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Abstract

Inorganic bovine bone matrix (IBBM) is a biomaterial with proven osteoconductive functionalities. The objective of this
study was to assess the in vivo bone regeneration functionalities of IBBM modified or not by an experimental MOE in
sheep. MOE synthesis was performed by suspending nacre particles (0.05 g, diameters < 0.01 mm) in anhydrous acetic acid
(pH 7, 5mL, 25°C, 72 hours) using magnetic stirring. Polyethylene carriers (d= 5.0 mm, I= 10.0 mm, open ends) of negative
control (sham) or experimental groups (IBBM or MOE-modified IBBM) were placed (n=3 conditions /animal,;
intramuscularly) adjacent to the lower spine of adult sheep (8 animals, ~ 45 Kg, 2 years old). Tissues were harvested (at 3
or 6 months) after implantation in preparation for histological (H), morphometrical (MM) and immunohistochemical
analyses (IH; Wnt-3a, CD34, Vimentin and PREF-1). MM data were tested for normality and variance homogeneity using
the Shapiro-Wilk and Levene tests, and Mann Whitney and Kruskal-Wallis, respectively. IM data were analyzed using two-
way ANOVA and Tukey tests. Differences (p < 0.05) were observed between experimental groups (IBBM and IBBM+MOE
at both 3 and 6 months) and controls (sham) for total area; Differences were not found for presence of remnant particles
among experimental groups. The highest formation of bone was observed with IBBM+MOE (6-months). No differences (p
> (0.05) were found on IM analysis (CD34, Vimentin, PREF-1, Wnt3a). Results indicated that experimental materials
(IBBM+MOE) display promising functionalities. Additional studies are necessary to define biomaterials’ longitudinal
effects and long-term biocompatibility properties.

Keywords: Tissue engineering; Organic; Biomaterials; Ectopic grafting; Bone regeneration; Immunohistochemical.

Resumo

A matriz dssea inorgénica bovina (IBBM) é um biomaterial com funcionalidades osteocondutoras comprovadas. Este estudo
avaliou as funcionalidades 6sseo-regenerativas do IBBM modificado ou ndo por MOE em ovinos. MOE foi sintetizado
através da suspensao do nacre (0.05 g, diametros < 0.01 mm) em acido acético anidro (pH 7, 25°C, 72 horas) usando agitacdo
magnética. Tubos de polietileno (d =5.00 mm, ¢ = 10.0 mm, extremidades abertas) do controle negativo (sham) ou grupos
experimentais (IBBM ou IBBM modificado por MOE) foram posicionados (n = 3/condi¢do/animal; intramuscular)
adjacentes & distal da coluna de ovelhas (8 animais, =~ 45 Kg, 2 anos). Tecidos foram colhidos (3 ou 6 meses) p6s-implantacéo
para andlises histolégicas (H), morfométricas (MM) e imunohistoquimicas (IH; Wnt-3a, CD34, Vimentin and PREF-1).
Dados MM foram analisados utilizando os testes Shapiro-Wilk e Levene, Mann Whitney e Kruskal-Wallis. Dados IM foram
analisados usando ANOVA de medidas repetidas e Tukey. Diferencas (p < 0.05) foram observadas entre of grupos
experimentais (IBBM e IBBM + MOE aos 3 e 6 meses) e controles (sham) para rea total; ndo foram encontradas diferencas
para particulas remanescentes entre 0s grupos experimentais; 0sso neoformado ocorreu apenas na presenca de biomateriais.
Os maiores valores de osso neoformado foram observados com IBBM + MOE (6-meses). Diferengas estatisticas (p > 0.05)
ndo encontradas na analise IM (Wnt-3a, CD34, Vimentin and PREF-1). Resultados indicam que materiais experimentais
(IBBM + MOE) apresentam funcionalidades promissoras. Estudos adicionais sdo necessarios para definir os efeitos
longitudinais dos biomateriais e suas propriedades de biocompatibilidade de longo prazo.

Palavras chave: Engenharia de tecidos; Organico; Biomateriais; Enxerto ectopico; Regeneragdo 6ssea; Imunohistoquimica.

Resumen

Matriz ésea inorganica bovina (IBBM) son biomateriales con caracteristicas osteocoductoras comprobadas. El objetivo del
presente fue evaluar las funcionalidades de regeneracion dsea de IBBM modificado por MOE en ovinos. MOE fue
sintetizado suspendiendo-se nacar (0.05 g, didmetros < 0.01 mm) en acido acético anhidro (pH 7, 25° C, 72 horas) con
agitacion magnética. Tubos huecos de polietileno (d =5.00 mm, | = 10.00 mm, extremos abiertos) del grupo control negativo
(simulacro) o grupos experimentales (IBBM o IBBM modificado por MOE) fueran colocados (n = 3/condicidn/animal;
intramuscular) adyacente a la parte distal de la columna de ovejas (8 animales, ~ 45 kg, 2 afios). Tejidos fueron recogidos
(3 0 6 meses) después implantacion para analisis histoldgicos (H), morfométricos (MM) e inmunohistoquimicos (IH; Wnt-
3a, CD34, Vimentin y PREF-1). Datos MM se analizaron utilizando las pruebas de Shapiro-Wilk y Levene, Mann Whitney
y Kruskal Wallis. Datos IM se analizaron mediante ANOVA de medidas repetidas y Tukey. Diferencias (p < 0.05) ocurrieran
entre grupos experimentales (IBBM y IBBM +MOE a los 3 y 6 meses) y controles (simulacro) para area total; no se
encontraron diferencias para particulas remanentes entre grupos experimentales; hueso recién formado se produjo solo en
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la presencia de biomateriales. Maior cantidad de hueso fue observada con IBBM + MOE (6-meses). No hubo diferencias (p
> 0.05) en IH (Wnt-3a, CD34, Vimentin y PREF-1). Resultados reportados indican que materiales experimentales (IBBM
+ MOE) tienen caracteristicas prometedoras. Se necesitan estudios para definir efectos longitudinales y de biocompatibilidad
de los biomateriales.

