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Green Light-Based Photobiomodulation with an Implantable
and Biodegradable Fiber for Bone Regeneration
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Yuanzhe Su, Ruxing Fu, Kaiyuan Zhang, Peijun Lyu, Fan Dong, Lan Yin, Xing Sheng,*

and Yuguang Wang*

Photobiomodulation (PBM) has recently started to gain popularity in clinical
therapeutics. Visible light, in particular, plays a critical role in osteogen-

esis modulation. However, the limited penetration depth of visible light in
biological tissues has constrained the application of this technology in vivo.
Herein a green light-based PBM technique with implantable and biodegrad-
able poly(L-lactic acid) & poly(L-actic-co-glycolic acid) optical fibers to achieve
accelerated bone regeneration is explored. Facilitated with experimental char-
acterizations as well as numerical simulations, optical and thermal behaviors
of fibers operated in the biological environment are understood. The optical
regulation of bone regeneration is systematically studied both in vitro and

in vivo. Under green light irradiation, biochemical activities of bone marrow-
derived mesenchymal stem cells and their expression of osteogenic-related
factors are significantly elevated. By introducing green light into defective
bone structures via fibers in a rodent model, the process of bone regeneration
and repair is accelerated. Furthermore, fibers exhibit ideal biocompatibility
with both cultured cells and living tissues and undergo complete degrada-
tion in vivo after =1 month. Assisted with degradable optical materials and
devices, such as photobiomodulation technique provides a promising solu-
tion to tissue regeneration in various biomedical applications.

1. Introduction

Bone defects are one of the most important
and frequent problems in human health
care, with an annual occurrence of more
than 2 million worldwide.!! Bone defects
are severe sequelae of trauma, infection,
tumor resection, ageing, or congenital mal-
formation.*3] Technological developments
in bone regeneration and repair can make
a significant contribution to the quality
of lives of patients. Methods to accelerate
bone remodeling mainly include biolog-
ical, chemical, and physical therapies.[*’]
Chemical and biological methods utilize
calcium ions and bone morphogenetic pro-
teins, which have been proven to be effec-
tive for certain conditions.l®”] However,
the concentration of chemicals is difficult
to maintain; moreover, inappropriate use
of medication dosage may cause cytotox-
icity or internal environment disorders.[®!
In contrast to biochemical treatments
that lack temporal and spatial accuracy,
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physical methods exclusively stimulate target areas, potentially
providing more precise therapies for tissue regeneration and
rehabilitation.’] For example, heat, ultrasound, magnetic fields,
and optical stimulations have been demonstrated to successfully
regulate osteogenic differentiation of stem cells.' Among
these, optical signals in particular offer a noninvasive way to
stimulate local cell responses and promote tissue regenera-
tion.3 With controlled experimental parameters, such as power
density, pulse duration, and dosage, photobiomodulation (PBM)
therapies can switch on or switch off specific signaling path-
ways, achieving precise cell growth and development regulation
with high temporal and spatial resolutions.l

Owing to their large penetration depths in biological tissues,
red and near-infrared light have been mostly explored for in
vivo PBM, resulting in accelerated tissue healing and mitigated
inflammation.™ Visible light with shorter wavelengths, how-
ever, is also of significant relevance.'®! Unlike the traditional
red and near infrared light, the 420 nm (blue light) and 540 nm
(green light) wavelengths are more effective in activating the
transient receptor potential cation channel subfamily V member
1 (TRPV1), stimulating osteoblast differentiation and increasing
mRNA expression level of osteogenic-related factors compared
to 660 and 810 nm.[""® Challenges associated with the applica-
tion of blue and green light for in vivo PBM stem from their
high absorption and scattering losses in tissues. Therefore, their
current usage is confined to direct irradiation on superficial tis-
sues,”2% and indirect evoking of systemic regulatory responses
via irradiation on visual systems. To facilitate light penetration,
optical fibers can be implanted into subdermal regions so as to
deliver optical power and signals into the target tissue. Although
conventional fibers, mostly made of silica glass, are readily avail-
able and can achieve extremely low transmission losses, they are
not the ideal solution for bioimplants—their nondegradable and
highly rigid structure leads to poor compatibility with biological
systems. Optical fibers made of mechanically flexible and biode-
gradable polymers and hydrogels have been recently exploited
as implantable devices for various applications, such as optoge-
netics, fluorescence photometry, and phototherapy.?'?4 After
completion of the pertinent process, these biocompatible mate-
rials are naturally hydrolyzed and absorbed, eliminating the
need of retrieval via secondary surgeries.

