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Abstract
One of the most promising strategies to improve the biological performance of bone grafts is the combination of different
biomaterials. In this context, the aim of this study was to evaluate the effects of the incorporation of marine spongin (SPG) into
Hydroxyapatite (HA) for bone tissue engineering proposals. The hypothesis of the current study is that SPG into HA would
improve the biocompatibility of material and would have a positive stimulus into bone formation. Thus, HA and HA/SPG
materials were produced and scanning electron microscopy (SEM) analysis was performed to characterize the samples. Also,
in order to evaluate the in vivo tissue response, samples were implanted into a tibial bone defect in rats. Histopathological,
immunohistochemistry, and biomechanical analyses were performed after 2 and 6 weeks of implantation to investigate the effects
of the material on bone repair. The histological analysis demonstrated that composite presented an accelerated material degra-
dation and enhanced newly bone formation. Additionally, histomorphometry analysis showed higher values of %BV/TV and
N.Ob/T.Ar for HA/SPG. Runx-2 immunolabeling was higher for the composite group and no difference was found for VEGF.
Moreover, the biomechanical analysis demonstrated similar values for all groups. These results indicated the potential of SPG to
be used as an additive to HA to improve the biological performance for bone regeneration applications. However, further long-
term studies should be carried out to provide additional information regarding the material degradation and bone regeneration.
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Introduction

The development of bone substitutes for critical skeletal bone
defects that cannot heal has been the aim of investigation in the
field of bone tissue engineering. These defects are common in
clinical practice and are related to associated diseases, tumors,
and extensive bone loss (Sarkar and Lee 2015; Guerado and
Caso 2017). A series of bone graft materials to treat these af-
fections have been extensively used such as autografts, allo-
grafts and synthetic bone substitutes (Matassi et al. 2011;
Smith et al. 2011). Autologous bone grafts are considered the
gold standard in the area of bone tissue engineering, but the
need of an additional surgery and the amount of tissue available
limited their use (Dimitriou et al. 2011; Mishra et al. 2016).
Allografts, although their positive effects, have major associat-
ed limitations with risk of rejection and transmission of diseases
(Oryan et al. 2014). In this context, synthetic bone substitutes,
including mainly hydroxyapatite (HA), calcium phosphate
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(CaP) ceramics (Dorozhkin 2010; Denry and Kuhn 2015), and
polymer-based materials (Campana et al. 2014), have been de-
veloping trying to solve some of the problems cited above.

HA bone grafts are one of the most commonmaterials used
in the area of bone tissue engineering due to biocompatibility
and osteoconductive properties (Bhatt and Rozental 2012;
Wang and Yeung 2017). Although the effects of HA on bone
tissue metabolism are stimulatory, the rate of HA degradation
is too slow (avoiding its substitution by newly formed bone)
and its capacity to stimulate bone metabolism and ingrowth is
limited (Wang et al. 2007; Parizi et al. 2013; Pang et al. 2015).

Consequently, the association of the different materials, com-
bining their diverse properties such as bioactivity andmechanical
strength, possibly may constitute a bone graft with improved
biological performance (Pang et al. 2015; Siddiqui et al. 2018).
In this context, biomimetic grafts, with an inorganic part (HA for
example) with an organic component (such as collagen), mim-
icking the structure and composition of bone tissue, may be an
optimized treatment for improving bone healing (Pek et al. 2008;
Gleeson et al. 2010; Walsh et al. 2019). As an example, Gleeson
et al. (2010) developed a biomimetic scaffold by incorporating
HA particles into a highly porous collagen-based scaffold,
through suspension using a freeze-drying method. Similarly,
Pek et al. (2008) developed a scaffold constituted by collagen
andHA (manufactured bymixing physically all the components)
and evidenced its positive effect on bone healing.

Besides, marine collagen (or spongin-SPG), extracted from
sponges (Poriferas), is a very interesting alternative to be used
for bone tissue engineering applications (Wang et al. 2009;
Silva et al. 2014; Granito et al. 2017; Parisi et al. 2019).
SPG consists of large structures formed by collagen microfil-
aments, glycoproteins, and proteoglycans (Junqua et al. 1974;
Green et al. 2003; Iwatsubo et al. 2015; Pozzolini et al. 2018).
It presents low risk of transmission of infection-causing agents
and good biocompatibility and provides mechanical stability/
integrity to tissues (Granito et al. 2017; Pozzolini et al. 2018).

