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Abstract
Introduction Collagen from marine esponges has been used as a promising material for tissue engineering proposals. Simi-
larly, photobiomodulation (PBM) is able of modulating inflammatory processes after an injury, accelerating soft and hard 
tissue healing and stimulating neoangiogenesis. However, the effects of the associated treatments on bone tissue healing 
have not been studied yet. In this context, the present study aimed to evaluate the biological temporal modifications (using 
two experimental periods) of marine sponge collagen or sponging (SPG) based scaffold and PBM on newly formed bone 
using a calvaria bone defect model.
Material and Methods Wistar rats were distributed into two groups: SPG or SPG/PBM and euthanized into two different 
experimental periods (15 and 45 days post-surgery). A cranial critical bone defect was used to evaluate the effects of the 
treatments. Histology, histomorfometry and immunohistological analysis were performed.
Results Histological findings demonstrated that SPG/PBM-treated animals, 45 days post-surgery, demonstrated a higher 
amount of connective and newly formed bone tissue at the region of the defect compared to CG. Notwithstanding, no dif-
ference among groups were observed in the histomorphometry. Interestingly, for both anti-transforming growth factor-beta 
(TGF-β) and anti-vascular endothelial growth factor (VEGF) immunostaining, higher values for SPG/PBM, at 45 days 
post-surgery could be observed.
Conclusion It can be concluded that the associated treatment can be considered as a promising therapeutical intervention.

Keywords Bone healing · Marine sponges · Collagen · Biomaterials · Histomorphometry · Photobiomodulation

Introduction

The use of collagen-based biomaterials in the field of tis-
sue engineering applications has been intensively growing 
over the past decades [1, 2]. Based on its biocompatibility, 
low immunogenicity and mechanical properties, collagen-
derived grafts are extremely suitable can be used as bone 
grafts for stimulating healing, as carriers for drug delivery, 
as bone substitutes, antithrombogenic surfaces and immo-
bilization of therapeutic enzymes [3–5].

Collagen can be extracted from various sources but the 
most common are the ones from bovine and porcine skin 
and bones [3, 4]. However, they have been considered a 
great pathological risk for transmitted diseases, very chal-
lenging in the extraction process and presenting high costs 
[6]. More recently, marine life has formed a considerable 
source of collagen, which can be extracted from fishes, crabs 
and sponges [3]. In this context, marine sponge collagen 
or sponging (SPG), which is analogous to the human col-
lagen type XIII, is one of the most promising to be used for 
biomedical applications, being safe and easy to extract [7]. 
Many studies have demonstrated that marine collagen is a 
suitable framework for cell attachment and proliferation of 
osteoblasts [8–10].

Similarly, another very promising resource that has been 
used for stimulating tissue metabolism is the photobiomodu-
lation (PBM) [11–13]. PBM is able of modulating inflam-
matory processes after an injury, accelerating soft and hard 
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tissue healing and stimulating neoangiogenesis [14–16]. The 
action of PBM can be explained mainly by the interaction of 
light and tissues, which generates a series of modifications in 
cell metabolism, including stimulation of mitochondrial res-
piration and increasing in the synthesis of ATP [13, 17–19]. 
These effects can culminate in the increased expression of 
genes related to protein synthesis, cell migration and prolif-
eration, anti-inflammatory signaling, anti-apoptotic proteins 
and antioxidant enzymes [13, 20–22].

Based on these effects, this therapeutical intervention has 
been also used to stimulate bone metabolism and fracture 
consolidation [11, 23, 24]. An increased expression of genes 
related to bone differentiation (BMP4, ALP and RUNX-2) 
was observed after PBM in an experimental model of bone 
defects in rats [25]. Moreover, microarray analysis demon-
strated that PBM produced an upregulation of genes related 
to the inflammatory process (MMD, PTGIR, PTGS2, Ptger2, 
IL1, 1IL6, IL8, IL18) and angiogenic activities (FGF14, 
FGF2, ANGPT2, ANGPT4 and PDGFD) in an experimental 
model of tibial bone defects in rats [26].

