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Abstract: This study evaluated physical–chemical characteristics

of a vacuumed collagen-impregnated bioglass (BG) scaffolds

and bone marrow stromal cells (BMSCs) behavior on those com-

posites. scanning electron microscope and energy dispersive x-

ray spectroscope demonstrated collagen (Col) was successfully

introduced into BG. Vacuum impregnation system has showed

efficiency for Col impregnation in BG scaffolds (approximately

20 wt %). Furthermore, mass weight decreasing and more stabi-

lized pH were observed over time for BG/Col upon incubation in

phosphate buffered saline compared to plain BG under same

conditions. Calcium evaluation (Ca assay) demonstrated higher

calcium uptake for BG/Col samples compared to BG. In addition,

BG samples presented hydroxyapatite crystals formation on its

surface after 14 days in simulated body fluid solution, and signs

of initial degradation were observed for BG and BG/Col after 21

days. Fourier transform infrared spectroscopy spectra for both

groups indicated peaks for hydroxyapatite formation. Finally, a

significant increase of BMSCs viability for both composites was

observed compared to control group, but no increase of osteo-

genic differentiation-related gene expressions were found. In

summary, BG/Col scaffolds have improved degradation, pH equi-

librium and Ca mineralization over time, accompanied by

hydroxyapatite formation. Moreover, both BG and BG/Col scaf-

folds were biocompatible and noncytotoxic, promoting a higher

cell viability compared to control. Future investigations should

focus on additional molecular and in vivo studies in order to

evaluate biomaterial performance for bone tissue engineering

applications. VC 2018 Wiley Periodicals, Inc. J Biomed Mater Res Part B:

Appl Biomater 00B: 000–000, 2018.
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INTRODUCTION

Nowadays many materials have been developed with the
aim of stimulating bone metabolism and accelerating the
process of bone healing. In addition, the use of composite
materials for bone tissue engineering is of great interest
due to the combination of different biological properties,
resulting in a bone graft with improved osteogenic proper-
ties.1 Especially, the association of an inorganic filler with
an organic one can mimic bone tissue and constitute a more
adequate bone graft.1

One of the most promising inorganic materials for bone
regenerative therapies is the Bioglass 45S5 (BG), which
presents excellent osteogenic properties and high levels of
bioactivity.2–4 BG is a synthetic silica-based bioactive mate-
rial, able to bond bone tissue, forming a silica gel layer,

which attracts bone cells and increase deposition of newly
bone tissue.2 Similarly, collagen (Col) is a common matrix
used for bone grafts, especially combined with other materi-
als.5 Col is the most abundant protein of human body and a
predominant extracellular matrix (ECM) component.6 It is
biocompatible, has a high affinity to water, controllable
biodegradation, hemostatic properties, low inflammatory
host response, being a very useful material in biomedical
applications.5,7,8

In this context, Col and BG composite scaffolds resem-
bling the organic and inorganic bone ECM composition have
been extensively investigated for bone tissue engineering
purposes.9,10 Many authors demonstrated an increased bio-
logical performance of BG/Col composites on the accelera-
tion of bone formation and restauration.9–11 An ectopic
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in vivo mineralization was observed in the subcutaneous tis-
sue of rats when was applicated an injectable BG/Col
composite, determining its osteoinductive properties and
potential to be a novel therapeutic approach for bone tis-
sue engineering.12 However, BG/Col osteoconductive prop-
erties may not be sufficient to achieve complete defect
filling under critical conditions, like poorly vascularized
sites and (elderly) patients with metabolic disorders. Con-
sequently, osteopromotive or osteoinductive factors intro-
duction to BG/Col is necessary to improve their biological
performance.

Toward this goals, biomaterials and cell therapy [mainly
bone marrow stromal cells [BMSCs]) present synergistic
combination to optimally yield functional bone tissue for
implantation purposes.13–15 Different cell types have been
used for bone tissue engineering from primary adult osteo-
blasts (bone cells) to BMSCs in different animal mod-
els.13,15,16 Despite a few positive results, findings are still
controversial and there is poor predictive capacity for clini-
cal applications from the animal models.17,18