Palabras clave: Ingenieria de tejidos; Organica; Biomateriales; Injerto ectépico; Regeneracion 6sea; Inmunohistoquimica.

1. Introduction

Inorganic bovine bone matrix (IBBM) is an implantable biomaterial with osteoconductive properties that are promising for
the development of novel in vivo bone regeneration strategies. These 3-dimensional scaffolds should facilitate the ingress and growth
of undifferentiated and pluripotent stem cells (hPSCs), and should have adequate properties (mechanical, chemical and biological)
to passively guide the growth of bony tissues, whereby organic and inorganic components of the matrix, are resorbed to allow the
concurrent deposition of bone. (Carvalho et al., 2004) According to Wilson-Hench, (Donaruma, 1988) osteoconduction is the process
by which newly-formed bony tissues are directed to conform over a material’s surface. Martin-Moldes et al. (Martin-Moldes et al.,
2018) while investigating the cellular mechanisms involved in bone regeneration precipitated by recombinant DNA sequences,
indicated that IBBM can be used in association with osteoinductive biomaterials to stimulate the differentiation of mesenchymal
cells into osteoblasts and osteocytes.

The underlying molecular mechanisms involved in bone neoformation started to be investigated (in animal models) in the
mid 1960s, when Urist (Urist, 1965) observed the reaction of intramuscular tissues after the placement of demineralized (partially of
wholly) bone matrix implants. A previous report (Urist & Strates, 1970) indicate that such implantation model display favorable
histological characteristics (e.g., abundant vascularization), limit the mechanical interference of the host, can be used in
biocompatibility assessments, and ectopic sites, are typically used to determine the osteoinductive properties of implantable
biomaterials. Other studies investigating the regeneration functionalities of bone graft materials (biphasic calcium phosphates or
Teflon capsules), associated or not with recombinant human platelet-derived growth factor, have validated the utilization of muscular
tissues for the assessment of biocompatibility and osteoinductive functionalities of novel implantable biomaterials (Habibovic et al.,
2008; Lioubavina-Hack et al., 2005).

The formation of bone within muscular tissues is believed to be induced by epigenetic modifications in canonical pathways
that control the trans-differentiation of non-osteogenic cells (i.e., fibroblasts or pre-adipocytes) into osteoblasts. (Cho et al., 2014)
Wingless-type glycoproteins (Wnt; e.g., Wnt-3a and Wnt-10b) comprise a family of excreted signaling proteins capable of regulating
several developmental processes (in vitro and in vivo), (Bennett et al., 2005; Minear et al., 2010) where high Wnt levels are associated
with the neoformation of bone, and low Wnt concentrations may indicate the loss of bone (Miclea et al., 2010; Morvan et al., 2006)
due to a decrease in osteogenic potential (Jing et al., 2015).

A previous study demonstrated the presence and the activity of hPSCs in skeletal muscle cells (SMCs), where pluripotent
differentiation capabilities were observed even after long periods of time (Reimann et al., 2004). According to Lee et al. (2011) and
Beauchamp et al. (2000) these types of cells can be characterized by their positive response to the antibody CD34 at the membrane
of satellite cells (Nogami, 2018). Akiyama et al. (2018) while investigating the differentiation of human pluripotent cells into skeletal
muscle, stated that human induced stem cells (hiPSCs), have the potential to essentially differentiate into all types of human cells.
Other studies (Jasani, 2000; Lagace et al., 1985) have demonstrated that fibroblasts and pre-adipocytes also display potential for
trans-differentiation, and suggested that Vimentin (58 kD, intermediary filament-type protein) (Fhied et al., 2014) and pre-adipocyte

