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Abstract
Bioactive glasses (BG) have been widely utilized as a biomaterial for bone repair. However, the early
angiogenesis of BG may be inadequate, which weakens its osteogenic effects in large-sized bone
defects and often leads to the failure of bone regeneration. In this study, we explored the effects of
photobiomodulation (PBM) combined with BG on early angiogenesis to solve this bottleneck
problem of insufficient early angiogenesis. In vitro, human umbilical vein endothelial cells
(HUVECs) were cultured with BG extracts and treated with PBM using 1 J cm−2. The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, real-time reverse
transcription-polymerase chain reaction (real-time RT-PCR) and tubule formation assay were
utilized to detect HUVECs’ proliferation, vascular growth factor genes expression and tubules
formation. In vivo, bone defects at the femoral metaphysis in Sprague-Dawley rats were treated
with BG particulates and PBM at 120 J cm−2. Hematoxylin–eosin staining was used to observe the
inflammatory response, tissue formation and biomaterial absorption of bone defects.
Immunohistochemical staining was applied to observe the vascular-like structure formation. The
in vitro results showed that PBM combined with BG significantly promoted HUVECs’
proliferation, genes expression and mature tubules formation. On days 2, 4 and 7, the mRNA
expression of VEGF in BG+ PBM group was 2.70-, 2.59- and 3.05-fold higher than control
(P < 0.05), and significantly higher than PBM and BG groups (P < 0.05). On days 4 and 7, the
bFGF gene expression in BG+ PBM group was 2.42- and 1.82-fold higher than control (P < 0.05),
and also higher than PBM and BG groups (P < 0.05). Tube formation assay showed that mature
tubules were formed in BG+ PBM and PBM groups after 4 h, and the number in BG+ PBM
group was significantly higher than other groups (P < 0.05). In vivo results further confirmed PBM
induced early angiogenesis, with more vascular-like structures observed in BG+ PBM and PBM
groups 2 week post-surgery. With the optimum PBM fluence and BG concentration, PBM
combined with BG exerted additive effects on enhancing early angiogenesis.

1. Introduction

Bone grafting and biomaterial implantation are
widely used for repairing large bone defects and frac-
tures related to traumas, tumors and inflammatory
diseases [1, 2]. Autografts, allografts and xenografts
have a number of associated risks, such as donor defi-
ciency, immunologic rejection and infection [3, 4].

Therefore, implantation of biomaterials has become
an important method for bone defects repair [2].
As a biomaterial with good osteoconductivity and
osteoinductivity, bioactive glasses (BG) have been
widely clinically utilized [5, 6]. Studies have reported
that BG is capable of promoting angiogenesis [7, 8],
but it was also shown in one study that there were
no significant differences in endothelial cellmigration
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at initial 5 h between nanosized BG group compared
with the control group, probably due to the insuf-
ficient increase in the levels of vascular endothelial
growth factor (VEGF), basic fibroblast growth factor
(bFGF) and their receptor proteins in the early stage
[9]. For this reason, it could be doubtful whether BG
promotes the early migration of endothelial cells and
enhances the early vascular network restoration, espe-
cially in in vivo situation that is relevant to the defect
size, biomaterial morphology and ions release. Mean-
while, some literatures also pointed out that acute
inflammatory reactions will occur when biomateri-
als are implanted, which will inhibit the angiogen-
esis process of osteoblasts and epithelial cells [10, 11].
The inadequate early angiogenesis of BGmay result in
insufficient nutrient supplies and harmful microen-
vironment changes, which weakens its osteogenic
effects in large-sized bone defects repair, leading to
ischemia and tissue necrosis in the central region of
bone defects or ultimately the failure of bone regener-
ation [12, 13]. Therefore, inadequate angiogenesis is a
problem that has created a bottleneck in tissue engin-
eering. It is necessary to enhance the early angiogen-
esis of BG to further improve the quality and outcome
of the large-sized bone defects repair.

Photobiomodulation (PBM) utilizes various
forms of light sources, including light-emitting
diodes and broadband lights in the visible and
infrared spectrum, to elicit biostimulatory effects
[14]. Studies have shown that PBM promotes
angiogenesis [15–18]. The low-dose irradiation
can activate endogenous chromophores, enhance
the endothelial nitric oxide synthase (eNOS) syn-
thesis, activate the mitogen-activated protein kinases
(MAPKs) and other signal pathways, upregulate
angiogenic-related growth factors, such as VEGF
and bFGF [16], as well as stimulate endothelial cells’
migration and proliferation [15–18]. Moreover, PBM
has been reported to accelerate wound healing and
newly bone formation [19]. Therefore, applying PBM
may be helpful to promote the early angiogenic ability
of BG and accelerate bone repairing.