Based on the need of more effective treatments for bone
tissue engineering, it was hypothesized that the addition of
BMSCs to BG/Col scaffolds would offer a novel way of
improving material performance. Introduction of BMSCs was
designed to integrate high bioactivity to the scaffold,
increasing material osteogenic potential. Despite these pos-
sible advantages, there is still limited understanding of
interactions between BG and BG/Col materials and the cel-
lular component phases. Moreover, most of methods for Col
impregnation into BG is based on immersion of the bioac-
tive material in solutions containing Col,19,20 which are not
enough for an efficient impregnation using this organic com-
ponent. In this context, improved and innovative methods
for Col impregnation should be developed to guarantee a
homogeneous distribution of this component into the glass
and, consequently, an optimized treatment. Following this
line, we hypothesized that the novel vacuum system would
be more effective for impregnating BG scaffolds with Col
compared to Col immersion bath. Thus, the aims of the pre-
sent study were (i) to verify the efficiency of a novel system
for obtaining vacuumed Col-impregnated BG scaffolds, (ii) to
determine physical–chemical properties of the scaffolds, and
(iii) to investigate BMSCs cell behavior seeded into the con-
struction by evaluating cell viability and temporal expres-
sion pattern of osteogenic genes using quantitative real-time
polymerase chain reaction (qRT-PCR).

MATERIALS AND METHODS

Materials
BG (SiO2-CaO-Na2O-P2O5) was provided by Materials Science
and Technology Center from Institute of Energy and Nuclear
Research (particle size: 125–250 mm; IPEN, Brazil). Com-
mercially available fibers of bovine tendon collagen type I
(Col) used in the present study was purchased from United
States Biological Life Sciences company (US Biological Life
Sciences).

Synthesis of the BG scaffolds
BG scaffolds were manufactured using 100 mL of a suspen-
sion containing 67 vol % of isopropyl alcohol (Sigma-
Aldrich, S~ao Paulo, Brazil), 3 vol % of polyvinyl butiral (But-
var B-98), 24 vol % of naphthalene (used as porogenic
agent with two different sizes of 177–300 and 300–600 mm
(1:1); Sigma-Aldrich) and 6 vol % of BG. After mixing iso-
propyl alcohol, polyvinyl butyral, and BG powder for 1 h,
naphthalene was added and homogenized and set to dry at
RT. The resulting granulated powder was passed in a nylon
sieve (18 MESH—1 mm), and pressed in two steps. In the
first step, the powder (0.07 g per scaffold) was uniaxially
pressed in a cylindrical stainless-steel mold (8 mm in diam-
eter) at 20 MPa for 15 s. Then, in the second step, the sam-
ples were isostatically pressed at 100 MPa for 30 s.
Afterward, the following heating rates were used in the sin-
tering process: room temperature to 1208C (18C/min), 120
to 6008C (28C/min), 600 to 9008C (5, 68C/min), holding at
maximum temperature (9008C) for 1 h, followed by cooling
to room temperature inside the furnace.21,22 Finally, BG
scaffolds with approximately 8 mm diameter and 2 mm
thickness were obtained.

Col impregnation of the BG scaffolds
For manufacturing of Col-impregnated BG scaffolds, an
adapted protocol from Camilo et al.21 was used. Differently
from Camilo, which used this method for coating of alumina
with bioactive ceramics,21 in present work this technique
was utilized for Col effective impregnation into porous BG
scaffolds. Briefly, 0.5 g of Col fibers were dissolved in
100 mL of acetic acid (pH 2.5) for 24 h at 48C.5,23 Col solu-
tion was homogenized with a mixer and stored at 48C for
further use. BG scaffolds (n5 50) and Col solution (15 mL)
were put inside a recipient (placed in vacuum Erlenmeyer
flask) which had subparts separated by sieve [Figure 1(A)].
By using the vacuum (1023 Torr), air molecules were
removed of the system through vent holes. Afterward, this
compartment was inverted, vacuum was turned off, and Col
solution was put in contact to BG scaffolds for 1 min, in
order to proceed with the impregnation of the scaffolds
[Figure 1(B)]. For comparison purposes, Col-impregnated
BG scaffolds were also obtained after soaking BG scaffolds
in an Col solution without using the vacuum system, follow-
ing the methodology described previously.19,20

After Col impregnation process, samples were taken out
of the solution and dried for 24 h on metal support which
had under it silica gel. Then, samples were neutralized
inside desiccator with 5 mL of ammonium hydroxide
(Sigma-Aldrich) vapor for 24 h.24

All samples (BG and BG/Col scaffolds) were sterilized
with ethylene oxide before analyzes. Inorganic and organic
components proportion (wt %) of the BG/Col-based scaf-
folds (using vacuum system or immersion bath) was veri-
fied by weight difference (g) between BG/Col and BG (i.e.,
BG scaffold weight after and before impregnation with Col;
n57).

