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Abstract

Barrier membranes for guided bone regeneration (GBR) mainly promote mechanical maintenance of
bone defect space and induce osteopromotion. Additionally, biopolymer-based membranes may
provide greater bioactivity and biocompatibility due to their similarity to extracellular matrix (ECM). In
this study, biopolymers-based membranes from bacterial cellulose (BC) and collagen (COL) associated
with osteogenic growth peptide (OGP(10-14)) were evaluated to determine iz vitro osteoinductive
potential in early osteogenesis; moreover, histological study was performed to evaluate the BC-COL
OGP(10-14) membranes on bone healing after GBR in noncritical defects in rat femur. The results
showed that the BC—-COL and BC-COL OGP(10-14) membranes promoted cell proliferation and
alkaline phosphatase activity in osteoblastic cell cultures. However, ECM mineralization was similar
between cultures grown on BC OGP(10-14) and BC-COL OGP(10-14) membranes. I vivo results
showed that all the membranes tested, including the peptide-free BC membrane, promoted better bone
regeneration than control group. Furthermore, the BC-COL OGP(10-14) membranes induced higher
radiographic density in the repaired bone than the other groups at 1,4 and 16 weeks. Histomorpho-
metric analyses revealed that the BC-COL OGP(10-14) induced higher percentage of bone tissue in the
repaired area at 2 and 4 weeks than others membranes. In general, these biopolymer-based membranes

might be potential candidates for bone regeneration applications.

1. Introduction

Guided bone regeneration (GBR) is a therapeutical
approach in order to promote new bone formation,
mainly in periodontal and peri-implant bone defects.
GBR s based on biological principle from selective cell
exclusion by using an occlusive membrane, which
mechanically excludes non-osteogenic cells from the
surrounding soft tissues. Hence, the defect space is
maintained wherein only bone marrow cells penetrate
and promote bone formation [1]. Therefore, this
surgical technique induces the osteopromotion inside
the osseous wound, i.e., promoting the periodontal
tissues regeneration in cases of chronic periodontitis

and of peri-implantitis [2]. Actually, the clinical use of
membranes has demonstrated predictable clinical
results for the treatment of class II molar furcation
periodontal lesions [3], for preserving the alveolar
ridge architecture following tooth extractions [4] or in
association with osseointegrated implants [5].

Among properties required for an ideal GBR bar-
rier membrane include bioactivity, resorption, bio-
compatibility and space-maintaining ability during
the bone healing process [1]. In this sense, the bacterial
cellulose (BC), a natural biopolymer mainly synthe-
sized by Gluconacetobacter xylinus, displays special
features including a three-dimensional structure
consisting of a nanofibers network with higher
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crystallinity and chemical purity than plant cellulose,
in addition to biocompatibility and selective perme-
ability [6]; however its in vivo resorption rate is still
questionable [7]. Additionally, this nanostructure has
a surface morphology close to the extracellular matrix
(ECM), which is ideal to favor cell/material interac-
tions. Thereby, BC-based biomaterials have been
widely developed to several biomedical applications
[8], such as bone [9], cartilage [10] and soft tissues
[11]. Furthermore, the BC has also been successful
used as a physical-barrier membrane for alveolar bone
regeneration in class II furcations in mandibular
molars [12, 13] and in association with immediate
implants placement [12, 14] or for bone regeneration
in critical-size calvarial defects in rats [9, 15].

Considering that collagen (COL) is a major comp-
onent in ECM, BC-COL composites were synthesized
in order to improving biological properties of BC;
thereby, affording a bioactivity and a surface morph-
ology closer to ECM to this composite. Indeed, in vivo
and in vitro studies have shown the key role of collagen
to different composites [16, 17], whereas collagen
plays an important role in cell attachment, mechanical
support, and apatite nucleation [18]. Moreover, col-
lagen-based materials have shown proangiogenic qua-
lities and have promoted mesenchymal stem cell
osteogenic differentiation as well as alveolar ridge aug-
mentation [19, 20]. Hence, BC-COL composites have
been developed as potential candidates for tissue engi-
neering applications [21, 22].

Furthermore, several growth factors regulate the che-
motaxis and differentiation of bone-related cells wherein
are essential to bone remodeling process [23]. Never-
theless, the association of these biomolecules with bioma-
terials has been proposed to improve osteoconductive
and osteoinductive properties of materials for bone tissue
engineering [24, 25]. In this context, osteogenic growth
peptide (OGP) and its C-terminal pentapeptide [OGP
(10-14)] were chosen as biomolecules for improving
osteoconductive and osteoinductive properties of the
BC-COL composites. The OGP, an H4 histone-related
peptide (H,N-ALKRQGRTLYGFGG-OH), was isolated
from blood during osteogenic remodeling of post
ablation marrow regeneration [26]. This peptide is pro-
teolytically cleaved, thus generating the C-terminal penta-
peptide (NH,~YGFGG-OH), named OGP(10-14).
Previous studies have established that OGP and OGP
(10-14), as a soluble peptide, stimulate the proliferation,
differentiation, alkaline phosphatase activity and matrix
mineralization in osteoblastic lineage cells [26, 27]. Fur-
thermore, OGP increasing, in vivo, bone formation and
trabecular bone density [28-30]. OGP-containing bio-
materials have exhibited an increase of the osteoblast dif-
ferentiation/activity as a result a better bioactivity of these
biomaterials and a positive effect on bone healing [9, 31].