However, no study was found investigating the effects of 
the association of both therapies in the process of bone heal-
ing. In view of the aforementioned, it was hypothesized that 
the treatment using both therapies would be able of acceler-
ating tissue metabolism, stimulating bone healing. Conse-
quently, the present study aimed to evaluate the biological 
temporal modifications (using two experimental periods) of 
SPG based scaffold and PBM on newly formed bone using 
a calvaria bone defect model trough histological, histomor-
fometry and immunohistological analysis were performed.

Material and methods

Aplysina fulva was used for marine collagen extraction col-
lected in Praia Grande (23° 49′ 23.76ʺ S, 45° 25′ 01.79ʺ 
W, São Sebastião, Brazil). The method was described by 
Swatschek et al. [27]. Briefly, after collection, sponges were 
washed with Milli-Q water (three times) and cut in small 
pieces of sponges. Afterwards, samples were inserted in a 
stirred beaker with Tris–HCl buffer and pH was adjusted to 
nine with (with the addition of NaOH). Solution was kept 
in agitation for 24 h and centrifuged for 5 min (at 2 °C). 
Then, the pellet was discarded and the supernatant removed. 
Afterwards, pH was adjusted again to four (using acetic acid 
solution) and the precipitate obtained was resuspended in 
Milli-Q water, centrifuged and lyophilized for preservation.

Additionally, for scaffold manufacturing carboxymethyl 
cellulose (CMC) (density 1.59 g/cm3, Sigma Aldrich, Mis-
souri, USA), Poly (methyl methacrylate) (PMMA, particle 
size: 15 µm, VIPI Produtos Odontológicos (Pirassununga, 
São Paulo, Brazil) and methyl methacrylate (MMA, purity: 
99.09%, VIPI Produtos Odontológicos, Pirassununga, São 

Paulo, Brazil) were used. (the polymers were used with the 
purpose of aggregating BS and SPG).

Scaffold preparation

Scaffolds of marine collagen were manufactured following 
the methodology of Parisi et al. [7]. For this, PMMA was 
used for aggregating the materials and CMC was used to 
produce pores into samples (around 60%) [28–30]. SPG 
were weighted (Table 1) and mixed in a container with dis-
tilled water, using a spatula. Subsequently, MMA monomer 
was added, mixture again and the paste was transferred to a 
silicon mold (8 mm × 2 mm). Molds were then sealed, sub-
mitted to a pressure air chamber (at 0.6 MPa) for 30 min and 
vacuum dried  (10–3 Torr) for 15 min. Samples were then, 
removed from the silicon molds, packaged and sterilized by 
ethylene oxide (Acecil, Campinas, SP, Brazil). The propor-
tion of materials used in manufacturing process was PMMA 
(0.236 g), MMA (0.472 g), SPG (0.268 g), CMC (0.043 g) 
and water (0.565 g).

In vivo studies

In the present study, male Wistar rats (12 weeks, weight 
300–350  g) were distributed into two groups (n = 12): 
spongin group (SPG) and spongin PBM group (SPG/
PBM). Two sub-groups were created, with different times 
of euthanasia (15 and 45 days). Animals were maintained 
under light–dark periods of 12 h, controlled temperature 
(22 ± 2 °C), with free access to water and standard food. 

Surgical procedures

All animals were submitted to anaesthesia with a combina-
tion of ketamine (80 mg/kg), xylazine (8 mg/kg), aceproma-
zine (1 mg/kg) and fentanyl (0.05 mg/kg). For the surgical 
procedure, animals had their skulls washed, shaved and dis-
infected with povidone-iodine. After the incision, the peri-
osteum was removed and the parietal region was exposed. 

Table 1  PBM parameters

Parameters Values

Power 30 mw
Wavelength 808 nm (infrared)
Mode of action Continuous
Beam transverse area 0.028 cm2

Energy density 30 J/cm2

Time 28 s
Energy 0.8 J
Application mode Stationary in skin 

contact mode
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Afterwards, an 8 mm defect was created using a trephine 
drill (3i Implant Innovations Inc., Palm Beach Gardens, 
USA) under copious saline irrigation and the implants were 
inserted in the created defect, according to a randomization 
scheme. Wounds were closed with resorbable  Vicryl® 5-0 
(Johnson & Johnson, St.Stevens-Woluwe, Belgium). Four 
animals were housed per cage and all the water and food 
intaken were monitored in the initial post-operative period. 
Rats were given appropriate postoperative care and animals 
were observed for signs of pain, infection and proper activ-
ity. After the experimental periods, animals were euthanized 
by  CO2, for sample removal.