The purpose of this study was to develop an implantable and
biodegradable optical fiber to guide green light into deep tissue
defect, and to detect the mechanism of green light regulating
bone formation. This study is a continuation of our previous
research, which we found blue light and green light promote
bone regeneration by regulating calcium concentration in stem
cells by in vitro and in vivo experiments.[l

Here we explored a green light-based PBM technique with
poly(L-lactic acid) & poly(L-actic-co-glycolic acid) (PLLA&PLGA)-
based optical fibers to achieve accelerated bone regeneration. In
vitro experiments were performed to explore the effects of green
light irradiation on the regulation of osteogenesis of bone marrow-
derived mesenchymal stem cells (BMSCs) and corresponding
osteogenic-related indicators sensitive to light were identified.
Thermally drawn fibers were employed as an optical biointer-
face, and their optical, thermal, and degradation behaviors were
evaluated within tissue. Systematic in vivo studies illustrated the
feasibility of fibers for continuous light delivery within 2 weeks.
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2. Results and Discussion
2.1. Flexible Degradable Optical Fiber Characterization

Degradable fibers with a diameter of =200 um were designed
to indwell in tissue and degrade along with bone regeneration.
Their degradability, optical and thermal properties were char-
acterized accordingly. Figure la-d showed scanning electron
microscopy (SEM) images that illustrated the fiber geometry
at the incision (top panel), as well as the surface morphology
(bottom panel) at various degradation stages in 95 °C phos-
phate buffer solution to simulate accelerated degradation envi-
ronment. The as-prepared fiber exhibited a smooth surface
(Figure 1a). During the hydrolytic process, the fibers became
more brittle and broke after cutting (Figure 1b,c). After soaking
for 100 h, the fiber broke into pieces and its diameter signifi-
cantly decreased (Figure 1d). Consistent with the geometrical
change, the surface roughness of the fiber side also increased
with the soaking time during hydrolysis. According to previous
research experience, the reaction rate doubled with each 10 °C
increase in chemical reaction temperature, so thermal accelera-
tion could be used to illustrate the degradation process of the
material, and then the degradation time could be estimated by
combining the material’s own degradation data.”®! In order to
take consideration to the mechanical strength and light guiding
properties, we chose optical fibers soaked for 10 h for in vitro
experiments. At this timepoint, the structure of fiber was still
completed but the surface was partially decomposed, which was
good to facilitate light emission into tissue.

To further evaluate the performance of fibers in the deeper
tissue, we investigated the optical and thermal performance of
the fiber implanted in a sample of porcine skin (Figure le-g).
We compared the characteristics of a skin sample either illu-
minated directly with a green laser beam or via an embedded
fiber (F). Figure 1h showed the schematic diagram. Figure le,f
depicted the intensity distribution of green light within the
tissue sample with and without the fiber, captured using a dig-
ital camera in brightfield and darkfield. The obtained results
were in reasonable agreement with Monte Carlo ray-tracing
simulations (Figure 1i). Without the fiber, the green light pen-
etrated into the tissue at a depth of only =5 mm; in contrast, the
presence of fiber assisted light delivery and optical irradiation
could be observed all around the fiber, ensuring that sufficient
optical power is delivered into the deep tissue for effective PBM.