factor (Pref- 1, transmembrane-type protein) (Wang & Cooke, 2005) can be used during the identification of mesenchymal cells.
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A recent study investigating the in vivo regeneration functionalities of experimental organo-biomaterials containing water-
soluble nacre extracts (Zielak et al., 2018) reported a simple method for the fabrication of experimental implantable biomaterials
with favorable osteoinductive and osteogenic properties. According to Addadi et al. (2006) and Huang and Li (2012) nacre has
attracted wide spread interest in biomineralization studies because of its unique self-assembled hierarchical structure based on a
naturally-occurring nanocomposite composed by polygonal aragonite platelets (thickness between 200-500 nm) and interlamellar
layers of a water-soluble organic biopolymer. Such nanostructured material display specific mechanical (fracture toughness) and
biological properties (bioactivity and mineralization) that are similar to those observed in human bones (Asvanund, 2011; de
Almeida, 2011; Duplat et al., 2007; Rousseau, 2011). Other studies investigating the osteoinductive effects of subcutaneous nacre
implants in rats, have shown that implants investigated were capable to recruit and promote differentiation of fibroblasts into
chondrocyte cells due to the presence of diffusible bone morphogenic proteins (BMPs) (Atlan et al., 1997; Lopez, 1996; Lopez et
al., 1992; Silve et al., 1992). Therefore, based on the context presented, the objective of the present study was to comprehensively
investigate using histological, histomorphometric and immunohistochemical analyses, the osteoinductive properties of IBBMs
modified by experimental MOEs.

2. Methodology
2.1 Internal Review Board (IRB)

The present in vivo pilot study was reviewed and approved by the Internal Review Board of the Positivo University (protocol
# CEUA 21/11). The guidelines for the handling and usage of laboratory animals recommended by the European Community were
followed in the present study. The present pilot study was conducted based on methodologies previously described by Le Nihouannen
et al. (2005), da Silva et al. (2016) and Zielak et al. (2018).

2.2 Manufacturing of Marine organic extract (MOE)

The water-soluble experimental MOE investigated in the present study was obtained from the internal nacre lining of bivalve
mollusks (Perna perna). The manufacturing process has been described in details in a previous publication from our laboratory
(Zielak et al., 2018). In brief, intact shells of whole and frozen brown mussels were reduced into fine particles (size distribution <
0.01 mm) with a planetary ball mill (AMEF, S&o Paulo, Brazil). Individual portions (0.05 g) of the loose powder were then suspended
in anhydrous acetic acid (pH 7, 5.0 mL, room temperature) for 72 hours using external magnetic stirring. The experimental MOE

was then separated from suspended particles by centrifugation and stored under refrigeration (4°C) until further use.

2.3 Design of Experiments

According to Le Nihouannen et al. (2005), same herd sheep (total of 8 animals) were selected to participate in the present
randomized in vivo pilot study. Each sheep had 2 years of age and weighed around 45 kg. A computer software (Research
Randomizer [version 4.0], Social Psychology Network, U.S.A.; available at www.randomizer.org/form.htm) was used to randomly
distribute the selected sheep into 6 different experimental groups, such as: G1 (Sham 3 months, S3), G2 (IBBM 3 months, IBBM3),
G3 (IBBM + MOE 3 months, IBBM+MOE3), G4 (Sham 6 months, S6), G5 (IBBM 6 months, IBBM6), and G6 (IBBM + MOE 6

months, IBBM+MOES6). Each animal received a total of 3 sterile non-reactive polyethylene tubes (diam. = 5.0 mm x length = 10.0

mm, with both ends open) following previously published protocols (da Silva et al., 2016; Zielak et al., 2018). Experimental groups
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G1 and G4 served as the negative control (empty tubes), while groups G2 and G5 served as the positive control (tubes containing
unaltered IBBM [GenOx Inorg®, Baumer, Brazil]). Polyethylene tubes of G3 and G6 contained IBBM modified by 40 uL of MOE
(Zielak et al., 2018). Throughout the course of the present study, animals were identified using earrings, as it is commonly done in
traditional farming procedures. Sheep were grass-fed and had access to water without any restrictions. Table 1 describes the

experimental conditions of the present study.

Table 1. Experimental conditions; Sham = empty tube; MOE = Marine organic extract; IBBM = Inorganic bovine bone matrix.

Groups Type Monitoring Time Biomaterial (abbreviation)

1 Control Sham (S3)

) Experimental 3 months IBBM (IBBM3)

(4 animals)
3 Experimental IBBM + MOE (IBBM+MOE3)
4 Control Sham (S6)
. 6 months
Experimental
5 p (4 animals) IBBM (IBBM6)
6 Experimental IBBM + MOE (IBBM+MOE®B)

Source: Authors (2021).

Table 1 shows the groups divided by treatment, but for each monitoring time (3 and 6 months) there were 4 animals who
received 3 tubes at the same time: the first tube was called Sham, which was the control, an empty tube, with no biomaterial; the
second tube had the pure biomaterial (IBBM); and the third tube received the biomaterial associated with the marine extract (IBBM
+ MOE).

