology in the MC3T3-E1 cells on the sample surfaces was 
observed using SEM (S–3400 N; Hitachi, Japan) four days after seeding. 
Samples were rinsed three times in PBS and fixed overnight in 2.5% 
glutaraldehyde at 4 ◦C after which they were dehydrated through a 
graded ethanol series (60%–100%) then dried using the critical point 
method. After mounting them on studs, they were sputter-coated with 
gold/palladium then examined using SEM. 

2.5. Wound-healing migration assay 

Samples were cultured for 24 h, then a cell-free gap was created 
centrally using a pipette tip with a width of 1 mm. At specific time points 
(0, 1, and 3 days) after media removal, cells were fixed with 4% poly-
formaldehyde for 20 min then rinsed twice with PBS and stained with 
4’,6-diamidino-2-phenylindole fluorescent dye (DAPI; Beyotime 
Biotechnology, China) for 10 min. Stained samples were rinsed twice 
with PBS before inspection using fluorescence microscopy. Image 
analysis software (Image-Pro Plus 6.0; USA) was used to locate and 
evaluate the gap, and wound-healing rates were calculated based on 
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wound closure, applying the following formula:   

2.6. Cell proliferation assay 

Cell proliferation was evaluated using 3-(4,5-dimethylthiazol-2-yl)- 
2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich Co., USA) as-
says. After 1, 4, and 7 days incubation, the medium was removed and the 
cells were rinsed three times with PBS. To each well, 400 μL MTT and 
1600 μL fresh α-MEM medium were added to each well and cultured for 
4 h. The reaction was stopped by adding 2 mL dimethylsulfoxide, and 
the solution was transferred to new wells where absorbance was 
measured at 490 nm using an automatic microplate reader (Thermo- 
Fisher Co., USA). 

2.7. Alkaline phosphatase activity assay 

At days 1, 4, and 7, cells from various groups were rinsed three times 
with PBS then lysed with 0.3% Triton X-100. Lysates were briefly vor-
texed then centrifuged at 12,000 rpm for 5 min. The clear supernatant 
was used to measure alkaline phosphatase (ALP) activity, determined 
using an ALP activity assay kit. Total protein concentration in the su-
pernatant was measured using a bicinchoninic acid protein assay kit 
(Jiancheng Co., China), and optical density (OD) was measured under a 
microplate reader at 520 nm. Finally, ALP activity was calculated using 
the following formula: 

ALP  (U / g  prot)=
ODtest − ODblank

ODstandard − ODblank
× (phenol  content)standard

(protein  concentration)test  

2.8. Osteocalcin content 

After 7, 10, and 14 days of incubation, osteocalcin (OCN) secretion, 
as the release of extracellular matrix protein, was measured using a 
commercial OCN mouse enzyme-linked immunosorbent assay kit 

(HuoLe Biotech, China), as described elsewhere [26]. 

2.9. Quantitative real-time polymerase chain reaction 

Manufacturer instructions were followed to extract total RNA from 
the MC3T3-E1 cells using TRIzol (Trizol reagent, Sigma-Aldrich, USA). 
RNA concentrations were measured using a NanoDrop ND-2000 spec-
trophotometer at 260 nm. The RNA was reverse-transcribed using a 
reverse transcription system (Promega, Madison, WI). Quantitative real- 
time polymerase chain reaction (qRT-PCR) was performed using an ABI 
Prism 7500 RT-PCR system (Applied Biosystems, USA) using SYBR green 
fluorescence quantification. All primer sequences are shown in Supple-
mentary Table S1. 