2 KIDO ET AL. VACUUMED COLLAGEN-IMPREGNATED BIOGLASS SCAFFOLDS212 KIDO ET AL. VACUUMED COLLAGEN-IMPREGNATED BIOGLASS SCAFFOLDS



Characterization of the BG/Col scaffolds
Scanning electron microscope. Materials morphology was
first examined by scanning electron microscope (SEM)
observation (Jeol 6310). BG and BG/Col scaffolds (using vac-
uum system or immersion bath for Col impregnation) were
mounted on aluminum stubs using carbon tape and sputter-
coated with gold/palladium prior to examination. SEM
images of the BG and BG/Col scaffolds with the magnifica-
tion of 385 and 3500 were obtained.

Porosity and pores sizes measurements. Apparent poros-
ity (P) was obtained by immersion density test, using a
method based in Archimedes’ principle, as described previ-
ously.21 For this purpose, weight scale (Mettler Toledo, AB
204) and a Becker support apparatus with tray were used.
Briefly, samples of BG scaffolds (n5 5) were weighted for
obtaining their dry weight (Dw). Subsequently, these sam-
ples were immersed in ethanol for 24 h for measuring the
immersed weight (Iw) and wet weight (Ww). P was
obtained by using the following equation:

P5 Ww–Dwð Þ= Ww– Iwð Þ½ �3100 (1)

Additionally, pores sizes of BG scaffolds were evaluated utiliz-
ing SEM micrographs with an image analysis software (ImageJ,
1.51p) following methodology described previously.22

Energy dispersive X-ray spectroscope. Distribution map of
elements present on surface of the materials were obtained
using SEM (ultrahigh-resolution SEM; FEI Sirion) equipped
with OIM Pegasus energy dispersive x-ray spectroscope
(EDX, Edax). For this analysis, the following parameters
were used: standard Co for calibration, electron beam of 20
kV, focal length of 25 mm, dead time of 30%, current of
2.82 A and I probe of 2.5 nA.

Mass loss quantification and pH measurements (in
phosphate buffered saline). For the mass loss and pH eval-
uations, BG and BG/Col scaffolds were weighed, immersed
in 3 mL of phosphate buffered saline (PBS) (10 mM, pH
7.4) and incubated at 378C. BG and BG/Col samples (n55
per period) were analyzed after 1, 3, 7, 14, and 21 days of
immersion. According to each experimental period, samples
were removed from the medium and vacuum-dried over-
night before measuring the mass. Then, samples were
weighed and the percentage of mass loss was calculated by
the difference between the initial and final value of the
weight of the samples. Directly after removal of the materi-
als, the pH of the PBS medium was measured (Quimis, S~ao
Paulo, Brazil).

Calcium assay. For the calcium deposition study, BG and
BG/Col samples were placed in 7.5 mL of conventional sim-
ulated body fluid (SBF) according to Kokubo and Taka-
dama.25 After 1, 3, 7, 14, and 21 days of immersion,
solutions in contact with BG and BG/Col samples were
saved for analysis of calcium content using the orthocre-
solphtalein complexone assay (Sigma Chemical, St. Louis,
MO), as described previously.26,27 These solutions were
incubated overnight in 1 mL 0.5N acetic acid on a shaker
table. After the incubation period, 300 mL working reagent
was added to 10 mL sample or standard in a 96-well plate.
Afterward, plate was incubated for 10 min at room temper-
ature. Absorbance of each well was measured on a micro-
plate spectrophotometer at 570 nm (Bio-Tech Instruments,
Winooski, VT). A standard curve was generated by serial
dilutions of CaCl2 stock (range 0–100 mg/mL). Data were
acquired from quadruplicate samples and measured in
duplo. The Ca depletion was cumulatively plotted by mea-
suring the difference between the SBF solution in the

FIGURE 1. Schematic representation of the vacuum collagen impregnation process. BG samples and Col solution under vacuum impregnation

system (A); BG samples in contact to Col solution after turning off the vacuum and inverting the impregnation system (B).
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presence of BG and BG/Col samples and the Ca concentra-
tion in the sample-free SBF solutions.