Hence, the study aimed to evaluate, in vitro and
in vivo, bioactive and osteoinductive properties of the
BC-COL composite associated with OGP(10-14)
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peptide. Considering our previous studies, the BC—
COL composite demonstrated higher levels of ALP
activity although has shown a delay in the matrix
mineralization [21]. In addition, OGP peptides influ-
enced the osteogenic proliferation and favored the
mineralization process, conferring an osteoinductive
property to the BC membrane [24]. In vivo study
showed that composites based on BC and hydro-
xyapatite (HA) associated with OGP peptides are bio-
compatible and effective for bone regeneration in
critical-size mice calvarial defects [9]. Taken together,
OGP(10-14) peptide when associated with the BC—
COL composite is expected this material may promote
an earlier osteogenic differentiation and an effective
bone regeneration. Thus, in vitro assays were per-
formed to determine in vitro osteoinductive potential
in early osteogenesis; moreover, histological study was
performed to evaluate the effect of the BC-COL OGP
(10-14) membranes on bone healing after GBR in
noncritical defects in rat femur.

2.2.Materials and methods

2.1. BC-COL composites associated with OGP
(10-14) peptide

The synthesis of the BC-COL composites was per-
formed using carbodiimide-mediated coupling to
bind collagen to the glycine-modified BC following
the methodology previously proposed by Saska et al
[21]. OGP(10-14) peptide was synthesized manually
by the solid-phase method and incorporated by
adsorption into the never-dried BC-COL composites
in accordance with previous methodology described
by Saska et al [24]. The samples (13 mm in diameter
and 5mm thick) were dried at 37°C and then
sterilized by gamma radiation (20 kGy).

The structural morphology of the BC-COL mem-
branes for GBR was analyzed by scanning electron
microscopy (SEM) images with a Philips XL 30 scan-
ning electron microscope. The samples were sputter
coated with a 1 nm thick gold layer for 60 s (3 kV and
9.5 mA). The morphology was observed at an accel-
erating voltage of 10 kV.

2.2. Invitro assays

2.2.1. Cellisolation and primary osteogenic cell cultures
Osteogenic cells were isolated by sequential trypsin/
collagenase digestion of calvarial bone from newborn
(2—4 days) Wistar rats, as previously described [32]. All
animal procedures were in accordance with the guide-
lines of the Animal Research Ethics Committee of the
University of Sao Paulo. Cells were seeded on BC, BC
OGP(10-14), BC-COL and BC-COL OGP(10-14)
membranes (13 mm in diameter; 20 gm and 70 pym in
thick to BC and BC—-COL, respectively) at a cell density
of 2 x 10* cells/well and cultured for periods up to 21
days using Gibco a-Minimum Essential Medium with




10P Publishing

Biomed. Mater. 13 (2018) 035009

L-glutamine (Invitrogen®) supplemented with 10%
fetal bovine serum (Invitrogen"), 7 mmol 1! S-glycer-
ophosphate (Sigma”), 5mgml~' ascorbic acid
(Sigma”), and 50 mg ml ™' gentamicin (Invitrogen") at
37°C in a humidified atmosphere containing 5%
CO,. The culture medium was changed every three
days. The progression of cultures was examined by
phase contrast microscopy (Axiovert 25, Zeiss, Jena,
Germany) of cells grown on polystyrene.

2.2.2. Cell morphology

At days 1, 3, and 7, cell cultures grown on the surfaces
of the membranes were fixed for 10 min at room
temperature (RT) using 4% paraformaldehyde in
0.1 moll™" sodium phosphate buffer (PB) pH 7.2.
Afterwards, cells were processed for fluorescence
labeling for the detection of actin cytoskeleton and cell
nuclei. Briefly, they were permeabilized with 0.5%
Triton X-100 in PB for 10 min, followed by blocking
with 5% skimmed milk in PB for 30 min. Alexa Fluor
488 (green fluorescence)-conjugated phalloidin
(1:200, Molecular Probes”) was used to label the actin
cytoskeleton. Before microscope observation, the
samples were briefly washed with deionized water
(dH,0), and the cell nuclei were stained with
300 nmol ™" 4/6-diamidino-2-phenylindole ~ dihy-
drochloride, blue fluorescence (DAPI, Molecular
Probes, Invitrogen®) for 5min. Membranes were
placed face up on glass slides, covered with 12 mm
round glass coverslips (Thermo Fisher Scientific®) and
mounted with an antifade kit (Vectashield, Vector
Laboratories). The samples were examined by a single
examiner blinded under epifluorescence using a Leica
DMLB optical microscope (Leica, Germany), with N
Plan (x10/12:25, x20/12:40) and HCX PL Fluotar
(x40/0.75, x100/1.3) objectives, coupled to a Leica
DC 300F digital camera. Acquired digital images were
processed with Adobe Photoshop software (Adobe
Systems).

2.2.3. Cell proliferation and viability

Cell viability/proliferation was evaluated by the [3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide] (MTT, Sigma®). At 10 and 14 days, the
culture medium was removed and cells were washed
with PBS buffer heated to 37 °C. Then, the cells were
incubated in 10% MTT (5mgml') in 1ml of
culture medium at 37°C for 4h in a humidified
atmosphere containing 5% CO,. After that, the
medium was aspirated and 1 ml of acid isopropanol
(0.04 mol 1~ ! HCl in isopropanol) was added to each
well. The plates were shaken for 5 min, and 150 ul
of this solution was transferred to 96-well format
using opaque-walled transparent-bottomed plates
(Thermo Fisher Scientific®). The optical density was
read at 570-650 nm on a plate reader (uQuant,
Biotek, Winooski, VT), and data were expressed as
absorbance.