2.4 Surgical implantation procedures

Water and solid food were restricted respectively at 6-8 and 24 hours prior to the execution of surgical procedures. At the
surgery day, the described protocol was followed: animals received an intramuscular injection of pre-anesthetic medication
(Acepromazine, 0.55 mg/Kg, Vetnil, Brazil; Ketamine 20 mg/Kg, Vetbrands, Brazil). After that, anesthesia was intravenously
administered to animals (sodium thiopental, 5 mg/Kg, Zeneca Farmacéutica, Brazil), and animals’ sedation was sustained using
isoflurane via oxygen vaporization (3 L/min., Biochimico, Brazil). During the surgery, Ketoprofen (10%, Biofarm Quimica e
Farmacéutica Ltda., Brazil) and enrofloxacin (10%, Chemitec Agro Veterinaria, Brazil) were administered to animals (concentrations
of 3.0 mg/Kg and 2.5 mg/K, respectively) using a catheter placed at the marginal ear vein. After trichotomy, surgical sites were
decontaminated using povidone-iodine (10%, PVPI, Rioquimica, Brazil), and were delineated 3.0 cm cranially to the sacral
promontory, 6.0 cm laterally (to vertebral column) and extended cranially (20.0 cm). Three perpendicular incisions (to vertebral
column; ~ 3.0 cm/ each, 4 cm apart) on the dermis were randomly performed (right or left side) to expose the muscular fascia
(Longissimus dorsi). Additional intramuscular incisions (1.0 cm/each) were made parallel to the vertebral column to allow for the
separation of muscular fibers and the placement of the sterile polyethylene tubes pertaining to each group investigated as described

in Table 1. Suture of the muscular fascia and external dermis was performed using resorbable (Vicryl 5-0, Ethicon, Brazil) and non-
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resorbable (Nylon 5-0, Shalon Fios Cirurgicos Ltda. Brazil) materials following a previously published protocol (Zielak et al., 2018).
After surgery, animals received intramuscular injections of 10% Ketoprofen (3.0 mg/Kg, Biofarm Quimica e Farmacéutica Ltda.,
Brazil) and 10% Enrofloxacin (2.5 mg/Kg, Chemitec Agro Veterinaria, Brazil) for 3 and 5 days, respectively.

2.5 Euthanasia of animals

Three or six months after surgery, participating animals were subjected to euthanasia procedures following a protocol
previously described by our research group (Zielak et al., 2018). Briefly, sodium thiopental (8 mg/Kg, Thiopentax, Cristalia, Brazil)
and potassium chloride (19:1 in bolus; 20.0 mL, Ariston, Brasil) were administered intravenously and parenterally, respectively, to
allow for the harvesting of excisional biopsy of tissues (= 1.0 cm adjacent to implants) containing experimental materials and non-

reactive carriers (tubes).

2.6 Preparation of tissues for histologic, morphometric and immunohistochemical analyses

Biopsied tissues were immediately placed in individual vials containing formalin (10%, neutral, buffered, 50 mL /vial, 4°C;
Sigma-Aldrich, Brazil) to allow the fixation of neoformed tissues inside the non-reactive carriers. After 48 hours, individual
specimens were decalcified in trichloroacetic acid (TCA) for 40 days. Tissues were then incorporated into blocks of paraffin and
were serially sectioned (6 um/slice). A portion of prepared slides was treated with Masson’s trichrome stain (MTS) in preparation
for histologic and morphometric analyses, while the remaining portion of slides was prepared for traditional immunohistochemical
assessment.

2.7 Histologic and morphometric analyses

Samples were recovered intact from the tubes. After that, samples were subjected to serial slicing following the long axis
of the sample. The most central slice from each sample investigated was then chosen and mounted onto slides for histologic and
morphometric analyses. Each slide was imaged 3 times (each time using 3 magnifications [40 x, 100 x and 400 x, respectively) using
a (BX 41, Olympus Optical Company, Japan) and a digital camera (Canon T31, Japan). Acquired images were then assessed for
“total area”, “remnant particles” and “bone neoformation” using Photoshop CS4 (adobe Systems Inc., U.S.A.) and ImageJ (National
Institutes of Health, U.S.A; freeware available at http://imagej.nih.gov/ij/).
2.8 Immunohistochemical analysis

Slides were prepared according to manufacturer’s instructions using the antibodies Wnt-3a, CD34 and vimentin from Santa
Cruz Biotechnology (U.S.A.) and Human Pref-1 (DLK, Abcam, U.S.A.) and imaged (400 x magnification, 3 images/slide; 1 at
central area, 2 at peripheral regions) with an optical microscope (BX 41, Olympus Optical Company, Japan) coupled with a digital

camera (Canon T31, Japan). Acquired images were then assessed using Photoshop CS4 and ImageJ, as previously described.

2.9 Statistical Analysis

All data obtained were tested for normality and variance homogeneity using the Kolmogorov-Smirnov and Levene tests,
respectively. Since immunohistochemical data set was normally distributed, the obtained data was then analyzed using the two-factor
ANOVA and Tukey parametric tests to determine the presence of significant statistical differences (p < 0.05) across experimental
groups investigated. A statistical analysis software (SPSS®, version 21.0, International Business Machine, U.S.A.) was used to

perform all statistical analyses in the present study.


http://dx.doi.org/10.33448/rsd-v10i5.15017
http://imagej.nih.gov/ij/

Research, Society and Development, v. 10, n. 5, e45310515017, 2021
(CC BY 4.0) | ISSN 2525-3409 | DOI: http://dx.doi.org/10.33448/rsd-v10i5.15017

3. Results
3.1 Histological findings

Figure 1 (A-F) illustrates the histological results from the negative control groups (S3 and S6), where it is possible to observe
that empty implants of non-reactive polyethylene tubes (Sham) at 3 or 6 months, were not able of promoting mineralized tissues
neoformation. Instead, findings indicate that these implants investigated promoted the formation of fibrous connective tissues
displaying organized matrixes and collagen bundles oriented parallel to the longitudinal axis of the implants. In addition to that, it is
also possible to observe on Figure 1 (D-F) that implants of S6 displayed higher quantities of tissues from connective and vascular

origins, thereby indicating that tissues became denser and more organized 6 months after surgery.

