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a  b  s  t  r  a  c  t

Despite  advances  in  the  field  of biomaterials  for bone  repair/regeneration,  some  challenges  for  developing
an ideal  bone substitute  need  to be overcome.  Herein,  this  study  synthesized  and  evaluated  in vitro  a
nanocomposite  based  on bacterial  cellulose  (BC),  collagen  (COL),  apatite  (Ap)  and  osteogenic  growth
peptide  (OGP)  or  its  C-terminal  pentapeptide  [OGP(10-14)]  for bone  regeneration  purposes.  The  BC-COL
nanocomposites  were  successfully  obtained  by carbodiimide-mediated  coupling  as  demonstrated  by
spectroscopy  analysis.  SEM,  FTIR  and 31P NMR  analyses  revealed  that in  situ  synthesis  to apatite  was an
effective  route  for obtaining  of  bone-like  apatite.  The  OGP-containing  (BC-COL)-Ap  stimulated  the early
omposite
issue engineering
one regeneration
eptide
iopolymer

development  of the  osteoblastic  phenotype.  Additionally,  the  association  among  collagen,  apatite,  and
OGP  peptides  enhanced  cell  growth  compared  with  OGP-containing  BC-Ap.  Furthermore,  none  of  the
nanocomposites  showed  cytotoxic,  genotoxic  or mutagenic  effects.  These  promising  results  suggest  that
the (BC-COL)-Ap  associated  with  OGP peptides  might  be considered  a potential  candidate  for  bone  tissue

engineering  applications.

. Introduction

Alloplastic materials have achieved great progress for bone
ubstitutes in the development of bioceramics, bioactive glasses
nd polymers [1]. Despite advances in biomaterials synthesis
or bone tissue engineering applications is still investigated a
aterial, which can comprise osteoconductive and osteoinduc-
ive properties. Moreover, these materials should preferably have

 surface structure closer to the natural extracellular matrix (ECM)
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for improving cell/material interactions, besides good mechanical
property in order to promote an effective and predictable bone
repair/regeneration.

Furthermore, the increasing demand for materials from renew-
able and nontoxic sources has motivated extensive studies from
bacterial cellulose (BC) as a promising biopolymer for biomedi-
cal applications as tissue engineering scaffolds [2,3]. Additionally,
the nanofibrillar structure of BC is similar to ECM, which makes
this biopolymer to be further promising for tissue engineering and
regenerative medicine applications.

BC or nanocellulose plays a fundamental role in this scenario
becoming an important biotechnological product for health and
for industry. Nanocellulose obtained from cultures as Gluconace-
tobacter xylinus, Gluconacetobacter hansenii or Gluconacetobacter
kombuchae is free of lignin and hemicelluloses as well as other bio-

genic products. Additionally, BC presents higher molecular weight
and crystallinity than plant cellulose [2]. Nanocellulose synthesized
in static culture results in a three-dimensional structure consisting
of an ultrafine network of cellulose nanofibers differently than plant
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ellulose, in which cellulose fibers are micrometer size. Moreover,
C compared with plant cellulose and other natural resorbable
olymers presents high mechanical properties, which are essen-
ial for barrier membranes and scaffolds in tissue repair [4,5]. BC
as been used as an excellent matrix for synthesis of biomateri-
ls for tissue engineering and regenerative medicine applications
ssociated with hydroxyapatite (HA) or other apatite phases (Ap)
6–11], or associated with organic components of bone extracellu-
ar matrix or other biopolymers and biomolecules such as: collagen
5,12–14], gelatin [11,15], silk fibroin [16] and peptides or growth
actors [17–21].

Bioactive-polymeric materials have demonstrated to be poten-
ial candidates to improve the biological and mechanical properties
n bone tissue engineering, mainly composites based on HA and col-
agen have shown good results of biological/mechanical properties
nd chemical stability [22,23]. Indeed, alloplastic materials con-
aining HA and collagen are bone substitutes of choice due to their
hysicochemical features similar to bone tissue besides them can
e effective and predictable materials in bone repair/regeneration
24,25]. Collagen is the most abundant protein in the ECM and in
he human body, which is a bioactive molecule may  improve the
iological properties of materials stimulating a better regenera-
ion process. In vivo and in vitro studies have shown the key role
f collagen molecules to different composites [26,27]. In addition,
ynthetic biomolecules has been widely used to improve the bioac-
ivity of biomaterials, owing of being easily identified and bound
o specific sites on ECM and hence increasing the cell-material
nteraction [28]. In this context, osteogenic growth peptide (OGP)
nd its C-terminal pentapeptide [OGP(10-14)] were chosen as
iomolecules for improving osteoconductive and osteoinductive
roperties of the synthesized composites. OGP is identical to the
-terminal amino acid sequence of histone H4. This sequence is
hysiologically present in mammalian serum mainly as an OGP-
GP binding proteins (OGPBP) complex [29,30]. The concentration
f serum OGP is increased transiently during a local injury to bone
issue, bone marrow or systemic osteogenic reactions or in the
vent of low doses of exogenous OGP. Thereby, OGP is required for
timulation of bone formation, suggesting a self-regulatory func-
ion for complexes OGPBPs [29,31,32]. The regulatory role of OGP
nd its derivatives, such as the OGP(10-14), is to promote osteo-
enesis and hematopoiesis in proliferation and differentiation of
steoprogenitor cells and hematopoietic progenitor cells. Addition-
lly, these peptides promote bone formation and the increase of
rabecular bone density, and stimulate fracture healing when sys-
emically administered [33–35]. OGP-containing biomaterials have
xhibited an increase of the osteoblast differentiation/activity as a
esult a better bioactivity of these biomaterials and a positive effect
n bone healing [21,36–38].