S Saska et al

2.2.4. Evaluation of total protein content, alkaline
phosphatase (ALP) activity and mineralized matrix
formation

Total protein content of the osteogenic cell cultures
was determined at days 14 and 17. The culture
medium was aspirated from the wells that were washed
three times with PBS at 37 °C. Briefly, the membranes
were transferred to a new 24-well culture plates and
the wells were filled with 2ml 0.1% sodium lauryl
sulphate (Sigma”). After 30 min, 1 ml of the cell lysate
each sample was mixed with 1 ml of Lowry solution
(Sigma”) and left for 20 min at RT. Subsequently,
0.5 ml of the phenol reagent of Folin and Ciocalteau
(Sigma”) was added and then left for 30 min at RT.
Then, the absorbance was measured using a spectro-
photometer (CE3021—Cecil, UK) at 680 nm. Total
protein content was calculated from a standard curve
using bovine serum albumin (Sigma”) giving a range
from 25 to 400 ug proteinml ™' and the data were
expressed as 1ig proteina ml ™.

ALP activity was assayed in the same lysates used
for determining total protein content as the release of
thymolphthalein from thymolphthalein monopho-
sphate using a commercial kit (Labtest Diagnostica,
Brazil). Briefly, 50 ml of thymolphthalein monopho-
sphate was mixed with 0.5 ml of diethanolamine buf-
fer (0.3 mmol ml™', pH 10.1) and left for 2 min at
37 °C. The solution was added to 50 ml of the lysates
obtained from each well for 10 min at 37 °C. For color
development, 2ml of 0.09moll™' Na,CO; and
0.25 mol1~! NaOH were added. After 30 min, absor-
bance was measured at 590 nm, and ALP activity was
calculated from a standard curve using thymolphtha-
lein to give a range of 0.012 up to 0.4 umol
thymolphthaleinh™' ml™!. Data were expressed as
ALP activity normalized against the total protein
content.

Mineralized matrix formation was detected at day
21 by Alizarin Red S (Sigma”), which stains areas rich
in calcium. Cultures were fixed in 10% formalin for
2 hin RT. After fixation, the samples were dehydrated
through a graded series of alcohols (30%, 50%, 70%
and 100%) for 1 h in each solution respectively, and
the were stained with 2% Alizarin Red S (Sigma®),
pH 4.2 for 10 min. Calcium content was evaluated
using a colorimetric method [33]. Subsequently,
280 pl of 10% acetic acid was added to each well con-
taining the membranes stained with Alizarin Red S
and the plates were incubated at RT for 30 min under
shaking. This solution was transferred to a micro-
centrifuge tube and then vortexing for 1 min. The
slurry was overlaid with 100 I mineral oil (Sigma®),
heated at 85 °C for 10 min, and transferred to an ice
bath for 5 min. Then, the slurry was centrifuged to
20000 xg for 15 min and 100 ul of supernatant was
transferred to a new microcentrifuge tube. After that,
40 1l 0f 10% ammonium hydroxide was added to neu-
tralize the acid contained in the solution. This solution
containing 140 ul was transferred to 96-well format
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using opaque-walled transparent bottom plates
(Thermo Fisher Scientific®) and then the absorbance
was measured on a plate reader (uQuant, Biotek,
Winooski, VT) at 405 nm. Data were expressed as
absorbance.

2.3. Invivo experiments

2.3.1. Surgical protocol

Sixty male adult rats (Rattus Norvevicus Holtzman;
weigh 200-250 g) were used in this experiment. The
animals were randomly divided into three exper-
imental groups with 5 animals each: Group I (GI): BC
and BC OGP(10-14), Group II (GII): BC-COL and
BC-COL OGP(10-14) and Group III (CG): negative
control group (no treatment) for periods at 1, 2, 4 and
16 weeks. All animals were maintained for at least one
week prior to surgery in climate controlled rooms at
22 °C, 50% humidity and 12 h light/dark cycles and
were fed a standard laboratory diet throughout the
study, with ad libitum access to water. All experiments
were conducted in accordance with the guidelines
established by Brazilian Council of Animal Care
(CONCEA) and were approved by Research Ethics
Committee of the School of Pharmaceutical Sciences
of Sdo Paulo State University-UNESP.

Surgeries were performed using standard aseptic
techniques. General anesthesia was induced using
intramuscular injections of ketamine hydrochloride
(0.1 ml/100 g; Agener Unido, Brazil) and xylazine
hydrochloride (0.01 ml/100g; Bayer, Brazil). After
shaving and preparation of the femoral region, lateral
incisions to midline of approximately 10 mm were
made on region. After subperiosteal dissection, the
femurs were exposed and a noncritical size bone defect
(2 mm in diameter) was created in the diaphysis of the
each femur. These bone defects were created using first
a dental-implant pilot drill and then a dental implant
drill (2 mm in diameter; Neodent, Brazil) under con-
stant saline irrigation. The bone defects were created
in total thickness of the first cortical until reaching the
bone marrow maintaining the integrity of the second
cortical bone.

For the Group I, the right femoral defects were
recovered by the BC membranes (4 mm x 4 mm)and
the left defects were recovered by the BC OGP(10-14)
membranes. In the Group IJ, the right femoral defects
were recovered by the BC-COL membranes and the
left defects recovered by the BC-COL OGP(10-14)
membranes. For Group III, bone defects were only
created in the right femur and these defects were filled
with blood clot, no treatment for GBR was performed.
The flaps were sutured with 4-0 Vicryl (polygalactin
910 Ethicon, Johnson & Johnson, Brasil) and 4-0
mononylon (Ethicon, Johnson & Johnson, Brazil). In
the immediate postoperative period, all animals
received an intramuscular administration (single
dose) of 0.1 mlkg ' of sodium dipyrone (Ibasa,
Brazil). The animals were euthanized at 1, 2, 4, and 16
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weeks after surgery by overdose of anesthetics (two to
three times the anesthetic dose).