Morphology after SBF incubation. Morphology postincuba-
tion was analyzed by SEM (Jeol 6310) after 1, 14, and 21
days of SBF incubation for checking signs of degradation
and hydroxyapatite (HA) formation.

Fourier transform infrared spectroscopy. Fourier trans-
form infrared spectroscopy (FTIR) analysis (Perkin-Elmer
1700, UK) were used at day 14 of SBF incubation for evalu-
ating the presence of HA characteristics peaks. Analyses
were performed in the range of 400–4000 cm21 with reso-
lution of 2 cm21. The samples, in powder form, were
scanned 100 times for each FTIR measurement and the
spectrum obtained was the scans average.

Cell culture. BMSC were obtained from the tibia and femur
of Wistar rats (10–12 weeks), according to a previous protocol.28

Briefly, BMSCs were isolated from male rats by flushing the mar-
row with culture medium (minimum essential medium eagle
alpha modification: a-MEM, supplemented with 10% fetal
bovine serum and 1% antibiotic; Vitrocell, Campinas, Brazil) into
a 50 mL tube with an inserted needle into one open end of the
bone. Isolated BMSCs adhered to plastic surface and were easily
expanded28 in growth medium (a-MEM) using a 75 cm2 cell cul-
ture flask. Flask was placed in an incubator with a temperature
of 378C, a humidified environment and containing 5% CO2, with
medium changed every 2 days. Cells were maintained at subcon-
fluent densities and cultivated every 2–3 days until their use.

Cell viability. For this analysis, cells were then transferred to
24-well plates (50,000 cell for cm2) and cultured in the incu-
bator (378C and 5% CO2) in direct contact to BG and BG/Col
scaffolds (n53 per group for each period) with osteoinductive

medium (growth medium with 1% b-Glycerophosphate, 1% 2-
phospho-L-ascorbic acid trisodium salt and 0.1% dexametha-
sone) during 3, 7, 14, and 21 days. This medium was refreshed
twice a week. Control group (CG, n5 3) consisted of wells
filled with BMSCs and osteoinductive medium.

After each experimental period, wells were rinsed with
PBS to remove unattached cells and wash out the remaining
serum, and a 10% alamarBlueVR solution (Thermo Fisher Sci-
entific, S~ao Paulo, Brazil) (500 mL) was then added into
each well of 24-well plates which were incubated in dark
for 3 h. After, 200 mL of solution (in duplicate) were ali-
quoted into wells of a 96-well plate to be measured by a
spectrophotometric plate reader at 570 and 600 nm. From
the values obtained, the calculation for proliferation could
be obtained by the percentage reduction of alamarBlue
according to manufacturer’s instructions.

Quantitative RT-PCR. BG and BG/Col scaffolds effects on
the BMSC differentiation were assessed from expression lev-
els of osteogenic-related genes (alkaline phosphatase [ALP];
Runt related transcription factors 2 [Runx2]) (Table I) using
qRT-PCR. BMSCs were cultured in 24-well (10,000 cells/
cm2) plates for 7 and 14 days in contact with BG and BG/
Col scaffolds (1 scaffold/well; n5 3). Then, after each exper-
imental period, total ribonucleic acid (RNA) was isolated
using a RNA Isolation Kit (RNeasy Mini Kit, QIAGEN, S~ao
Paulo, Brazil). Potential deoxyribo nucleic acid (DNA) con-
tamination was removed by RNase-free DNase I (Thermo
Fisher Scientific). Complementary DNA (cDNA) was gener-
ated from the RNA using the high-capacity cDNA reverse
transcription kit (Thermo Fisher Scientific). The qRT-PCR
analysis was performed on thermal cycler (7500 Fast Real-
Time PCR System, Applied Biosystems, Waltham) using
SYBR Green detection reagent (Thermo Fisher Scientific).
Gene relative expression was normalized against the

TABLE I. Primers and the Expected PCR Product Size at Indicated Annealing Temperatures for Each Gene Analyzed

Gene Forward Reverse Primer
Annealing

Temperature (8C)

bActinaa ACCAGTTCGCCATGGATGAC TGCCGGATGGATGAC 60
ALP G AACTACATCCCCCACGTCATG CCCAGGCACAGTGGTCAAG 60
Runx2 TTATGTGTGCCTCCAACCTGTGT GGTTTCTTTCCCCCTCAATTTGT 60

a bActina, beta-Actin; ALP, alkaline phosphatase; and Runx2, runt-related transcription factor 2.