Figure 1. Masson trichrome colored histology images from groups 1 and 4 (control). Images A-C correspond to Sham at 3 months.
Images E-F correspond to Sham at 6 months. In both cases, images are presented in terms of increasing magnification (40 x, 100 x

and 400 x, respectively). Star = Dense connective tissue; Pyramid = Neovascularization; Diamonds = Non-collagenous fibrils.
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Source: Authors (2021).
Again, Figure 1A shows a connective tissue in 40 x magnification, which can be better viewed in the next two, Figure 1B

(100 x magnification) and Figure 1C (400 x magnification). All demonstrating the initial biological local response to the insertion
of the empty tube (Sham = control). Figures 1D (40 x magnification), 1E (100 x magnification) and 1F (400 x magnification)
demonstrate the local response after 6 months of the empty tube insertion in the animal muscle, showing a dense connective tissue
surrounded by blood vessels.

Figure 2 (A-D) illustrates the results from experimental groups IBBM3 and IBBM6. Figure 2 (A and B) allows the
observation of large quantities of remnant IBBM particles surrounded by an osteoid matrix and sparse immature bone (IB) after 3
months of implantation. Figure 2 (C and D) shows that unaltered IBBM were capable to promote the formation of small quantities

of neoformed mature bone 6 months after implantation, however the presence of osteoid matrix or 1B could not be observed.
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Figure 2. Masson trichrome colored histology images from groups 2 and 5 (IBBM). Images A-B correspond to IBBM at 3 months.
Images C-D correspond to IBBM at 6 months. In both cases, images are presented in terms of increasing magnification (40 x and
200 x, respectively). IBM = Inorganic bone matrix (or IBBM); Star = Dense connective tissue; NB = Mature neoformed bone; P =
Graft particles; 1B = Immature bone.

IBM 3 months

AIBM 6 months

Source: Authors (2021).

In the Figure 2A (40 x magnification), it is possible to see a connective tissue (blueish color) surrounding the biomaterial
particles (P) of inorganic bovine bone matrix (IBBM), at the tissue grown inside the tube. Figure 2B represents a 5-fold magnification
(200 x) from a distinctive part at 2A. In the Figure 2B, it is possible to see (redish color) the development of bone deposition, here
called immature bone. In Figures 2C (40 x) and 2D (200 x), the red color clearly shows a neoformed mature bone deposition around
the IBBM particles.

Figure 3 (A-D) demonstrates the results from experimental groups IBBM+MOE3 and IBBM+MOES. It is possible to note
(Figures 3A and 3B) that experimental implants of IBBM+MOE3 promoted the formation of large quantities of collagen fibers along
with sparse formation of immature bone, 3 months after implantation. After six months of implantation (Figures 3C and 3D),
IBBM+MOE6 were capable to promote the formation of large quantities of osteoid matrix and mature bone at the surface of the
remnant particles and in-between them.
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Figure 3. Masson trichrome colored histology images from groups 3 and 6 (IBBM + MOE). Images A-B correspond to IBBM +
MOE at 3 months. Images C-D correspond to IBBM + MOE at 6 months. In both cases, images are presented in terms of increasing
magnification (40 x and 200 x, respectively). Star = Dense connective tissue; NB = Neoformed mature bone; P = Graft particles;
IBM = Inorganic bovine matrix (IBBM); ME = Marine organic extract (MOE).

IBM+ ME 3 months

| IBM + ME 6 “months

Source: Authors (2021).

In this Figure 3A, it is possible to see that immature bone (dense blueish) is growing around the particles of biomaterial (40
x, Figure 3A; and 200 x, Figure 3B) after the 3-month period. Figures 3C and 3D (40 x and 200 x, respectively) demonstrate a redish
and mature bone around de inorganic particles of the biomaterial, after the 6-month period.

3.2 Histomorphometric findings

The histomorphometric analysis performed for all groups investigated was made necessary to allow for the calculation of
the (i) total area analyzed (in terms of pixels? [px?]) and the relative quantities of (ii) remnant particles, and (iii) neoformed bone
presented inside of the non-reactive polyethylene carriers after implantation (at 3 or 6 months). Results obtained indicate that the
total area analyzed for S3, S6, IBBM3, IBBM6 IBBM+MOE3 and IBBM+MOES6 corresponded to 16.27 x 10* px?, 15.0 x 10* px?,
46.4 x 10* px?, 46.7 x 10* px?, 53.1 x 10* px?and 50.2 x 10* px?, respectively, which demonstrate that amounts of tissues formed
inside of implants pertaining to groups with IBBM (unaltered of MOE-modified; at either 3 or 6 months) were higher and statistically

significant (p < 0.05), when compared to the amount of tissues formed in groups S3 and S6 (negative controls; Figure 4). Statistical
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significant differences could not be observed (p > 0.05) when types of implants (S3-IBBM+MOEG6) was considered for the
calculation of the parameter “total area”.