2.3.2. Histological and radiographic analyses

Specimens were harvested, reduced preserving the
periosteum and for histological assessment, the defect
sites were fixed in 10% formaldehyde solution in PBS
for 24 h, the samples were maintained in 70% ethanol.
X-ray examination radiographs were taken for all
specimens. The analysis aimed to observe the neo-
formed bone inside the bone defects. As parameter of
analysis, immediate radiographs (IR) were taken
before the surgical treatment.

The radiographic examinations were performed
by a digital system DenOptix QST (Gendex Dental
Systems, Des Plaines, IL) with phosphor plate
(31 x 41 mm) and x-ray machine (Gendex 765DC)
using 7 mA; 65kV and 0.04s. The distance of the
locating cylinder to phosphor plate was standardized
at 30 cm. Thus, the bone defects were perpendicularly
positioned to phosphor plate. The digital x-ray phos-
phor plates were scanned at 300-pdi resolution using
VinxWin Pro software. The radiographs analyses were
performed using VinxWin Pro and Adobe Photoshop
7.0 software. The bone density was measured in
pixels from the central region of the neoformed
bone defects. Data were converted to mmPb. These
density values were compared with the density of lead-
scale (0.5-3.5mmPb) radiographed together the
specimens.

Subsequently, the specimens were reduced and
decalcified with a solution of 50% formic acid (v/v)
and 20% sodium citrate (w/v) (1:1; v/v) for a period
up to 30 days. Afterward, routine histological proces-
sing was performed for inclusion of the specimens in
paraffin and for optical microscopy, and then 6 ym
semi-serial sections were stained with hematoxylin—
eosin. Sections were analyzed under an optical micro-
scope (Jenaval-Zeiss) coupled to a digital camera
(Leica DFC425). A researcher (S.S.) blinded to the
experimental groups analyzed the following para-
meters: mineralized bone quality, evidence of fibrotic
tissue formation inside the defect site, angiogenesis,
inflammatory reaction and membrane degradation.

2.3.3. Histomorphometric analysis

Histomorphometric analysis was performed to mea-
sure the following parameters: 1. the defect width in
external cortical, 2. the repaired tissue area, and 3.
percentage of the newly formed bone. Five blades
containing five histological 6 ym thick sections were
evaluated for each specimen. Five equally semi-serial
sections were evaluated (30 um distance between the
cuts) per animal. The first cut to be evaluated in each
specimen was determined by drawing. Then, the
digital images (50 x magnification) were analyzed by
an image analysis software (Image J, Jandel Scientific
San Rafael, USA).

4
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2.4. Statistical analysis

The experimental results are expressed as mean and
standard deviation (SD). The Kolgomorov—Smirnov
test was used to assess the normality of the data and
Levene’s test for homogeneity. Non-parametric
Kruskal-Wallis test followed by Dunn’s post hoc test
was applied to the data of primary osteogenic cell
cultures and for the histometry data. The two-way
ANOVA followed by Tukey’s test were use to evaluate
the radiographic data. The examiner’s calibration
of the histometric analysis was determined by applying
the Spearman correlation test after the re-evaluation
of 10% of the samples. These tests showed that the
examiner presented r correlation coefficient > 0.91
for all analysis. All statistical analyses were performed
using GraphPad Prim 5 (San Diego, CA, USA).
Differences were considered statistically significant
when p < 0.05.

3. Results and discussion

A wide variety of biopolymer-based biomaterials have
been proposed for different tissue engineering applica-
tions. Among these materials, the collagen-based
materials have demonstrated excellent biological
properties, such as better tissue-material interactions
and cell adhesion, besides working as artificial biomi-
metic extracellular matrices for GTR [34]. Considering
that around 90% of bone matrix protein content is
type I collagen, collagen-based materials may provide
the innate biological information required for cell
adhesion, proliferation and orientation, and promote
the chemostatic response [35]. In the last decades,
collagen-based biomaterials have been developed for
improving mechanical and swelling properties when
implanted in vivo due to high hydrophilicity of
collagen [36]. However, collagen may be easily mod-
ified by reaction of its functional groups, introducing
cross-links or grafting biological molecules or poly-
mers to create a wide variety of materials with tailored
mechanical or biological properties for interest appli-
cation of the respective biomaterial. Thereby, BC,
which has become one of the most attractive biopoly-
mers for tissue engineering [8], was functionalized
with collagen via carbodiimide-mediated coupling as
an approach for mimicking the ECM environment
and for improving biological properties of BC whereas
the BC nanofibrillar structure is similar to ECM [21].
Thus, BC-COL nanocomposites were successfully
obtained by carbodiimide-mediated coupling and
then these composites associated or not with OGP
(10-14) peptide were evaluated for bone regeneration,
in this study.

Figure 1 shows typical SEM images of dried BC,
BC-COL and BC-COL OGP(10-14) membranes.
Figure 1(B) shows SEM image of the surface morph-
ology of BC-COL composite wherein collagen filled
and homogeneously covered the BC membrane
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structure (figure 1(A)). BC-COL membrane revealed a
compact surface with the filling of surface pores.
Indeed, this is an important feature for a barrier mem-
brane for GBR. SEM cross-section images of the BC
and BC-COL OGP(10-14) membrane show BC fibers
were covered with collagen and oriented in layers
(figures 1(E) and (F), respectively). SEM images of the
surface morphology of BC-COL OGP(10-14) compo-
site are shown figures 1(C) and (D). These SEM images
showed that the peptide incorporation by adsorption,
in aqueous solution, slightly changed the surface
morphology of this membrane revealing a slightly less
occlusive surface, whereas BC fibers more apparent
than BC—COL membranes. Therefore, both BC—-COL
and BC-COL OGP(10-14) membranes might favor
the function of cell occlusion excluding the surround-
ing soft tissues besides protect the blood clot in the
bone defect, thereby promoting osteopromotion.
Since, the surface morphology of these membranes
presented a well-interconnected layer structure and a
large surface area necessary for cellular attachment,
and vascularization. However, BC-COL composite
might potentially stimulate cell growth, and these bar-
rier membranes might be material candidate for GBR.

