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HIGHLIGHTS

e BS was isolated from specimens of the marine sponge Tedania ignis collected in the north coast of Sado
Paulo, Brazil.

e BS derived from marine sponges has been used as a promising raw material for bone grafts substitutes
and tissue engineering proposes.

e The present work successfully obtained crystalline BS from marine sponges, able of properly interacting

with bone tissue.

e The results are very inspiring toward further in vivo investigations.

Abstract: Research on biomaterials of natural origin has gained prominence in the literature. Above all,
marine sponges, due to their architecture and structural components, present a promising potential for the
engineering of bone tissue. In vitro studies demonstrate that a biosilica of marine sponges has osteogenic
potential. However, in vivo works are needed to elucidate the interaction of biosilica (BS) and bone tissue.
The objective of the study was to evaluate the morphological and chemical characteristics of BS compared
to Bioglass (BG) by scanning electron microscopy (SEM) and X-ray dispersive energy (EDX) spectroscopy.
In addition, to evaluate the biological effects of BS, through an experimental model of tibial bone defect using
histopathological, histomorphometric, immunohistochemical (IHC) and mechanical tests. SEM and EDX
demonstrated the successful extraction of BS. Histopathological analysis demonstrated that Control Group
(GC) had greater formation of newly formed bone tissue compared to BG and BS, yet BG bone neoformation
was greater than BS. However, BS showed material degradation and granulation tissue formation, with
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absence of inflammatory process and formation of fibrotic capsule. The results of histomorphometry
corroborate with those of histopathology, where it is worth emphasizing the positive influence of BS in
osteoblastic activity. IHQ demonstrated positive VEGF and TGF-B immunoexpression for GC, BS and BG.
In the mechanical test no significant differences were found. The present results demonstrate the potential
of BS in bone repair, further studies are needed other forms of presentation of BS are needed.

Keywords: biosilica; marine biodiversity; biomaterials; biocompatibility; bone repair.

INTRODUCTION

The worldwide incidence of bone disorders and conditions has trended steeply upward and is expected
to double by 2020, especially in populations where aging is coupled with increased obesity and poor physical
activity [1]. Although the high prevalence of fractures worldwide, most bone lesions, such as fractures or
small size defects, has the ability of healing by itself due to the high regenerative potential of bone tissue
[2,3]. However, in large traumatic or disease related bone fractures, the process of consolidation could be
compromised, resulting in a delay in the process of healing, poor bone repair quality and even in non-union
fractures [3,4].

In recent years, bone grafts and biomaterials, especially the synthetic ones, with the potential of
stimulating bone tissue metabolism and treating fracture healing have been used with the aim of regenerating
damaged parts. However, their use involves some issues especially related to the high costs, side effects
with harmful immunological responses and limited availability [5—7]. Biotechnology strategies have been
developed trying to overcome these limitations, especially through the development of new therapeutic
approaches based on natural biodiversity [8,9]. Natural based bioactive compounds are often more
biocompatible and offer a more efficient biological interaction for stimulation of cell growth [10]. In this context,
marine life provides a plentiful resource for the development of novel medical orientated products. Among
the marine biodiversity, marine sponges (the phylum Porifera) are one of the most promising source of
biological elements and molecules with a huge therapeutic potential for a wide range of applications mainly
due to its antitumor, antiviral, anti-inflammatory and antibiotic effects [11].

One of the main components of the sponges are marine biosilica (glassy amorphous silica- SiO2),
containing water and small amounts of Al, Ca, Cl, Cu, Fe, K, Na, S, and Zn [12], which is being considered
for biomedical approaches, especially because silica ions are known as an important element to stimulate
bone formation [13]. It seems that biosilica displayed beneficial anabolic effects on bone-forming cells
(osteoblasts) [14] and adverse effects on bone-resorbing cells (osteoclasts) [15]. Some authors have
extracted BS from sponges and demonstrated, through in vitro studies, evidences of BS osteogenic activity
and ability to stimulate mineralization, upregulating the expression of genes related to bone cell differentiation
and increase cell proliferation [14,16].