Hence, this study aimed to synthesize an organic-inorganic
omposite based on collagen covalently bonded to the BC net-
ork and then apatite phase and OGP or OGP(10-14) peptides
ere incorporated to the BC-COL composites conferring upon them

ioactive and osteoinductive properties. Considering our previ-
us studies, the BC-COL composite demonstrated higher levels of
LP activity although has shown a delay in the matrix mineraliza-

ion [14]; moreover, OGP-free BC-HA composite or OGP-containing
C-HA composite showed to be biocompatible and effective for
one regeneration in bone defects of rat tibiae [10] or in critical-
ize mice calvarial defects [21], respectively. Furthermore, OGP
eptides influenced the osteogenic proliferation and favored the
ineralization process, conferring an osteoinductive property to

he BC membrane [18]. Taken together, inorganic phase and OGP

eptides when associated with the BC-COL composite is expected
hese compounds may  promote an earlier osteogenic differentia-
ion. Therefore, osteoinductive potential in early osteogenesis as
ell as cytotoxic, genotoxic and mutagenic effects were evaluated
al Macromolecules 103 (2017) 467–476

on the (BC-COL)-Ap composites associated with OGP and OGP(10-
14) peptides.

2. Experimental

2.1. Synthesis of the (BC-COL)-Ap nanocomposite

BC membranes were obtained from cultures of wild strains
of Gluconacetobacter xylinus, which were cultivated in culture
medium contianing 2 wt% glucose, 0.5 wt% peptone, 0.5 wt%  yeast
extract, 0.27 wt% disodium hydrogen phosphate, and 0.115 wt% cit-
ric acid for 120 h at 28 ◦C in static culture. BC pellicles were formed
at the air/liquid interface and then were harvested, and purified by
immersion in a 2 wt% NaOH solution at 80 ◦C for 1 h; subsequently
the pellicles were immersed in a 1 wt%  NaClO solution for 30 min.
These pellicles were then washed with deionized water and steril-
ized (120 ◦C for 15 min). Highly hydrated BC membranes were cut
into a standard size: 25 mm in diameter and 5-mm thick. BC sam-
ples were prepared for mechanical testing wherein these samples
were dried at 50 ◦C and sterilized by gamma  radiation (25 kGy).

The synthesis of the BC-COL composites was performed using
carbodiimide coupling to bind collagen to the glycine-modified BC
following the methodology previously proposed by Saska et al. [14].
First, the BC was  modified by glycine (Gly) esterification to the free
hydroxyl groups, through a solid-phase synthesis strategy employ-
ing Fmoc-based chemistry (9-fluorenylmethyloxycarbonyl, Fmoc).
The esterification reaction was performed using a solution con-
taining 0.7 mol  L−1 Fmoc-Gly, 0.1 mol  L−1 1,1′-cabonyldiimidazole
(CDI) (Sigma

®
), 0.02 mol  L−1 N-methylimidazole (NMI) (Fluka

®
)

in dimethylformamide (DMF) (Synth
®

) under shaking at room
temperature (RT) for 2 h. Quantitative analysis by ultraviolet-
visible spectroscopy (UV/VIS, SHIMADZU UV-1601PC; detection at
290 nm)  was  used to determine the incorporation degree of Fmoc-
Gly to the OH groups of BC after deprotection of Fmoc groups using
a soultion of 20% piperidine in DMF  (v/v).

Gly-modified BC samples were soaked into 4 mmol  L−1 colla-
gen aqueous solution (type I collagen from rat tail tendon, Sigma

®
)

to carbodiimide-mediated coupling wherein 5 mmol L−1 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (Novabiochem

®
) were

added to collagen solution at 4 ◦C. The samples were rinsed with
deionized water under vacuum to remove excess reagents.

Apatite incorporation into the BC-COL composites was per-
formed by in situ precipitation. The BC-COL samples were
separately immersed into 0.05 mol  L−1 CaCl2 solution and then into
0.1 mol  L−1 Na2HPO4 solution at RT for 24 h each immersion [10].
The (BC-COL)-Ap samples were dried at 37 ◦C for obtaining of the
membrane-shaped (BC-COL)-Ap nanocomposites and then steril-
ized by gamma  radiation (25 kGy).

2.2. Incorporation of peptides into samples

OGP (H2N-ALKRQGRTLYGFGG-OH) and OGP(10-14) (H2N-
YGFGG-OH) peptides were synthesized manually by the solid-
phase method (synthesis and characterization of both peptides are
described in Supplemental Material).