Thermal management is an important aspect in phototherapy
and needs to be considered when attempting to achieve bio-
compatibility. Upon laser irradiation, temperature rise in tissues
should be carefully monitored so as to prevent unnecessary
damage due to heat.?*?] Figure 1g depicted the temperature
distribution, measured by an infrared thermal camera, at dif-
ferent depths in the skin tissue with and without the optical fiber.
The experimental results were also verified with finite element
simulations, as shown in Figure 1j. Under similar input power
(=200 mW), the tissue with an embedded fiber exhibited a much
lower temperature-rise (AT, = 2.2 °C) than that directly irradiated
with the laser beam (AT, = 13.1 °C). Furthermore, the thermally
affected area was much smaller when light was delivered via the
fiber. Therefore, we reported that the implanted fiber could help
to reduce thermal effects associated with green laser irradiation.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. SEM image of the fiber geometry and surface morphology during accelerated degradation a—d). Optical images e) and schematic diagrams
h) of the tissues under green laser irradiation, with and without the biodegradable fiber (after soaking for 10 h as c). Measured f) and simulated
i) optical power distributions in the tissue. Measured g) and simulated j) temperature distribution in the tissue after emitting for 5 min through both

direct and indirect way.

2.2. Biocompatibility and Osteoinductive Capacity of Fibers

To demonstrate the biocompatibility of fibers, BMSCs were
cocultured with a fiber for a week. SEM images in Figure 2a
showed the cell morphology on the fiber surface. The cell
shape appeared plump and stretched, with several pseudo-
pods extending out to connect with the fiber surface and sur-
rounding cells. We observed that the fiber was covered with
a layer of cells, indicating that they could proliferate and
adhere to its surface. In addition, to observe the early adhe-
sion morphology of cells on the surface of the fiber, on Day
3, we performed cellular immunofluorescence staining of
the cytoskeletal protein S-tubulin. As evident from Figure 2b,
the 3D confocal microscopic images revealed that the cells
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were evenly attached to the surface of the fiber and retained
their healthy state. The growth and morphology of BMSCs
proved that fibers and their degradation products had ideal
biocompatibility.

Moreover, we tested the mechanical strength of the optical
fiber. The bending stiffness of PLLA&PLGA fiber was about
1.5 x 10* N m™, much smaller than that of conventional fused
silica fiber (2.4 x 10° N m™) with the same geometry, showing
better flexibility and biocompatibility when implanting into tis-
sues. Mechanical properties of the fibers around 37 °C were
similar among different ratios of PLLA and PLGA (such as
75:25, 65:35, and 50:50).122

Figure 2c compared the osteoinductive effects of fibers
themselves and fiber-conducted green light on BMSCs. All

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Biocompatibility test of PLLA&PLGA fiber with SEM a) and confocal microscopy b). ARS of BMSCs on the fiber without or with green light
illumination c—e). The control group (group C) means no illumination by light, the green light group (group G) receives 520 nm light. mRNA expression
of osteogenic related factors f). Protein expression of osteogenic related factors g,h). n = 3 in each group; *p < 0.05 versus control group.

cell experiments were divided into two groups: the control
group (group C) was not illuminated by light, and the green
light group (group G) received 520 nm light (25 mW cm™,
188 s, 1.5 ] cm™, exposure every other day, a total of five
times). In group C, calcium nodules increased around the
fiber; this phenomenon became more prominent around
the tip of fiber where the fiber clung to the bottom of cul-
ture dishes (Figure 2e-1). This observation suggested that the
degradation products of fibers could promote the osteogenic
differentiation of BMSCs, and the osteogenic effect was con-
centration dependent. The calcium nodules with a deeper color
in group G were not only observed around the periphery of
the fiber but covered the entire green light conduction range
(Figure 2d-2), suggesting that green light could effectively pro-
mote BMSC osteogenesis with different physical mechanism
from that of chemical promotion of PLLA&PLGA and its degra-
dation products. Considering the dilution of blood, it is difficult
to regulate the scope of actions of chemical and biological fac-
tors, and their actions are concentration dependent. However,
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as a physical stimulation method, green light irradiation can be
adjusted in terms of its scope and duration as well as intensity.

The fibers used in this study were filaments with a diameter of
only =200 pum, which effectively avoided lactic acid accumulation,
local pH decrease, and aseptic inflammation, which could be
caused upon intensive PLLA and PLGA degradation.