FIGURE 2. SEM images of BG (A) and BG/Col impregnated by immersion bath (B) and vacuum system (C). Arrow heads represent BG and aster-

isks represent Col layer. Magnifications of 3500.
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housekeeping gene beta-Actin (bActin). Relative expression
was calculated using the following formula: 22DDCT.29

Statistical analysis
Data were expressed as mean6 standard deviation. Statisti-
cal analyses were done using GraphPad Prism 6 (GraphPad
Software, San Diego, CA). Shapiro-Wilk normality test was
utilized to check distribution. Kruskal-Wallis test and Dunn
post hoc were used for nonparametric data. One-way

analysis of variance and Tukey multiple comparisons post-
tests were used for parametric data. Differences were signif-
icant at p� 0.05.

RESULTS

Synthesis of the scaffolds
Porous BG scaffolds were successfully obtained using naph-
thalene (porogenic agent) and isostatic pressure to aggre-
gate BG powder. These scaffolds were cohesive and easy to

FIGURE 3. SEM images of the BG (A,B) and BG/Col (C,D) scaffolds at magnifications of 385 (A,C) and 3500 (B,D). Arrow heads represent pores

in the materials and asterisks represent collagen layer.

FIGURE 4. EDX analysis performed on BG (A) and BG/Col (B). The % of each element on the materials are depicted in the box. C, carbon; O, oxy-

gen; Na, sodium; Si, silicon; P, phosphor; and Ca, calcium.
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handle. Vacuum system for impregnating collagen into
scaffolds made it effectively feasible to produced BG-
impregnated scaffolds, since a more evident presence of col-
lagen was observed inside BG/Col obtained with vacuum
system [Figure 2(C)] compared to the immersion one [Fig-
ure 2(B)]. Interestingly, the resulting proportion of BG/Col
using vacuum system and immersion bath was approxi-
mately 80/20 and 98/02 wt %, respectively.

Characterization of the BG/Col scaffolds
SEM. SEM images showed a homogeneous pores distribution
on the surface of BG scaffolds [Figure 3(A,B)]. For BG/Col sam-
ples, a smother surface could be observed related to the Col
fibers which was covering the of the scaffolds [Figure 3(C,D)].

Porosity and pores sizes measurements. By immersion
density test, BG scaffolds resulted in 77.086 2.27% of
porosity. The pores were interconnected with sizes of
234.246 185 mm.

EDX—Elements concentration. Figure 4 presents concen-
tration (%) of the chemical elements for BG and BG/Col
samples assessed by the EDX. Main elements found in both
groups were C, O, Na, Si, P, and Ca [Figure 4(A,B)]. Interest-
ingly, BG/Col showed increased percentage of C (�23%)
and Ca (�15%), and diminished percentage of O (�46%),
Na (�5%) and Si (�9%) when compared to BG (C �11%;
Ca �9%; O �51%; Na �13%; Si �15%).

EDX—Map of elements. Figure 5 represents EDX composi-
tional map of the chemical elements on the BG and BG sam-
ples. By this analysis, mappings and distributions of
elements C, O, Na, Si and Ca on the surface of the materials
could be verified. Curiously, mapping and distribution for
each element were well-defined for BG [Figure 5(A)], and,
contrasting that, EDX mapping for BG/Col indicated homo-
geneous distribution of elements on materials surface
[Figure 5(B)].

FIGURE 5. EDX mapping of the chemical elements on BG (A) and BG/Col (B) samples. SEM images of the selected points for EDX analysis

[(A)1,(B)1]. EDX mapping for C [(A)2,(B)2]; for O [(A)3,(B)3]; for Na [(A)4,(B)4]; for Si [(A)5,(B)5] and for Ca [(A)6,(B)6].
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Mass measurements. It was observed in Figure 6 that BG
samples did not present any mass variation in evaluated
periods, maintaining similar weight from day 1 to the end
of the experiment (21 days). Contrary to this behavior, BG/
Col samples presented mass loss, in the first experimental
period (1 day), compared to their initial mass, reaching
79.6%. The mass loss continued for BG/Col up to 72% for
up to 3, after which a plateau was reached until the last
time point (21 days). In all periods, BG/Col samples pre-
sented statistically different values of mass loss when com-
pared to BG samples (0.015< p<0.029).

pH measurements. Figure 7 presents pH behavior of the
medium (PBS) for BG and BG/Col scaffolds during the
experimental periods. For BG samples, an increase of pH in
day 1 was observed (pH 10) compared to the initial pH of
the PBS (pH 7.4). At day 3, pH increasing continued, reach-
ing the value of 11 and remaining stable until the last evalu-
ated period (21 days). BG/Col samples showed a slight pH
increase after 1 day of incubation (pH 8). Still, after three
days of incubation, it was verified that BG/Col samples pre-
sented pH close to 9, which was maintained in the other
periods. For BG/Col samples, a statistically lower pH value
was observed when compared to BG samples in all evalu-
ated periods (0.015< p< 0.029).