Although the positive in vitro evidences of BS toward the stimulation of bone tissue, its effects on the
process of bone healing is not known yet. In this context, we hypothesized that BS would stimulate bone
growth and bone defect healing, in a more efficient way compared to the well-known Bioglass (BG). Thus,
our aim was to investigate the in vivo biological effects of BS using an experimental model of tibial bone
defects in rats. Histology, histomorphometry, immunohistochemistry and bone strength were used in the
present study.

MATERIAL AND METHODS

Biosilica extraction

BS was isolated from specimens of the marine sponge Tedania ignis collected in the north coast of Sado
Paulo, Brazil. The sponges were cut into small pieces and washed with MiliQ water. Firstly, the samples were
treated with 5% (v/v) sodium hypochlorite to degrade all the organic matter. Then, the material was washed
10 times with MilliQ water to remove the sodium hypochlorite solution. After this, the material was transferred
into a beaker containing a solution of nitric acid/sulfuric acid (1:4) to destroy any remaining organic residue.
Finally, several washes were performed using MilliQ water to reach a final pH > 6.0 [17]. After all, BS samples
were dried in room temperature. Fine powder BS particles were obtained (particle size: 106 — 126 pum).
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Bioglass (BG)

Amorphous BG, belonging to the system SiO»-CaO-Na,O-P.Os [18], was produced and provided by
Nuclear and Energy Research Institute (particle size: 106 — 126 um; IPEN, S&o Paulo, Brazil).

Material characterization

Scanning electron microscopy (SEM) and Energy-Dispersive X-ray spectroscopy (EDX).

BS and BG were first examined by SEM observation (JEOL 6310). The samples were mounted on
aluminum stubs using carbon tape and sputter-coated with gold/palladium prior to examination. An EDX
coupled to the microscopic scanning system was used to identify the chemical composition of the samples

Surgical procedure

Thirty healthy young adult male Wistar rats (12 weeks old; weight 295 + 29¢g) were used as experimental
animals. The animal experimental plan was reviewed and approved by the Experimental Animal Committee
of the 5556130616 and national guidelines for the care and use of laboratory animals were observed.

Animals were distributed in the following groups: control group (GC): animals submitted to the surgical
procedure without treatment; Bioglass group (BG): animals submitted to the surgical procedure and treated
with bioglass and Biosilica group (BS): animals submitted to the surgical procedure and treated with biosilica.

Anesthesia was induced and maintained by Isoflurane inhalation (Rhodia Organique Fine Limited). To
minimize post-operative discomfort, buprenorfine (Temgesic; Reckitt Benckiser Health Care Limited,
Schering-Plough, Hoddesdon, UK) was administered intraperitoneally (0.02mg/kg) directly after the operation
and subcutaneously for 2 days after surgery.

To insert implants into the tibial bone defects, the animals were immobilized on their back and both hind
limbs were shaved, washed and disinfected with povidone-iodine. After exposure of the tibial (10 mm below
the articular line), a 2.0 mm pilot hole was drilled. The hole was gradually widened with drills of increasing
size until a final defect size of 3 mm in width and 3 mm in depth was reached. Low rotational drill speeds
(max. 450 rpm) and constant physiologic saline irrigation were used. After preparation, the defects were
thoroughly irrigated and packed with sterile cotton gaze to stop bleeding. Surgery was performed in both legs
of the rats and one defect was created in each condyle. The pre-set implants were placed in the created
defect, according to a randomization scheme (n=10 per experimental group,). Thereafter, the wound was
closed with resorbable Vicryl® 5-0 (Johnson&Johnson, St.Stevens-Woluwe, Belgium) after which the skin
was closed by staples (Agraven®; InstruVet BV, Cuijk, The Netherlands) After 2 weeks of implantation, rats
were euthanized by OVERDOSE of anesthetic (Ketamine / Xylazine).

Histological procedures

After harvesting the specimens, the specimens were fixated in 4% formaldehyde for 2 days, followed by
dehydration in a graded series of ethanol and embedding in methylmethacrylate (MMA). After polymerization
of the specimens, histological analysis was done. Therefore, for the tibia, thin sections (5 um) were prepared
perpendicular to the medial-lateral drilling axis of the implants using a microtome with a diamond blade (Leica
Microsystems SP 1600, Nussloch, Germany) [19]. At least, three sections of each specimen were stained
with hematoxylin and eosin and submitted to the procedures of histopathological analysis and
immunohistochemistry.