Figure 2f illustrated the phased expression of key osteogen-
esis-related genes. Alkaline phosphatase, placental (ALPP) is
a marker for early osteogenic differentiation. In comparison
with group C, green light irradiation upregulated the ALPP
expression level on Day 1 and 3. Collagen type I alpha 1 chain
(COL1A1) is a marker for extracellular matrix production, and
its upregulation indicates the accumulation of bone matrix.
We observed that in comparison with group C, green light
irradiation upregulated the expression level of COLIAl on
Day 3 and 7 and downregulated it on Day 10, suggesting that
green light accelerates collagen production in the early stages
of osteogenesis. RUNX family transcription factor 2 (RUNX2)
is an osteoblast-specific transcription factor. We observed that

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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green light irradiation upregulated RUNX2 expression level on
Day 10 and 14. Secreted phosphoprotein 1 (SPP1) and bone
gamma-carboxyglutamate protein (BGLAP), which are syn-
thesized during the intermediate and late phases of osteo-
genic differentiation, respectively, are specific markers of
osteoblastic maturation. Green light irradiation significantly
upregulated the expression levels of both SPP1 and BGLAP
on Day 14.

Figure 2g,h showed the protein expression level of osteo-
genic factors by western blotting (WB) technology. Green light
irradiation upregulated the ALPP expression level of BMSCs on
Day 3 and 7 The increased expression level of RUNX2 of group
G on Day 14 suggested that RUNX2 played a role in promoting
osteogenesis by green light. The expression level of BGLAP in
both groups increased gradually with time, but green light sig-
nificantly upregulated BGLAP expression level in the late stage
of osteogenesis.

www.small-methods.com

2.3. Green Light Accelerate Bone Regeneration in Femur Defects

In vitro experiments showed that green light irradiation
through the fiber accelerated the osteogenesis of BMSCs.
Further, to determine whether green light plays the analogous
role in vivo, we established a rat bone defect model (cylindrical
bone defects with a diameter of 2 mm and a depth of 3.5 mm)
to study the effect of fiber-conducted green light on bone repair,
fibers were placed in defects of both control groups (group C)
and green light groups (group G), but green light was only
delivered in group G (Figure 3a—f).

Long bone defect healing commonly includes 4 steps: inflam-
mation, soft callus formation, hard callus development, and bone
remodeling.?°l Micro-CT can provide high-resolution 2D and 3D
images and bone mineral density measurements to visualize and
quantify new bone formation in the bone defect area. Taking the
fiber as the central axis, a cylindrical region of interest with a
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Figure 3. Diagram of the SD rat bone defect model established procedure a—f). Optical fibers are placed in both groups, the control group (group
C) means no illumination and green light group (group G) receives 520 nm light. The longitudinal section of the femur with PLLA&PLGA fiber as the
central axis g). The transverse section of the femur with the fiber as the central axis, Little center circles are the fiber position, and red arrows indicate
new trabecular bone growth in the direction of light h). Representative 3D micro-CT images within a region of interest (ROI) of central 3 mm in diameter
of the bone tunnel i). Quantitative analysis of micro-CT of the new bone in ROl j). n =5 in each group; *p < 0.05 versus control group.
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diameter of 3 mm and height of 3.5 mm were selected. 2D images
showing the parallel (Figure 3g) and the vertical (Figure 3h) direc-
tion of the fiber were taken. 3D reconstruction of the fiber with
bone morphology indicators was shown in Figure 3i.

On Day 7, the bone defect was noted to be undergoing
active reconstruction. Within the range of the bone defect, low-
density images were obtained for both the groups, suggesting
no new bone formation (Figure 3gh). However, in group G,
several parallel lines of increased bone density in the bone
marrow cavity were evident below the bone defect (indicated by
an arrow), resembling the growth of the new trabecular bone
(Figure 3g-2). This phenomenon implied that green light might
have stem cell recruitment effects, causing distant BMSCs to
migrate to the bone defect area. On Day 14, no trabecular bone
that reached the threshold of the X-ray detectable range was
detected within the bone defect area in group C (Figure 3h-3).
In group G, however, several new trabecular bones were
observed to be arranged around the fiber with increased bone
density (Figure 3h-4). In Figure 3i, 3D reconstruction images
showed no obvious difference between two groups in terms of
bone morphology and volume on Day 7, but a large number of
fine trabeculae filled the entire bone defect area on Day 14 in
group G.

