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Abstract

The study comparing the bone regenerative capacity in an experimental model of cranial bone defects in rats, into 3
groups: G1: bone defects irradiated with photobiomodulation; G2: Biosilicate + photobiomodulation and G3: Biosilicate
and Spongin + photobiomodulation. Histocompatibility and bone responses were performed after 15 and 45 days of
implantation. Histological analysis demonstrated that photobiomodulation irradiated animals presented an increased
amount of newly formed over time. Histomorphometry showed higher values for bone volume for G3 and G1, higher
values for osteoid volume and number of osteoblasts observed for G3 compared to G2. TGF-f immunolabelling was
higher for G2. The values found for VEGF were higher for biosilicate (with or without spongin) 15 days of implantation
with an increased difference being observed for G1, 45 days after surgery. In conclusion, the stimulus provided by
photobiomodulation associated to the biomimetic composite increased bone formation in the cranial bone defect in rats.
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Consequently, these data highlight the potential of the introduction of spongin into biosilicate and irradiated with
photobiomodulation to improve the biological performance for bone regeneration applications.
Keywords: Photobiomodulation; Biomaterials; Tissue engineering.

Resumo

O estudo comparou a capacidade regenerativa 6ssea em modelo experimental de defeitos 6sseos cranianos em ratos, em
3 grupos: G1: defeitos 6sseos irradiados com fotobiomodulagdo; G2: Biosilicato + fotobiomodulagdo e G3: Biosilicato
e esponja marinha + fotobiomodulagdo. A histocompatibilidade e as respostas 6sseas foram realizadas apés 15 e 45 dias
de implantacdo. A andlise histologica demonstrou que os animais irradiados com fotobiomodulago apresentaram um
aumento da quantidade de neoformados ao longo do tempo. A histomorfometria mostrou maiores valores de volume
6sseo para G3 e G1, maiores valores de volume de ostedide e nimero de osteoblastos observados para G3 em relagédo
ao G2. A imunomarcacdo de TGF-B foi maior para G2. Os valores encontrados para VEGF foram maiores para o
biosilicato (com ou sem esponja marinha) 15 dias apés o implante, com diferenca aumentada sendo observada para o
G1, 45 dias ap6s a cirurgia. Em conclusdo, o estimulo fornecido pela fotobiomodulacdo associada ao compdsito
biomimético aumentou a formacao 6ssea no defeito 6sseo craniano em ratos. Consequentemente, esses dados destacam
o potencial da introducdo da esponja marinha no biosilicato e irradiada com fotobiomodulagdo para melhorar o
desempenho bioldgico para aplicagOes de regeneracdo dssea.

Palavras-chave: Fotobiomodulacéo; Biomateriais; Engenharia tecidual.

Resumen

El estudio comparo la capacidad de regeneracion 6sea en un modelo experimental de defectos 6seos craneales en ratas,
en 3 grupos: G1: defectos 6seos irradiados con fotobiomodulacion; G2: Biosilicato + fotobiomodulacion y G3:
Biosilicato y Spongin + fotobiomodulacidn. La histocompatibilidad y las respuestas 6seas se realizaron a los 15y 45
dias de la implantacion. El analisis histoldgico demostré que los animales irradiados con fotobiomodulacién presentaron
una mayor cantidad de recién formados con el tiempo. La histomorfometria mostré valores mas altos para el volumen
6seo para G3 y G1, valores mas altos para el volumen osteoide y el nimero de osteoblastos observados para G3 en
comparacion con G2. El inmunomarcaje de TGF-p fue mayor para G2. Los valores encontrados para VEGF fueron
mayores para el biosilicato (con o sin esponja) a los 15 dias de la implantacion, observandose una mayor diferencia para
G1, 45 dias después de la cirugia. En conclusion, el estimulo proporcionado por la fotobiomodulacién asociada al
compuesto biomimético aumento la formacion de hueso en el defecto Gseo craneal en ratas. En consecuencia, estos
datos destacan el potencial de la introduccién de espongina en biosilicato e irradiado con fotobiomodulacién para
mejorar el rendimiento bioldgico para aplicaciones de regeneracién 6sea.

Palabras clave: Fotobiomodulacion; Biomateriales; Ingenieria de tejidos.