2.10. Alizarin red staining 

Mineralization of MC3T3-E1 cells was determined by alizarin red 
staining. On day 21, cells were washed twice with distilled water and 
fixed in 4% formalin for 30 min. Afterwards, cells were rinsed twice with 
deionized water and stained with 0.1% alizarin red (pH = 4.2, Soledad 
Bao Tech., China) for 30 min at room temperature. After staining, the 
excessive dye was gently washed with deionized water. Cells were de- 
stained for 30 min with 2 mL 10% hexadecylpyridinium chloride mon-
ohydrate (Sigma-Aldrich, USA) at room temperature. The eluates were 
transferred to the high-clarity polypropylene tubes to compare the color 
and exclude color interference caused by the background difference 
between BT/TC4 and TC4 materials. Finally, the OD values were 
measured at 550 nm using an enzyme-labelling instrument (Infinite 
M200, Switzerland). 

2.11. Western blot 

Cells were lysed in RIPA buffer (Beyotime Biotech., China), and the 
extracted protein was quantified using a bicinchoninic acid protein 
assay kit (Beyotime, Beijing, China). Protein samples were resolved 
using 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 

Fig. 1. A schematic diagram of LIPUS loading in vitro study.  

Would  healing  rate  (%)= 1 −
Gap  area  at  indicated  time  point  (1  or  3  d)

 Initial  gap  area  (0  d)
× 100%   
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transferring onto polyvinlyidene fluoride (PVDF) membranes and 
inhibiting with milk for 2 h at room temperature (5% w/v) in tris- 
buffered saline (TBS) with Tween-20 (0.1%; TBS-T). Blots were incu-
bated with primary antibodies overnight at 4 ◦C and then with goat anti- 
rabbit horseradish peroxidase-conjugated secondary antibodies at 4 ◦C 
for 1 h then detected using an Enhanced Chemiluminescence Detection 
Kit (Boster, USA). All antibodies used are shown in Supplementary 
Table S2. 

2.12. Intracellular calcium ion concentration 

Intracellular calcium ion concentration was quantified via fluores-
cence microscopy aided with Fluo-4-AM (Dojindo, Japan). Cells 
cultured for 7 days were used to compare changes in calcium ion con-
centrations between groups. To determine whether opening of the L- 
type calcium channel played a major role in calcium ion changes in 
various groups, verapamil and SKF-96365 were used as inhibitors to the 
L-type calcium channels and stored calcium channels (SOCs), 
respectively. 

Each of the four sample groups were further randomly divided into 
three groups: the blank group, the verapamil group, and the SKF-96365 
group. The verapamil group was cultured in a complete medium con-
taining 10 μmol/L verapamil (MCE, USA), whereas the SKF-96365 group 
was cultured in the complete medium containing 10 μmol/L SKF-96365 
(MCE, USA). The blank group was cultured in the complete medium. 
After 24 h, each group was exposed to LIPUS or sham stimulation fol-
lowed by calcium ion fluorescence staining. 

Cells were rinsed twice with Hanks’ balanced salt solution, incubated 
in the dark for 30 min at 37 ◦C in a culture medium containing Fluo-4- 
AM, then rinsed three more times with the salt solution. An inverted 
fluorescence microscope (FluoView1000; Olympus, Japan) was adapted 
to record emission fluorescence at an exaction wavelength of 494 nm 
and an emission wavelength of 533 nm. Fluorescence intensity was 
determined using image analysis software (Image-Pro Plus 6.0, USA). 

2.13. Statistical analysis 

SPSS 21.0 was used for statistical analyses. Results, expressed as 
means ± standard deviations (SDs), were verified using the Student t- 
test. Statistical significance was recognized at P < 0.05. 

3. Results 

3.1. Characterization results 

3.1.1. Microstructure 
Surface morphology of TC4 disks coated with BT is shown in Fig. 2A 

and B. While the surfaces were smooth, scratches from polishing 
remained. No cracks or spallation occurred in the BT coatings, and BT 
crystals, about 50 nm in size, were tightly bound together. Both Ba and 
Ti were identified on the BT/TC4 surface using EDS (Fig. 2D). As shown 
in Fig. 2C, a nanospheres-shaped coating being uniform in thickness of 
about 1.6 μm was formed on TC4 substrate. Combined with XRD spec-
trum shown in Fig. 2E, the elemental profiles of Ba, O and Ti, detected 
using EDS in cross-section of the coating, further confirmed that BT was 
present on TC4 substrate in a coating form. 