A recent in vitro study demonstrated that SPG can successfully
be introduced into HA and present a very positive effect on oste-
oblast and fibroblast proliferation (Parisi et al. 2019). The encour-
aging in vitro data on the association of SPG into HA composites
formed the basis for this in vivo study, which aimed to evaluate
the orthotopic in vivo response into HA/SPG samples.
Composites that were implanted into tibial defects of rats and
bone response (histology, histomorphometry, and immunohisto-
chemistry) were evaluated after 2 and 6 weeks of implantation.

Materials and Methods

Materials

The main material used in this study was hydroxyapatite, con-
taining calcium phosphate and hydroxyl (Ca10(PO4)6(OH)2),

the density of this powder is 2.82 g/cm3, and provided by the
Science and Technology Institute-Universidade Federal de
São Paulo (São José dos Campos, São Paulo, Brazil).

Aplysina fulvamarine sponge was used for SPG extraction.
Samples were collected in Praia Grande (São Sebastião,
Brazil). SPG was extracted by the method bellow, based in a
previously described method by Swatschek et al. (2002). The
extraction procedure was entirely performed at 2 °C. Small
pieces of this species of marine sponges were mixed with
100 mM Tr i s -HCl buf f e r (pH 9 .5 , 100 mM 2-
mercaptoethanol, 8 M urea, 10 mM EDTA) and the pH was
adjusted to 9 (NaOH solution). Solution was stirred for 24 h
and centrifuged for 5 min (5000g; 2 °C), the supernatant re-
moved, and the pH was adjusted to 4 (acetic acid solution).
Additionally, the solution was centrifuged for 40 min
(18,000g; 2 °C) and the precipitate was solubilized in Milli-
Q water and centrifuged again during 40 min (18,000g; 2 °C).
The solution was lyophilized and stored at room temperature.

Preparation of Scaffolds

For this study, scaffolds (100% for HA and 70% of HA and
30% of SPG for the composites) were manufactured using
different materials following the protocol described in a pre-
vious study (Parisi et al. 2019). Poly (methyl methacrylate)
(PMMA) with particle size 15 μm (VIPI, Pirassununga, São
Paulo, Brazil) was used to aggregate all the materials. In ad-
dition, carboxymethyl cellulose (CMC), density 1.59 g/cm3,
was provided by Sigma (Missouri, USA) and it is used to
produce pores into the samples (around 60%) (Lopez-
Heredia et al. 2012; Haach et al. 2014; Sousa et al. 2019).
All materials described above, in powder, were weighed and
mixed at the different proportions corresponding to each
group (Table 1). After that, distilled water and methyl meth-
acrylate (MMA) with purity of 99.09% (VIPI, Pirassununga,
São Paulo, Brazil) were inserted in the solution and mixed.
Then, the mixture was transferred into a silicon mold (3 mm
diameter × 2 mm height). After that, molds were sealed and
pressurized at air chamber (at 0.6 MPa) for 30 min and vacu-
um dried (10−3 Torr) for 15 min. The composites were re-
moved from the silicon molds and submitted to sterilization
by ethylene oxide (Acecil, Campinas, SP, Brazil) according to
Fernandes et al. (2019).

SEM Morphology

The morphology of the materials was analyzed by a scanning
electron microscope (LeO 440, Carl Zeiss, Jena, Germany).

In Vivo Study

All animal experiments were performed in accordance with
protocols approved by Experimental Animal Committee of
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the Federal University of São Paulo (2017-1952071216) and
national guidelines for the care and use of laboratory animals
were strictly observed. Forty-eight maleWistar rats (12 weeks
old and weighting 300 ± 350 g) were divided into three
groups: control group (CG), hydroxyapatite group (HA), and
hydroxyapatite and spongin group (HA/SPG). After surgery,
each group was divided into two different euthanasia periods
(2 and 6 weeks). The surgical procedure was the same for all
the rats: it was induced that a noncritical bone defect to both
tibia and this whole was filled with the different group mate-
rials. They were kept under controlled conditions (temperature
22 ± 2 °C, light–dark periods of 12 h, and free access to water
and commercial diet).