3.1. Cell cultures experiments

3.1.1. Evaluation of cell morphology, cell viability/
proliferation, total protein content, ALP activity and
mineralized matrix formation

Cell morphology analyzes by means of epifluorescence
revealed that cells grown on BC, BC OGP(10-14) and
BC-COL were adhered and mostly exhibited a round
shape morphology at day 1, while some cells exhibited
initial stages of cell spreading (figures 2(A)—(C)).
Interestingly, at the same time point, some osteoblastic
cells cultured on BC-COL OGP(10-14) showed a
fusiform morphology (figure 2(D)). At day 3, a great
number of cells was detected on BC-COL and BC-
COL OGP(10-14) when compared with the cell
population noticed on BC and BC OGP(10-14). Cells
cultured on all membranes exhibited a predominantly
stellate/fusiform morphology (figures 2(E)—(H)). At
day 7, all membranes showed cell confluence and areas
of cell multilayering (figures 2(I)~(L)). The MTT assay
indicated no differences among the groups at day 10
(p = 0.276). However, osteoblastic cells cultured on
both BC—-COL membranes exhibited higher cell viabi-
lity/proliferation compared with BC and BC OGP
(10-14) atday 14 (p = 0.001) (figure 3(A)).

Total protein content detected in all membranes
was similar between 14 and 17 days (p = 0.418). How-
ever, a greater protein synthesis was observed in BC-
COL and BC-COL OGP(10-14) at day 17 (p = 0.002)
(figure 3(B)). Cells grown on BC-COL and BC-COL
OGP(10-14) showed higher ALP activity compared
with BC and BC OGP(10-14) at 14 and 17 days
(p = 0.001) (figure 3(C)). Osteogenic cultures grown
on BC membrane showed higher calcium content

5
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Figure 1. SEM surface images of the BC, BC-COL and BC-COL OGP(10-14) membranes ((A)—(C), respectively; 15 000 ); BC-COL
OGP(10-14) membrane ((D), 30 000 x ). SEM cross-section images of the BC and BC—-COL OGP(10-14) membranes ((E) and (F),

- DEMa - LCE - FEG

compared with other membranes (p = 0.001) at day
21. BC OGP(10-14) and BC-COL OGP(10-14)
exhibited similar levels of calcium content (p = 0.913)
(figure 3(D)).

In vitro analyzes revealed that all membranes sup-
ported cell proliferation and ALP activity. However,
osteoblastic cells cultured on BC—-COL and BC-COL
OGP(10-14) exhibited a high cell proliferation and
ALP activity compared with compared with BC mem-
branes associated with or without peptides. These
findings could be attributed, at least in part, to collagen
and OGP peptide. Indeed, collagen-based scaffolds
promote the differentiation of osteoblasts from
mesenchymal stem cells (MSCs) and during this pro-
cess; a high level of osteocalcin and ALP activity has

been detected [19]. Concerning OGP(10-14) peptide,
some studies have been demonstrated that this mole-
cule is able to increase ALP activity in primary human
osteoblast and MSCs cultures [27, 37]. Moreover,
OGP(10-14) positively regulates bone formation by
stimulating the differentiation of rat MSCs into osteo-
blasts and concurrently inhibiting adipocyte differ-
entiation [27].

ALP is a key enzyme in osteogenesis and exerts an
important role in ECM mineralization [38]. In the pre-
sent study, high levels of ALP activity were observed in
cultures grown BC-COL and BC-COL OGP(10-14).
Interestingly, this great ALP activity did not reflect in
high ECM mineralization. This lack of correlation
between ALP activity and mineralization has been

6
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DAY 1]BC OGP(10-14)

areas of cell multilayering (I)-(L). Scale bar = 100 pm.

Figure 2. Epifluorescence of osteoblastic cells cultured on BC (A), (E) and (I), BC OGP(10-14) (B), (F), and (J), BC-COL (C), (G) and
(K), and BC-COL OGP(10-14) (D), (H), and (L) membranes at 1 (A)~(D), 3 (E)~(H), and 7 (I)-(L) days. Green fluorescence (Alexa
Fluor 488 conjugated phalloindin) reveals actin cytoskeleton, whereas blue fluorescence (DAPI DNA stain) highlights cell nuclei. Cells
cultured on BC, BC OGP (10-14), and BC-COL showed a round shape, while some cells exhibited initial stages of cell spreading at day
1 (A)—(C). InBC-COL OGP(10-14) membranes, at day 1, spreaded cells were promptly observed (D). At day 3, cells grown on all
membranes exhibited a predominantly stellate/fusiform morphology (E)-(H). At day 7, all membranes showed cell confluence and
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Table 1. Bone density measurement via radiographic calibration of the new bone formation from the central region
of the defects bone.
Periods (week)
Groups 1 2 4 16
Control 0.94 + 0.114 2.06 + 0.07%° 2.08 + 0.024° 2.56 + 0.13%¢
BC 1.39 + 0.08"B¢ 1.70 & 0.12°B® 2.31 + 0.024Bb¢ 2.84 + 0.324B¢
BC OGP(10-14) 1.21 + 0.09"B2 1.99 4 0.12°B® 2.52 £ 0.214%° 3.37 + 0.15%¢
BC-COL 0.96 + 0.06™* 2.05 + 0.08%° 2.58 4 0.134Bb¢ 3.09 + 0.2448¢
BC-COLOGP(10-14) 1.55 + 0.055¢ 2.12 + 0.06%° 2.76 + 0.11ABCb¢ 3.42 + 0.08%