3.1.2. Electric properties 
Fig. 2F shows the dielectric constant curve for BT/TC4, indicating 

that it dropped rapidly between 0 and 100 Hz, then gradually stabilized 
as frequency increased. Between 100 and 105 Hz, the dielectric constant 
was 800–1000, a relatively high value for this application. 

Fig. 2G shows the PFM topography obtained from the surface of the 
BT/TC4 material. Fig. 2H and I shows the PFM amplitude and phase of 
the BT/TC4 materials, respectively, demonstrating their piezoelectric 
behaviors. As shown in Fig. 2J and K, the displacement amplitude and 

phase responses of the BT/TC4 materials exhibited butterfly loop, 
further confirming the ferroelectric nature of the BT/TC4 materials. The 
effective piezoelectric coefficient d33 was found using PFM to be about 
0.42 pC/N. 

The galvanic current varied in TC4 and BT/TC4 materials depending 
on ultrasound exposure, as shown in Fig. 2L-N. The BT/TC4 material 
generated a continuous and stable galvanic current of 60–65 μA/cm2 

when stimulated with ultrasound and 50–55 μA/cm2 without it. This 
difference indicated that an additional galvanic current of approxi-
mately 10 μA/cm2 was generated as a result of ultrasound stimulation. 
In the intermittent ultrasound group, galvanic current varied similarly: 
the peak-trough difference was approximately 10 μA/cm2. Conversely, 
the uncoated TC4 substrate generated the same current (40–45 μA/cm2) 
with or without ultrasound stimulation and when the stimulation was 
intermittent. 

3.2. Effects of materials/LIPUS on cellular biological behaviors 

3.2.1. Cell adhesion, migration, and proliferation 
After incubation for four days, SEM indicated that MC3T3-E1 cells 

adequately covered the surfaces in all groups. Cells exhibited a shuttle, 
polygonal shape with obvious pseudopods, and intercellular filaments 
could be seen. The UBT/TC4 group exhibited the greatest cell density in 
that cells covered nearly the entire sample surface. 

On day 3, cell migration (healing rate) was greater in the UTC4 and 
CBT/TC4 groups than the CTC4 group (P < 0.05), and it was greater in 
the UBT/TC4 group than in the other three groups, pooled (P < 0.05). 

On days 4 and 7, the MTT values were also greater in the UTC4 and 
CBT/TC4 groups than the CTC4 group (both P < 0.05), and it was also 
greater in the UBT/TC4 group than in the other three groups, pooled (P 
< 0.05). Fig. 3 illustrates these results. 

3.2.2. Osteogenic differentiation in the cells 
Using qRT-PCR and western blotting, the relative expressions of ALP, 

OCN/type I collagen (Col I), and Runx-2 were shown to be greater in the 
CBT/TC4 group compared to the CTC4 group (P < 0.05) at the mRNA 
and protein levels. Likewise, these expressions were greater in the UTC4 
group compared to the CTC4 group (P < 0.05) and in the UBT/TC4 
group compared to the other three groups, pooled (P < 0.05). 

The ALP assays showed that ALP activity increased over time in 
every group. On days 4 and 7, ALP activity was greater in the CBT/TC4 
and UTC4 groups compared to the CTC4 group (both P < 0.05). Addi-
tionally, it was greater in the UBT/TC4 group than the other three 
groups, pooled (P < 0.05). 

The OCN content also increased over time in every group. On days 
10, and 14, OCN content was greater in the UTC4 and CBT/TC4 groups 
compared to the CTC4 group (both P < 0.05). It was also greater in the 
UBT/TC4 group than the other three groups, pooled (P < 0.05). 