Surgery Procedure

Surgical procedure was performed following the Magri et al.
(2015) method. For the anesthesia, the following anesthetics
were injected intraperitoneally: ketamine (80 mg/kg), xylazine
(8 mg/kg), acepromazine (1 mg/kg), and fentanyl (0.05 mg/kg),
all medications provided by Syntec (Santana de Parnaíba, São
Paulo, Brazil). Then, a tibial defect was provided to every leg of
the rat (3 mm diameter) using motorized drill (Beltec®,
Araraquara, SP, Brazil). Under copious irrigation with saline
solution, 10 mm distal of the knee joint of the tibia got an
implant; those materials were placed in the created defect, ac-
cording to each group (n = 8 per experimental group). After
that, the wound was sutured with nylon (Shalon®, Alto da
Boa Vista, PR, Brazil). Euthanasia was performed after 2 and
6 weeks post-surgery using CO2 suffocation.

Histopathological Analysis

After euthanasia, the right tibias were removed and immedi-
ately fixed in 10% formalin (Merck, Darmstadt, Germany).
After 2 days, the material was decalcified in 4% of ethylene-
diaminetetraacetic acid (EDTA) (Merck, Darmstadt, Germany)
and dehydrated different concentrations of ethanol. For the
block preparations, the dehydrated material was inserted into
molds containing paraffin. Therefore, for the histopathological
procedure, using a microtome with a blade (Leica
Microsystems SP 1600, Nussloch, Germany), thin sections
(4 μm) were performed and stained with hematoxylin and
eosin (Merck, Darmstadt, Germany). The laminas were exam-
ined using light microscopy (Leica Microsystems AG,
Wetzlar, Germany, Darmstadt-Germany). Presence of granula-
tion tissue, newly formed bone, inflammatory process, and the

presence of material were investigated per animal. The analysis
was performed by two blinded observers (JRP and MAC).

Histomorphometric Analysis

Stained laminas were quantitatively scored by a Software
called OsteoMeasure System (Osteometrics, Atlanta, GA,
USA). Structural parameters were performed to inform the
bone structure and volume of residual biomaterial into the
defect. All samples were quantified separately for each spec-
imen in order to compare between the experimental groups.
The following parameters were analyzed for this procedure:
osteoblast number per tissue area (N.Ob/T.Ar/mm2), bone vol-
ume fraction (BV/TV, %), and percentage of bone surface
occupied by osteoblast (Ob.S/BS) (Parfitt 1988). Two blinded
experienced observers (JRP and GCAV) performed the
analysis.

Immunohistochemistry Analysis

The protocol previously described by Fernandes et al. (2017)
was used, using the streptavidin–biotin–peroxidase method
for immunohistochemistry analysis. Concisely, xylene re-
moved the paraffin from the sections, for that the laminas were
dehydrated in different concentration of ethanol and pre-
treated with 0.01 M citric acid buffer (pH 6) for 5 min in a
steamer. The endogenous peroxidase was inactivated using
hydrogen peroxide in phosphate-buffered saline (PBS) for
5 min and blocked with 5% normal goat serum (Vector
Laboratories, Burlingame, CA, USA) in PBS for 10 min.
After that, anti-Runx-2 polyclonal (code: sc-8566, Santa
Cruz Biotechnology, USA) at a concentration of 1:100 and
VEGF monoc lona l (code : sc -7269 , San ta Cruz
Biotechnology, USA) at a concentration of 1:100 were incu-
bated overnight at 4 °C. Then, the concentration of 1:200
biotin-conjugated secondary antibody anti-rabbit IgG was
used (Vector Laboratories, Burlingame, CA, USA) in PBS
for 1 h. After that, the sections were washed PBS and were
incubated with avidin biotin complex conjugated to peroxi-
dase (Vector Laboratories) for 45 min. For immunostaining,
0.05% solution of 3-3′-diaminobenzidine solution was used
and restrained with Harris hematoxylin (Merck) for 10 s. At
the end, for the qualitatively analysis, the presence and loca-
tion of the immunomarkers and semi-quantitative analysis
were assessed using a light microscopy (Leica Microsystems
AG, Wetzlar, Germany). According to a previously described
scoring scale from 1 to 4 (1 = absent (0% of immunostaining),

Table 1 Experimental groups
with the different formulations of
composites

Groups PMMA (g) MMA (g) HA (g) SPG (g) CMC (g) Water (g)

HA 0.236 0.472 0.564 0 0.043 0.565

HA/SPG 0.236 0.472 0.296 0.127 0.043 0.565
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2 = weak (1–35% of immunostaining), 3 = moderate (36–67%
of immunostaining), and 4 = intense (68–100% of immuno-
staining)) (Fernandes et al. 2017), two blinded experienced
observers (JRP and GCAV) performed the analysis.