Incorporation of the peptides was performed by adsorption
into the (BC-COL)-Ap nanocomposites and control samples (BC-Ap
nanocomposite) for in vitro assays. BC-Ap nanocomposites were
prepared in accordance with previous methodology described by
Saska et al. [10]. The peptide concentration to be incorporated

the samples was  determined from the values obtained in the OGP
peptide release (data not shown). Thereby, the (BC-COL)-Ap and
BC-Ap nanocomposites of 13 mm in diameter and 5-mm thick were
immersed in 5 mL  10−8 mol  L−1 peptide solution, OGP or OGP(10-
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4), for 72 h at 10 ◦C. Afterwards, each sample was dried at 37 ◦C
nd then sterilized by gamma  radiation (25 kGy).

.3. (BC-COL)-Ap nanocomposite characterizations

Scanning electron microscopy (SEM) images were obtained with
 Philips XL 30 scanning electron microscope. The samples were
putter-coated with a 1-nm thick gold layer for 60 s (3 kV and
.5 �A). The morphology of the samples was observed at an accel-
rating voltage of 5 kV. Fourier transform infrared (FTIR) spectra
ere obtained from dried powdered samples on a Perkin Elmer

pectrum 2000 Fourier transform infrared spectrophotometer. Pel-
ets were prepared from mixtures of the samples and KBr (1:100
n weight). Thirty-two scans were accumulated at a resolution of

 cm−1. 31P Nuclear Magnetic Resonance (31P NMR) solid state
xperiments were measured at 121.5 MHz  on a Varian Unit INOVA
00 spectrometer using a 7 mm CP-MAS-NMR probe at a spinning
peed of 6 kHz at room temperature. 90◦ pulses of 7 �s length
nd recycle delays of 200 s were used. The spinning frequency
magic-angle sample spinning (MAS)] was 6 kHz. Chemical shifts
re reported relative to 85% H3PO4. Signal deconvolutions into
aussian components were done using the DMFIT software pack-
ge [39]. Thermogravimetric (TG) curves of the dried samples were
ecorded using a TA SDT 2960 from TA Instruments Co. Samples
ere heated in open �-alumina pans from 25◦ to 600 ◦C under a
itrogen atmosphere (flow rate: 70 mL  min−1) at a heating rate
f 10 ◦C min−1. Mechanical properties, including tensile strength,
lastic modulus and strain at failure of BC, BC�,  (BC-COL)-Ap and
BC-COL)-Ap� membranes were carried out on a MTS-810 testing

achine (Material Test System − MTS  810; MTS  System Corpora-
ion) equipped with Test Star II software, a 10-kN load cell and a

ensile force applied at an extension rate of 0.5 mm min−1. The BC
nd (BC-COL)-Ap membranes with thicknesses in the range of 40-
m and 160-�m,  respectively were cut into regular rectangular

hapes with an inner width of 7.50 mm.  At least five specimens

ig. 1. SEM surface images of the BC membrane (A) and of the (BC-COL)-Ap nanocompo
urface  images of the (BC-COL)-Ap OGP(10-14) nanocomposite (E, F).
al Macromolecules 103 (2017) 467–476 469

were tested for each condition. Before the measurement, each
sample was immersed in simulated body fluid for 10 min  at RT.
After 10 min, the samples were laid on filter paper for remove
excess superficial water before carrying out the mechanical test-
ing. Tensile strength was determined as the maximum point of the
force-strain curve.

The (BC-COL)-Ap and (BC-COL)-Ap OGP(10-14) samples were
used before or after sterilization by gamma  radiation (�), whereas
the type of peptide molecule does not interfere in the characteri-
zation techniques performed in this work.

2.4. Cell culture experiments

In vitro assays methodologies are described in Supplementary
Material.

2.5. Statistical analysis

Shapiro-Wilk test was  used to assess the normality of the data
and Levene’s test for homogeneity. In view of the results, paramet-
ric tests were utilized. Analysis of variance (ANOVA) followed by
Tukey’s test. Statistica 8.0 software was used to perform the tests.
Differences were considered statistically significant when p < 0.05.
Data from treated groups of cytotoxicity, genotoxicity and muta-
genicity assays were compared with the negative control of their
experiments. The experimental results are expressed as mean and
standard error. All assays were performed in duplicate.