Figure 4. Tissue formation inside of the non-reactive polyethylene tubes. Sham = Control group; IBBM = Inorganic bovine matrix;
IBBM + MOE = Inorganic bovine matrix with marine organic extract. Mean values with different letters are statistically different (p
< 0.05).
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Source: Authors (2021).

Figure 4 shows a comparative of the remnant tissue taken from inside the tubes in each situation, without any biomaterial
(Sham) and with biomaterial (IBBM and IBBM+MOE). It clearly shows that the presence of biomaterial (IBBM and IBBM+MOE)
makes all the difference in the maintenance of area occupied inside the tubes.

For the parameter “remnant particles”, the results show that implants of groups IBBM3, IBBM6, IBBM+MOE3 and
IBBM+MOES6 displayed 39.7%, 43.2%, 32.6% and 27.7%, respectively, which indicate that implants containing MOE-modified
IBBM displayed the lowest amounts of remnant particles present inside the non-reactive carriers, independently of time considered
(either 3 or 6 months). The parameter “neoformed bone” was demonstrated to have a relative area of 0.4% (IBBM3), 7.3% (IBBM®),
11.8% (IBBM+MOE3) and 19.2% (IBBM+MOES), respectively, which indicates that implants containing experimental materials
modified by MOE displayed mineralized bony tissues in quantities that were significantly (p < 0.05) higher, when compared to
implants of positive controls (IBBM3 and IBBM6), while negative controls did not produce any bone at all (S3 and S6).

3.3 Immunohistochemical findings
The results from the immunohistochemical analysis are reported in Table 2. It is possible to observe that the combination
between the parameters “time” (either 3 or 6 months) and “implant type” (Sham, IBBM or IBBM + MOE) did not result in differences
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that were statistically significant (p > 0.05), independently of the antibody considered (CD34, vimentin, Wnt3a, Pref-1). However,
when the factors “time” (either 3 or 6 months) and “implant type” (Sham, IBBM or IBBM + MOE) were individually analyzed,
statistically significant differences (p = 0.024 and p = 0.005, respectively) were observed for the expression of the antibody Wnt3a.
The post hoc used (Tukey test) was able to further discriminate (p = 0.02) differences observed, and indicated that implants of
negative controls (Sham) displayed the lowest Wnt3a expression (7.83 + 0.58) when compared to implants containing either IBBM
(9.89 £ 0.43) or MOE-modified IBBM (9.68 + 0.43). Figure 5 (A-E; Wnt3a) illustrates representative images of slides prepared for

immunohistochemical analysis of tissues in S3 (5A), S6 (5B), IBBM6 (5C), IBBM+MOE3 (5D) and IBBM3 (5E).

Table 2. Results from the immunohistochemical analysis (pixels x 106)2. Data were statistically analyzed using Two-way ANOVA

and Tukey post hoc tests with a significance level of 0.05. Numbers in rows followed by similar lower case letters are not statistically

different (p > 0.05). Numbers displaying similar capital letters within columns are not statistically different (p > 0.05).

G Ti Biomaterial CD34 Vimentin PREF1 Whnt3a
roups | Time (abbreviation) (pixels x 105)? | (pixelsx 10°)2 | (pixelsx 10°)2 | (pixelsx 10°)?
1 Sham (S3) 8.50+£1.03% |6.49+2.49% |852+4253|838+1.50%
2 3 IBBM (IBBM3) 5.16 £ 4.53% |10.31 +0.062*({12.39 + 1.16 24| 9.93 + 0.60%*
mos.
IBBM + MOE
3 6.20+0.38* |9.10+2.10* [10.55 + 0.28%4(11.05 + 1.72*
(IBBM+MOE3)
4 Sham (S6) 5.66 +4.73* [10.50+1.81%*[0.67 +4.51% | 6.92 +1.76
5 6 IBBM (IBBM6) 10.19+1.66* |8.52+2.21%A |14.85+1.16%| 9.71 +0.81*
mos.
IBBM + MOE
6 0.08+1.87* |8.32+258% [11.88 +2.04%| 6.61 + 2.63*"
(IBBM+MOES)

Table 2 shows the overall quantitative results of all immunohistochemical analysis while comparing all of the groups. No

Source: Authors (2021).

difference was observed, neither at 3 nor at 6 months for any of the antibodies used.
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Figure 5. Representative images from the immunohistochemical analysis for (A) Sham at 3 months, (B) Sham at 6 months, (C)
IBBM at 6 months, (D) IBBM + MOE at 3 months and (E) IBBM at 3 months. Images indicate positive staining for Wnt3a.

A B

Source: Authors (2021).