Ca assay. Figure 8 demonstrated Ca concentration in SBF
solution after immersion of BG and BG/Col samples for up
to 21 days. For BG samples, a continuous Ca release was
observed from day 1 to 7, reaching 381.64 mg. After 7 days
of BG incubation, it was verified that the samples started a
Ca uptake process, resulting in values of 123.27 and 301.28
lg at days 14 and 21, respectively. BG/Col samples showed
slight calcium release in the first experimental point
(138.52 lg), followed by an uptake of this ion at days 3, 7,
and 14, resulting in values of 23.38, 397.30 and 607.03 lg,
respectively. At day 21, Ca release was observed, reaching
428.10 lg. Statistically lower values for Ca were observed
for BG/Col compared to BG at days 7 and 14 (p<0.0001).

Morphology after incubation. SEM analysis demonstrated
that HA formation could be observed on the surface of BG

scaffolds at days 14 and 21 of SBF incubation (Figure 9).
On the other hand, no characteristic globular crystals for HA
were observed on the surface of BG/Col-based materials
(Figure 9). For both materials, signs of degradation were
noticed after 21 days of incubation. These signs were most
of them like crackings on the surface and fibers ruptures
for BG and BG/Col, respectively (Figure 9).

FTIR. Figure 10 presents BG powder (base) FTIR spectra
for BG powder with no incubation, and BG and BG/Col scaf-
folds after 14 days of SBF immersion. For BG powder, no
evident peaks associated to P-O (500–600 cm21) were
noticed. Differently of that, defined peaks to P-O (crystalline
and vitreous) were observed for BG and BG/Col scaffolds
around 500–600 cm21.

Cell viability. Figure 11 shows results of the cell viability
assay. In general, BG and BG/Col presented a tendency in
increasing cell viability compared to CG overtime. After 3
days of culture, significant differences were observed com-
paring BG to CG (p< 0.01) and BG/Col (p<0.001). At day 7
and 14, statistically higher values for viability was found for
both BG and BG/Col when compared to CG (p<0.05). Also,
at these same periods, BG presented significant higher val-
ues compared to BG/Col (p< 0.01). Interestingly, no statisti-
cal difference was observed at day 21 comparing BG to BG/
Col (p>0.05) and both groups showed significant higher
cell viability compared to CG (p< 0.001).

qRT-PCR evaluation. Figure 12 demonstrates gene expres-
sion of ALP and Runx2 for CG, BG and BG/Col groups after
7 and 14 days of incubation with BMSCs. BG group showed
statistically significant higher value for ALP expression only
at day 7 when compared to BG/Col (p<0.05) [Figure
12(A)]. No other significant difference for ALP gene expres-
sion was verified among other groups (p> 0.05). No statisti-
cal difference was observed for Runx2 gene expression
among all groups during evaluated periods [Figure 12(B)].

DISCUSSION

This study aimed to evaluate physical-chemical characteris-
tics of a BG/Col scaffold and in vitro BMSCs behavior in
contact with composites (by means of cell viability and gene

FIGURE 7. pH behavior of the incubation medium for BG and BG/Col

scaffolds. * BG/Col compared to BG; 0.015<p< 0.029.