Note. Radiographic density value to IR (0.49 £ 0.03 mmPb). Data are reported as mean & SD (mmPb); uppercase

letters set indicate statistical difference among the groups at the same period; lowercase letters set indicate statistical

difference of the same group in relation to the period; (p < 0.05).

described previously [39]. Beck et al [39] showed that
alkaline phosphatase activity (ALP) is a requirement
for mineralization process, however they reveal that
mineralization can proceed successfully with a sub-
basal level of ALP activity. On the other hand, the fail-
ure of mineralization was associated with the repres-
sion of osteopontin expression, suggesting an
osteopontin requirement for the mineralization pro-
cess. Additionally, a review literature regarding osteo-
genic assays using calvarial cells, calvaria-derived cell
lines, and bone marrow stromal cells, revealed that in
all of these cell types, ALP activity shows similar pro-
gression over time using a variety of osteogenic and
mineralizing media conditions; however, levels of ALP
activity are not proportional to observed mineraliza-
tion levels [40]. In this way, they suggested that alka-
line phosphatase activity might not be the primary
screening parameter for selecting a bone-regenerating
agent, once the mineralization can occur in the
absence of its induction. Despite this apparent unfa-
vorable result in terms of matrix mineralization, the
incorporation of collagen and OGP(10-14) into BC
membranes may reduce the period of time required to
bone regeneration.

3.2. Invivo experiments

The results revealed that all the membranes tested
promoted a better bone regeneration compared with
the control group (no treatment) and were effective for
GBR. Considering that, in general the BC-COL OGP
(10-14) membranes were more effective for bone
regeneration in vitro and in vivo in comparison with
the others membranes.

3.2.1. Radiographic analysis

At 1 week, the BC-COL OGP(10-14) membranes
showed to be more effective for bone healing inas-
much as higher radiographic density values were
measured for this treated group compared with other
membranes (table 1; figure S1 is available online
at stacks.iop.org/BMM/13/035009/mmedia). How-
ever, the treated group with BC—-COL membrane
showed similar radiographic density in relation to the

control group (CG) and lower density in comparison
with the other experimental groups. After 2 weeks, the
BC-COL and BC-COL OGP(10-14) groups showed
no difference statistic compared with the CG (table 1).
On the other hand, in the GI (BC and BC OGP
(10-14)) a lower radiographic density was measured
than in the CG and in the GII. The radiographic
images showed a cortical bone repaired, wherein
observed a well-delimited radiopaque line for bone
defects treated with GII membranes, mainly for the BC
OGP(10-14) membranes (figure S1). Otherwise, in the
CG this well-delimited radiopaque line was only
observed at 16 weeks postoperatively.

At 4 weeks, all treated groups showed more radio-
graphic density than the CG; moreover, BC-COL OGP
(10-14) membranes induced a higher bone density for
newly formed bone in this period compared with other
treated groups. At 16 weeks, in all treated groups were
measured a higher bone density than the CG. However,
OGP(10-14) peptide promoted a better bone density in
comparison the peptide-free membranes.

3.2.2. Histological analysis

At 1 week, in the CG was observed the presence of
blood clot, fibrous connective tissue and a mild
inflammatory reaction inside of the bone defects
(figures 4(A) and (B)). Moreover, the beginning of
bone healing can be seen on the walls of the bone
defects with an osteoid tissue in the mineralization
process on the cortical bone. In the medullary cavity,
the presence of trabecular bone formation was mainly
observed below of the bone defect.

For both experimental groups, GI and GII, pre-
sence of trabecular bone formation with active osteo-
blasts were observed surrounding large medullary
spaces filled with mesenchymal tissue inside the bone
defects. Furthermore, presence of osteoid was
observed adjacent to the membranes and on the wall
of the bone defects. Additionally, presence of trabe-
cular bone formation can be seen filling almost all the
medullary cavity in the both experimental groups
(figures 4(C)—(J)). A mild inflammatory reaction was
observed associated with BC and BC OGP(10-14)
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Figure 4. Histological photomicrographs of control and membranes groups at 1 week. Inflammatory infiltration (I) and blood clot (C)
inside the bone defect; trabecular bone formation (arrow); active osteoblasts (arrowheads); young bone (O) adjacent to the bone defect
(DO); osteoid matrix (arrows); immature trabecular bone formation within the defect bone (NF), and also observed the presence of
BC membranes (arrows black); hematoxylin—eosin staining (HE), scale bar (100 pm).
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membranes, and a mild to moderate inflammatory
reaction associated with the BC-COL and BC-COL
OGP(10-14) membranes at this period.

At 2 weeks, trabecular bone formation in miner-
alization process (osteoid or immature bone) was
observed inside the bone defect (medullary cavity),
and adjacent to the periosteum promoting external
cortical bone repair, in the CG (figures S2(A) and (B)).
Furthermore, no inflammatory reaction was observed
in all specimens of the CG. For the experimental
groups, GI and GII, an intense bone remodeling was
observed close to the newly formed bone inside the
bone defect and especially in the medullary cavity for
all tested membranes. However, in the GI, this bone
remodeling was higher in the bone defects treated with
BC membranes in comparison with the BC OGP
(10-14) membranes. These findings suggest that the
OGP(10-14) peptide promoted a greater stability in
bone remodeling process, wherein apparently thicker
trabecular bone can be seen for this treated group than
for the BC-membrane group (figures S2(C)—(F)). On
the other side, the BC-COL and BC-COL OGP
(10-14) membranes promoted a better bone healing
with a trabecular bone more thick and supposedly
more mineralized than in the GI membranes (figures
S2(G)—(J)). In addition, GII membranes promoted
similar bone repair, corroborating with bone density
values. The results suggest that collagen promoted a
higher osteoid formation and subsequently miner-
alization process in comparison with BC; moreover,
OGP(10-14) peptide slightly induced a acceleration of
bone mineralization and cortical bone formation at
this period. A mild inflammatory reaction was
observed in all specimens; however, the presence of
macrophages was only observed adjacent to BC
membrane.