3. Results and discussion

3.1. Physicochemical and mechanical properties of the

(BC-COL)-Ap nanocomposites

Fig. 1 shows SEM images of the BC membrane and of the (BC-
COL)-Ap and (BC-COL)-Ap OGP(10-14) nanocomposites. Fig. 1A

site (B, C); SEM cross-section images of the (BC-COL)-Ap nanocomposite (D); SEM
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ig. 2. FTIR spectra (A): BC membrane (a), BC-COL composite (b) and (BC-COL)-Ap co
f the BC spectrum (a) attributed to the amide I band (C O stretching of proteins – da
p  bands correspond to PO4

3− and CO3
2− ions (arrows) at spectrum (c).

hows a well-organized three-dimensional (3D) structure of the BC
embrane. SEM image of the (BC-COL)-Ap nanocomposite shows

he surface homogeneously covered by Ap nanocrystals (Fig. 1B, C).
p nanocrystals were uniformly precipitated on the BC-COL com-
osite as spherical agglomerates (Fig. 1B). Higher magnifications
evealed that the spherical particles were composed of discrete
rystallites with a needle-like or plate-like morphology (Fig. 1C),
haracteristic of the octacalcium phosphate phase (OCP) [6,40]
ven though these crystallites showed a more rounded shape than

 pure crystal of OCP. These morphological aspects showed the
patite crystals providing secondary nucleation sites for additional
patite formation [6]. The reduction of crystal size might be owing
o the substitution of PO4

3− ions by CO3
2− ions, resulting in the

hange of crystal morphology. Indeed, the type B substitution of
O3

2− (carbonate apatite) results in a decrease in the crystal size, by
ore than one order of magnitude, and in a morphological change

rom needle-like to rods and then to equiaxial crystals (spheroids)
41]. This morphology corroborated to HA-crystals morphology
bserved inside composite, which presented in globular shape, sim-
lar to the crystals of calcium-deficient hydroxyapatite (CDHA) or
arbonate apatite (Fig. 1D).

Furthermore, the presence of peptides may  stimulate nucle-
tion and growth of nanocrystalline inorganic phase similar to
one apatite and carbonate apatite in the shape of elongated
late-like [42]. Therefore, the presence of collagen and peptides

nduced the formation of HA crystals with morphology simi-
ar to carbonate apatite. SEM image obtained from (BC-COL)-Ap
GP(10-14) nanocomposite (Fig. 1E, F) shows the peptide incorpo-

ation changed the surface morphology promoting the formation
f agglomerates of small apatite crystals, such as plate-like and
od-like crystallites (Fig. 1F). Moreover, the observed morphol-
gy to apatite was quite similar to the apatite crystals found in
uman woven bone [43]. Thereby, the (BC-COL)-Ap nanocomposite

mmersed into peptide solution induced the formation of plate-like
nd rod-like crystallites whereas these morphologies are corre-
ponding to CDHA or carbonate apatite phases.

Typical IR bands to cellulose were observed (Fig. 2A): OH
tretching at 3450 cm−1, CH stretching for the alkanes and CH2
symmetric stretching at ∼2900 cm−1, CH2 symmetric stretching at
700 cm−1, H O H bending of adsorbed water at 1640 cm−1, CH
2
eformation at 1432 cm−1, CH3 deformation at ∼1370 cm−1, OH
eformation at ∼1332 cm−1 [10]. At the region around 3450 cm−1

as observed an intense band in all IR spectra, but this band was
ite (c). FTIR spectra (B): spectra around 1800–400 cm−1 show the band at 1640 cm−1

line) comparing to the red shift at 1654 cm−1 (b) and at 1658 cm−1 (c); characteristic

less intense in the BC-COL and (BC-COL)-Ap samples, respectively.
The decrease in the intensity of this band and the red shift (19 cm−1)
observed to the BC-COL suggests the amino acid Gly was bonded
to the OH groups of BC by hydrogen bonding. Moreover, this result
suggets that the collagen was bonded to the free OH groups of the
Gly-modified BC by carbodiimide-mediated coupling. A red shift
of 55 cm−1 in comparison with BC and of 32 cm−1 in comparison
with the BC-COL composite was also observed. The decrease in the
intensity and the red shift suggested presence of the apatite crystals
interacted with OH groups from the BC or collagen. In addition, the
red shift observed at the band attributed to intramolecular hydro-
gen bonding (∼3500 cm−1) confirmed strong interaction between
the OH group and apatite.

The spectral region attributed to the amide I protein band was
observed as an overlapped with the adsorbed water band (H O H
bending) at 1640 cm−1. The bonded collagen to BC was attributed
to the shifting of the band at 1640 cm−1–1654 cm−1 (Fig. 2B). Addi-
tionally, in the BC-COL and (BC-COL)-Ap spectra a weak band was
observed at 1658 cm−1.

Typical IR bands to PO4
3− ions stretching associated with apatite

phases were observed at 1093, 1024, 560–600 cm−1 [6,44]. The
962 cm−1 band showed as a shoulder of the stronger band at the
1024 cm−1. The weak bands at 1412 and 855 cm−1 were attributed
to stretching of CO3

2− ions (Fig. 2B). The presence of the strong
bands of PO4

3− at 605 and 567 cm−1 suggested the precursor phase
of HA was  the OCP phase [45]. The (BC-COL)-Ap spectrum showed
broader bands suggesting the presence of HA crystals of low crys-
tallinity, in agreement with SEM and 31P NMR  data. Therefore,
FTIR analysis suggested the formation of bone-like apatite on BC
nanofibers.