FIGURE 6. Mass measurements for BG and BG/Col samples upon

incubation in PBS. * BG/Col compared to BG; 0.015<p< 0.029.
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expression evaluation). It was hypothesized that combina-
tion of inorganic material (represented by BG) and organic
part (represented by Col) would constitute an improved
scaffold, with similar natural bone characteristics and a suit-
able support to bone growth. SEM and EDX main findings
demonstrated that Col could be successfully introduced into
BG. Furthermore, a decrease in mass was observed over
time for BG/Col, followed by a pH increase up to 9. On the
other hand, BG samples presented no variation of mass,

with higher pH up to 11. Moreover, Ca assay demonstrated
higher calcium uptake for BG/Col samples compared to BG
during experimental periods, reaching same values 21 days
postincubation. In addition, BG samples presented HA crys-
tals formation on its surface after 14 days and, signs of ini-
tial degradation were observed for both materials (BG and
BG/Col) after 21 days in SBF solution. BG and BG/Col FTIR
spectra, showed defined peaks for HA formation after SBF
incubation. Finally, a significant increase of BMSCs viability
for both composites was observed compared to CG. qRT-
PCR analysis indicated a decreased ALP gene expression for
this cell type in the presence of BG/Col samples only in the
first time point.

An ideal scaffold for bone tissue engineering should
have interconnected porous structure, good biocompatibility
and a composition well-matched with natural bones.30,31 An
effective solution to reach this aim is to combine materials
with organic and inorganic constitution. Our BG/Col compo-
sites were simple to manipulate and showed cohesion after
PBS incubation. Furthermore, scaffold composition (80 and
20 wt % of BG and Col, respectively) was bio-inspired and
aimed at mimicking natural bone composition and struc-
ture.32–34 This inorganic/organic proportion was obtained
by impregnating BG scaffolds with Col solution which was

FIGURE 9. SEM representative micrographs of BG and BG/Col scaffolds after 1, 14, and 21 days of SBF incubation. Thin arrows indicate HA crys-

tals; arrow heads indicate signs of degradation. Magnification of 320,000.

FIGURE 8. Cumulative calcium concentration in SBF for BG and BG/

Col samples for up to 21 days. * BG/Col compared to BG; p< 0.0001.
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produced using the 0.5 g Col/100 mL AcOH ratio. This ratio
was defined through several tests toward high amount of
Col and low volume of AcOH to be used until the complete
Col dissolution.

SEM micrographs after material preparation demonstrated
that (i) Col was successfully impregnated all over the BG scaf-
fold surface and (ii) this organic component was incorporated
into the BG samples. Accordingly, EDX analysis indicated higher
presence of C—one of the main components of Col35—on the
BG/Col scaffolds compared to BG, evidencing the Col on mate-
rial surface. Additionally, EDX showed lower presence of Na
and Si (BG chemical components)36 on BG/Col surface com-
pared to BG, demonstrating the effective Col coating/impregna-
tion on BG scaffolds. Vacuum-based system, adapted from
Camilo et al.,21 was used for an efficient Col impregnation of
BG scaffolds (surface and pores). This is a fast and nonexpen-
sive system that could be extensively used in biomaterials
field21 to impregnate/coat different materials, utilizing diverse
impregnation/coating solutions (organic or inorganic).

Also, it is worthwhile to highlight high porosity of BG
scaffolds (around 80%), being this fact a key role to provide
enough space to cell ingrowth and transport of nutrients, oxy-
gen and growth factors.37 On the other hand, it is known that
a high porosity may imply in relatively low mechanical proper-
ties.38 Still, highly porous BG/Col scaffolds may be suitable for
filling and reconstructions in nonload-bearing areas.38

Mass loss measurements showed that BG presented a
constant sample mass during experimental periods and
introduction of Col resulted in a decrease (especially after 1
day) of around 24% of the initial mass. It is known that
rate of BG degradation is low which explain the constance
of BG sample mass.39

BG/Col scaffolds rise degradation may be associated to
degradation of Col, since this organic component has rapid
degradation rate.40–42 Col superior degradabiltiy may facili-
tate cell adhesion, proliferation and differentiation.42 More-
over, material degradation and liberation of space are
indeed for subsequent substitution with neoformed bone
and these points may improve performance of graft.43,44

Values of pH measured in BG samples (around 11 in last
experimental period) corroborate previous studies demon-
strating that BG ion dissolution starts immediately after con-
tact to fluids and produces an alkalinization of immersion
medium.45 Interestingly, samples containing Col presented
lower pH compared to BG samples (around 9). This phenome-
non may be explained by protective effect of Col coating on BG
surface, reducing bioactive material surface area, which may
prevents abrupt alkalinization of immersion medium.46 Simi-
larly, previous studies showed that incorporation of Col in Cal-
cium phosphate and BG-based materials produced a more
balanced pH, with values close to the physiological one.46,47

This behavior may create an appropriate microenvironment
for cell growth and bone formation.45