In recent years, some studies have combined
PBM and biomaterials to observe their effects on
wound healing and tissue regeneration. Several
studies achieved good results and found that PBM
improved bone repair process together with bioma-
terials [20–23]. In other studies, however, the com-
bination of PBM and biomaterials did not show the
expected effects of promoting tissue regeneration
[24–27]. Therefore, there is still no consistent conclu-
sion whether the advantages of PBM can be applied
positively with biomaterials. In addition, most of
these studies applied the in vivo experiments, how-
ever, in vitro experiments were also important to
first determine whether the combination of PBM and
BG could generate additive effects and what were
the contributing factors. Therefore, we used in vitro
experiments to preliminarily explore the promoting

effects of PBM combined with BG on endothelial
cells’ proliferation, proangiogenic genes expres-
sion and tubules formation. Then we verified their
additive effects on early angiogenesis by observing
the enhancement in angiogenic-related proteins
expression and vascular-like structures formation
in vivo, aiming to provide a foundation for further
investigations on their combined applications in
bone regeneration.

2. Materials andmethods

2.1. Cell culture
Primary human umbilical vein endothelial cells
(HUVECs, ScienCell, Los Angeles, CA, USA) were
cultured in endothelial cell medium (ECM, ScienCell,
LosAngeles, CA,USA) containing basalmediumwith
5% fetal bovine serum, 1% endothelial cell growth
supplement and 1% penicillin-streptomycin at 37 ◦C
with 5% CO2 (SERIES II, ThermoForma, Waltham,
MA, USA). The medium was changed every other
day. The HUVECs between passages 5 and 7 were
used for experiments.

2.2. Preparation of BG particulates and ionic
extracts
The BG used in this study was PSC (22.7% P2O5,
48.2% SiO2 and 29.1% CaO (wt%)) which was pro-
duced with a sol-gel method using phytic acid as the
precursor [28, 29]. To prepare the BG ionic extracts,
BG particulates were sterilized at 180 ◦C for 4 h
and then immersed to ECM in gradient concentra-
tions of 0.01, 0.1, 1 and 2 mg ml−1. The suspensions
were shaken at 100 rpm at 37 ◦C for 24 h and fil-
trated through a 0.22 µm filter. Then 5% fetal bovine
serum, 1% endothelial cell growth supplement and
1% penicillin-streptomycin were added to the ionic
extract ECM to obtain the BG culture medium.

2.3. Parameter settings and application of PBM
therapy
The laser utilized in the study was an 808 nm near-
infrared semiconductor laser with the 6–12W output
power in the continuous-wavemode (LWIRL808 nm,
Beijing Laserwave Optoelectronics Technology Co.,
Ltd.). The distance between optical fiber and culture
plate surfacewas adjusted to fix the spot size at 4 cm in
diameter. The actual irradiance received was adjusted
to 50mWcm−2, which was verified by a powermeter.
The irradiation time was calculated as irradiation
time (s) = fluence (J cm−2)/irradiance (W cm−2).
During irradiation, aluminum foil was used to cover
the untreated wells of the cell culture plates so that
the actual irradiance spot size was defined by the
size of window on the aluminum-foil to make sure
that the exposed wells could be irradiated evenly. The
parameters of PBM in vitro and in vivo were listed
in table 1.
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Table 1. The parameters of PBM therapy.

Parameters MTT PCR & Tubule formation In vivo

Mode CWa CWa CWa

Irradiance (mW cm−2) 50 50 200
Fluence (J cm−2) 0.5, 1, 3, 5 1b 120
Time of irradiation (s) 10, 20, 60, 100 20 600
Spot size (cm) 4 4 1.3
Distance of tip and tissues (cm) 9.8 9.8 2
a CW, continuous-wave.
b The fluence of PBM in RT-PCR and tubules formation assay was the optimum fluence identified by the MTT assay.

2.4. HUVEC proliferation assay
2.4.1. Proliferation of HUVECs cultured in different
concentrations of BG extracts
HUVECs (80%–90% confluence) were digested using
0.25% trypsin-EDTA (Invitrogen, Carlsbad, CA,
USA), centrifuged and prepared into single cell sus-
pension. TheHUVECswere seeded into 96well plates
at 3000 cells/well with five replicates per group. After
a 24 h incubation, the medium was replaced with BG
extracts of gradient concentrations (0.01, 0.1, 1 and
2 mg ml−1). HUVECs cultured in ECM without BG
extracts served as the control group. Themediumwas
changed every 2 d. On days 1, 3, 5, 7 and 10, the 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA)
assay was performed to observe the cells’ prolifera-
tion. The optical density (OD) values were measured
at a wavelength of 490 nm by a microplate reader
(ELX808, BioTek, Winooski, VT, USA). The BG con-
centration of the group with the highest OD value
was selected as the optimum concentration.