Histological and histomorphometrical evaluation

Histopathological evaluation was performed under a light microscope (Olympus, Optical Co. Ltd, Tokyo,
Japan.). Any changes in the bone defect, such as presence of woven bone, medullar tissue, inflammatory
process, granulation tissue, or even tissues undergoing hyperplastic, metaplastic and/or dysplastic
transformation were investigated per animal. At least three sections of each specimen were examined using
light microscopy (Leica Microsystems AG, Wetzlar, Germany) by 2 experienced observers (M.A.C. and
J.R.P.).

N the histomorphometric analysis, a light microscope coupled to a digitizer plate (100X magnification)
and the Osteomeasure® semiautomatic program (Osteometrics, Atlanta, GA, USA) were used, evaluating
BV/TV (%), OV/ TV (%) and Ob.S / BSf (%). Measurements were throughout the extension area for the
choice of histopathological patterns following standardized nomenclature [20].
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Immunohistochemistry analysis

For immunohistochemistry analysis, the streptavidin—biotin-peroxidase method protocol [21,22]. Briefly,
resin from the sections was removed with xylene/chloroform (1:1). Then, the specimens were rehydrated in
graded ethanol and pre-treated with 0.01 M citric acid buffer (pH 6) in a steamer for 5 min. To inactivate the
endogenous peroxidase was used hydrogen peroxide in phosphate-buffered saline (PBS) for 5 min and
blocked with 5% normal goat serum in PBS for 10 min. Following, the primary antibody was incubated with
anti-vascular endothelial growth factor (anti-VEGF, Santa Cruz Biotechnology, USA) at a concentration of
1:200, and anti-transforming growth factor beta (anti-TGF-B, Santa Cruz Biotechnology, USA) at a
concentration of 1:200. The primary antibodies were incubated for 2 h. Then, it was used the biotin-
conjugated secondary antibody anti-rabbit IgG (Vector Laboratories, Burlingame, CA, USA) at a
concentration of 1:200 in PBS for 30 min. Afterwards, samples were incubated with avidin biotin complex
conjugated to peroxidase for 30 min. To reveal the immunostaining was used 0.05% solution of 3-3'-
diaminobenzidine solution for 5 min and restained with Harris haematoxylin (Merck) for 4min. Finally, the
specimens were analysed through the qualitatively (presence and location of the immunomarkers) and semi-
guantitatively assess by 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), 2 = weak (1 — 35% of
immunostaining), 3 = moderate (36 — 67% of immunostaining), and 4 = intense (68 — 100% of immunostaining)
[21,23]. The analysis was performed in a blinded way (M.A.C).

Three bending test

Biomechanical analysis was performed using the three-point flexion test, which was performed in the
right tibia of the animals of all groups. The biomechanical tests were performed on the Instron universal model
machine, model 4444, at room temperature. For the test, a load cell with a maximum capacity of 1 KN and a
pre-load of 5 N. A metal bracket 3.8 cm long was used, exposing only 1.8 cm of the specimen. The tibias
were positioned with the region of the defect facing down, in order to submit this region to a traction according
to the model used in the work of Lirani-Galvédo and coauthors [24]. From this test, the following variables were
obtained: maximum load (KN), resilience (J) and toughness (J).

Statistical analysis

Data were expressed as mean + standard deviation. Statistical analyses were performed using
GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). Shapiro-Wilk normality test was used to
check distribution. Mann-Whitney or Kruskal-Wallis test and Dunn post hoc were used for nonparametric data.
T test and One-way analysis of variance (ANOVA) with Tukey multiple comparisons post-tests were used for
parametric data. Differences were considered significant at p < 0.05.

RESULTS

SEM/EDX

Figure 1 illustrates SEM photomicrographs of all experimental groups (at 300, 500 and 5000 X). It can
be observed that BG particles present an irregular structure and sizes, in the form of granules (Figures 1A,
1B and 1C). BS was seen in the shape of spicules, also with different forms (Figures 1D, 1E and 1F).
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Figure 1. Photomicrographs of SEM of BG (1.A, 1.B and 1.C) and BS (1.D, 1.E and 1.F) where BS spike-shaped
structures and amorphous BG particles can be observed respectively.