As shown in Figure 3j, we measured bone morphological
structures in terms of following characteristics: bone mineral
density (BMD), bone volume/total volume (BV/TV), trabecular
thickness (Tb. Th), trabecular number (Tb. N), bone surface
area/bone volume (BSA/BV), and trabecular spacing (It. Sp.).
BMD results illustrated that the BMD of both groups increased
with time, with the values for group G significantly higher than
those for group C on Day 14 (p < 0.05). BV/TV is the percentage
of trabecular BV to TV, which can reflect bone mass. In com-
parison with group C, BV/TV, and Tb. Th of group G increased
with time, while Tb. N gradually decreased, indicating that
trabecular bones might merge with an increase in thickness.
Therefore, the thickness and volume of the trabecular bone
were noted to increase, while the number decreased.

Furthermore, taking the fiber as the central axis, morpho-
logical characteristics were performed by hematoxylin-eosin
(H&E) staining, Masson’s Trichrome staining (Masson), immu-
nohistochemical staining (IHC), and tartrate-resistant acid
phosphatase (TRAP) staining (Figure 4).

H&E staining indicated no new bone formation in both
groups on Day 7 (Figure 4al-2). Higher nonspecific chronic
inflammatory process was detected inside the bone defect with
the presence of plasma cells, lymphocytes, and macrophages in
group C, lower rates of inflammatory infiltrates were observed
in group G (Figure 4al-2). On Day 14, we observed a large
number of fine irregular trabecula around the fiber in group C
(Figure 4a-3). They were scattered and not clearly connected,
implying that only the bone matrix had formed and that cal-
cium salt deposition had yet to occur. Therefore, micro-CT
showed no trabecular architecture in group C on Day 7. In con-
trast, radial and interconnected thick trabecular bones were
observed around the fiber in group G (Figure 4a-4).

Masson staining presented no bone trabecula formation in
either group on Day 7 On Day 14, increased amount of collagen
sponge (blue) was observed in group C, while group G formed
a large amount of immature collagen (light blue) around the
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fiber and thick-interconnected bone trabecula in periphery
(Figure 4b).

Immunohistochemistry indicated that BGLAP expression
on Day 14 in group G was much higher than that in group C
(Figure 4c-4), which validated our RT-qPCR (reverse transcrip-
tion quantitative real-time polymerase chain reaction (PCR) and
WB results, indicating that green light could promote BGLAP
expression both in vitro and in vivo. TRAP staining showed the
presence of osteoclasts on Day 7 as well as 14, but there was no
obvious difference in cell number and morphology (Figure 4d),
which indicated that green light may not affect osteoclasts.

2.4. Mechanism of Green Light on Osteogenesis

To explore the possible mechanism of green light on the
osteogenesis of BMSCs, we performed WB to detect the
dynamic expression of phosphorylated extracellular signal-
regulated kinases (P-ERK) and RUNX2 at various time points
throughout the osteogenesis (Figure 5a). Green light-emit-
ting diode (530 nm) irradiation increased human orbital fat
stem cells migration through activation of ERK/MAP kinase/
P38 signaling pathway.’/l P-ERK might bind to the promoter
domains of BGLAP in osteoblasts via the association between
RUNX2 and ERK.8 P-ERK in group C expressed relatively
stable, RUNX2 increased until Day 6 and then decreased
(Figure 5b). P-ERK and RUNX2 of Group G continued to
increase on Day 10 and 14, suggesting that green light might
activate P-ERK and regulate downstream osteogenic transcrip-
tion factor RUNX2.