1. Introduction

Bone fractures are one of the most important health problem in orthopedic clinics, affecting more than 9 million people
every year (Pisani et al., 2016). Bone tissue has the ability of healing by itself in most of the situations but, in some specific
occasions such as a fracture with large dimensions or associated diseases (such as osteoporosis), the process of consolidation can
be impaired, being necessary the use of therapeutical interventions (Einhorn & Gerstenfeld, 2015).

In this context, the stimulating effects of photobiomodulation (PBM) on the process of bone healing have been
demonstrated by many authors (Hamblin 2017; Farivar et al., 2014; de Freitas & Hamblin, 2016). PBM, an electromagnetic
energy, is able of increasing mitochondrial activity and cellular metabolism, culminating in an upregulation of the synthesis of
proteins and enzymes, increasing of cell proliferation and improvement of tissue oxygenation (Farivar et al., 2014; de Freitas &
Hamblin, 2016; Karu, 2008; Bossini et al., 2012). Due to all these modifications, PBM has positive effects on neoangiogenesis,
on the modulation of the inflammatory process and on the acceleration of tissue repair, including bone (Farivar et al., 2014;
Fernandes et al., 2013; Tim et al., 2015; Magri et al., 2015). PBM applied to the site of the fractures or bone defects up-regulates
the synthesis of genes and proteins related to osteoblast cell proliferation and differentiation and increases newly formed bone
deposition (Fernandes et al., 2013; Tim et al., 2015).

Another very promising treatment for accelerating the process of bone consolidation is the employment of active
biomaterials, which bond and integrate with living bone (Fernandes et al., 2017b). In this context, it is possible to highlight the

osteoinductive effects of Biosilicate (BS) (a crystallized bioactive glass-ceramic with the composition of P205-Na20-CaO-
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Si02). The rapid reactions of BS with bone and its dissolution, releasing ions such as silicon, calcium, phosphorus and sodium
ions stimulates the proliferation, attachment and activity of bone-forming cells, promoting tissue ingrowth and accelerating the
process of bone healing (Oliveira et al., 2009; Moura et al., 2007; Granito et al., 2009; Fangel et al., 2011; Granito et al., 2011,
Matsumoto et al., 2012; Kido et al., 2013; Pinto et al., 2013; Kido et al. 2017; Fernandes et al. 2017a). The inclusion of collagen
(Col) on BS, in order to constitute a bone biomimetic graft (a mineral part and an organic part) has been used by some authors
as well (Gabbai-armelin et al., 2015; Gabbai-armelin et al., 2017; Ueno et al., 2016). It is well known from the literature that
Col, the most common protein of vertebrates, is also an efficient bone substitute able of stimulating healing (Silva et al., 2014;
Linetal., 2011).

Although, the most frequent sources of Col is the bovine and porcine tissues, recently marine Col has been emerging as
an alternative, especially the ones from marine sponges (Gabbai-armelin et al., 2017; Silva et al., 2014; Lin et al., 2011). Marine
sponge Col or spongin (SPG), is a very innovative Col, being analogous to type XIII human Col (Gabbai-armelin et al., 2017;
Silva et al., 2014; Lin et al., 2011; Green et al., 2003). SPG is secreted by cells known as spongocytes and it is (Green et al.,
2003) and has been demonstrated by many authors to be a suitable framework for attachment, migration and proliferation of
osteoblasts (Green et al., 2003; Exposito et al., 2002; Iwatsubo et al., 2015). Additionally, some authors have also demonstrated
the stimulating results of BS/SPG composites on the healing of bone injuries, showing very positive results (Pisani et al., 2016).

As described above, there are many scientific evidences showing the positive outcomes of PBM and BS (isolated or in
association with SPG) on the process of bone healing (Fangel et al., 2014; Pinto et al., 2013; Bossini et al., 2011). However, no
previous study has investigated the effects of PBM on bone defects treated with BS/SPG composites. The association of an extra-
operative technology (PBM) with a biomimetic bone graft may constitute an optimized treatment for improving bone
regeneration, especially in the cases of non-union fractures or pseudoarthrosis. In this context, this study was the aim to
investigate the effect of SPG associated to PBM and BS on the process of bone regeneration in an animal model. In vivo studies
were conducted, comparing the bone regenerative capacity in an experimental model of cranial bone defects in rats.
Histocompatibility and bone responses, trough histology, histomorphometry and immunohistochemical analysis, were performed

after fifteen and forty-five days after the surgery process.