The alizarin red staining assay on day 21 showed that the highly 
abundant mineralization nodules were showed in the UBT/TC4 group 
while only small mineralization foci in the CTC4 group, and the level of 
mineralization in UTC4 group and CBT/TC4 group were between that of 
the above two groups. The semiquantitative analysis of mineralization 
also showed the OD value was greater in the UTC4 and CBT/TC4 groups 
than the CTC4 group (both P < 0.05), and it was also greater in the UBT/ 
TC4 group than in the other three groups, pooled (P < 0.05). Fig. 4 il-
lustrates these results. 

3.3. Changes in intracellular calcium ion concentration 

3.3.1. Effect of material/LIPUS on intracellular calcium concentration 
After either LIPUS or sham stimulation for seven days, intracellular 

calcium ion concentration was greater in the UTC4 and CBT/TC4 groups 
compared to the CTC4 group (both P < 0.05). It was also greater in the 
UBT/TC4 group than the other three groups, pooled (P < 0.05). Fig. 5A 
illustrates these results. 
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Fig. 2. Characterizations of BT coatings. (A) and (B) Surface SEM images of BT/TC4 materials. (C) Cross-section SEM image of BT/TC4 material, the morphology and 
elemental profiles of Ba, O and Ti. (D) EDS spectrum analysis of the BT coating. (E) XRD patterns of the BT coating. (F) Dielectric constant, ε′, versus frequency for 
BT/TC4 material. (G) AFM topography. (H) PFM phase. (I) PFM amplitude. (J) Displacement amplitude and (K) phase of PFM switching at different locations using 
top electrode from electrical measurements. (L) Galvanic current of BT/TC4 and TC4 materials in sham group. (M) Galvanic current of BT/TC4 and TC4 materials 
exposed to continuous ultrasound. (N) Galvanic current of BT/TC4 and TC4 materials in intermittent ultrasound group. 
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3.3.2. Opening the L-type calcium channel regulates calcium in the cells on 
LIPUS-stimulated BT/TC4 

Among the blanks, calcium ion concentration was greater in the 
UTC4 and CBT/TC4 groups compared to the CTC4 group (both P <
0.05). It was also greater in the UBT/TC4 group than the other three 
groups, pooled (P < 0.05). With the use of verapamil to inhibit opening 
of the L-type calcium channels, these differences became non- 
significant. However, with the use of SKF-96365 to inhibit the opening 
of SOCs, the differences remained. Fig. 5B illustrates these results. 

3.3.3. Expression of the CaV1.2 protein in MC3T3-E1 cells 
After seven days of incubation, the relative mRNA and protein ex-

pressions of the calcium channel protein CaV1.2 were greater in the 
UTC4 group compared to the CTC4 group (P < 0.05) and in the UBT/ 
TC4 group compared to the other three groups, pooled (P < 0.05). The 
differences between the CBT/TC4 group and the CTC4 group were non- 
significant. Fig. 5C and D illustrate these results. 

4. Discussion 

The use of SEM, EDS, and XRD allowed the BT ceramic coating to be 
characterized, showing that it was successfully formed on the surface of 
the TC4 titanium alloy. PFM results suggested that BT/TC4 materials 
possessed piezoelectric behaviors. The d33 of the BT coating (0.42 pC/N) 

and of natural bone (up to 0.7 pC/N) were of the same order of 
magnitude, indicating that BT/TC4 materials could mimic the piezo-
electric properties of bone, giving it a therapeutic potential for bone 
formation and remodeling under further mechanical forces [28]. Elec-
trochemical measures indicated that an additional microcurrent of 
approximately 10 μA/cm2 was generated when BT/TC4 was stimulated 
by ultrasound. This is direct evidence of electroactivity from the BT 
coating. Other researchers have shown electric-stimulated osteogenesis, 
adopting currents ranging from 5 to 50 μA/cm2, a range that encom-
passes our results [29]. The piezoelectric contribution efficiency of 
piezoelectric materials is frequency dependent [30]. Therefore, we also 
evaluated the frequency responses of the BT/TC4 materials and 
measured response curves presented in the supplementary files. (Section 
S1 and Fig. S1). Further studies should be conducted to measure the 
magnitude and bioeffects of the microcurrent generated when different 
LIPUS parameters are applied or when the implant shape is different. 
Even though the microcurrent measured using PBS could not be equated 
to that in blood, the measured microcurrent in PBS is of great impor-
tance when elucidating the electrical environment in a dynamic in vitro 
setting. 