3. Conclusions

Although the mechanism underlying such a PBM process
demands further investigations at the molecular and cellular
levels, we have demonstrated its efficacy via both in vitro and
in vivo experiments. Here we discovered that visible light, par-
ticularly green light, plays an important role in osteogenesis by
regulating BGLAP and RUNX2 expression levels in BMSCs. To
deliver green light into deep tissues, we employed optical fibers
as a biodegradable implant, which promoted bone defect regen-
eration in a rodent model. In case of conventional water-soluble
polymers, such as PLLA, one of the limitations is their natural,
uncontrollable hydrolysis, leading to gradual performance
deterioration during the treatment process. Possible solutions
include the use of a cladding layer on the fiber surface or engi-
neering a synthetic polymer with controlled degradation in a
triggered manner. For complicated bone defects with a large
volume, the cylindrical fibers used in this study are not ideal,
as light cannot be easily delivered via them into the entire bone
defect region. In such a scenario, we envision that customized
fiber structures fabricated by 3D printing could be employed
for effective optical coverage.?”! In addition, these optical fibers
should be made to cooperate with recently developed elec-
tronic sensors with similar degradation behaviors,*% forming
fully integrated close-loop systems to monitor and regulate the
regeneration status in real time. In the future, such an optical
treatment can also be combined with the administration of

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Images of histochemical staining by H&E to show newly generated bone tissue and inflammatory cell infiltrations of group C and group G
a). The white dotted circle is the outline of bone defect; small circles in the center locates optical fibers; NB-marked pink homogeneous structure is
new bone matrix. and Masson b) IHC staining locates BGLAP shown by brown staining and marked by green arrows c). TRAP staining of osteoclasts

located by red arrows d).

photosensitive medicine, growth factor, and stem cell therapy
for tissue regeneration.?” Working together with advanced
biodegradable optical devices, the PBM technique provides a
generic solution to tissue regeneration, holding great promise
in clinical applications.

4. Experimental Section

Fabrication and Characterization of PLLA&PLGA Fibers: PLLA and
PLGA are Food and Drug Administration-approved biodegradable
polymers with excellent physicochemical properties and biocompatibility;
moreover, it has suitable biodegradability and its degradation products
are harmless.?

PLLA&PLGA (M,, = 55 000 Da) was purchased from Jinan Daigang
Biomaterial Co., Ltd., the molecular weight of which was adjusted to
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match the degradation rate with the osteogenesis process. The raw
material mixture was heated to 220 °C and subsequently drawn using
glass tubes. The fiber diameter was controlled by the speed of drawing;
fibers with a diameter of ~200 um were applied for in vitro and in vivo
experiments.

To elucidate the evolution of fiber morphology at various stages of
degradation, fibers were soaked in phosphate-buffered saline (PBS)
solution (pH 7.4) at 95 °C for 1, 10, and 100 h, rinsed with deionized
water, and dried. Fibers were then cut and analyzed using a scanning
electron microscope (Zeiss Merlin FE-SEM).

3D optical models were built using the Monte Carlo ray-tracing
method (TracePro, Lambda Research Corporation, USA). Fiber geometry
was the same as that in the experiments, and optical properties of
PLLA&PLGA were applied. The light source was defined as a random
distribution of 10° rays, and monitors were used to measure light
distribution at different depths. At the wavelength of 520 nm, the
simulated dermis tissue in the model had a refractive index of 1.37,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. The protein expression level of P-ERK and RUNX2 of BMSC on Day 2, 4, 6, 8, 10, and 14 during osteoinducing a). Quantitative evaluation of

p-ERK and Runx2 expression b).

scattering coefficient of 18.7 mm™, anisotropy factor of 0.81, and
absorption coefficient of 0.3 mm™.

3D stationary radiation and heat transfer models were established
using the finite element analysis method (COMSOL Multiphysics).
The model accounted for the radiation and heat transfer through the
tissue as well as natural heat convection. The light intensity in the fiber,
which was obtained in optical simulation, and the laser irradiation on
the tissue surface served as the radiation source for tissues with and
without fibers, respectively. The optical properties were the same as
those in optical simulation. Moreover, the tissue in this model had a
heating capacity of 3391 | kg™ K™, density of 1109 kg m=3, and thermal
conductivity of 0.37 W m™ K.