31P NMR  results obtained from BC-Ap and (BC-COL)-Ap compos-
ites elucidated the apatite phases precipitated into the composites.
Fig. 3A shows 31P NMR  spectra measured from the BC-Ap and (BC-
COL)-Ap samples. Fig. 3B shows the corresponding deconvolutions
procedure. The deconvolution from spectrum BC-Ap spectrum sug-
gested the contribution of three different phophate groups (Fig. 3B).
The peak at 3.2 ppm can be attributed the crystalline phase of CDHA
[46,47]; moreover, the CDHA phase can be related to an apatite
phase present in transition of OCP to HA phase [46]. Whereas HA
and OCP have similarity structural suggesting the hypothesis of OCP

to be a precusor phase as biological apatite [48] as synthetic HA
[49]. Legeros [50] related the change of phases, amorphous cal-
cium phosphate (ACP), dicalcium phosphate dihydrate (DCPD –
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ation is an adequate treatment for sterilization.
Mechanical properties, such as tensile strength (�), elastic mod-

ulus (E), and strain at failure (�), are summarized in Table 2. The

Table 1
Decomposition temperatures (Tonset) of the BC membrane and of the (BC-COL)-Ap
and  (BC-COL)-Ap OGP(10-14) nanocomposites before or after the process of steril-
ization by gamma  radiation.

Tonset (◦C)
ig. 3. A: Solid-sate 31P MAS  NMR  spectra of the BC-Ap (a) and (BC-COL)-Ap (b) c
urple line: 2.9 ppm; blue line: 3.2 ppm; (BC-COL)-Ap (b): green line: 2.7 ppm; pur
eader  is referred to the web  version of this article.)

rushite), dicalcium phosphate (DCP – monetite) or OCP to HA in
olutions contanining Ca2+ ions or only Pi, resulting in the forma-
ion of CDHA with HPO4

2− ions incorporation. Hence, in the present
tudy, Na2HPO4 solution used to apatite precipitation was  able to
upply HPO4

2− ions during this process and to afford the formation
f CDHA phase. Indeed, the results demonstrated that CDHA phase
as predominant (77%) in the BC-Ap composite. Furthermore, the
eak at 2.9 ppm can be attributed to the presence of carbonate ions
haracterizing a phase of impure apatite, type-B carbonate apatite
42,47,51] wherein might result in a 31P chemical shift compared
ith HA. Thereby, the peak observed at 2.9 ppm was attributed to

arbonate apatite and the peak at 2.7 ppm was attributed to HA
rystalline phase [51].

Fig. 3B shows a broad and asymmetric peak at 2.8 ppm to (BC-
OL)-Ap. Deconvolution process has lead to the contribution of
wo different phophate groups. The broad peak at 2.9 ppm can
e attributed to carbonate apatite [42,47,51]. The sharp peak at
.7 ppm can be attributed to HA crystalline phase [51]. Overall,
hese results demonstrated that two-apatite phase precipitation in
he (BC-COL)-Ap nanocomposite, carbonate apatite (84%) and HA
rystalline (16%) distributed on BC fibers and collagen.

The CO3
2− substitution at the PO4

3− site in HA crystals is com-
only observed for preparations in aqueous systems [42]. The

ubstitution of PO4
3− ions by CO3

2− ions in the type-B carbonate
patite can influence simultaneously the presence of other cations,
s substitution of Ca2+ ions by Na+ ions. These substitutions might
ccur by direct precipitation or by hydrolysis of ACP, brushite, mon-
tite or OCP in a solution containing carbonate. This feature also
romote decrease in crystal size, change in crystal morphology,
igher solubility and decrease in the Ca/P molar ratio [50]. In addi-
ion, the presence of collagen in the composites might afford the
arbonate-apatite formation, whereas the amino acids have shown
o promote the change of OCP to HA [52] or to afford the inorganic-
hase precipitation, due to interactions between amino acids with
he cationic or anionic components present on the mineral surface

31
53]. The data P NMR  to this composite corroborated to the results
bserved in the SEM and FTIR data.

Thermogravimetric analysis was performed to estimate the
hermal stability and degradation profiles the BC, (BC-COL)-Ap
site; B: corresponding deconvolutions to spectra, BC-Ap (a): green line: 2.7 ppm;
e: 2.9 ppm. (For interpretation of the references to colour in this figure legend, the

and (BC-COL)-Ap OGP(10-14) samples before and after steriliza-
tion by gamma  radiation (�). In general, all samples showed an
initial smooth loss in weight from a 25 up to 250 ◦C (8 up to 10%)
due to water and solvent loss [44]. An important weight loss was
observed at around 267 ◦C up to 308 ◦C (decomposition tempera-
ture: Tonset), as shown in Table 1. This event could be associated
with cellulose degradation including depolymerization, dehydra-
tion and decomposition of glucosyl units followed by the formation
of a charred residue [44], which correspond to around 23% of the
carbonaceous residue at 600 ◦C of the BC samples (Fig. 1S). More-
over, Tonset observed in the TG curves revealed that the thermal
stability of BC slightly increased following the gamma radiation
(Tonset: BC = 289 ◦C; BC� = 308 ◦C). Compared with the BC mem-
brane Tonset, the collagen and apatite incorporation promoted a
slight increase in the thermal stability of the composites before
sterilization (Tonset: (BC-COL)-Ap = 302 ◦C; (BC-COL)-Ap OGP(10-
14) = 303 ◦C). This increase in the thermal stability might be related
to formation of hydrogen bonding due to apatite precipitation [54]
or by structural changes related to collagen incorporation into the
BC as observed in the XRD results (Fig. 2S). These compounds
might also hinder the gas permeation by formation of a barrier.
In addition, the Tonset values to the (BC-COL)-Ap and (BC-COL)-
Ap OGP(10-14) composites were similar even after sterilization
(Table 1). Furthermore, the thermal stability of the composites did
not change by gamma  radiation. Thus, indicating that gamma  radi-
Samples before sterilization after sterilization