PBM treatment

A Photon Lase III equipment (DMC, São Carlos, Brazil) was 
used for this study as described in Table 1. After the surgi-
cal procedure, irradiation was initiated at on single point 
in the center of the region of the bone defect, through the 
contact pontial technic. Three applications per week were 
performed, in non-consecutive days, (in a total of 6 and 18 
sessions) for 15 and 45 days, respectively. It is important to 
emphasize that the PBM parameters were chosen based on 
the previous work of our group [31].

Histological procedures

After the removal, samples were submitted to a standard 
protocol based on fixing in formaldehyde (24 h), followed 
by dehydration in ethanol and embedding in methylmeth-
acrylate (MMA). After these procedures, histological lami-
naes were obtained (thin sections 5 µm), 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, Ger-
many). Goldner Trichrome was used for staining the samples 
and at least three sections of each specimen were examined 
using light microscopy (Leica Microsystems AG, Wetzlar, 
Germany).

Qualitative and histomorphometric analysis

The qualitative analysis was performed considering the fol-
lowing parameters: presence of granulation tissue, newly 
formed bone, the presence of osteoid and particles of bio-
material. Analysis was performed in a blinded way by two 
experienced observed (M.A.C. and S.R.J.)

The semi-automatic image-analysing OsteoMeasure Sys-
tem (Osteometrics, Atlanta, USA) was used for quantita-
tively score all the samples. The mean tissue area analysed 
was 2.879 ± 0.674 mm2, covering the entire region of the 
surgically created bone defect. After analysis, the following 
parameters were obtained: bone volume as a percentage of 

tissue volume (BV/TV %), osteoid volume as a percentage of 
tissue volume (OV/TV %) and the number of osteoblasts per 
unit of tissue area (N.Ob/T.Ar/mm2) In addition, the analysis 
was performed by one experienced observer (G.C.A.V.), in 
a blinded way.

Immunohistochemistry analysis

For immunohistochemistry analysis, resin from the samples 
was removed with xylene/chloroform, rehydrated in ethanol 
and pretreated with 0.01 M citric acid buffer (pH 6) in a 
steamer for 5 min. Peroxidase was inactivated using hydro-
gen peroxide in phosphate-buffered saline (PBS) for 5 min. 
Primary antibody was incubated with anti-vascular endothe-
lial growth factor (anti-VEGF, Santa Cruz Biotechnology, 
USA, the concentration of 1:200) and anti-transforming 
growth factor beta (anti-TGF-β, Santa Cruz Biotechnology, 
USA, at a concentration of 1:200), for 2 h. Antibody anti-
rabbit IgG (Vector Laboratories, Burlingame, CA, USA) 
was used for 30 min and samples were incubated (30 min). 
A solution of 3-3′-diaminobenzidine solution was used to 
reveal the immunostaining (5 min) and restained with Harris 
haematoxylin. Qualitative analysis was used to investigate 
the presence and location of the immunomarkers and is per-
formed using a light microscopy (Leica Microsystems AG, 
Wetzlar, Germany). Furthermore, semi-quantitative evalu-
ation was performed following the score: 1 = absent (0% of 
immunostaining), 2 = weak (1–25% of immunostaining), 
3 = moderate (36–67% of immunostaining) and 4 = intense 
(68–100% of immunostaining) [12]. Analysis was performed 
in a blinded way (G.C.A.V. and J.R.P.).

Statistical analysis

Data were analysed and displayed in graphs, and the values 
expressed as mean and standard deviation. 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. The level of significance 
was set at 5% (p ≤ 0.05). All statistical analyses were per-
formed using GraphPad Prism version 6.01.

Results

Histopathological analysis

For SPG, at 15 days after the surgical procedures, bone 
effect was filled mainly by particles of the material (which 
presented some degradation). Moreover, connective tissue 
and inflammatory infiltrate also could be seen with some 
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areas of newly formed bone. In the second experimental 
period, neoformed bone tissue was observed filling most of 
the defect, with some scarce areas of connective tissue and 
material particles (magnification of 20 ×) (Fig. 1).