2. Methodology
2.1 Biomaterials

Biosilicate: BS was provided by the Vitreous Materials Engineering Laboratory, Federal University of Sdo Carlos, (S&o
Carlos, SP, Brazil). The material particle size used in the present work ranged from 250 to 1000 pum.

Spongin: The SPG was extracted from Aplysina fulva marine sponge, collected in Praia Grande (S&o Sebastido, Brazil).
The process of SPG extraction was described in previous studies (Parisi et al., 2019; Swatschek et al., 2002; Fernandes et al .,
2019). In short, after collection, the Aplysina fulva were cut in small pieces and were washed three times in Milli-Q water.
Samples were mixed with Tris-HCI buffer (100 mM, pH 9.5, 10 mM EDTA, 8 M urea, 100 mM 2-mercaptoethanol) and had the
pH adjusted to 9 (with the addition of NaOH). The solution was kept in agitation for 24 hrs. Afterwards, solution was centrifuged
for 5 mins (20C), the supernatant removed and the pellet was discarded. The pH was adjusted again, to 4 (using acetic acid
solution) and a precipitate was acquired, which was resuspended in Milli-Q water, centrifuged again and lyophilized for
preservation (Swatschek et al., 2002).

Scaffold preparation: Porous scaffolds (60%) with two different formulations, were used in this study: SPG (20%) and
BS 100% and BS (80%). For the scaffold preparation, carboxymethyl cellulose (CMC) (Sigma Aldrich, Missouri) and methyl
methacrylate (MMA, purity: 99.09%) (VIPI Produtos Odontoldgicos, Pirassununga, Sdo Paulo, Brazil) were employed (Sousa

et al., 2008; Lopez-Heredia et al., 2012; Haach et al., 2014). Table 1 shows the weights of the materials for the manufacturing,
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the samples are inserted in a container with distilled water and mixed with a spatula. After that, MMA was added as an
aggregating agent, solution was mixed again and the resulting paste was transferred to a silicon mold, with de dimensions of 8
mm x 2 mm. CMC was mixture and the molds were sealed, submitted to a pressure air chamber (at 0.6 MPa) for 30 mins and
vacuum dried (10-3 Torr) for 15 mins. The composites were removed from the silicon molds, packaged and sterilized by ethylene
oxide (Acecil, Campinas, SP, Brazil). This method is known for its safety and for not affecting the characteristics of the material
(Fernandes et al., 2019).

Table 1: Experimental formulations of composites expressed in grams (g).

Groups PMMA(g) MMA(g) BS(g) SPG(g) CMC(q) Water(g)
BS 0.236 0.472 0.560 0 0.043 0.565
BS/SPG 80/20 0.236 0.472 0.368 0.092 0.043 0.565

Source: Authors (2021).

2.2 In vivo studies

Twelve weeks Wistar rats (n=36), weighting 300-350 g, were used in the study and distributed into 3 groups (n=12 per
group): group 1 (G1): animals with a cranial bone defect irradiated with PBM; group 2 (G2): BS treated bone defects irradiated
with PBM and group 3 (G3): BS/SPG treated defects irradiated with PBM. Two sub-groups were created (n=6 per subgroup),
with different times of euthanasia (15 and 45 days). Animals were maintained under the temperature of 22 + 2°C, in a light-dark
cycle of 12 hours and with standard food free access and water. This present study was approved by the Animal Care Committee
of the Federal University of Sdo Paulo (CEUA n° 4331220318). All the Ethical methods and guidelines of animal wellbeing
were followed.

Surgical procedure: for the cranial bone defect induction, all animals were firstly submitted to anesthesia (ketamine (80
mg/kg), acepromazine (1 mg/kg), xylazine (8 mg/kg) and fentanyl (0.05 mg/kg). Animals were then immobilized and had their
skulls shaved and disinfected. A skin incision was performed to access the calvaria bone tissue and, with using trephine drill (3i
Implant Innovations Inc., Palm Beach Gardens, USA) under copious saline irrigation, a 8 mm defect was created in the parietal
region (Luvizuto et al., 2012; Kubota et al., 2017). Samples were then implanted according to the randomization scheme and the
wounds were closed with resorbable Vicryl® 5-0 (Johnson & Johnson, St.Stevens-Woluwe, Belgium). Appropriate postoperative
animal cares were given and animals were monitored for signs of infection, pain and proper activity. Animals were kept in cages
(4 per cage) and the intake of water and food was monitored in the initial post-operative period. The method of CO2 suffocation

was used for euthanasia, after the experimental periods.