2.4.2. Proliferation of HUVECs cultured with different
fluences of PBM
HUVECs were cultured in ECM at 3000 cells/well
with five replicates per group and treated with gradi-
ent light dosages (0.5, 1, 3 and 5 J cm−2). Paramet-
ers of PBM were listed in table 1. Aluminum foil was
used to cover the plate and light was delivered to
1 well of 96 well plate each time. HUVECs cultured in
ECM without PBM were served as the control group.
Medium was changed every 2 d. PBM was applied on
days 0, 1 and 2 after cells were seeded. MTT assay was
performed on days 1, 3, 5, 7 and 10. The PBM fluence
of the group with the highest OD value was selected
as the optimum fluence.

2.4.3. Proliferation of HUVECs exposed to PBM
combined with BG extracts
HUVECs were seeded in 96 well plates with five rep-
licates per group. After incubated for 24 h, the cells
were divided into four groups: BG + PBM group
(HUVECs cultured in ECM containing BG extracts
and receiving PBM in the first 3 d); PBM group
(HUVECs cultured in ECM and receiving PBM in the

first 3 d); BG group (HUVECs cultured in ECM con-
taining BG extracts); and control group (HUVECs
cultured in ECM). The BG extracts in this experi-
ments was the ECM containing BG extracts of the
optimum concentration determined by the previous
experiments. Media were changed every 2 d. On days
0, 1 and 2, the BG + PBM and PBM groups received
PBM of the optimum fluence identified by the previ-
ous experiments (table 1). The MTT assay was per-
formed on days 1, 3, 5, 7 and 10.

2.5. Gene expression assay of VEGF and bFGF by
real-time reverse transcription-polymerase chain
reaction (real-time RT-PCR)
HUVECs were seeded into 6 well plates at the dens-
ity of 1.0 × 105 cells/well, 0.8 × 105 cells/well
and 0.5 × 105 cells/well respectively, divided into
four groups (BG + PBM group, PBM group, BG
group and control group) and treated respectively
as described above. The cells in the BG + PBM
and PBM groups received PBM on days 0, 1 and
2 (table 1). On days 2, 4 and 7, cells were lysed
using TRIzol (Invitrogen, Carlsbad, CA, USA) and
the total RNA was extracted. Reverse transcription
was conducted using the FastStart Universal SYBR
Green Master reverse transcription kit (Roche, Indi-
anapolis, IN, USA). The cDNA was synthesized using
2.0 µg total RNA of each group in a 20 µl reaction
system. The primer sequences are shown in table 2.
All the reactions started with an initial denaturation
step at 50 ◦C for 2 min and 95 ◦C for 10 min, fol-
lowed by 40 cycles of PCR, comprising denatura-
tion for 15 s at 95 ◦C and annealing/extension for
60 s at 60 ◦C. Two parallel samples were tested, and
experiments were performed in triplicate. Data were
analyzed by the 2−∆∆Ct method. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the
housekeeping gene to quantify relative gene expres-
sion. A fold change was defined as the relative gene
expression compared to the value of the control group
on day 2.

2.6. HUVEC tubule formation assay
50 µl Matrigel matrix (Becton, Dickinson and Com-
pany, Piscataway, NJ, USA) was added per well to
laser scanning confocal microscope specific 96 well
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Table 2. The primers sequences for real-time RT-PCR.

Primers Sequences

VEGF Forward: 5′-GCAAGAAATCCCGTCCCT-3′

Reverse: 5′-TCGTTTAACTCAAGCTGC
CTC-3′

bFGF Forward: 5′-AAGAGCGACCCTCACATCA-3′

Reverse: 5′-TCGTTTCAGTGCCACATACC-3′

GAPDH Forward: 5′-CAACGGATTTGGTCGTA
TTGG-3′

Reverse: 5′-GCAACAATATCCACTTTACCAG
AGTTAA-3′

plates (JingAn, Shanghai, China) and incubated at
37 ◦C for 45 min. The group division was the same
as above. Cells of different groups were seeded on the
matrix at 3 × 104 cells/well with three replicates per
group. For the BG + PBM and BG groups, HUVECs
were suspended in ECM containing BG extracts.
Then, the BG+ PBM and PBM groups received PBM
(table 1). After 4 and 10 h, cells were stained by the
Live/Dead cell staining kit (Sigma-Aldrich, St. Louis,
MO, USA) and observed under a laser scanning con-
focal microscope (FV1200, Olympus, Tokyo, Japan).
Nine random fields of each well were photographed
and the images were analyzed with the Image J 1.8.0.
A complete closed loop was considered as a tubular
structure surrounded by many individual HUVECs.
Complete tubules in the random fields could be auto-
matically identified by the software and the number of
tubules were counted. The branches, which indicated
HUVECs had not formed complete tubular struc-
tures, were not included in the total number.