Biomechanical Test

A three-point bending test in an Instron® Universal Testing
Machine (Instron® Worldwide Headquarters, Norwood, MA,

USA), 3342 model and 500 N load cell was used for the
mechanical test. The left tibiae were placed onto a device
measuring 3.8 cm, providing a 1.8 cm distant double support
on the diaphysis (Fig. 1). At the middle point of the tibiae, the
load cell was vertically positioned. Firstly, a pre-load of 5 N
was applied and the bending force at 0.5 cm/min constant
deformation rate until the bone fracture. Finally, the software
program calculates a load-deformation curve, the maximum
load (N), and resilience (J) (Magri et al. 2015).

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6
Software (GraphPad Software, San Diego, CA, USA). All the
data were expressed as mean ± standard deviation (SD).
Distribution could be tested by Shapiro-Wilk normality test.
For non-parametric data, Kruskal-Wallis test and Dunn post
hoc were used. For parametric data, ANOVA (one-way
analysis of variance) and Tukey multiple comparison post-
tests were used. Significant differences at p ≤ 0.05 were
considered.

Results

Scaffold Morphology

Figure 2 demonstrates SEM representative micrographs for all
experimental groups. For HA powder, granules were irregular
and presented a smooth surface (Fig. 2a). Moreover, Fig. 2c
demonstrated the fibers of SPG (Fig. 2b). In the HA scaffolds,

Fig. 1 This figure shows how the biomechanical test was performed: a
Instron® Universal Testing Machine, 3342 model used in experiment. b
The tibial position during the test

Fig. 2 Microscopic SEM
micrographs. a HA powder form,
scale bar = 3 μm. b SPG powder
form (b), scale bar = 30 μm. c
Scaffold of HA, scale bar =
200 μm. d Scaffold of HA/SPG
pores (arrow), scale bar = 200 μm
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particles of HA could be observed, with the presence of some
pores (Fig. 2c). SEM images of HA/SPG demonstrated the
presence of HA particles and fibers of SPG with presence of
pores (Fig. 2d).

Descriptive Histopathological Analysis

Representative histological sections of all experimental
groups, 2 and 6 weeks post-surgery, are shown in Fig. 3.
Two weeks post-surgery, for CG, it is possible to observe
granulation tissue at the center of the defect, which was also
noticed, newly formed bone formation mainly at the edge of
the defect (Fig. 3a). For HA, residual material could be ob-
served, surrounded by granulation tissue, with some areas of
newly formed bone at the borders of the defect (Fig. 3c). For
HA/SPG, at the center of the defect, it is possible to observe
residual material with some areas of granulation tissue.
Additionally, an intense presence of newly formed bone in
the edges of the defect was observed (Fig. 3e).

Six weeks post-surgery, for CG, it is possible to observe the
formation of mature bone formation and granulation tissue
(Fig. 3b). For HA, it is possible to observe complete degrada-
tion of the material with consequent formation of granulation
tissue at the center of the defect and formation of mature bone
at the edges of the lesion (Fig. 3d). For HA/SPG, a complete
material degradation was observed, with the ingrowth of gran-
ulation tissue in the center of the defect. In addition, the edges
were completely filled with newly formed bone (Fig. 3f).

Histomorphometric Analysis

A higher value of % BV/TV was found for CG and HA/SPG
compared to HA, in both experimental periods (p = 0.0113,
p = 0.0487, p = 0.0401, and p = 0.0141, respectively)
(Fig. 4a).

Figure 4 b demonstrates that, for Ob.S/BS, a significantly
higher value (p = 0.0085) was found for HA/SPG compared to
HA, after 2 weeks. After 6 weeks, it is possible to verify a
higher value (p = 0.0184) of Ob.S/BS for HA/SPG compared
to CG. In addition, for N.Ob/T.Ar, no difference was found
among groups (Fig. 4c).