Trends in in vitro experiments are similar, indicating that LIPUS as a 
mechanical stimulus can promote osteogenesis in MC3T3-E1 cells. When 
BT/TC4 material is stimulated with LIPUS, migration, proliferation, 
differentiation, and mineralization of MC3T3-E1 cells can be further 

Fig. 3. Influences of material/LIPUS on cell behaviors include altered adhesion, migration, and proliferation. (A) SEM images of cell adhesion testing for MC3T3-E1 
cells on day 4. (B) Results of wound healing migration assays on days 1 and 3. (C) MTT assay results on days 1, 4, and 7. LIPUS and BT/TC4 material increased cell 
migration and proliferation compared to the TC4 substrate without LIPUS. Combining the BT/TC4 material with LIPUS stimulation could further promote cell 
migration and proliferation of MC3T3-E1 cells, compared to either one alone. *P < 0.05. 
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Fig. 4. Influences of material/LIPUS on osteogenic differentiation in MC3T3-E1 cells. (A) Quantitative real-time polymerase chain reaction was used to analyze the 
relative mRNA levels of ALP, Runx-2, and OCN on days 3 and 7. (B) Protein expression levels of ALP, type I collagen, and Runx-2 on day 7, determined using Western 
blot analysis. (C) ALP activity results on days 1, 4, and 7. (D) OCN enzyme-linked immunosorbent assay results on days 7, 10, and 14. (E1-E3) Alizarin red staining. 
(E1) General view. (E2) Eluates in the high-clarity polypropylene. (E3) Semiquantitative analysis of alizarin red staining. Individually, LIPUS and BT/TC4 materials 
increased osteogenic differentiation in MC3T3-E1 cells compared to the TC4 without LIPUS. Combining the BT/TC4 materials with LIPUS could further promote 
osteogenic differentiation in MC3T3-E1 cells compared to either one alone. *P < 0.05. 
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promoted. Some researchers report that the piezoelectric signal in bone 
has an apparent relaxation phenomenon: the piezoelectric voltage be-
tween electrodes cannot be maintained at steady state because the 
charges can be discharged through the bone tissue itself. In a static 
setting, it is difficult to maintain the charge at any given level [31]. 
Combination of piezoelectric materials with mechanical forces could 
simulate the piezoelectric effects in natural bone. Some studies have 
confirmed that piezoelectric implants activated by dynamically me-
chanical loading provided superior osteogenesis compared to those 
without mechanically loading [18,32]. Shuai used a different but similar 
loading device, showing that the ultrasound stimulation together with 
the BT/PVDF piezoelectric composite scaffold promoted differentiation 

in MG63 cells [33]. These methods of mechanical loading have not yet 
been applied in a clinical setting, and to do so requires further efforts to 
verify their efficacy and safety. The LIPUS used in our study provided an 
option for mechanical force loading on the piezoelectric materials that is 
not yet documented in the literature even though it has been approved 
by the U.S. FDA for the treatment of fresh fractures and existing 
non-union fractures. The parameters we applied were screened in earlier 
stages of research and were confirmed through both in vivo and in vitro 
biological experiments to promote osteogenesis in MC3T3-E1 cells 
[25–27]. Those parameters can be changed, allowing tissue-specific 
physiological demands to be fulfilled. Further studies would elucidate 
those specific parameters. 