In Vivo Bone Defect Remolding Study: 20 12-week-old male Sprague
Dawley rats (SD rats, Chauncey Biology, China) were randomly assigned
to the C and G groups (10 rats per group). Five rats per group were
asphyxiated by excessive inhalation of CO, at two timepoints (Day 7
and 14) each. This study design was approved by the Institutional Review
Board of Peking University Health Science Center (LA2018176).

First, rats were anesthetized with 1% pentobarbital sodium via
an intraperitoneal injection. After exposing the distal femur via a
skin incision and blunt dissection, a cylindrical hole (depth, 3.5 mm;
diameter, 2 mm) was vertically drilled through the cortical bone in each
distal femur under cooling conditions with saline water. The approximate
distance between the hole and distal femur growth plate was 2-3 mm. A
ceramic holder with a 3 mm fiber protruding from it was inserted into
the bone defect. The muscular fascia, subcutaneous tissue, and skin
were then sutured around the holder in sequence (Figure 3a—f).

Group G was illuminated through the ceramic holder every
other day, starting at the second day postsurgery, five times in total.
A homogenized laser source (520 nm green light, Laserwave, China) was
placed stable, the full power density of green light irradiation through the
fiber on the tissue was 25 mW cm™2. Other than green light irradiation,
all procedures for group C were consistent with those for group G. The
animals were excluded if the ceramic holder detached; at least three
qualified samples were analyzed from each group per timepoint. The
femurs were eventually detached and fixed in 10% v/v neutral buffered
formalin for use in subsequent experiments.

Micro-CT (Inveon MM CT, SIEMENS, Germany) was used to scan
the harvested femurs, and Cobra Exxim (EXXIM Computing Corp., CA)
was used to analyze and reconstruct the 2D and 3D models. The newly
formed bone structures were analyzed using Inveon Research Workplace
(SIEMENS).

After ethylene diamine tetraacetic acid (Thermo Fisher Scientific)
decalcification and gradient alcohol dehydration, the femurs were
embedded in paraffin. The sectioning direction was perpendicular
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to the direction of the fiber, and the slice thickness was 4 um. H&E,
Masson (G1345, Solarbio, China), IHC (OPG-antibody, 1:200, GB13152;
BGLAP-antibody, 1:100, GB11233 Servicebio, China), and TRAP staining
(387A, Sigma) were performed according to standard procedures using
commercial kits.

Experiments In Vitro: Human BMSCs (#7500, ScienceCell, USA)
were cultured in mesenchymal stem cell medium (MSCM, #7510,
ScienceCell), and subculture was performed until the culture reached
~80% confluence. The cells between passage 5 and 8 were seeded
into culture dishes (diameter, 3.5 cm; used for all cell inoculation
experiments in this study) (BEAVER, China) at a density of =1 x 10° cells
per dish. MSCM was changed every 48 h.

The side wall of culture dishes was drilled and a ceramic holder was
inserted into the hole; the holder was fixed in the downward direction
using an instant adhesive, which ensured that the front end of the fiber
clung to the bottom of the dish.

BMSCs were seeded onto fibers in a dish and cultured for 3 d. After
4% paraformaldehyde (Solarbio) fixing and 1% Triton X-100 (Solarbio)
cell membrane permeabilization, BMSCs were incubated with S-tubulin-
antibody (1:1000, 66240-1-Ig, Proteintech) overnight on a shaker at 4 °C.
Subsequently, the cells were incubated with a fluorescent secondary
antibody (1:500, SA00001-1, Proteintech) for 1 h at room temperature.
The fiber was then carefully cut into sections with a length of =4 mm
placed between two pieces of high transparency cover glasses with 10 uL
4’ 6-diamidino-2-phenylindole (DAPI, Solarbio). Images of cocultured
cells using confocal microscopy (LSM710, ZEISS, Germany) were
ultimately captured.

BMSCs were seeded into culture dishes (diameter, 3.5 cm) at a
density of =1 x 10° cells per dish. After incubation for 4 h at 37 °C and
5% CO,, MSCM was removed and replaced with osteogenic-inducing
medium (OM), which was Dulbecco’s modified Eagle’s medium
(Gibco, USA) containing 10% fetal bovine serum (Gibco), 1% penicillin—
streptomycin (Gibco), 200 x 10 m L-ascorbic acid (Sigma, USA),
10 x 1073 m B-glycerophosphate disodium (Sigma), and 100 x 10° ™
dexamethasone (Sigma). OM was changed every 48 h. OM was replaced
the next day after cell seeding and alizarin red S (ARS) staining was
performed at Day 10 for both groups C and G. The laser emission power
from fibers was 25 mW cm~2.