Immunohistochemistry

Runx-2

After 2 and 6 weeks post-surgery, all experimental groups
presented positive Runx-2 immunolabeling (Fig. 5).

All groups demonstrated Runx-2 immunolabeling predom-
inantly in the granulation tissue after 2 weeks post-surgery.
Additionally, 6 weeks post-surgery, in all groups, it was pos-
sible to observe a Runx-2 immunostaining in the granulation
tissue and in the newly formed bone (Fig. 5b, d, f).

Figure 6 shows the results of the semi-quantitative analysis
of Runx2 immunoexpression. In both periods analyzed (2 and
6 weeks), HA/SPG showed a significantly higher
immunolabeling of Runx-2 expression compared to CG (p =
0.005).

VEGF

Figure 7 demonstrates the qualitative analysis of VEGF im-
munostaining after 2 and 6 weeks post-surgery. At 2 weeks, all
groups showed a similar pattern of immunoexpression of
VEGF, with the presence of VEGF marker in the granulation
tissue (Fig. 7a, c, e). Furthermore, after 6 weeks, it is possible
to observe that VEGF immunolabeling continues in the gran-
ulation tissue mainly at the center of the defect (Fig. 7b, d, f).

Figure 8 presents the semi-quantitative analysis of VEGF
immunostainig after 2 and 6 weeks post-surgery. No signifi-
cant difference was observed among the other groups in both
periods analyzed of VEGF immunoexpression.

Fig. 3 Representative histological sections of tibial bone defects of the
groups: control (a, b); HA (c, d); HA/SPG (e, f) after 2 and 6 weeks,
respectively. Newly formed bone (*), granulation tissue (triangle), resid-
ual material (black arrow). Bar represents 200 μm (mag. × 2.5).
Hematoxylin and eosin stain
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Biomechanical Test

The biomechanical analysis showed value of the biomechan-
ical test for maximun load (N), resilience (N/mm2), and tenac-
ity (J) (Table 2). No statistically significant difference was
observed among groups for the parameters analyzed in both
experimental periods (2 and 6 weeks post-surgery).

Discussion

This study aimed to evaluate the effects of HA/SPG composite
using a model of implantation into tibial bone defects in rats
after 2 and 6 weeks. It was hypothesized that SPG into HA
would improve the biological performance of the composite
and would have a positive stimulus into bone formation. The
main histological findings demonstrated that the HA/SPG-
treated animals presented an accelerated material degradation
and enhanced newly bone formation. Moreover,
histomorphometry analysis showed higher values of %BV/
TV and N.Ob/T.Ar for HA/SPG. Runx-2 immunolabeling
was higher for the composite group and no difference was
found for VEGF. No statistical differences in the biomechan-
ical analysis were observed between any groups.

It is well known that Col has a fundamental role in provid-
ing structural integrity to tissues, and due to its low immuno-
genicity and biocompatibility, it is an excellent biomaterial to
be used for tissue engineering and regenerative medicine

strategies in human health issues (Pozzolini et al. 2018). In
this context, marine sponge is one of the most promising
sources of Col for biomedical applications (Silva et al. 2014).

SEM analysis demonstrated that SPG could successfully be
introduced into HA, forming a homogeneous scaffold. It is
important to emphasize that the composition of the samples
was chosen based on the percentages of organic and inorganic
parts of bone mimic bone composition (Liu et al. 2017).

In this present study, histological analysis showed that
HA/SPG composites revealed biocompatibility, with no
signs of inflammatory reactions, confirming the results of
other works in bone healing in maxillofacial (Thorwarth
et al. 2005) and defects in long bones (Brandt et al. 2010).
Also, the degradation behavior of the composites demon-
strated a lower amount of remaining material and a higher
amout of newly formed bone into the deffect area. HA is one
of the most common biomaterial used for bone graft
manufacturing mainly due to its biocompatibility and
osteoconductive properties (Cassino et al. 2018). However,
HA is characterized by a very slow degradation rate and low
bioactivity index, which is considered as a disadvantage for
several applications such as sinus elevation (Raucci et al.
2015). In this context, to enhance the osteogenic potential
of HA, a colagenic part was introduced with the aim of in-
creasing bone mineralization and tissue ingrowth (Scarano
et al. 2017). The positive effects observed in the present
study corroborate those of Alt et al. (2016) who demonstrat-
ed that HA/col-1 composites produced an increased index of