BC 289 308
(BC-COL)-Ap 302 300
(BC-COL)-Ap OGP(10-14) 303 300
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Table 2
Mechanical properties of the BC and (BC-COL)-Ap membranes (before and after ster-
ilization by gamma  radiation). The values represent mean ± error standard, where
n  = 5.

Sample � (MPa) � (%) E (GPa)

BC 95.1 ± 4.6 11.8 ± 0.5 0.9 ± 0.03
BC�  83.5 ± 6.0 7.8 ± 0.8 1.13 ± 0.1

r
t
i
B
f
t
g
a
B
a
a

t
b
o
e

were observed in this in vitro study, wherein the (BC-COL)-Ap

F
fl
c
a
i

(BC-COL)-Ap 57.7 ± 1.8 21.6 ± 2.6 0.27 ± 0.03
(BC-COL)-Ap� 45.0 ± 4.0 10.8 ± 1.7 0.45 ± 0.07

esults revealed that the collagen and apatite incorporation into
he BC network increased the strain at failure, despite the decrease
n tensile strength and elastic modulus when compared with the
C membranes. Although gamma  radiation decreased the strain at

ailure in both samples, the (BC-COL)-Ap� showed a higher value
o strain at failure than the BC�.  However, the decrease in the elon-
ation observed in the samples might be related to the BC network,
nd not in relation to the collagen or apatite incorporation to the
C. In the BC� can be observed a decrease of 66% compared with BC,
nd this pattern was also maintained to the (BC-COL)-Ap� showing

 decrease in 50% (Table 2).
These results suggest that the collagen and inorganic phase in

he BC network promoted a better flexibility than in BC mem-

ranes even after sterilization. This factor can favor the handling
f these membranes in surgical applications. The mechanical prop-
rties of the (BC-COL)-Ap nanocomposites were greatly higher than

ig. 4. Epifluorescence of osteoblastic cells cultured on BC-Ap (A, D, G) BC-Ap OGP (B, 

uorescence (Alexa Fluor 488-conjugated phalloidin) reveals actin cytoskeleton. At day 1, 

ell  roundish morphology, while those ones grown on BC-Ap OGP(10-14) showed a spre
ll  membranes (D-F). At day 7, a moderately greater cell population was noticed on BC
nterpretation of the references to colour in this figure legend, the reader is referred to th
al Macromolecules 103 (2017) 467–476

other composites based on collagen and HA [24,27]. Moreover,
commercial collagen membranes have also shown low values for
tensile strength and elastic modulus when compared with the
mechanical properties of the (BC-COL)-Ap nanocomposite [55].
Therefore, BC was  an excellent template for the incorporation of
collagen and apatite, considering that lower collagen amount of
this composite than commercial membranes and other composites
[24,27,55]. In addition, these results revealed that the (BC-COL)-
Ap nanocomposite represented a great advance in relation to
mechanical properties, when collagen and apatite are used to the
preparation of the membranes.

3.2. In vitro assays

The cytotoxicity, genotoxicity and mutagenic results are shown
in Supplementary Material.

3.2.1. Evaluation of cell morphology, of cell viability/proliferation,
total protein content and ALP activity

Clinical success for application of drug delivery systems is
related to some features such as optimal-therapeutic dose and a
good specific carrier to a determined drug. Indeed, these features
nanocomposites demonstrated to be good carriers for OGP pep-
tides. Additionally, the optimal concentration for both peptides,
OGP and OGP(10-14) is 10−9 mol  L−1 to in vitro studies [29,56].

E, H), and BC-Ap OGP(10-14) (C, F, I) at 1 (A-C), 3 (D–F), and 7 (G-I) days. Green
the cells cultured on BC-Ap, BC-Ap OGP were adhered and exhibited predominantly
ad morphology (Compare C to A and B). At day 3, cell spreading was observed for
-Ap OGP and BC-Ap OGP(10-14) (compare B and C to A). Bar: A–F = 100 �m. (For
e web version of this article.)
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erein, the incorporated therapeutic dose to the samples of
0−8 mol  L−1 was efficient for inducing in vitro early development
f osteoblastic phenotype, considering that the released peptide
oncentration was around 10−9 mol  L−1 (data not shown).

