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ABSTRACT Bone remodeling or orthodontic treatment is usually
a long-term process. It is highly desirable to speed up the process for
effective medical treatment. In this work, a self-powered low-level
laser cure system for osteogenesis is developed using the power
generated by the triboelectric nanogenerator. It is found that the
system significantly accelerated the mouse embryonic osteoblasts'
proliferation and differentiation, which is essential for bone and tooth
healing. The system is further demonstrated to be driven by a living
creature's motions, such as human walking or a mouse's breathing,
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suggesting its practical use as a portable or implantable clinical cure for bone remodeling or orthodontic treatment.
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ment is usually a long-term process.'

Currently, it is accepted that low-level
laser therapy has a positive effect on the
speed and quality of this process,> > possi-
bly because the laser's energy corresponds
with the characteristic energy and absorp-
tion levels of the respiratory chain in mito-
chondria. Thus, it enhances the vitality
actions of cells and accelerates regenera-
tion of the damaged tissues.? To facilitate
the applications of this technology, an at-
tachable or implantable laser cure system
is demanded. However, a normal battery
would not work in this scenario because it is
either too big in volume or uncomfortable
for the patients.

Recently, the invention of the triboelec-
tric nanogenerator (TENG) has provided an
effective approach to convert ambient me-
chanical energy into electricity.®”'* The
working principle of the TENG is based on
the combination of contact electrification
and electrostatic induction. It has been sys-
tematically studied to drive hundreds of

B one remodeling or orthodontic treat-
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light-emitting diodes (LEDs)'*'® or charging
a lithium-ion battery'” for powering some
electronic devices. The TENG has been em-
ployed to collect energy from the mouse's
breathing to power a pacemaker.'®'?

In this paper, a self-powered low-level
laser cure (SPLC) system for osteogenesis
was developed, which significantly acceler-
ated the mouse embryonic osteoblasts' pro-
liferation and differentiation. Moreover, it
was found that the system could also work
under the drive of a living creature's mo-
tions, such as human walking or a mouse's
breathing. This work shows great progress
not only for TENGs' applications in portable
or implantable medical devices but also for
clinical therapy of bone remodeling and
orthodontic treatment.

RESULTS AND DISCUSSION

The SPLC system is composed of a flexible
TENG and an infrared laser excitation unit.
The fabrication of the TENG refers to the
arch-shaped highly flexible device.?® Poly-
dimethylsiloxane (PDMS) and indium tin
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Figure 1. Structural design and characterizations of the TENG. (a) Schematic illustrations of the flexible arch-shaped TENG. (b)
Short-circuit current, (c) transferred charge, and (d) open-circuit voltage of the as-fabricated TENG.

oxide (ITO) were utilized as the friction materials.
However, to enhance the TENG's current output, a
pyramid array patterned PDMS film was preferred'®
instead of the plain film (Figure 1 a). It consists of a
pyramid array with each side's length being 5 um. The
working principle of this TENG was previously reported
and is based on the combination of contact electrifica-
tion and electrostatic induction. The electric character-
izations were measured by a Keithley 6514 system
electrometer and a SR570 low-noise current amplifier
from Stanford Research Systems. Testing results are
shown in Figure 1b—d. The TENG output a short-circuit
current of about 30 A and an open-circuit voltage of
115 V. The transferred charge during one period was
around 70 nC.

As for the biological experiment, murine calvarial
preosteoblasts (MC3T3-E1) (ATCC CRL-2594) were cho-
sen. It is a mouse calvaria-derived cell line that can
provide a useful in vitro system to study the different
stages during the osteoblast differentiation.?’ The cells
were initially cultured with DMEM (Dulbecco's mod-
ified Eagle's medium, with 10% fetal bovine serum
and 1% penicillin—streptomycin) in 5% CO, at 37 °C,
seeded in 96-well plates for 3000 cells/100 uL, and
allocated in three groups: reference group—no laser
treatment; laser-irradiated group driven by TENG
(TENG-lasered group)—pulse laser irradiation driven
by TENG (100 pulses/day); laser-irradiated group using
a battery (battery-lasered group)—continuous laser
irradiation powered by a battery (1 min/day), as shown
in Figure 2a. Before laser treatment, all of the cells were
incubated for 24 h. Then, the laser treatment was
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performed, and cells were tested after another 24 h
of incubation. During the incubating process, we cov-
ered the whole plates with tinfoil to avoid any ambient
illumination.

For the infrared laser, it has a wavelength and power
of 850 nm and 10 mW, with an irradiation diameter
of 6 mm, which means the power density is about
35.4 mW/cm?. The TENG-lasered irradiation was driven
by the TENG with a capacitor as an electricity reservoir
(Figure 2b). The TENG was triggered by a motor with a
displacement of £0.5 mm and a frequency of 50 Hz.
The infrared signals for the two laser groups are shown
in Figure 2¢,d.