Fig. 5. Changes in intracellular calcium concentration in MC3T3-E1 cells depending on material, exposure to LIPUS, and the L-type calcium channel. (A) Intra-
cellular calcium fluorescence staining in MC3T3-E1 cells on day 7 under various conditions. Individually, LIPUS and BT/TC4 material increased calcium ion con-
centrations in MC3T3-E1 cells. Combining the BT/TC4 materials with LIPUS stimulation could further promote the intracellular calcium ion concentrations in 
MC3T3-E1 cells. (B) Intracellular calcium fluorescence staining of MC3T3-E1 cells on day 1 in a blank and samples inhibited by verapamil or SKF-96365. (C) 
Relative CaV1.2 mRNA expression quantified using quantitative real-time polymerase chain reaction. (D) Western blot analysis to quantify calcium ion channel 
protein (CaV1.2) levels.*P < 0.05. 
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Intracellular calcium is a second messenger in cells, and it plays an 
important role in osteogenesis [34,35]. Studies have shown that the 
concentration of intracellular calcium ion is positively associated with 
adhesion, migration, proliferation, and differentiation in MC3T3-E1 
cells via modulation of a large variety of intracellular downstream 
signal targets. For example, calcium-sensing receptor is able to func-
tionally couple to integrins, in conjunction with facilitating intracellular 
calcium release, to promote cellular adhesion and migration [36]. The 
promoted calcium in MC3T3-E1 cells of G0/G1 phase is able to initiate 
the tricarboxylic acid cycle, which in turn activates downstream path-
ways involved in cell proliferation [37,38]. The promoted calcium also 
allows to facilitate osteogenic differentiation via the Ca2+/CaMKII/ 
ERK/AP-1 signaling pathway [39]. In addition, both mechanical and 
electrical stimulation can induce the promoted concentration of intra-
cellular calcium ion influx [40,41]. Therefore, calcium influx may be a 
possible mechanism that is responsible for the promotion of osteogenesis 
of MC3T3-E1 cells on BT/TC4 materials stimulated with LIPUS. 

Our calcium imaging results indicate that LIPUS can increase this 
concentration, and it was greatest in the UBT/TC4 group, indicating that 
electroactivity in BT/TC4, excited by LIPUS, was responsible for the 
increase. L-type calcium channels are voltage-dependent ion channels 
that play pivotal roles in regulating the free calcium concentration in 
living cells, affecting the intracellular calcium ion concentration by 
opening or closing the channels or by increasing or decreasing expres-
sion of the channels [42]. Our data show that blocking the L-type cal-
cium channels using verapamil removes the differences in calcium ion 
concentrations among the groups, indicating that the L-type calcium 
channel is critical to the process. The other major calcium regulators are 
the SOCs, found primarily in the endoplasmic reticulum membrane 
[43]. Our data show that blocking the SOCs using SKF-96365 was not 
effective in removing the differences among the groups, suggesting that 
the SOCs might not be functional. The short time interval of one day was 
chosen to minimize the influence of calcium channel expression. The 
CaV1.2 protein represents the primary L-type calcium channel structural 
protein in MC3T3-E1 cells [44]. Some studies suggest that its expression 
is related to mechanical forces, consistent with our study [40,45]. 
Furthermore, electroactivity excited by LIPUS in BT/TC4 could further 
promote transcription and expression of the CaV1.2 protein. The 
piezoelectric effect might be another important reason for promoting 
calcium influx into MC3T3-E1 cells. 

5. Conclusion 

LIPUS-stimulated BT/TC4 has the ability to generate a piezoelectric 
signal which then enhances the osteogenic effects of MC3T3-E1 osteo-
blasts along with the influx of calcium ions, mediated by the L-type 
calcium channel. Combining a BT coating with LIPUS stimulation could 
be a potential method for forming early bone-implant contact in bone 
regeneration applications. 
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