After 4 weeks, in the CG, the bone defects were
repaired by a bone in remodeling process compound
by a lamellar and woven bone, wherein collagen fibers
were in a disorganized way with few concentric lamel-
lae around the Haversian canals and the small medul-
lary spaces enclosed in this tissue; interstitial lamellae
were also observed surrounding various blood vessels
and osteons (figures 5(A) and (B)). The medullary cav-
ity was repaired with absence of bone trabeculae.
However, the new-formed bone was thinner than
adjacent bone tissue (figure 5(A)). These findings cor-
roborate with radiographic images wherein showed no
well delimited cortical to the bone defects (figure S1).
For the experimental groups, the images showed simi-
lar histological characteristics to the CG. However the
bone repair was in the advanced stages of mineraliza-
tion, mainly in the OGP(10-14)-containing treated
groups, corroborating with radiographic data. Radio-
graphic images revealed cortical bone was fully
repaired and well-delimited for OGP(10-14)-contain-
ing treated groups (figure S1). Additionally, in the GII,
newly formed bone showed collagen fibers were more
organized way with concentric lamellae around the
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osteons and medullary spaces compared with GI
(figures 5(C)—(J)). For the BC-COL OGP(10-14) trea-
ted group parallel lamellae were observed surrounding
external bone cortical, whose histological character-
istics refers to lamellar bone (figures 5(I) and (J)). The
repaired bones presented similar thickness to the adja-
cent bone tissue instead of the CG. Furthermore, no
inflammatory reaction was observed associated with
the membranes. However, some multinucleated cells
were observed adjacent to the BC-COL membranes
(figures 5(G) and (H)).

At 16 weeks, the bone defects were completely
repaired by lamellar bone in all groups, meanwhile
only in the CG the repaired bone was less thick in rela-
tion to adjacent bone tissue. The membranes were still
observed adjacent to the repaired bone tissues, and no
difference statistic was observed in relation to reab-
sorption among periods (p > 0.05). Furthermore, no
inflammatory infiltrate was observed associated with
the membranes; however, few multinucleated cells
were observed adjacent to the all membranes (figures

S3(C)=().

3.2.3. Histomorphometric analysis

The bone defects were totally closure by woven bone
for BC and BC OGP(10-14) groups at postoperative
day 7 (figure 6). Moreover, both groups showed
statistically superior closure compared with GII and
CG (p = 0.078). At postoperative day 15, the bone
defects were closed with woven bone adjacent to the
periosteum (CG) or to the membranes (GI and GII).
The CG showed greater defect width followed by the
BC-COL and BC-COL OGP(10-14) membranes
treated groups, respectively. After 15 days, all the
defects presented totally closured.

For total repaired area no difference statistic was
measured among the groups for all studied periods,
however slight differences can be observed among
them (figure 7). At 1 week, the BC OGP(10-14) mem-
brane treated group showed a greater area of tissue
repair followed by the BC and BC-COL OGP(10-14)
membrane treated groups. The BC-COL treated
group and control group showed lower area of
repaired tissue at postoperative day 7 (figure 7(A)). At
2 weeks, the BC-COL OGP(10-14) treated group
showed a greater area of tissue repair followed by the
BC OGP(10-14) and BC membrane treated groups. In
addition, the BC-COL treated group and CG showed
still lower area of repaired tissue at 15 days, as at post-
operative 7 day (figure 7(B)). At 4 weeks, BC OGP
(10-14) membrane showed a greater area of tissue
repair followed by the BC-COL OGP(10-14) and BC
treated groups. In relation to the BC-COL membrane
treated group showed a higher area of tissue repair in
comparison with CG only after 4 weeks (figure 7(C)).
At postoperative day 120, both OGP(10-14)-contain-
ing membranes showed a smaller area of repaired tis-
sue similarly to CG. The peptide-free membranes
showed a greater area of tissue repair at this period

10
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Figure 5. Histological photomicrographs of control and membranes groups at 4 weeks. Bone marrow (MO); femoral bone (F); parallel
(green arrow), interstitial (white arrow) and concentric (blue arrow) bone lamellae; repair of bone defect by composite bone (RO);
bone defect (DO); blood vessels (black arrows); immature bone trabeculae (T); immature, unorganized collagen fibers inside the bone
defect (red arrow); membranes (*); hematoxylin—eosin staining (HE), scale bar (100 zzm).
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Figure 6. Defect width (mm) data within 1 week in all groups. “p < 0.05—groups with opening of the defect greater than the BC and
BC OGP(10-14) groups; the ANOVA test followed by Tukey’s test. Data are reported as mean =+ SD.
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(figure 7(D)). Furthermore, comparing all periods of
analysis, the repaired area was gradually reduced for
the experimental and control groups, but no statistical
differences were observed (figure 7).

Regarding the percentage of bone neoformation in
the repaired area, the BC and BC OGP(10-14) treated
groups demonstrated a higher percentage of bone tis-
sue in the repaired area than the control group at 1
week (p = 0.0124) (figure 8(A)). The membranes with

collagen induced a lower percentage of bone neo-
formation in the repaired area in comparison with the
GI group, however no statistical differences were
observed. After 2, 4 and 16 weeks, no statistically sig-
nificant difference was measured among the groups,
although a slight difference can be observed among
treatments (figures 8(B)—(D)). After postoperative day
15, the BC membrane treated group showed a lower
percentage of bone neoformation in comparison with
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CG, differently at 1 week. Moreover, the others mem-
branes promoted a greater percentage of bone neo-
formation in the repaired area in comparison with CG.
The similar results were measured for BC-COL mem-
brane treated group and CG (figure 8(B)). After 16
weeks, all membranes induced a lower percentage of
bone tissue in the repaired area in relation to the CG
(figure 8(D)). Furthermore, the percentage of bone tis-
sue in the repaired area was gradually increased for all
groups during the experiment (figure 8).