EDX analysis of BS showed the presence of Si (50.33%) and O (49.67%) elements. In addition, for BG,
the analysis indicated the presence of O (43.88%), Na (13.51%), Mg (0.03%), Al (3.93%), Si and P (2.91%)
(Figure 2).
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Figure 2. EDX spectra of BG (A) and BS (B), demonstrating the presence of elements contained in each sample.
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Histopathological analysis

Figure 3 presents the histological findings of all experimental groups, 15 days post-surgery. For CG,
bone defect area was filled mostly with granulation tissue surrounded by newly formed bone tissue (Figures
3A and 3B). For BS, granulation tissue filled most of defect with some areas of newly formed bone, mainly in
the peripheral area. Also, some particles of the material still could be observed (Figures 3C and 3D). An
intense amount of material particles still could be seen in BG treated animals. Granulation tissue surrounding
the material particles was observed with some areas of neoformed bone tissue (Figure 3E and 3F). No
inflammatory process or fibrous capsule formation was observed around their particles.

GC

BS

Figure 3. Photomicrographs of SEM of BG (1.A, 1.B and 1.C) and BS (1.D, 1.E and 1.F) where BS spike-shaped
structures and amorphous BG patrticles can be observed respectively.
Histomorphometric analysis

For Bv/Tv%, significant higher values were found for GC compared to BS (p= 0.0002) and BG (p =
0.0001). Moreover, BG treated animals showed higher values for Bv/Tv% variable when compared to BS (p=
0.0003) (Figure 4A).
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On the other hand, BG showed higher values of Ov / Tv (%) when compared to BS (p = 0.0024). Finally,
for Ob.S/BSH, similar findings were observed between the groups, as can be observed in Figure 4C.
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Figure 4. Graphs related to the analysis of histomorphometry parameters: Bv / Tv (%) showing statistical differences
between all BG groups vs. BS (*), BS vs. GC (**) and BG vs. GC (***). Ov / Tv plot (%) in which significant statistical
difference can be observed between BS vs. BG (*).

Immunohistochemistry

GC animals presented TGF- immunolabelling mainly in granulation tissue (Figures 5A and 5B). For BS,
immunolabelling was observed in the granulation tissue along the entire region of the defect (Figure 5C and
5D). BG, immunolabelling was observed mainly in newly formed bone (Figure 5E and 5F).
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GC

Figure 5. Ihg photomicrograph for the TFG-B marker of GC, BS and BG slides for the period of 15 days. A, C, and E
are images made at 100X magnification and images B, D, and F made at 200X magnification. Immunolabeling pointed
by black arrows.

VEGF analysis demonstrated that, for GC, an immunolabelling was observed in granulation tissue along
the entire defect (Figures 6A and 6B). For BS and BG, immunolabelling of this immunomarker was seen
throughout the granulation tissue and material particles (Figures 6C and 6D-F). In the semi-quantitative
analysis similar findings were observed for all groups (p>0.05).
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GC

BG

Figure 6. Ihq photomicrograph for the VEGF marker of GC, BS and BG slides for the period of 15 days. A, C, and E are
images made at 100X magnification and images B, D, and F made at 200X magnification. Immunolabeling pointed by
black arrows.

The semi-quantitative analysis demonstrated the lack of significant statistical differences (p>0.05)
(Figure 7).
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Figure 7. Graphcs of IHQ Ihg graphs for the VEGF (A) and TGF-B (B) markers demonstrating the absence of statistical
differences.

Three Bending Test

For the three bending test, no statistical difference was observed among groups for any evaluated
variable (maximum load, tenacity and resilience) (Figure 8).
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Figure 8. Graphs of biomechanical test variables: Maximum load (N), Resilience (J) and Tenacity (J). No statistical
differences were found (p> 0.05).