Since MC3T3-E1 becomes functional during the
successive developmental stages, including the prolif-
eration period, bone matrix formation, and mineraliza-
tion stages,?'*2 in the following experiments, we used
a MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] test to assess cell proliferation, ALP (alkaline
phosphatase) level to detect early bone matrix for-
mation, and Alizarin red S dye to characterize the
mineralization.

To investigate the effect of infrared irradiation on
MC3T3-E1, we stained the cytoskeleton and nucleus
with phalloidin and DAPI (Sigma-Aldrich) to observe
the morphology and quantity of cells, as shown in
Figure 3. Phalloidin (red) specifically binds to cellular
filamentous actin, which displayed the relative integ-
rity of the cytoskeleton. There was no distortion of
the cytoskeleton structure observed among the
three groups, which implied that the cells in TENG-
lasered (Figure 3b,e,h, 1—3 days) and battery-lasered
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Figure 2. (a) Bioexperimental setup. (b) Schematic diagram of the SPLC system. (c) Infrared laser signal emitted by the SPLC
system. (d) Infrared laser signal emitted by a battery.

Reference group TENG-lasered Battery-lasered

C)) (b)

24h

48h

72h

Figure 3. Quantity and morphology of the MC3T3-E1 cell with different processing methods, stained by phalloidin and DAPI.
(a,d,g) Reference group cultured 24, 48, and 72 h, respectively. (b,e,h) TENG-lasered group, with the irradiation dose of
100 pulses/day, cultured 24, 48, and 72 h, respectively. (c,f,i) Battery-lasered group, with the irradiation dose of 1 min/day,
cultured 24, 48, and 72 h, respectively. Scale bar is 100 um.

irradiation groups (Figure 3cfi, 1—3 days) grew as (Figure 3a,d,g, 1—3 days), which means the cells pro-

normal as the reference group. Additionally, DAPI liferated apparently under infrared irradiation.
(blue) specifically binds to the DNA of the nucleus. After being plated, the cells entered a proliferative
The quantity of nucleus in all irradiated groups in- phase.” Proliferation was evaluated at 24 h after laser
creased compared to that in the reference group irradiation and assessed using the MTT assay. After
_ ACEIN \ NS
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Figure 4. (a) MTT results show a promotion on the proliferation of MC3T3-E1 after different laser irradiation. The cell viability
of the TENG-lasered group was 15 and 10% higher than that of the reference group, respectively, after being irradiated for
2 and 3 days. Battery-lasered group was 66 and 32% higher. (b) ALP level and (c) mineral deposition results implied that
the laser irradiation could induce bone formation. The ALP level of the TENG-lasered group for 1, 3, and 5 day treatment was
9.2, 9.4, and 16.9% higher than that of reference group, respectively. Battery-lasered group was 5.1, 15.0, and 21.7% higher.
The mineralized area in both TENG-lasered and battery-lasered groups was significantly larger than that in the reference
group. The mineralized area is marked with a red arrow, which was stained by Alizarin red S. Scale bar is 100 zm.

10 uL of MTT (0.5 mg/mL in final concentration) was
added per well, cells were incubated in the dark for
another 4 h in 5% CO, at 37 °C to induce the produc-
tion of formazan crystals. One hundred microliters of
dimethylsulfoxide was added to dissolve the afore-
mentioned formazan crystals. Absorbance was read at
490 nm to evaluate the cell proliferation on an enzyme-
linked immunosorbent assay (ELISA) reader. As shown
in Figure 4a, after treatment with infrared irradiation
for 1 day, there was no significant difference observed
in the reference, TENG-lasered, or battery-lasered irra-
diation groups. However, after irradiation by an infra-
red laser for 2 or 3 days, the cells in the irradiated
groups increased statistically remarkably. Specif-
ically, the cell viability of the TENG-lasered group
was 15 and 10% higher than that of the reference
group for the 2 day and 3 day samples, respectively.
The cell viability of the battery-lasered group was 66
and 32% higher than that of the reference group,
respectively. Our results indicated that the TENG-
lasered and battery-lasered irradiation could pro-
mote cell proliferation.**

The ALP level indicates the beginning of bone matrix
synthesis and the maturity of the extracellular matrix of
the MC3T3-E1 cell®>*~% The extracellular ALP level
was measured with an ALP ELISA kit. This kit adopted a
double sandwich method. The absorbance was read at
450 nm (Figure 4b) on an ELISA reader. The cell culture
time was relatively longer than the proliferation test,
and the irradiation times also increased. We measured
the ALP level (Figure 4b) of three groups after 1, 3, and
5 days of irradiation. The TENG-lasered group was 9.2,
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9.4, and 16.9% higher than the reference group, re-
spectively, and the battery-lasered group was 5.1, 15.0,
and 21.7% higher than the reference group. The ALP
level implied that the bone matrix synthesis was acti-
vated by the infrared irradiation and the MC3T3-E1
cells had a more mature extracellular matrix after laser
treatment.