In vivo test revealed that all the membranes tested
for GBR, including the peptide-free BC membrane,
promoted better bone regeneration in comparison
with control group in this study. Interestingly, the
peptide-free BC membrane promoted the total closure
of the bone defects by woven bone at postoperative day
7. This effective result might be associated with the
principle of the GBR, meanwhile the BC membrane
acts preventing the invasion of fibrous connective
inside the bone defect. Therefore, these membranes
effectively allowed the maintenance of the bone defect
space during the bone healing process. Moreover, BC
membranes have demonstrated to be a good potential
candidate for bone regeneration. Novaes et al

evaluated BC membranes for treatment of class II fur-
cation lesions in patients, and reported that BC mem-
brane effectively promoted complete
regeneration [41]. Similarly, a clinical study compared
the potential of BC and polytetrafluoroethylene mem-
branes for GTR, and this study revealed that both
membranes were effective in treatment for class II fur-
cation lesions in mandibular molars [12]. Moreover,
one case report clinically and histologically showed
that BC membrane associated with porous hydro-
xyapatite was effective for the full repair of bone defect
associated with a TiAl6V4 implant placed [14].
Additionally, Lee et al [15] demonstrated that BC
membranes had similar and efficient results regarding
new bone formation when compared with collagen
membranes on GBR in rat calvarial defects [15]. Simi-
larly, Lee et al [42] showed that 0.10 mm BC mem-
brane group demonstrated the greatest permeability,
whereas it successfully maintained the defect area
without getting reabsorbed until 8 weeks post-
operative. In addition, BC membranes ultimately pro-
moted the greatest level of new bone volume (mm?)
and new-bone area percentage in comparison with
0.15 mm and 0.20 mm BC membrane groups and the

tissue
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collagen membrane group in rat calvarial defects. In
another approach, Lee et al [43] evaluated the efficacy
of electron beam irradiated BC membranes (EI-
BCMs) in comparison with collagen membranes in
peri-implant dehiscence defects of beagle dogs. The
micro-computed tomography and histometric ana-
lyses showed that EI-BCMs were non-significantly dif-
ferent from collagen membranes in terms of new bone
area, remaining bone substitute volume and bone-to-
implant contact. Overall, these results confirmed the
efficacy of BC membrane as a barrier membrane,
which secures and maintains space for GBR. Thereby,
BC membranes might be used as an alternative bioma-
terial for bone tissue regeneration.

Comparing the membranes tested in this study,
the treated group with the BC-COL OGP(10-14)
membranes showed higher radiographic density than
the other groups in 1, 4 and 16 weeks. Besides that,
for the histomorphometric analyses no difference
among the treated groups were measured. However
this membrane induced higher percentage of bone tis-
sue in the repaired area in 2 and 4 weeks in comparison
to the others membranes. Similarly, the histological
analysis showed that the trabeculae bone present in the
defect area were more thick and seems more miner-
alized for BC-COL OGP(10-14) membranes. These
findings suggested that this membrane induced the
formation of a bone with high quality in the defects
area. Furthermore, the OGP(10-14) peptide pro-
moted a bone tissue formation more mineralized at
the early periods for both BC and BC-COL mem-
branes, regarding the free-peptide membranes.

The BC membranes associated with OGP(10-14)
promoted the total closure of the defects with woven
bone after 7 days. On the other hand, the in vitro tests
showed that this membrane presented an inferior effi-
cacy in comparison to BC-COL OGP(10-14) mem-
brane. These findings suggest that the collagen
incorporation to BC associated with the OGP(10-14)
peptide promoted a synergic effect on the bone regen-
eration. Indeed, the OGP(10-14) peptide stimulate the
proliferation, differentiation, the alkaline phosphatase
activity and matrix associated with OGP(10-14) pep-
tide were previously investigated by Pigossi et al [9].
This study showed a upregulation in Runx2, Bglap,
Alpl, Sppl, Tnfrsfl1b bone biomarkers by BC-HA
OGP(10-14) membranes, suggesting an acceleration
of the osteoblast differentiation/activity with the use
of these biomaterials [9].

Taken together, the BC-COL OGP(10-14) com-
posite demonstrated a better efficacy in the bone
regeneration of the tibial non-critical-defects con-
sidering all methodologies utilized in this study,
nevertheless some contradictory results were found. In
vitro assays, this membrane revealed superior results
in comparison to the other membranes, although in
the in vivo test no major differences were observed
among the treated groups. This finding may be asso-
ciated with a short bioavailability of the peptide in the
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bone defect microenvironment. Therefore, other
methodologies to the peptides incorporation could be
performed in future studies to increase the peptide
availability in the defect for longer periods. In addi-
tion, the BC and BC—-COL membranes efficacy should
be evaluated in critical defects associated or not with
particulate bone filler in future studies to confirm the
potential of these membranes to improving the bone
regeneration on GBR.

In conclusion, biopolymer-based membranes
containing COL and OGP(10-14) peptides promoted
in vitro osteoblast proliferation/activity. In vivo, these
membranes induced a better bone tissue repair mainly
in the early periods than control group and BC mem-
branes. Although, BC membranes increased bone
regeneration in the non-critical bone defects accelerat-
ing the closure of the defect. Thus, the BC-COL OGP
(10-14) membranes might a potential candidate as a
barrier membrane for GBR.
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