Furthemore, interaction bewteen BG and SBF solution
produced a Ca release and conversely Ca uptake observed
on samples with Col. Ca release of BG corroborates well
known material behavior when in contact to ion dissolution
fluids.48 Composite interface reactions are probable respon-
sible for these behavior, releasing cations (Si, Na, Ca and
P).26 Differently, the Ca uptake of BG/Col samples may be
related to the ability to mediate mineralization which is
intrinsic to type I collagen fibers.49 Ca uptake may contibute
to HA-like layer formation on material surface, inducing
biomaterial-tissue bonding and new bone formation.50

SEM showed that HA layer was formed on BG surface
after 14 days of SBF incubation, and this event is well-
known for this kind of material.45,51 Although this layer was
not evident on BG/Col, most probably due to collagen coat-
ing, BG and BG/Col FTIR indicated characteristics peaks for
HA formation around 600 cm21,51 indicating mineralization
for both materials.

Cell culture studies indicated higher cell viability for BG
and BG/Col compared to CG, highlighting positive effect of
BG and Col on cell metabolism and biocompatibility. This
fact may be explained by the ion dissolution which happens
immediately after the contact of bioactive glass with flu-
ids45,52 and it is responsible by the stimulation of cell
growth and proliferation.53 According to previous studies, stim-
ulatory effect of BG on osteoblast proliferation may be

FIGURE 11. Cell viability by alamarBlue for BG and BG/Col scaffolds

after different experimental periods of MSCs culture. *BG and BG/Col

compared to CG at days 3 (p< 0.01 for BG), 7 (p< 0.001 and 0.05), 14

(p< 0.001) and 21 (p< 0.001); # BG/Col compared to BG at days 3

(p< 0.001), 7 (p< 0.01), 14 (p< 0.001).

FIGURE 10. FTIR spectra for BG powder with no incubation (base),

and BG and BG/Col scaffolds after 14 days of immersion in SBF.

Arrows indicate HA peaks.
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associated to insulin-like growth factor II (IGF-II).54 Significant
differences were found for cell viability comparing BG to BG/
Col at days 3, 7, and 14. Interestingly, after last experimental
period (21 days) no significant difference was observed
between BG and BG/Col, equating both cell viabilities. One pos-
sible explanation for this event is that collagen coating
degraded, expose BG bioactive surface and induce cell viabil-
ity.53 Although it was not observed stimulatory effect of the
Col on cell viability, previous studies demonstrated that this
organic component promoted cell attraction and proliferation
in vivo toward new bone formation.55 Therefore, further ani-
mal investigations are indeed in order to confirm high poten-
tial of vacuumed Col-impregnated BG scaffolds.

Data from qRT-PCR demonstrated decreased ALP gene
expression for BMSCs in the presence of BG/Col samples only
in the first time point (day 7). Probably, Col coating on the BG
surface downregulated initial ALP gene expression of this bio-
active material. Nevertheless, no difference was found after 14
days. Contrasting to that, some authors have demonstrated that
BG and Col are capable of modulating the expression of ALP at
different times.56,57 Similarly, no statistical difference of Runx2
was found when comparing to BG, BG/Col and CG at all peri-
ods. It is well-known that Runx2 is essential to commitment of
early mesenchymal cells to osteoblast lineage and differentia-
tion of osteoblasts.58 We suggest, since cell proliferation and
differentiation showed an inverse relationship,59,60 that cells
were still at proliferation stage, as accessed by alamarBlue
assay, and afterward they would progress to differentiation,
expressing increased levels of ALP and Runx-2. Thus, further
molecular studies with other experimental periods are neces-
sary to elucidate bone-related gene expressions of BMSCs in
contact with BG/Col composites.

Taken together, our research on novel BG and BG/Col
composites are encouraging and conduct to additional
molecular and cell culture investigations, and in vivo studies
toward elucidation of bone-forming performance for tissue
engineering applications.

CONCLUSIONS

This present study on BG scaffolds impregnated with Col
showed that these composites could be produced by a low
cost and efficient vacuum-based system. BG/Col scaffolds
exhibited improved degradation, balanced pH upon PBS

incubation and mineralized Ca over time, accompanied by
HA formation. Moreover, both BG and BG/Col scaffolds were
biocompatible and noncytotoxic, promoting a higher cell via-
bility compared to control. Future investigations should
focus on additional molecular and in vivo studies in order
to evaluate biomaterial performance for bone tissue engi-
neering applications.
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