Fig. 4 Means and standard deviation of % of BV/TV, % of OB.S/BS, and N.Ob/T.Ar (mm2). Dunn’s test. *p < 0.05
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connectivity density and higher number of trabeculaes in
osteoporotic metaphyseal bone defects in goats. It is likely
that the superior biological performance of HA supplement-
ed with Col is determined by the biomimetic composition of

the grafts. It is well known that Col presents excellent bio-
logical features and physicochemical properties, being re-
sponsible by enhancing bone cell activity, and consequently
increase bone deposition and mineralization, constituting a

Fig. 5 Immunohistochemistry of Runx-2 for the experimental groups:
control, HA, and HA/SPG after 2 and 6 weeks post-surgery. Runx-2
immunostaining (white arrow). Scale bar: 200 μm (mag. × 10)

Fig. 7 Immunohistochemistry of VEGF for control, HA, and HA/SPG
groups after 2 and 6 weeks post-surgery. VEGF immunostaining (white
arrow). Scale bar: 200 μm (mag. × 10)

Fig. 6 Scores (mean ± SD) for immunoexpression of Runx-2 for the
different experimental groups after 2 and 6 weeks post-surgery. Dunn’s
test. *p < 0.05

Fig. 8 Scores (mean ± SD) for immunoexpression of VEGF for the
different experimental groups after 2 and 6 weeks post-surgery. Dunn’s
test. *p < 0.05
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very suitable material to be used as bone grafts (Lin et al.
2018; Zhang et al. 2018).

Concerning the immunohistochemistry analysis, difference
in Runx-2 immunolabeling was observed for composite-treated
animals (for both experimental periods). It is widely known that
Runx-2 is essential for bone cell stimulation and regulation of
the expression of many extracellular matrix protein genes dur-
ing bone cell differentiation (Komori 2017; Wei et al. 2018). It
may be suggested that the composites used in this study could
have stimulated an earlier differentiation of pre-osteoblasts into
mature osteoblasts, which consequently have led to an in-
creased amount of newly formed bone deposition in HA/SPG.

Also, VEGF is a signal protein produced by cells that stim-
ulate the formation of blood vessels and neoangiogenesis,
which is an essential factor for an adequate healing.
Interestingly, no difference was observed in VEGF
immunolabeling among groups, indicating that HA/SPG com-
posites did not have any extra effect on this immunomarker.

Furthermore, similar findings for biomechanical analysis
were found for the experimental groups. This fact probably
indicates that the groups presented analogous spatial distribu-
tion of the materials and/or the granulation tissue or newly
formed bone, which culminate in the same bone strength. It
may be suggested that in long-term periods after material im-
plantation, differences would be observed, especially related
to the higher amount of bone of HA/SPG animals. These data
corroborate those ofWei et al. (2018) who found no difference
in the callus biomechanical strength in HA/Col-treated ani-
mals using a model of rat femur osteotomy.

It is worthwhile to emphasize that this study was performed
for a short-term evaluation after material implantation. In this
context, the long-term biological performance of BS/SPG com-
posites needs to be clarified. Also, it is necessary to investigate
the effects of the present materials using a critical bone defect
model to evaluate the behavior of composites in the process of
non-spontaneous healing. Following this line, further investiga-
tions are necessary in order to validate these combinations as
safe and efficient materials for biomedical applications.

Conclusions

As a conclusion, it was demonstrated that the addition of SPG
into HA presents a promising strategy for stimulation bone

healing and newly formed bone deposition, with a higher
Runx2 imunolabeling. Interestingly, no differences were ob-
served for VEGF imunolabeling and biomechanical analysis
between the experimental groups. Consequently, these data
highlight the potential of marine collagen (SPG) to be used
as an additive to HA to improve the biological performance
for bone regeneration applications. However, further long-
term studies should be carried out to provide additional infor-
mation concerning the late stages of material degradation and
bone regeneration induced by the composites. Also, it would
be interesting to evaluate the biological performance of Ha/
SPG composites in compromised situations.
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