Figure 5 shows separate slides of extracellular matrix immunohistochemical positive staining (5A and 5B = Sham 3 and
Sham 6 months, respectively), which can demonstrate that in the presence of the biomaterial (5C = IBBM at 6 months, D = IBBM
+ MOE at 3 months and 5E = IBBM at 3 months) the Wnt3a marker was stronger.

4. Discussion

The ectopic sheep model used allowed to investigate the osteoinductive, osteoconductive and trans-differentiation properties
of materials investigated (S3, S6, IBBM3, IBBM6, IBBM+MOE3 and IBBM+MOES6) after 3 or 6 months of intramuscular
implantation. The experimental design utilized also allowed the assessment of the presence of inflammatory reactions in adjacent
tissues, which were not observed in any of the slides or groups. The rationale for the selection of the experimental design used was
based on the fact that such implantation model mimics unstable mechanical environments (Wu et al., 2011), limit the mechanical
interference of the host, display abundant blood irrigation, and can be used to assess the biocompatibility and osteoinductive
properties of implantable biomaterials (Habibovic et al., 2008; Lioubavina-Hack et al., 2005). Other studies (Le Nihouannen et al.,
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2005; Martini et al., 2001) have shown that ectopic sheep models are convenient, fast, efficient and provide testing conditions that
are comparable to those of humans. In addition, sheep models display undisputable sensitivity to screen for foreign-body reactions
(i.e., giant cells, formation of fibrous connective tissues and macrophage accumulation) (Anderson et al., 2008). No reaction such as
foreign-body was observed in the present study for the control (sham) or experimental groups with IBBM particles.

The selection of non-reactive sterile polyethylene tubes as a method to deliver experimental biomaterials investigated was
based on previous reports from our laboratory (da Silva et al., 2016; Zielak et al., 2018) demonstrating that tubes of similar
compositions, implanted under comparable conditions, did not trigger allergic or inflammatory reactions of any kind. In the present
study, inflammatory reactions adjacent to the implants could not be observed, independently of the material considered (S3, S6,
IBBM3, IBBM6, IBBM+MOE3 and IBBM+MOESG) or implantation time (either 3 or 6 months). Therefore, these implants are in
agreement with previous reports (da Silva et al., 2016; Donaruma, 1988; Zielak et al., 2018), and further validate the utilization of
sterile inert polyethylene tubes for the investigation of osteoconductive and osteoinductive properties of implantable biomaterials
(either experimental or commercially available). The rationale for the selection of IBBM as the immobilizing agent for the
experimental nacre extract was based on previous reports (Marins et al., 2004; Trotta et al., 2014) showing that these types of
implantable biomaterials do not induce the formation of inflammatory lymphocyte cells. Again, the results reported in the current
study are in agreement with the studies cited (Marins et al., 2004; Trotta et al., 2014), once the presence of inflammatory cells were
not observed adjacent to implants, independently of the “time” or “implant type” considered.

Although not quantified, the Figures 2 (IBBM3 and IBBM6) and 3 (IBBM+MOE3 and IBBM+MOES®) illustrate the
presence of osteoid matrix. In addition to that, our findings also indicate that implants of IBMM6 induced the formation of sparsely
distributed neoformed bone among remnant particles, thereby suggesting that unaltered IBBM (without MOE) display promising
osteoinductive properties. These results contradict previously published reports indicating that IBBM only display osteoconductive
properties (Baron & Kneissel, 2013; Carvalho et al., 2004). According to its manufacturer (Baumer, Brazil), the IBBM (GenOx
Inorg®, Baumer, Brazil) used in the present study display superior biological properties, because of the combination between high
sintering temperatures (1,000°C) and the controlled processing conditions (not disclosed), which can result in highly crystalline and
porous (100-250 um) inorganic material, capable of facilitating the adhesion of cells (Zambuzzi et al., 2012), while improving the
contact area (Galindo-Moreno et al., 2013) between IBBM particles and MOE.

Rosa et al. (2000) while investigating the effect of powder processing and sintering conditions on the porosity of
experimental hydroxyapatite scaffolds, demonstrated that parameters investigated (either temperature and load) were inversely
correlated to porosity size. Aarthy et al. (2019) while exploring the effect of sintering temperatures on the properties of naturally
derived hydroxyapatite materials, have shown that bioactivity was proportionally correlated to sintering temperature where higher
temperatures resulted in materials displaying stronger bioactivity properties. Other studies suggest that high-temperature (> 900°C)
treatments may negatively affect the crystalline structure of hydroxyapatite and their biological properties (Figueiredo et al., 2010;
Lopez-Heredia et al., 2011), which may be used to partially explain the variability associated with the osteoconductive and
osteoinductive properties of commercially available products.