2.3 PBM treatment

PBM treatment was performed using the equipment Photon Lase Il (DMC, S&o Carlos, Brazil) in the parameters
described in Table 2. Irradiation was performed at a single point in the center of the bone defect. A total of 6 and 18 sessions
(depending on the group) (3 applications per week, in non-consecutive days) were made. PBM parameters were chosen based

on a previous works (Bossini et al., 2012; Fernandes et al., 2017b; Pinto et al., 2013; Fangel et al., 2011).
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Table 2: Photobiomodulation parameters

Parameters Values
Power 30 mw
Wavelength 808 nm (infrared)
Mode of action Continuous
Beam transverse area 0.028 cm?
Energy density 30 J/lcm?
Time 28s
Energy 0.81J
Application mode Stationary in skin contact mode

Source: Authors (2021).

2.4 Histological procedures

Samples were retrieved and fixed for 24h in formaldehyde, followed by dehydration (in ethanol) and embedding in
methyl methacrylate (MMA\). The calcified samples were then cut in a perpendicular direction, to the medial-lateral drilling axis
of the implants using a microtome with a tungsten carbide disposable blade (Leica TC65, Leica Microsystems SP 1600, Nussloch,
Germany). Cuts of 5 um was used to obtain the laminaes which were stained with Goldner Trichrome (three sections of each
specimen). A light microscopy (Leica Microsystems AG, Wetzlar, Germany) was used for analysis. A qualitative analysis was
performed considering the following parameters: granulation tissue, newly formed bone, osteoides and particles of biomaterial.
The analysis was performed by 2 experienced pathologists (G.C.A.V and J.R.P.), in a blind way.

2.5 Histomorphometric analysis

OsteoMeasure System software (Osteometrics, Atlanta, GA, USA) was used for the quantitative analysis of the samples.
Area analyzed for each laminae was 2.879 + 0.674 mm2, which covered all the regions of the bone defect. The following
variables were obtained: bone volume as a percentage of tissue volume (BV/TV, %), osteoid volume as a percentage of tissue
volume (OV/TV, %), number of osteoblasts per unit of tissue area (N.Ob/T.Ar, /mm2) and osteoblast surface as a percentage of

bone surface (OB.S/BS, %). Histomorphometric analysis was made by one experienced observer (G.C.A.V.), in a blinded way.

2.6 Immunohistochemistry analysis

For immunohistochemistry analysis, the streptavidin—biotin-peroxidase method was used. Resin was removed from the
samples and they were submitted to the dehydration in ethanol and pretreated with 0.01 M citric acid buffer (pH 6) (5 mins in a
steamer). Endogenous peroxidase was inactivated using hydrogen peroxide in phosphate-buffered saline (PBS) for 5 min and
with 5% normal goat serum in PBS (10 mins). Antibodies were incubated with anti-vascular endothelial growth factor (anti-
VEGF, Santa Cruz Biotechnology, USA, concentration of 1:200) and anti-transforming growth factor beta (anti-TGF-b, Santa
Cruz Biotechnology, USA, at a concentration of 1:200), for 2 h. Secondary antibody anti-rabbit 1gG (Vector Laboratories,
Burlingame, CA, USA) was added and samples were incubated (avidin biotin complex conjugated to peroxidase) for 30 min. 3-
3’-diaminobenzidine solution was used for immunostaining (5 min) and restained with Harris haematoxylin (Merck) for 4 min.
The location and presence of the immunomarkers were qualitatively performed using a light microscopy (Leica Microsystems
AG, Wetzlar, Germany). In addition, a semi-quantitative analysis was also performed using the score: 1 = absent (0% of

immunostaining), 2 = weak (1 — 25% of immunostaining), 3 = moderate (36 — 67% of immunostaining) and 4 = intense (68 —
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100% of immunostaining) (Fernandes et al., 2017a). All the evaluation was performed in a blinded way (G.C.A.V. and J.R.P.).

2.7 Statistical analysis

In the statistical analysis, the distribution of variables was tested using the Shapiro-Wilk normality test. For the analysis
of multiple comparisons, ANOVA was used with post hoc Tukey for parametric data and nonparametric data, the Kruskal-Wallis
test was used with post hoc Dunn. Data were analysed and displayed in graphs and expressed as standard deviation and mean.
The level of significance was set at 5 % (p < 0.05). All statistical analyses were performed using the software GraphPad Prism
(version 6.01).