2.7. In vivo animal surgeries and experiments
Bone defects in the distal metaphysis of both femurs
of the Sprague Dawley rats were chosen as the
in vivo animal model. Twelve healthy Sprague Daw-
ley rats, 12 week-old with weight about 500 g, were
provided by the Central Laboratory of Peking Uni-
versity Stomatology Hospital and qualified for quar-
antine. Ethics approval for animal experiments was
obtained from the Biomedical Ethics Committee of
Peking University (LA2016309). Rats were randomly
numbered from 1 to 12 with 24 femurs samples in
total, of which six samples were randomly assigned
to each group respectively. During surgery, rats were
intraperitoneally injected with 5% chloral hydrate for
anesthesia (0.7 ml/100 g). Then, a 2 cm-long incision
starting from the lateral knee joint and bisecting along
the angle was made. After the distal metaphysis of
femur were exposed, cylindrical defects with 3 mm
in diameter and 3 mm in depth were drilled at the
metaphysis. Bone defects of the BG + PBM and
PBM groups were treated with PBM. The vertical dis-
tance between the optical fiber and the bone defect
was 2 cm and the laser spot were adjusted to cover
the bone defect completely. The laser irradiance was

200 mW cm−2 and lasted for 10 min. Therefore, the
fluence that the bone defects received each time was
120 J cm−2 (table 1). In the BG + PBM and PBM
groups, the PBM was performed 3 times in total.
The first time PBM operation was conducted before
filling the BG particulates into the bone defects. Then
bone defects were filled with BG particulates in the
BG + PBM and BG groups while the bone defects
of the PBM and control groups were only filled with
blood clots. Then the soft tissue was sutured with 4–0
silk thread. The second and third time PBMwere car-
ried out on the first- and second-days post-surgery
with an interval of 24 h. Tramadol (5 mg kg−1) was
injected intramuscularly for analgesia, and penicillin
(100 000 UI ml−1, 1 ml kg−1) was injected consecut-
ively for 3 d to prevent the infection.

2.8. Hematoxylin–eosin staining (HE staining)
Two weeks post-surgery, samples were obtained and
fixed in 4% paraformaldehyde. After decalcified in
10% EDTA, dehydrated and embedded in paraffin,
slices with the thickness of 5 µm were prepared.
The direction was perpendicular to the defect sur-
face and parallel to the long axis of femur. Slices were
deparaffinizedwith xylene and rehydrated in a graded
ethanol series. Then, dye the slices with hematoxylin
for 15 min and use running water to wash off floating
color. 1% hydrochloric acid alcohol was used for 2 s
for differentiation. Then, wash the slices with distilled
water. Eosin dyed the slices for 1 min and distilled
water washed the slices for 30 s. After that, the slices
were successively immersed in 70% ethanol, 80% eth-
anol, 90% ethanol, 95% ethanol, anhydrous ethanol,
xylene, and then sealedwith neutral gum. The inflam-
matory response, tissue formation and biomaterial
absorption of bone defects were observed under a
microscope (BX51, Olympus, Deutschland GmbH,
Hamburg, Germany).

2.9. Immunohistochemical assay of CD105 and
CD34
Two weeks post-surgery, samples were obtained and
fixed in 4% paraformaldehyde. After decalcified in
10% EDTA, dehydrated and embedded in paraffin,
slices with the thickness of 5 µm were prepared.
The direction was perpendicular to the defect sur-
face and parallel to the long axis of femur. Slices
were deparaffinized with xylene and rehydrated in
a graded ethanol series. 3% hydrogen peroxide was
utilized to eliminate endogenous peroxidase and
then samples were rinsed in phosphate buffer solu-
tion (PBS) 3 times for 10 min each time. Anti-
gen retrieval was performed by rinsing samples
in protease K (P9460, Solarbio, Beijing, China)
for 15 min. Then, samples were rinsed in PBS 3
times for 10 min each time and blocked in 0.5%
goat serum at room temperature for 40 min. The
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primary antibody, CD105 (Proteintech, Cat# 10862-
1-AP, RRID: AB_2098906, Chicago, IL, USA) diluted
1:200 or CD34 (Proteintech, Cat# 60180-1-Ig, RRID:
AB_10733337, Chicago, IL, USA) diluted 1:1000 in
PBS, was added and incubated at 4 ◦C overnight.
Then, samples were processedwith the anti-rat/rabbit
universal immunohistochemical detection kit (Pro-
teintech, Chicago, IL, USA). The secondary anti-
body, anti-rat/rabbit HRP labelled polymer, was
incubated with the samples for 30 min at 37 ◦C.
After rinsed with PBS, samples were chromogen-
ically imaged using DAB, stained in hematoxylin
and flushed with water. The vascular-like structures
labelled by CD105 and CD34 were observed under
a microscope (BX51, Olympus, Deutschland GmbH,
Hamburg, Germany).