BC membrane has several features that make it a suit-
ble alternative for guided bone regeneration (GBR) procedures
4,5]. Nevertheless, BC association with other bioactive materials

ay  improve its mechanical and biological properties [8,10,14].
hereby, morphological analysis showed all membranes promoted
ell adhesion, as shown by epifluorescence (Figs. 4 and 5). At
ay 1, cells grown on BC-Ap and BC-Ap OGP were adhered and
howed predominantly roundish cell morphology, whereas cells
ultured on BC-Ap OGP(10-14) or (BC-COL)-Ap with or without
eptides exhibited a fusiform morphology (compare Figs. 4A–B
o C and 5A–C). At day 3, cells grown on all membranes showed

 well-spread morphology (Figs. 4D–F and 5D–F). Cell adhesion
nd spreading represents the first step of cell/material interactions
nd the features of this initial phase can influence the ability of
ells to proliferate and to differentiate on the material surface [57].
oreover, initial cell adhesion to the membrane may  contribute

o clot formation and wound stabilization, which is essential for
BR outcomes [58]. However, cells grown on BC-Ap, BC-Ap OGP

nd BC-Ap OGP(10-14) membranes showed a delay in cell adhe-
ion and spreading in relation to the membranes of the Group II
(BC-COL)-Ap].

ig. 5. Epifluorescence of osteoblastic cells cultured on (BC-COL)-Ap (A, D, G), (BC-COL)-A
ays.  Green fluorescence (Alexa Fluor 488-conjugated phalloidin) reveals actin cytoskele
A-C).  At day 3, cell spreading was clearly noticed for all membranes (D–F). At day 7, a red
n  other membranes showed areas of cell multilayering (compare G to H and I). Bar: A–F
eader  is referred to the web  version of this article.)
al Macromolecules 103 (2017) 467–476 473

At day 7, BC-Ap and (BC-COL)-Ap showed a similar number of
cells (compare Figs. 4G to 5G). In addition, the presence of OGP
and OGP(10-14) peptides resulted in a large cell population, par-
ticularly on (BC-COL)-Ap, wherein cultured cells exhibited areas
of cell multilayering (compare Figs. 4H–I to 5H–I). Overall, these
results indicated that the collagen and apatite incorporation asso-
ciated with OGP to the BC enhance cell growth at early time points,
which is fundamental step for tissue regeneration [57].

Cell viability/proliferation were affected by composition of
membranes at day 10 as follows: (BC-COL)-Ap = (BC-COL)-Ap
OGP = BC-Ap > (BC-COL)-Ap OGP(10-14) > BC-Ap OGP (10-14) > BC-
Ap OGP (p < 0.001). At day 14, great levels of cell viabil-
ity/proliferation were observed for cultures grown on BC-Ap OGP,
(BC-COL)-Ap, and (BC-COL)-Ap OGP(10-14) when compared with
other membranes (p < 0.001; Fig. 6A).

At day 14, total protein content was higher for cells cultures on
BC-Ap and (BC-COL)-Ap OGP than (BC-COL)-Ap and BC-Ap OGP(10-
14) (p < 0.001). High values of total protein content were also
noticed for cultures grown on BC-Ap OGP than BC-Ap OGP(10-14)
(p < 0.001; Fig. 6B). No differences were observed for all membranes
at day 17 (p > 0.05; Fig. 6B).

ALP activity was  used as a marker for early osteoblastic cell

differentiation, once its expression only takes place at the end
of proliferative phase [59]. Moreover, ALP provides the inorganic
phosphate (Pi) needed for matrix mineralization, and addition-

p OGP (B, E, H), and (BC-COL)-Ap OGP(10-14) (C, F, I) at 1 (A-C), 3 (D-F) and 7 (G-I)
ton. At day 1, cells were adhered and exhibited fusiform shape on all membranes
uced number of cells was observed for cultures grown on (BC-COL)-Ap, while cells

 = 100 �m.  (For interpretation of the references to colour in this figure legend, the
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Fig. 6. Osteoblastic cells cultured on BC-Ap and (BC-COL)-Ap associated or not with
osteogenic peptides. Cell viability/proliferation (A) was expressed as absorbance at
days  10 and 14. Total protein content (B) was expressed as micrograms of protein
per  milliliter at days 14 and 17. ALP activity (C) was  expressed as micromolar of
thymolphthalein per hour per milligram of protein at days 14 and 17. Different
l
e

a
p
h
A
(
r
b
A
O
w
F

s
r

etters indicate statistical significance for comparisons among the membranes in
ach experimental times (p < 0.05). Data are reported as mean ± SD.

lly acts as a signal for expression of important non-collagenous
roteins, as osteopontin [60,61]. At day 14, ALP activity was
igher for cells cultured on (BC-COL)-Ap OGP and (BC-COL)-
p OGP(10-14) than BC-Ap associated or not with peptides

p < 0.001). At day 14, OGP and OGP(10-14) peptides incorpo-
ated into the (BC-COL)-Ap did not show statistical difference
etween them, although a tendency towards higher values of
LP activity was noticed for cultures grown on (BC-COL)-Ap
GP (Fig. 6C). At day 17, however, higher values of ALP activity
ere noticed for cultures grown on (BC-COL)-Ap OGP (p < 0.001;
ig. 6C).
Advances in material engineering have considered the synthe-

is of materials able to carry molecules controlling the cellular
esponse and new-tissue development [62]. Several peptides and
al Macromolecules 103 (2017) 467–476

proteins implicated in cell signaling have a biological activity that
makes them suitable for therapeutic purposes. These synthetic
molecules include both growth factors and peptides which mimic
whole proteins [63].