3. Results
3.1 Histological analysis
Figure 1 demonstrates the photomicrographies of the qualitative analysis for all experimental groups (15 and 45 after

surgery).

Figure 1: Representative histological sections of cranial bone defects of the groups: G1 (A, D); G2 (B, E); G3 (C, F) after fifteen
and forty-five days after surgery, respectively. Newly formed bone (NB), granulation tissue (GT), osteoid (*), residual material

(black arrow). Bar represents 100 pm. (mag. X20).

15 days

45 days

Source: Authors (2021).

Fifteen days post-surgery, for G1, bone defect was filled mainly with granulation tissue. Moreover, newly formed bone,
with some areas of osteoid tissue, was presented (Figure 1A). For G2, most of the defect was filled with granulation tissue,
biomaterial particles, some areas of newly formed bone and osteoid (Figure 1B). Newly formed bone and osteoid were
abundantly seen for animals of G3. Additionally, biomaterial particles, surrounded by granulation tissue, were observed in these

animals (Figure 1C).


http://dx.doi.org/10.33448/rsd-v10i8.16498

Research, Society and Development, v. 10, n. 8, €8610816498, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i8.16498

Forty-five days after surgery, an increased amount of osteoid and newly formed bone were seen through the defect area
compared to the first experimental period for G1 (Figure 1D). Furthermore, remaining areas of granulation still could be observed
in the center (Figure 1D). Similar histological findings were observed for G2 (Figure 1E) and G3 (Figure 1F), with few particles
of biomaterial and newly formed bone (with a more mature aspect) and osteoid filling most of the defect. Moreover, scarce areas

of granulation tissue at the center were observed.

3.2 Histomorphometric analysis
Figure 2 demonstrates the histomorphometric analysis for all experimental groups (fifteen and forty-five days after

surgery).

Figure 2: Bone volume as a percentage of tissue volume BV/TV % (A), osteoid volume as a percentage of tissue volume
OV/TV % (B), osteoid thickness O.Th, um (C), number of osteoblasts per unit of tissue area N.Ob/T.Ar, mm2 (D) and
osteoblastic surface as a percentage of bone surface Ob.S/BS % (E). for G1, G2 and G3 after fifteen and forty-five days after
surgery. Dunn’s test. *p<0.05 **p<0.01.
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Source: Authors (2021).

Figure 2A demonstrates higher mean values for BV/TV% in G3 compared to G1 (p= 0.0175) in the first experimental
period analyzed. Interestingly, forty-five days after surgery higher values for G1 were observed compared to the 2 other groups.
No other difference was found.

Figure 2B demonstrated a higher mean value of OV/TV (%) for G3 compared to G2 in the first experimental period
analyzed (p=0.0020). No other difference was observed. In addition, the variable O.th (um) demonstrated that no statistically
difference was found among groups, for both experimental periods (Figure 2C).

Figure 2D demonstrated that, for N.Ob/T.Ar (mm2), significant higher values were found for G3 compared to G2 in the
first experimental period (p=0.0142). No other statistically difference was observed. For Ob.S/BS (%), significant higher values
could be seen in G1 and G3 in comparison to G2, in the first experimental period (Figure 2E). Forty-five days after surgery,

significantly higher values were observed for G2 compared to G1 (p=0.0016) (Figure 2E).
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3.3 Immunohistochemistry analysis
TGF-b immunostaining
The qualitative immunohistochemistry analysis of TGF-b for all experimental groups, fifteen and forty-five days after

surgery is represented in Figure 3.

Figure 3: Representative histological sections of Transform Growth Factor Beta (TGF -f) immunohistochemistry of the G1, G2
and G3 experimental groups, after fifteen and forty-five days after surgery. TGF-b immunostaining (A ) and biomaterial (*).
Scale bar: 100 pm (mag. X20).

G2

15 days

45 days

Source: Authors (2021).

For both experimental periods, TGF-b immunostaining was observed in the granulation tissue in G1 (Figure 3A and
3D). For G2 and G3 groups, TGF-b immunostaining was verified around the particles of the materials into the area of the bone
defect and in granulation tissue, after fifteen and forty-five days after surgery (Figure 3B, 3C, 3E and 3F).