2.10. Statistical analysis
All the experiments were performed at least three
times. Statistical analysis was performed with SPSS
22.0 (SPSS Inc., IL, USA) using one-way ANOVA
for overall analysis of the cell proliferation, real-
time RT-PCR and tubule formation experiments. The
LSD test was used for group comparison, and the
Kruskal–Wallis H test was performed when vari-
ance was uneven. P < 0.05 indicates statistically
significant differences.

3. Results

3.1. PBM combined with BG promoted HUVECs
proliferation
The MTT assay was performed to detect the effect
of different BG extract concentrations on HUVECs’
proliferation. The cell proliferation in 0.1 mg ml−1

group was significantly higher than that of the con-
trol group on days 5 and 7 (P < 0.05). The OD value
of 0.1 mg ml−1 group on day 7 was the highest of
all the experimental groups with significant differ-
ences (P < 0.05). 1 mg ml−1 also remarkably pro-
moted HUVECs’ proliferation compared to the con-
trol group on day 5 (P < 0.01). However, there
were no significant differences among 1 mg ml−1,
2 mg ml−1 and 0.01 mg ml−1 groups on days 5 and
7. Moreover, the OD value of 2 mg ml−1 group was
significantly lower than that of the control group on
day 10 (P < 0.01), indicating an inhibitory effect on
cell proliferation. There was no significant difference
between the 0.01 mg ml−1 group and the control
group at all time points (figure 1(a)).

The effect of PBM fluence onHUVECs’ prolifera-
tion was also observed (figure 1(b)). PBM of 1 J cm−2

showed the most promoting effect on cell prolifera-
tion. The OD values of the 1 J cm−2 group were signi-
ficantly higher than those of all other groups on days
5 and 7 (P < 0.05). For the 3 J cm−2 and 5 J cm−2

groups, the OD values were remarkably higher than
those of the control group on days 3 and 5 (P < 0.05)
but displayed an obvious decline on day 10. The

0.5 J cm−2 group showed enhanced cell proliferation
only on day 5 (P < 0.01). There were no significant
differences among 0.5 J cm−2, 3 J cm−2 and 5 J cm−2

groups on days 5 and 7.
Based on these previous results, the optimum

BG + PBM parameters were determined as
0.1 mg ml−1 BG extracts and 1 J cm−2 PBM fluence,
which were applied in the following experiments
(figures 1(c) and (d)). On day 5, the BG + PBM
group exhibited significantly promoted proliferation
compared to the BG group (P = 0.01) and the con-
trol group (P < 0.01). On day 7, the OD value of the
BG+ PBM group was the highest compared to those
of the PBM group (P = 0.02), BG group (P < 0.01)
and control group (P < 0.01).

3.2. PBM combined with BG promoted genes
expression of angiogenic-related growth factors
The VEGF gene expression in the BG + PBM group
was 2.70-, 2.59- and 3.05-fold higher than that of the
control group on days 2, 4 and 7 (P < 0.01), respect-
ively, which was also significantly higher than those
of the PBM and BG groups (P < 0.05). The PBM
group also showed significantly upregulated VEGF
gene expression compared to the BG and control
groups at all time points (P < 0.05). The BG group
showed significantly increased VEGF expression on
days 4 (P = 0.02) and 7 (P < 0.01) compared with
the control group but was less than those of the
BG+ PBM and PBM groups (figure 2).

On days 4 and 7, the bFGF gene expression in the
BG+ PBMgroupwas 2.42- and 1.82-fold higher than
that of the control group (P < 0.01), respectively, and
also significantly higher than those of the PBM and
BG groups (P < 0.01). The bFGF gene expression in
the PBM group was significantly enhanced on day 2
compared with the control group (P < 0.01) and on
day 7 compared with the BG group (P < 0.01). The
BG group also showed higher bFGF gene expression
on day 4 (P = 0.01) and 7 (P = 0.018) than the con-
trol group, but lower than the BG + PBM and PBM
groups (figure 2).