In this work, the incorporation of OGP and OGP(10-14) pep-
tides to composites increase cell proliferation at initial time points,
especially for cultures grown (BC-COL)-Ap associated with the OGP
peptide, as revealed by epifluorescence. Moore et al. [64] also
noticed an increase in cell proliferation of MC3T3-E1 cells exposed
to the OGP compared with the OGP(10-14).

OGP and OGP(10-14) peptides when systemically administered
by daily therapeutic doses display the property of accelerating
the bone defects and fractures repair process. In addition, these
peptides provide a faster transition from immature bone to lamel-
lar with higher trabecular bone mass into repaired bone defects
[29,33,34,65]. Nevertheless, few studies have been developed
about drug delivery systems using OGP and OGP(10-14) peptides
[18,21,36–38,66]. Shuqiang et al. [36] revealed that OGP-containing
PLGA scaffolds were more effective than OGP-free scaffolds for bone
repair even though the control group animals (OGP-free scaffolds)
have daily received OGP by via systemic. These findings showed
that local effect of the peptide was  more effective than by systemic
administration. Otherwise, OGP-containing different biomaterials
such as, BC-HA membranes [21], poly(ester urea)-based scaffolds
[37,66] and alginate hydrogel [38] have demonstrated effective
results for applications in bone regeneration. The OGP-containing
BC-HA membranes induced bone neoformation in critical-size cal-
varial defects mainly in early stages of bone regeneration in mice
[21]. In subcutaneous rat model, the OGP-functionalized poly(ester
urea) scaffolds exhibited a significant tissue-scaffold integration
and enhanced proliferative activity, besides promoting both osteo-
genesis and angiogenesis effects [37,66]. Furthermore, injectable
OGP–alginate hydrogels laden with human mesenchymal stem
cells (hMSCs) induced an ectopic effect with cell proliferation and
mineralization an endogenous extracellular matrix [38].

Additionally, OGP peptide associated with BC membranes
showed a higher osteogenic cell proliferation in relation to OGP(10-
14) on primary osteogenic cell cultures, wherein OGP peptide
induced the mineralization process conferring an osteoinductive
property to the BC membrane [18].

An increase in ALP activity has been reported in osteoblastic and
marrow stromal cell cultures exposed to OGP and OGP(10-14) pep-
tides [67,68]. Herein, cell viability/proliferation on cultures grown
in the presence of both peptides were reduced in the Group II, and
a higher protein deposition and ALP activity were noticed for same
membranes groups compared with BC-Ap, at later times of cul-
ture. Indeed, the inverse relationship between cell proliferation and
the process of cell differentiation is well known for osteoblastic
lineage [59,67]. Despite of recognized effects of the OGP peptide
on osteoblastic cells, a few works have been evaluated the in vivo
effects of OGP incorporate to scaffolds/membranes [21,36–38,66].

In addition, the BC-Ap nanocomposites promoted a delay in the
cell adhesion, spreading and proliferation. The results showed that
the collagen improved biological properties of the composites pro-
moting the osteoblastic differentiation, mainly in the presence of
the peptides. Indeed, nanocomposites associated with OGP were
able to induce the early development of osteoblastic phenotype.
Additionally, the inorganic phase incorporated into (BC-COL)-Ap
(carbonate apatite) induced a better response to osteoblastic dif-
ferentiation, i.e.,  a better response of ALP enzyme than BC-Ap
nanocomposites. Thus, (BC-COL)-Ap nanocomposite might be a
potential carrier for OGP peptide. Further, in vivo studies should

be carried out to confirm whether the (BC-COL)-Ap OGP nanocom-
posite would be able to induce and improve the bone neoformation
in GBR.
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. Conclusions

The composite based on BC, type I collagen and carbon-
te apatite demonstrated in vitro bioactivity and osteoinductive
roperties associated with OGP or its C-terminal pentapeptide
GP(10-14). The physicochemical characterizations revealed that

n situ apatite synthesis at room temperature was an effective
oute for obtaining of these nanocomposites, suggesting the for-
ation of bone-like apatite. In addition, composites exhibited a

omogeneous nanostructure regarding the collagen and apatite
ncorporation. Moreover, gamma  radiation was suitable method
or sterilization of the materials, whereas this protocol maintained
he thermal stability of the composites. These composites did not
xhibit cytotoxicity, genotoxicity or mutagenicity effects. Further-
ore, in vitro assays showed that the synergism between collagen

nd apatite associated with peptides (OGP or OGP(10-14)) induced
ell growth at early time points regarding the BC-Ap nanocompos-
te. OGP peptide was capable to induce the early development of
steoblastic phenotype. These promising results suggest that the
BC-COL)-Ap associated with OGP peptides might be considered a
otential candidate for bone tissue engineering applications.
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