The semi-quantitative analysis of TGF- B immunostaining after fifteen and forty-five days after surgery, is shown in
Figure 4A.
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Figure 4: Means and standard deviation of immunohistochemistry scores: TGF-B(A) and VEGF(B). *p < 0.05.
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Source: Authors (2021).

No significant difference among any experimental groups was observed in the first period analyzed. Furthermore, after
45 days after surgery, it is possible to observe a significantly higher immunolabelling of TGF- B for G2 compared to G1 (p=
0.0387).

VEGF immunostaining
Figure 5 represents the qualitative immunohistochemistry analysis of VEGF for all the experimental groups, fifteen and

forty-five days after surgery.


http://dx.doi.org/10.33448/rsd-v10i8.16498

Research, Society and Development, v. 10, n. 8, €8610816498, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i8.16498

Figure 5: Representative histological sections of VEGF immunohistochemistry for G1, G2 and G3, fifteen and forty-five days

after surgery. Biomaterial (*) and VEGF immunostaining (A ). Scale bar: 100 pm (mag. X20).

15 days

45 days

Source: Authors (2021).

In both periods analyzed we can observe, that VEGF immunostaining was observed in the granulation and connective
tissue present along bone defect for G1 (Figure 5A and Figure 5D). For G2 and G3, VEGF immunostaining was verified around
the particles of the materials and in granulation tissue, after fifteen and forty-five days after surgery (Figure 5B and Figure 5C).
Furthermore, similar findings were also observed for both groups (G2 and G3) after forty-five days after surgery, with VEGF
immunostaining being seen in granulation tissue and around the particles of the materials in the center of the defect (Figure 5E
and Figure 5F).

Figure 4B presents the semi-quantitative analysis of VEGF immunostaining after fifteen and forty-five days after
surgery. At fifteen days post-surgery, a significantly higher value was observed for G2 and G3 compared to G1 (p=0.0498 and
p=0.0468, respectively). Additionally, forty-five days after surgery, it was possible to observe a significantly higher
immunolabeling of VEGF expression for G1 compared to G2 (p= 0.0387).

4. Discussion

The study investigated the introduction of SPG into BS and their association of PBM on healing of a critical cranial
bone defect in rats. Histological analysis demonstrated that the associated treatment presented an increased amount of newly
formed over time. Moreover, histomorphometry showed values for BV/TV for G3 and G1 higher, fifteen and forty-five days
after surgery (respectively). For OV/TV (%) and N.Ob/T.Ar (mm2) higher values were observed for G3 compared to G2 in the
first experimental period. Furthermore, for Ob.S/BS (%), G2 exhibited lower values at day 15, but higher values forty-five days
after surgery. TGF-p immunolabelling was higher for G2, forty-five days after surgery. The values found for VEGF were higher
for BS (with or without SPG) in the first experimental period with an increased difference being observed for G1, forty-five days
after surgery.
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PBM is a very promising intervention able of stimulating bone ingrowth and fracture healing (Tim et al., 2015; Magri
et al., 2015; Sarvestani et al., 2017). The effects of PBM are positive on the process of bone healing, this is attributed to the fact
that PBM was able of stimulating mesenchymal cells and osteoblasts, culminating in the increase of newly formed bone
deposition (Santinoni et al., 2017; Noba et al., 2018; Skondra et al., 2018). Shakouri et al., (2010) showed that PBM enhanced
the callus development in the early stage of the healing process in rabbits, with improvement in the biomechanical properties of
bone healing. Furthermore, it has been reported that the association of PBM and BS also has stimulatory effects on newly bone
deposition and neovascularization by stimulating the secretion of angiogenic factors, which together with the osteopromotive
properties of both therapeutical interventions positively influence the acceleration of bone repair (Fangel et al., 2014; Bossini et
al., 2011).

Moreover, some authors demonstrated the stimulatory effects of BS and Col (including the ones with SPG) composites
on bone tissue metabolism (Fernandes et al., 2017b; Kido et al., 2017; Matsumoto et al., 2012). In the study, composite (BS/SPG)
scaffolds allowed higher bone formation after 15 days but, despite the histological findings demonstrate that BS scaffolds (with
or without SPG) degraded over time, the biomaterial presence inside the defect may have constituted a physical barrier for the
tissue ingrowth at the latest time point. This fact can be the explanation for the result found at day 45, for the higher values of
bone volume in G1, which is the only group where defects were not scaffold-filled. On the other hand, despite no differences
concerning osteoid volumes at this later time point, the percentage of bone surface recovered by active bone-forming cells was
higher in defects filled with BS scaffolds, which may indicate that a new bone increment may happen in a future (not-evaluated)
period in this group.