3.3. PBM combined with BG promoted HUVEC
tubule formation
At 4 h, a large number of complete andmature tubules
formed in the BG+ PBM and PBM groups (figure 3).
Less complete tubules were observed in the BG group
with some uncoupled branches. Cells in the con-
trol group primarily formed stacking-like structures.
Quantitative analysis with Image J showed that signi-
ficantly more tubules were formed in the BG+ PBM
and PBM groups than in the BG and control groups
(P < 0.05). The BG + PBM group showed more
tubules formation than the PBMgroup. At 10 h, com-
plete tubules formed in all groups. The BG + PBM
group formed the most tubules among all the groups
(P < 0.05).
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Figure 1. Cell proliferation. (a) Effects of BG concentrations on HUVECs proliferation. (b) Effects of PBM fluences on HUVECs
proliferation. (c) Effects of PBM combined with BG on HUVECs proliferation. (d) Effects of PBM combined with BG on
HUVECs proliferation on days 5 and 7. ∗ represents P < 0.05 for comparison between the BG 0.1 mg ml−1 group and the control
group. # represents P < 0.05 for comparison between the PBM 1 J cm−2 group and the control group. & represents P < 0.05
between two groups.

Figure 2.mRNA expression of VEGF and bFGF. ∗ represents P < 0.05 between two groups.

3.4. PBM combined with BG increased
vascular-like structure formation in vivo
The postoperative recovery and diet of rats in all
the groups were normal and the incisions healed
well without inflammatory reactions. The weights
of the rats were approximately 530 g two weeks
after the surgery. Then, the specimens were obtained,
and HE staining and immunohistochemical staining
were performed.

HE stainingwas used to observe the inflammatory
response, tissue formation and biomaterial absorp-
tion of bone defects. At 2 weeks post-surgery, the

results showed that there was fibrous matrix in the
defect of all groups and obvious inflammatory infilt-
ration were found in the BG group. Cavities could be
observed in the BG + PBM group and BG group, as
large amount of undegraded BG particulates demin-
eralized. In the BG + PBM group and BG group,
a small number of scattered new bone tissues were
observed inside the defects (figure 4).

CD105 andCD34 immunohistochemical staining
were used to observe the vascular-like structures in
the center of bone defects. The cytoplasm of vascu-
lar endothelial cells was stained brown and the cell
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Figure 3. Tubule formation assay. ∗ represents P < 0.05 between two groups.

Figure 4. HE staining. Partially magnify the black boxes at 40× and 200×. NB, new bones (red arrow); BG, bioactive glasses
(black arrow); FT, fibrous tissues (green arrow); II, inflammatory infiltration (blue arrow).
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Figure 5. Immunohistochemical staining of CD105 and number of vascular structures. Partially magnify the black boxes at 200×
and 400×. V, vascular structures (red arrow); BG, bioactive glasses (black arrow). ∗represents P < 0.05 between two groups.

Figure 6. Immunohistochemical staining of CD34 and number of vascular structures. Partially magnify the black boxes at 200×
and 400×. V, Vascular structures (red arrow); BG, bioactive glasses (black arrow). ∗represents P < 0.05 between two groups.

nucleus was stained blue or purple. The independent
and complete lumen formed by stained endothelial
cells was considered as the vascular-like structure.
The observation of slices revealed that BG particu-
lates were wrapped by fibrous tissues, while the edge
of demineralized cavities could also be stained brown,
but the shape of such structures was irregular and
incomplete, which could be distinguished from the
vascular-like structures.

In the center of bone defects, CD105 staining
was enhanced in the BG + PBM and PBM groups,
while very few brown staining was observed in the
control group. The results of quantitative analysis
showed that themost vascular structures were formed
in the PBM group (33.67 ± 5.559) among all the
groups with statistical significance (P < 0.01). More
vascular structures formed in the BG + PBM group
(23.67± 4.633) than in the BG group (18.00± 4.427)
(P = 0.016) and control group (2.33 ± 1.506)
(P < 0.01) (figure 5).

Quantitative analysis of CD34 expression revealed
that the vascular structures in the PBM group

(27.83 ± 8.208) was significantly increased com-
pared with the BG + PBM group (20.67 ± 4.457)
(P= 0.036), the BG group (18.00± 5.367) (P < 0.01)
and the control group (P < 0.01) (figure 6).

4. Discussion

Angiogenesis is essential for wound healing and tis-
sue regeneration. Promote angiogenesis to facilitate
osteogenesis has always been a key challenge. Con-
comitant blood vessels play a vital role in supply-
ing oxygen and nutrients to newly formed tissues,
eliminating metabolites, delivering growth factors
and providing key signals for bone metabolism [30].
Insufficient early angiogenesis will hinder the bioma-
terial fusion and absorption with tissues, and then
hindering the bone regeneration [12, 13]. Some stud-
ies have demonstrated the effect of BG on promot-
ing angiogenesis [31–33], but the early proangiogenic
capacity of BG, especially the early angiogenesis in
large-sized bone defects filled with BG, needs more
studies [9–11]. To improve the early angiogenesis,
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much effort has been spent on the improvement
of materials’ optimization of the composition and
morphology, such as coating inorganic ions (copper,
strontium, cobalt) [34–36], andmodifying the poros-
ity and pore size of scaffolds [37–39]. However,
this may also lead to some problems. Firstly, toxic
effects on cells may exist due to the dosage and
burst release of trace elements [40]. Acute inflam-
matory response after biomaterial implantation will
also cause undesired effects on early angiogenesis
[10, 11]. Secondly, although higher porosity and
macroporosity of scaffold materials are beneficial for
tissue growth [37–39], oversized pores will hamper
the bio-physicochemical and mechanical properties
of materials, further affecting ion release, cell adhe-
sion and signal pathway activation [37, 39]. In
this study, we considered PBM as an alternative
approach and applied with BG aiming to exert addit-
ive effects to improve the early angiogenesis of BG in
bone regeneration.