ARS (Sigma) staining was performed to evaluate the formation
of mineralized nodules on Day 10 and 14. BMSCs were fixed in 4%
paraformaldehyde (Solarbio, China) for 10 min. After rinsing with
PBS (Solarbio), the cells were incubated in 1% ARS dye for 20 min.
Subsequently, excess ARS dye was removed with deionized water,
and images of the specimens were captured using a scanner. For
quantitative detection, the ARS-stained samples were then incubated in
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Table 1. Primer sequences.

Gene name Primer Sequences (5" to 3')
GAPDH Forward GAAGGTCGGAGTCAACGCATT
GAPDH Reverse TGACGGTGCCATGGAATTTG
ALPP Forward GTACGAGCTGAACAGGAACAACG
ALPP Reverse CTTGGCTTTTCCTTCATGGTG
COL1AT Forward CTCCTGACGCACGGCC
COL1AT Reverse CCGTTCTGTACGCAGGTGATT
RUNX2 Forward GCTTCCTGCCATCACCGA
RUNX2 Reverse TCAGTGAGGGATGAAATGCTTG
SPP1 Forward AGCAAGTTTCGCAGACCTGACATC
SPP1 Reverse GATGGCCTTGTATGCACCATT
BGLAP Forward CACTCCTCGCCCTATTGGC
BGLAP Reverse CCCTCCTGCTTGGACACAAAG

1% hexadecylpyridinium chloride monohydrate (Sigma) for 2 h and the
absorbance was monitored at 550 nm using a microplate reader (BioTek,
BioTek Instruments, USA).

mRNA was isolated from BMSCs using TRIzol (Invitrogen, USA) at Day 1,
3,7, 10, and 14. Reverse transcription was performed using a PrimeScript
RT reagent kit (TaKaRa, Japan), and RT-qPCR was conducted on a real-
time fluorescent quantitative PCR instrument (QuantStudio 3, Thermo
Fisher Scientific, USA) using the SYBR green dye (Roche, USA). The
primers are listed in Table 1. Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping gene. Osteogenic-related factors
(ALPP, COL1A1, RUNX2, SPP1, and BGLAP) were detected by RT-qPCR.

For WB detection, BMSCs were lysed wusing 40 pL
radioimmunoprecipitation assay buffer (Solarbio) on Day 3, 7, and 14 and
centrifuged at 12 000 rpm for 30 min. The supernatant was collected,
and protein concentration was quantified using the bicinchoninic acid
protein assay kit (Thermo Fisher Scientific); absorbance was measured
at 562 nm using a microplate reader. The protein loading quantity was
20 pg. Constant pressure electrophoresis was performed at 80 V until
the protein marker completely separated. Protein bands were then
transferred onto nitrocellulose membranes at a constant pressure of
80 V for 1 h. The membranes were blocked in 5% nonfat milk in tris-
buffered saline tween-20 for 1 h at room temperature before overnight
incubation at 4 °C with antibody of ALPP (1:1000, abs135024a, Absin,
China), RUNX2 (1:2000, abs131274a, Absin), BGLAP (1:1000, abs104146,
Absin), p-ERK (1:1000, 4370, CST, USA), GAPDH (1:2000, 10494-1-AP,
Proteintech, USA). Visualization was performed using secondary
antirabbit antibody (1/10 000, SA00001-2, Proteintech) followed by
electrochemiluminescence reagent (ECL, NCM Biotech, China) by the
multifunction imager (Fusion Fx, VILBER, France).

Statistical Analyses: Statistical analysis was performed with SPSS version
22.0. Unpaired t-test was used for comparison between different groups
at the same time. One-way analysis of variance was used for different
timepoints of the same group. p < 0.05 indicated statistical significance.
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