For SPG/PBM, at 15 days post-surgery, bone defect was 
filled by material particles, undergoing on a degradation pro-
cess. Furthermore, the connective tissue around the material, 
granulation tissue interspersing the material particles and 
some inflammatory infiltrate areas. New formed tissue areas 
were seen close to the cortical bone. In the second experi-
mental period, extensive connective tissue formation, with 
the presence of few material particles and areas of newly 
formed bone were seen almost all over de bone defect (mag-
nification of 20 ×) (Fig. 1).

Histomorphometry

Figure 2 demonstrates the data of the histomorphometry 
analysis. No difference was obtained in the parameters BV/
TV (%) and OV/TV (%) between the experimental groups 
and periods. Moreover, higher values were found for N.ob/T.
Ar  (mm2) for SPG/PBM 15 days post-surgery compared to 
SPG 45 days post-surgery.

Immunohistochemistry analysis

TGF‑β immunostaining

The qualitative analysis of TGF-β expression for all the 
experimental groups, after 15 and 45 days of surgery is 
demonstrated in Fig. 3.

In the first period analyzed, for both experimental groups, 
a similar pattern of TGF-β immunoexpression could be 
observed, mainly in the granulation tissue and around the 
particles of the materials in the bone defect (Fig. 3a, b). 
Additionally, 45 days post-surgery, it is possible to observe 
that TGF-β immunolabeling continues in the granulation 
tissue, mainly at the center of the defect and around the par-
ticles of the materials (Fig. 3c, d).

Semi-quantitative analysis of TGF-β immunostaining 
after 15 and 45 days post-surgery was shown in Fig. 4. No 
difference among the experimental groups was observed in 
the first period analyzed. Furthermore, after 45 days post-
surgery, it is possible to observe higher immunolabelling of 
TGF-β for SPG/PBM compared to SPG (p < 0.05).

VEGF immunostaining

Figure 5 demonstrated the VEGF immunolabeling, after 15 
and 45 days post-surgery. VEGF immunolabeling was seen 
predominantly in the granulation tissue and around the par-
ticles of the materials for both groups 15 days post-surgery 

Fig. 1  Representative histologi-
cal sections of SPG (n = 6) and 
SPG/PBM (n = 6) experimental 
groups, after 15 and 45 days 
post-surgery Goldner’s trichome 
staining. New formed bone 
tissue (NB), connective tissue 
(CN), inflammatory infiltrate 
(*), biomaterial (#), granulation 
tissue (▲) and material parti-
cles undergoing degradation 
process (arrow)
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Fig. 2  Means and standard errors of histomorphometry. BV/TV, OV/TV and N.Ob/T.Ar. ANOVA was used with post hoc Tukey, *p < 0.05

Fig. 3  Representative histo-
logical sections of Transform 
Growth Factor Beta (TGF-β) 
immunohistochemistry of the 
SPG and SPG/PBM experimen-
tal groups, after 15 and 45 days 
post-surgery. TGF- β immu-
nostaining (arrow) and biomate-
rial (*). Scale bar: 50 µm (mag. 
× 40)
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(Fig. 4a, b). After 45 days of surgery, VEGF immunostaining 
still could be observed in the granulation tissue and around 
the particles of the materials, especially in the center of the 
defect (Fig. 5c, d).

Figure 5 shows the results of the semi-quantitative 
analysis of VEGF in both periods analyzed. At 15 days 

post-surgery, no significant difference among the experi-
mental groups was observed. Additionally, 45 days post-
surgery, it was possible to observe a significantly higher 
immunolabelling of VEGF expression for SPG/PBM 
compared to SPG (p = 0.05).