DISCUSSION

This study aimed to evaluate the effects on in vivo tissue response of marine BS into a tibial bone defect
in rats after 15 days of implantation. It was hypothesized that BS would constitute a material with improved
osteogenic properties for bone growth. SEM images demonstrated the presence of irregular BS spicules,
showing that the protocol of extraction was successful. Also, the main findings of the tibial bone implantation
demonstrated an intense degradation of the material, with granulation tissue filling most of the defect (with
some areas of newly formed bone). Histomophometry analysis showed higher values of Bv/Tv% and Ov/Tv%
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for BG compared to the BS. Immunohistochemistry analysis and mechanical test demonstrated that similar
finding were observed for all groups.

BS derived from marine sponges has been used as a promising raw material for bone grafts substitutes
and tissue engineering proposes. BS treated tibial bone defect presented an accelerated material
degradation, with an intense ingrowth of granulation tissue into the defect area [25-28]. It is well known that
silica ion is an important element for bone formation stimulation [17,29] and interaction with bone tissue,
allowing the formation of a silica gel layer. This layer constitutes a template for calcium and phosphate
deposition, which attracts macrophages, mesenchimal stem cells and osteoprogenitor cells [30,31]. In this
context, BS has showed to display beneficial effects on bone-forming cells (osteoblasts) and adverse effects
on bone-resorbing cells (osteoclasts) [27,32]. An in vitro study of our group demonstrated that marine BS
presents non-cytotoxicity and had a positive influence on osteoblast cell viability [28]. Furthermore, gene
analysis showed that this material up-regulated Runx2 and BMP4 gene expression. In this context, these
encouraging in vitro data on the use of BS for tissue engineering proposes formed the basis for the current
in vivo study. Although, the histomorphometry demonstrated higher values of the analyzed parameters for
BG, the intense BS degradation may constitute a very positive characteristic of the material [33,34]. It is well
known that, for bone replacement, resorption of bone substitute is required, since ingrowth of newly tissue
into the defect area needs the liberation of space [33,34]. The results of the current study indicate that the
degradation rate of the material indeed substantially influences the formation of granulation tissue in this
intermediate period of bone repair. It may be suggested that, higher amounts of newly formed bone would
be observed in a late period of bone healing for BS treated animals.

The immunohistochemistry analysis demonstrated that all groups presented similar immulabelling of
TGFB, 15 days post-surgery. TGFB plays a very important role in stimulating matrix protein synthesis and
bone cell proliferation and, consequently bone remodeling [35,36]. However, both BS and BG had no effects
on the staining of this immunomarker which possibly may be related to the experimental period evaluated in
this study.

Moreover, VEGF is the main mediator during the process of angiogenesis and newly blood vessels
formation [37]. In the present study, a similar labelling for this immunomarker was observed for all
experimental animals. It has been reported that BG has a stimulatory effect on neovascularisation by
stimulating the secretion of angiogenic factors [38,39], which together with the osteopromotive ability of BG
influence bone formation. These statements did not corroborate with the findings of the present study. It can
be hypothesized that the difference may be related to the experimental periods post-surgery.

Mechanical evaluation of the tibiae showed no statistical difference for maximal load, resilience and
tenacity when comparing the experimental groups. Callus strenght is dependented of a series of factors
including both the amount and the quality of bone [40]. Additionally, the geometry and the arrangement of its
microstructural elements also influences bone mechanical properties [41]. The lack of results in the
biomechanical properties found in this study may be explained by the experimental period post-surgery
analyzed, which may not be enough to induce sufficient increase in bone mass deposition in the site of the
injury that could lead to an increase of bone strength. These results are in agreement with Granito and
coauthors [42] and Wheeler and coauthors [43], who also found no significant differences in the
biomechanical properties of bone callus treated with BG in experimental models of bone defects.

It is worthwhile to notice that the present study was limited to relatively short-term evaluation of the
performance of present biomaterials used and detailed information on the long-term performance of BS
remains to be provided. Following this line, further investigations are necessary in order to validate the effect
of BS as safe and efficient material for biomedical applications.

CONCLUSION

The present work successfully obtained crystalline BS from marine sponges, able of properly interacting
with bone tissue, presenting a good degradation rate and allowing granulation tissue ingrowth. Our results
are very inspiring toward further in vivo investigations are necessary to validate its biological performance for
an optimized bone repair. Additionally, different forms of BS presentation (i.e., composites or scaffolds) and
longer experimental periods must be performed to clarify the osteogenic potential and biological performance
of this biomaterial.
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