PBM therapy has been widely performed in tis-
sue engineering as a physical method. It applies
various light sources in the wavelength from visual
to infrared to activate endogenous photoreceptors
and generate biological effects [41, 42]. Studies have
shown that lights with wavelength from 600 to
1000 nm may be able to activate mitochondria,
increase mitochondrial-derived reactive oxygen spe-
cies and calcium, promote ATP production and ini-
tiate a series of cascade reactions [42, 43]. Moreover,
lasers with wavelengths ranging from 650 to 950 nm
exert the most effective role in tissues with a penet-
rating depth of 2–3 mm, which is suitable for deep
injuries [44, 45]. Considering the biological stimu-
lation effects and tissue-penetration ability, we used
808 nm-wavelength near-infrared laser and com-
bined it with BG in the present study to examine their
effects on early angiogenesis in vitro and in vivo.

First, we assessed the effects of PBM combined
with BG on pro-angiogenic genes expression and
tubule formation in vitro. The results showed that
PBM upregulated VEGF and bFGF genes expression
during the early stage. When HUVECs were treated
with the combination of PBM and BG, the mRNA
levels showed earlier and significantly higher expres-
sion than those of other groups. In the tubule form-
ation assay, the PBM treatment accelerated HUVEC
tubule formation. The BG + PBM and PBM groups
both formed more mature tubules at 4 h. The tubules
in the BG + PBM group were significantly greater
than other groups at 10 h. Above results revealed
that the combination of PBM and BG exhibited
the strongest promotion on angiogenic-related genes
activation andHUVECangiogenesis. Themechanism
might have two aspects. On one hand, PBM exhibited
the good ability to initiate angiogenic process rapidly
and promote early angiogenesis, whichwas consistent
with previous studies. PBM has been reported to

promote eNOS synthesis, activate PI3K, MAPKs and
other signal pathways, increase VEGF and bFGF
levels, and further promote endothelial cells pro-
liferation, migration and angiogenesis [18, 19]. On
the other hand, the angiogenic effect of PBM was
enhanced by BG. The combination of PBM and BG
produced an additive effect on angiogenesis which
was superior to applying either BG or PBM indi-
vidually. When contacting with the body fluid, BG
particulates release large amount of Si ions, which
upregulates the expression of angiogenic growth
factors and receptors, stimulates eNOS synthesis
and further regulates cells migration as well as
vasculature formation [7, 8].

We further investigated the early angiogenic
effects of PBM combined with BG in vivo and
observed vascular-like structures formation by
immunohistochemical assay. CD105 is widely
expressed in endothelial cells of microvascular sys-
tem and is specific in detecting neovascularization
[46]. CD34 is also a major marker of mature vascu-
lar endothelial cells widely used in clinic [47]. The
immunohistochemical results were consistent with
the in vitro results, showing that PBM promoted the
formation of vascularized tissues in the new bone as
well as the central area of bone defects. The com-
bination of PBM and BG significantly improved
early angiogenic levels compared to applying BG
only. These results suggested that PBM enhanced
angiogenesis in BG-filled bone defects. As for the
BG + PBM group exhibited less vascular structures
than the PBM group, the reason may be that the BG
particulates occupied most of the bone defects space
in the BG + PBM group, resulting in less soft tissues
volume which contained blood vessels. However,
there was more soft tissue volume in the PBM group,
which resulted in more blood vessels in the quantit-
ative analysis. Moreover, although we found a clear
trend between groups, the standard deviations of our
results were relatively large, indicating that there may
be differences among individuals. Therefore, more
experiments and samples should be considered in
our further study for achieving stable results.

Our study preliminarily explored the effects of
PBM combined with BG on early angiogenesis. The
results suggested PBM combined with BG exhibited
an additive effect on early angiogenesis, which may
be favorable for tissue regeneration. Meanwhile, by
reducing the use of chemicals, the addition of PBM
will be beneficial for minimizing the potential risk
of biological safety caused by the dosage and burst
release of trace elements [40]. Moreover, the role of
PBM in reducing inflammatory response can also
reduce the acute inflammatory response after bioma-
terial implantation, which plays an important role
in early angiogenesis [10, 11, 48]. Therefore, our
study preliminarily confirmed the feasibility of this
combination. For clinical application, the additive

9



Biomed. Mater. 17 (2022) 045007 L Huang et al

effects of PBM and BG on angiogenesis as well
as the good biocompatibility of PBM may provide
an improvement for bone regeneration and bone
defects repair.