Fig. 4  Means and standard 
errors of the immunohistochem-
istry analysis of TGF-β. test t. 
p < 0.05

Fig. 5  Representative histologi-
cal sections of VEGF immu-
nohistochemistry for SPG and 
SPG/PBM experimental groups, 
15 and 45 days post-surgery. 
Biomaterial (*) and VEGF 
immunostaining (arrow). Scale 
bar: 50 µm (mag. × 40)
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Discussion

In this study, the biological effects of SPG associated with 
PBM on bone healing in a critical experimental model in 
the calvaria of rats were evaluated. It was hypothesized 
that the combined therapy would be able to upregulate the 
immunostaining markers related to cell differentiation and 
angiogenesis, which could culminate in increasing bone 
deposition. Histological findings demonstrated that SPG/
PBM treated animals, 45 days post-surgery, demonstrated 
a higher amount of connective and newly formed bone 
tissue at the region of the defect compared to CG. How-
ever, the histomorphometry showed no difference among 
groups. Interestingly, for both TGFβ and VEGF immu-
nostaining, higher values for SPG/PBM, at 45 days post-
surgery could be observed (Fig. 6).

It is well known that collagen, including SPG, repre-
sents a unique material to be used in the area of bone 
tissue engineering field, presenting stimulatory effects 
on tissue metabolism [3, 27]. Similarly, PBM constitutes 
a very promising therapeutical intervention, capable of 
stimulating bone tissue and producing healing [12, 32, 33].

Although the lack of difference in the histomorphom-
etry analysis, the qualitative histology pointed out that the 
animals treated with the combined treatment presented a 
more organized tissue pattern, with the bone defects being 
filled with newly formed bone and connective tissue. As 
mentioned before, both therapies have stimulatory effects 
on bone metabolism. Consequently, the more organ-
ized tissue pattern in this group may be explained by the 
fact that the association of SPG and PBM was able of 

stimulating mesenchymal cells and osteoblasts, culminat-
ing in the increase of newly formed bone deposition, pro-
ducing tissue healing of the cranial bone defect. Moreover, 
Freitas et al. [34] and Oliveira et al. [35] demonstrated the 
beneficial effect of PBM and collagen membranes for stim-
ulating bone healing using animal experiments. Although 
the positive biological effects of the associated treatment, 
the lack of difference in the histomorphometry analysis 
may be explained by the post-surgery period analyzed, 
using a critical bone defect. Possibly, a higher difference 
would be seen if a longer period were used, especially 
considering the size of the defect which demands a higher 
period for healing.

The immunohistochemistry analysis demonstrated an 
increased immunolabeling of TGFb in SPG/PBM, 45 days 
post-surgery. TGFb stimulates matrix protein synthesis 
and bone cell proliferation, having a critical role in bone 
remodeling [36]. In this context, the higher immunolabelling 
observed for animals which received the associated treat-
ments may have had a positive effect on the activity and 
proliferation of osteoblast cells, which may have influenced 
newly formed bone deposition at this period. Oliveira et al. 
(2017) demonstrated a more intense immunostaining for 
TGF-β in critical bone defects in rats after treatment with 
collagen associated to PBM (at 120 J/cm2), stating that the 
associated treatments could offer a synergistic advantage in 
improving the healing of bone fractures.

Furthermore, an appropriate vascularization is essential 
to allow an adequate bone healing process [37]. It is well 
known that VEGF is the main mediator during the process 
of angiogenesis and the formation of newly blood vessels 
[16, 38]. In the present study, a higher immunolabelling 

Fig. 6  Means and standard 
errors of the immunohistochem-
istry analysis of VEGF. Test t. 
*p < 0.05
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presented by SPG/PBM animals, at the second experimental 
period, may be related to the higher number of blood vessels, 
increasing irrigation and accelerating healing. It has been 
reported that PBM has a stimulatory effect on neovascu-
larization by stimulating the secretion of angiogenic factors, 
[39] which together with the biological properties of SPG 
might further influence bone formation.

Although the positive evidences, the present work was 
limited to a relatively short period post-surgery. Based on 
the higher immunolabbeling of TGFb and VEGF at 45 days 
post-surgery, possibly more positive results could be seen 
if longer periods after the surgical procedure were used. In 
this context, the long-term biological performance of SPG/
PBM needs to be clarified. Following this strategy, which 
involves the combination of a biomaterial and a subsequent 
treatment, further investigations are necessary to validate 
these combinations as safe and efficient materials for bio-
medical applications.

From the data of the present study, it can be concluded 
that the associated treatment can be considered as a promis-
ing therapeutical intervention based on the positive effects 
on the immunolabeling of TGFb and VEGF and induced a 
higher deposition of newly formed bone and material deg-
radation. However, longer periods of post-surgery should 
be evaluated.
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