The results of the histological assessment presented in Figures 1-3 suggest that the parameter “remnant particles” inversely
varied in function of “time” and “implant type” (IBBM3 < IBBM6 < IBBM+MOE3 < IBBM+MOES®). In addition, the results
reported have clearly shown that implants of IBBM3 and IBBM+MOES® displayed, respectively, the highest and lowest amounts of

remnant particles amongst all groups investigated. Such findings suggest that the utilization of MOE (40 uL/implant) may have
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upregulated (i) osteoclasts activity, (ii) the expression of degradation pathways and (iii) bone remodeling, thereby overcoming some
typical limitations of IBBM (e.g., low resorption rates) (Anderson et al., 2000). Other studies investigating the biomineralization
properties of marine biomaterials have indicated that longer implantation times typically result in higher levels of osteoclastic activity,
and smaller quantities of mineralized particles, and therefore, have corroborated with the findings of the present study (Asvanund,
2011; de Almeida, 2011; Oliveira et al., 2012; Rousseau, 2011; Zhang et al., 2017; Zielak et al., 2018).

In regards to the parameter “bone neoformation”, the results reported (Figure 4) have indicated that implants of IBBM+MOE
(at 3 or 6 months) displayed amounts of neoformed bone that were significantly (p < 0.05) higher when compared to implants
pertaining to control groups (S3, S6, IBBM3 and IBBM6). Implants of IBBM+MOES®6 displayed the highest amount of neoformed
bone, vascular tissues and mature bone, which suggest that IBBM and MOE might have a synergistic biomineralization effect when
implanted for at least six months. The findings reported in the present study have been corroborated by previous studies (Chaturvedi
et al., 2013; Wang & Cooke, 2005) investigating the ability of marine organo-biomaterials to stimulate bone formation. According
to the studies cited (Chaturvedi et al., 2013; Wang & Cooke, 2005), nacre extracts display favorable biochemical properties (e.g.,
high bioavailability and low resorption) that are capable to modulate specific biological reactions, thereby resulting in high levels of
bone formation.

The findings reported for the immunohistochemical analysis are presented in Table 2 and Figure 5. Even though statistical
differences could not be found (p > 0.05) for the expression of overall antibodies among the groups investigated, it can be noted that
higher mean absolute values for CD34 were associated with implants of IBBM6 and IBBM+MOESG, which may suggest that, even
in longer periods, IBBM particles continue to stimulate angiogenesis. Such statement has been corroborated by a previous study
(Seifi et al., 2011) investigating the density of microvessels in follicular cysts. According to results reported, higher expressions of
CD34 are positively and strongly correlated with the presence of immature vascular tissues (Seifi et al., 2011). Regarding Vimentin
antibodies, although S6 displayed the highest mean absolute values, the total tissue area was still much smaller (15.0 x 10* px?) than
the groups with IBBM particles, which is compatible to the morphological characteristic of a thinner but dense and organized
connective tissue found inside the non-reactive carriers pertaining to the Sham groups. In addition to that, and based on these findings
(no significant differences among all antibodies, including Vimentin, Table 2), it may be inferred that the experimental materials
investigated (IBBM or IBBM+MOE) did not present any potential to stimulate fibroblasts transdifferentiation into osteoblasts, either
at 3 or 6 months after intramuscular implantation.

Significant statistical differences were only found (p < 0.05) when Wnt3a antibodies were analyzed separately. According
to Nusse and Varmus (2012), the presence of mature bone naturally downregulates the overall expression of Wnt3a. Thus, although
IBBM+MOES group displayed the lowest mean absolute value, which can be hypothesized to occur as a direct result of the influence
of MOE and its ability to positively modify the biological response of young cells to induce the formation of mature bone (at 6
months), leading to faster osseo-differentiation, data shows that Sham groups (3 and 6 mos.) presented the lowest Wnt3a antibody
levels (p = 0.02), when compared do IBBM and IBBM+MOE groups - this is in accordance to neoformed bone found only within
these groups, supporting the presence of osseo-differentiation (mesenchymal stem cells present within the muscle into osteoblasts).

Also, the absence of osteoid matrix in the group treated with IBBM+MOE can be explained by the typical dissolution
behavior of water-soluble materials, their limited bioavailability and restricted long-term biological properties. In this direction, the
experimental MOE investigated could be promoting stronger cell based on faster differentiation. IBBM+MOE groups did not result
in abnormal or atypical neoformation of bone, and seemed not to display a constant signaling. Thus, regarding these biosafety
characteristics, previous reports (Zielak et al., 2018) have indicated that MOE did not induce to mineral deposition or neoformation
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of bone when associated with an organic scaffold, which means its efficiency for osseo-induction is probably a calcium/phosphate-
dependent. These results regarding Wnt3a are also supported by previous scientific evidence (Jing et al., 2015; Leucht et al., 2013;
Miclea et al., 2010; Morvan et al., 2006) that investigated the effects of Wnt3a on the osteogenic capacity of bone graft materials

extracted from aged animals.

5. Conclusion

The results of the present study suggest that materials investigated (IBBM and IBBM+MOE) display promising
osteoconductive and osteoinductive functionalities that may translate into bone graft materials with superior biological properties.
Materials investigated were not observed to display transdifferentiation properties or to trigger the development of inflammatory
reactions in adjacent tissues. Despite these promising properties, additional studies are made necessary to characterize the
longitudinal effects of materials investigated, their long-term cytotoxic properties and to support the execution of human clinical
trials. Other studies from our research group will investigate the effects of biomaterials herein described on mesenchymal stem cells

to support the continuous development and characterization of properties.
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