Also, it is important to emphasize that no inflammatory response was observed in the biomaterial treated animals,
indicating the biocompatibility of BS and SPG. It is well known that ionic dissolution products of BS have been shown to
beneficially affect osteogenesis by formation of a silica rich layer which acts as a template for calcium phosphate precipitation
and directs new bone formation (Granito et al., 2011; Hench & Polak, 2002). Furthermore, combining materials with the aim of
obtaining bone biomimetic materials (for example, BS and Col) may be a very promising strategy for bone tissue engineering
proposals. Composites mimicking bone composition such as the association of Col (representing the organic part) with BG (the
inorganic part) have been demonstrating improved biological properties in the process of bone healing (Parisi et al., 2019;
Fernandes et al., 2019; Ueno et al., 2016). In the study, the addition of SPG (at the percentage of 20%) could accelerate bone
tissue deposition. Instead of the fact that no significant differences were seen at the later time point after surgery,
histomorphometric values for bone and osteoid volumes, as well as osteoblast number and surface, were higher at the earlier
period when the composite BS/SPG were implanted in PBM irradiated animals.

In addition, TGFp plays an important function in bone remodeling, stimulating the synthesis of matrix protein and
proliferation of osteoblasts (Wu et al., 2016). The higher immunolabeling for TGFB observed for PBM/BS treated animals
demonstrated the possible influence of this therapy on the proliferation of osteoblast cells, which may culminate in the increase
of newly formed bone deposition (Guo et al., 2018). Demonstrated that bioactive glass nanoparticles were able of efficiently
activate the TGF-f signaling pathway and enhance the osteogenic differentiation of stem cells (Guo et al., 2018). Mokoena et
al., (2018), in a review, demonstrated that PBM is also able of stimulating TGFp labeling.

Moreover, for a proper healing process an adequate vascularization is necessary and VEGF is the main mediator for the
formation of newly blood vessels formation (Johnson & Wilgus, 2014). In the study, PBM/BS (with or without SPG) treated
animals presented a higher VEGF immunolabelling fifteen days after surgery but PBM irradiated animals presented a higher
expression on day forty-five after surgery. It has been reported that PBM and BG have stimulatory effects on neovascularization
by stimulating the secretion of angiogenic factors (Gabbai-armelin et al., 2015; Granito et al., 2009; Fernandes et al., 2019;
Hench & Polak, 2002; Cury et al., 2013). This point associated to the osteopromotive properties of PBM and BG might early
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influence bone formation. Furthermore, D"Mello et al., (2015), using a biomimetic material (containing col), observed a positive
immunostaining for VEGF factor in a defect of rat calvaria. In this context, it is possible to suggest that both BS and PBM had
a positive influence in VEGF immunolabeling, which may have influenced in the newly formed bone deposition. Interestingly,
for both VEGF and TGF, the introduction of SPG did not have any extra effect.

Biomaterials with different compositions and structure have been extensively studied for bone tissue engineering
proposals. In this context, a composite material, including BS enriched with a newly marine Col was studied (Parisi et al., 2020).
Indeed, the introduction of SPG into BS and the association with PBM induced a more appropriate response to stimulate bone
metabolism, especially in the beginning of the repair. Furthermore, the data of the study highlight the huge biological potential
of SPG to be used as the organic part to improve the performance of bone grafts. As the study was limited to relatively short-
term evaluation of the effects of the composites and PBM, detailed information on the long-term performance remains to be
provided. Following this line, further investigations are necessary in order to validate these combinations as safe and efficient

materials for biomedical applications with the aim of applying the therapeutical interventions in clinical trials.

5. Conclusion

In conclusion, the stimulus provided by PBM associated to the biomimetic composite increased bone formation in the
cranial bone defect in rats. Consequently, these data highlight the potential of the introduction of SPG into BS and irradiated
with PBM to improve the biological performance for bone regeneration applications. However, further studies should be carried

out to investigate the material degradation and bone regeneration induced in late stages by BS/SPG and PBM.
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