Mineral deposition is a significant marker of bone
formation in vivo in MC3T3-E1 cells,®’ which will begin
after several days of induction. Here, we added
50 ug/mL ascorbic acid (AA) and 10 mM f-glyceropho-
sphate into DMEM to induce mineral deposition of
MC3T3-E1 cells. We used the Alizarin red S method to
evaluate the mineral deposition of MC3T3-E1 cells at
day 28 (Figure 4c). After being stained by Alizarinred S,
the optical images showed obvious mineral deposition
in the infrared irradiation groups. Both the quantity of
calcium nodules and mineralized area in both TENG-
lasered and battery-lasered irradiation groups were
obviously larger than those in the reference group
(Figure 4c and Supporting Information Table 51).282°

In all, our experiments significantly demonstrated
that the TENG-lasered treatment had a positive effect
on osteoblasts' proliferation, differentiation, and bone
formation. Compared to the continuous irradiation
powered by a battery, the pulse irradiation powered
by the SPLC system has a similar effect, consistent with
previous work 332 Additionally, it is more convenient
for portable or implantable clinical treatment.

Subsequently, the dose of infrared irradiation was
further optimized in our experiment (Figure 5). The TENG-
lasered group was irradiated by a TENG-powered infrared
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Figure 5. MTT results revealed cell proliferation of MC3T3-E1 with various doses of TENG-lasered (a) and battery-lasered (b)
irradiation. The reference group was without irradiation. The TENG-lasered-100, -200, and -600 were irradiated for 100, 200,
and 600 pulses per 24 h by a TENG-powered laser, respectively. The battery-lasered-1, -3, and -5 min were irradiated for 1, 3,

and 5 min per 24 h by a DC-powered laser, respectively.
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Figure 6. SPLC system was demonstrated to work in living creatures. (a) SPLC system was attached to an arm. (b) Voltage
curve of the capacitor in the circuit. (c) Infrared signals of the system. (d,e) Typical current and voltage output of the TENG that

was implanted between the diaphragm and liver of a rat.

laser for 100, 200, and 600 pulses per day. The battery-
lasered group was irradiated by a DC-powered infrared
laser for 1, 3, and 5 min per day. The cell proliferation
was detected, and testing results showed that cells
grew better in the 100 pulses/day and 1 min/day
infrared irradiation group. The dose of 100 pulses or
1 min infrared irradiation per day might be an efficient
method for cure application.

To demonstrate the practical potential of the self-
powered low-level laser cure system, we fixed it in
living creatures. As shown in Figure 6a, it was attached
to the arm. As the arm swung during walking, the TENG
was triggered and charged the 2.2 uF capacitor to 5 V
within 60 s (Figure 6b). Afterward, the laser was excited
(Figure 6¢). That means the attached SPLC system can
work well, driven by a human's normal walking, with a
laser irradiation rate of 1 pulse/min (Supporting Infor-
mation video S1).

Additionally, we investigated the possibility of im-
planting the SPLC system. The size of the TENG in the
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implanted experiment (iTENG) was strictly limited to
1.5 cm x 1.0 cm because the animal is small, which
would limit the iTENG's output. Adult rats (Hsd:
Sprague-Dawley SD, 150—200 g) were used in this
experiment. The anesthesia procedure included the
intake of isoflurane gas (1—3% in pure medical grade
oxygen) for anesthesia induction and injection of 1%
sodium pentobarbital (intraperitoneal, 40 mg/kg) for
anesthesia maintenance. A tracheotomy was then
performed, and a tracheal intubation was connected
to a respirator, which provided artificial respiration
and sustained the life of the rat. Then, an iTENG
(1.5 cm x 1.0 cm) was implanted between the dia-
phragm and the liver, as shown in Figure 6d. The
inhalation and exhalation of the rat conducts a regular
motion of the diaphragm, which extruded the iTENG
periodically. The deformation of the iTENG caused the
contacting and separation between the ITO layer and
the PDMS film, which generated electric energy. The
typical short-circuit current and open-circuit voltage
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of the iTENG were 0.06 nA and 0.2 V, respectively
(Figure 6d,e). The current and voltage were detected
in vivo, and the breath of the rat was driven by the
respirator at a constant rate of about 50 times/min
(Supporting Information video S2).

CONCLUSIONS

In summary, we developed a self-powered low-level
laser cure system for osteogenesis, based on the inte-
gration of a triboelectric nanogenerator and an infra-
red laser irradiation unit. It was demonstrated that the
system enhanced MC3T3-E1 proliferation by 15%
after 2 days of laser irradiation and accelerated the
cells' differentiation by 16.9% after 5 days of irradia-
tion. Osteoblast mineralization was also significantly
increased by the SPLC system. In addition, we applied
it on the human body and found that the infrared laser
was successfully excited after 1 min of walking. This
work shows a great progress not only for application of
TENGs in portable or implantable medical devices but
also for clinical therapy of bone remodeling and ortho-

dontic treatment.
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