Our study also emphasized the importance of
PBM and BG dosages, and only in an appropriate
condition could we observe the enhancement in cell
growth and tissue regeneration. A recent review [49]
included 16 literatures on the effects of PBM and bio-
materials on tissue regeneration. It was found in 75%
of the studies that ceramic biomaterials and infrared
PBM presented positive effects on the process of bone
defect healing. The main reason for the negative res-
ults in the other studies was probably the excess of
stimulus to tissue, which was in association with the
dosage of PBM and BG.

The effect of PBM is dose-dependent, in which
both low and high doses might result in inhibi-
tion while moderate doses induce cells activity [44].
Therefore, we first investigated the effect of PBM
with different fluences on HUVEC proliferation to
determine the optimum dose of PBM in vitro. At the
same time, to avoid the harmful ‘energy accumula-
tion effect’ [50], we conducted fractional irradiation
in which PBM therapy was performed 3 times in total
with intervals of 24 h rather than intense applica-
tions over a short period of time. This intermittent
irradiation avoided the overload of intracellular cal-
cium, which may cause a rapid cellular energy con-
sumption and even cell death [50]. Comparing to
in vitro situation, the PBM fluence of in vivo should
be higher. For one reason, bones and bone marrow
are tissues deep within the body and have lower num-
bers ofmitochondria [51]. And it ismore likely for tis-
sue with lower mitochondria to be ineffective due to
under-dosing rather than over-dosing [51]. Another
reason was that skin, muscle, and other tissues will
weaken part of the light energy and penetration depth
[45, 52]. There is still no agreement on the paramet-
ers and protocols for the application of PBM. Positive
effects using the fluence of 140 J cm−2 on bone repair
have been reported, and we set the PBM fluence at
120 J cm−2 with reference to previous literature and
former experience [51]. Considering the complexity
and diversity of organisms, suitable doses of PBM for
in vivo application still need to be studied.

The regulation of BG on cell activities is also dose-
dependent, and ions play a positive biostimulation
role with appropriate concentrations while high con-
centrations will cause cytotoxicity [53, 54]. In order
to create a cell-friendly environment in in vitro stud-
ies, first of all, we set gradient concentrations of BG
extracts to select an optimum dose for cell growth,
ensuring suitable number of ions can be used for
cell activities. In addition, the pre-conditioning of BG
is important, as alkaline ions ‘burst release’ occurs
when BGs rapidly exchange ions with surrounding
medium, leading to an undesired increase of pH and
unfavorable effects on cell function and activity [55].

Therefore, 24 h pre-incubation of BG was applied
in our study to reduce the rate of ions release and
limit pH excursion. What’s more, PSC, the biomater-
ial used in our study possesses a higher phosphorus
content compared to 45S5 Bioglass® (wt%: 6% P2O5-
45%SiO2-24.5%CaO-24.5%Na2O),which limits the
pH change around PSC particulates to a narrower
range during dissolution [29, 56, 57]. Another study
[29] compared pH changes of PSC and 45S5 at dif-
ferent concentrations and showed that at 1 mg ml−1,
there was a sudden increase in the pH of 45S5 from
7.45 to 8.11 in the first hour, while the pH of PSC
increased slightly from 7.45 to 7.62. At 1mgml−1 and
higher concentration, 45S5 extracts displayed a not-
ably increased pH from 7.66 to 8.84 after 24 h incuba-
tion, while PSC extracts showed a significant increase
in pH at 4mgml−1 and remained stable at approxim-
ately 7.8. The above results confirmed that low con-
centrations of PSC extracts would not cause notable
increases in pH, which created a more stable and cell-
friendly pH microenvironment for cell activity.

Therewere still some problems to be solved in fur-
ther studies, such as themechanism of additive effects
of PBM and BG, the energy attenuation of PBM in
tissue, the optimal combined parameters of PBM and
BG in vivo, the effects of PBMandBGon tougher clin-
ical situations like osteoporosis related fractures and
large fractures, etc. In further studies, we will make
efforts in the above aspects to better apply PBM and
BG in bone defects repair.

5. Conclusions

The combination of PBM and BG generated additive
effects on promoting early angiogenesis both in vitro
and in vivo, representing a promising and biologic-
ally safe method to improve the bone defects repair.
The effect of PBMandBG is dose- and concentration-
dependent. Therefore, it is necessary to determine the
appropriate parameters to ensure PBM and BG exert
their optimal additive effects.
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