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HIGHLIGHTS GRAPHICAL ABSTRACT

® Magnesium (Mg) was successfully in-
troduced into Bioglass (BG) and
Bioglass/Collagen (BG/Col) compo-
sites.

® Mg improved mineralization and me-
chanical properties of BG and BG/Col.

® Composites containing 1% Mg were
non-cytotoxic and biocompatible, and
they are promising for forward works.
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ARTICLE INFO ABSTRACT
Keywords: Bone fractures are a common clinical event related to trauma, aging or diseases. Since bone repair is complex,
Bioactive glass abnormal consolidation may occur or, even, non-union. Biomaterials have a key role in this context, since they can
Collagen stimulate bone cell differentiation, accelerating the healing process. Bioactive glasses (BG) represent a promising class
Magnesium

of biomaterials due to its high bioactivity and osteogenic potential. Nevertheless, the osteoconductive properties of BG
may not be enough to stimulate consolidation in critical situations. Thus, it was hypothesized that enriching BG with
other materials such as collagen (Col) and magnesium (Mg), trying to make a composite with similar properties to
bone tissue, would constitute a more suitable graft for tissue engineering. This work aimed at obtaining BG/Col/Mg
composites and evaluating their physicochemical features. Moreover, L929 and MC3T3-E1 cell culture studies were
done to investigate the cytotoxicity of the composites. The results showed that Mg could be successfully introduced, at
different percentages (1, 3 and 5%), into BG and BG/Col composites, improving mechanical properties and retaining
the bioactivity of BG. Ca assay measurements demonstrated that reactions in the Mg/solution interface, i.e. reactions
between Mg and the ions in the simulated body fluid (SBF) have led to an increased Ca uptake for composites-
containing 3 and 5% Mg compared to plain BG and BG/Col. In vitro studies showed that BG and BG/Col containing
1% of Mg were non-cytotoxic and biocompatible. This percentage of Mg is promising for forward works. Our data on
the present BG/Mg and BG/Col/Mg-based composites are encouraging and may lead to further molecular and cell
culture studies, and in vivo investigations to clarify the biological performance of these new biomaterials.

Composites
Bone repair

* Corresponding author.
E-mail address: paulogabbai@gmail.com (P.R. Gabbai-Armelin).

https://doi.org/10.1016/j.matchemphys.2019.02.072

Received 1 November 2017; Received in revised form 4 January 2019; Accepted 18 February 2019
Available online 19 February 2019

0254-0584/ © 2019 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/02540584
https://www.elsevier.com/locate/matchemphys
https://doi.org/10.1016/j.matchemphys.2019.02.072
https://doi.org/10.1016/j.matchemphys.2019.02.072
mailto:paulogabbai@gmail.com
https://doi.org/10.1016/j.matchemphys.2019.02.072
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matchemphys.2019.02.072&domain=pdf

P.R. Gabbai-Armelin, et al.

1. Introduction

Bone fracture is a common clinical event, frequently found in the
medical practice, related mainly to traumas, aging or diseases [1]. Al-
though bone consolidation is a complex process, in most cases, bone
tissue is capable of healing by itself, restoring its usual architecture and
mechanical properties [2-4]. However, in specific critical situations
such as deficient blood supply, mechanical instability or large bone
defects, complete recovery may not occur, culminating in an abnormal
consolidation or, even, in non-union fractures [3].

In this context, there is a great need of developing therapeutic in-
terventions able of stimulating bone tissue and producing fracture
consolidation. Biomaterials based bone grafts have a key role in this
field, being able of stimulating bone cell differentiation and newly
formed bone deposition, accelerating the process of healing [4-7]. One
of the most promising class of biomaterials is the bioactive glass (BG),
mainly due to its high bioactivity index and osteogenic potential [6,8].
It is well known that BGs, when in contact with biological tissues and
body fluids, form a hydroxycarbonate apatite (HCA) layer, stablishing
an extremely strong chemical bonding between tissue and implant,
which mimics the interface formed naturally in the recovery of the bone
tissue [6,9,10]. Many authors have demonstrated that BG stimulates
osteoprogenitor cell proliferation, which differentiate into matrix-pro-
ducing osteoblasts and accelerate the rate of newly bone deposition and
bone ingrowth [9,11-13].

Despite the excellent osteogenic potential, the osteoconductive
properties of BG may not be sufficient to stimulate consolidation in
critical situations [9,10]. Consequently, composite materials (pre-
senting characteristics from different biomaterials) has been emerging
as a feasible alternative [11-13]. Thus, the association of a mineral
part, such as BG, with an organic part (such as the introduction of
collagen (Col)), may mimic better the composition and structure of the
human bone tissue [14,15], constituting a bone graft with improved
biological properties.

Col-based scaffolds are able of upregulating the expression of bone
morphogenetic proteins (BMPs), bone sialoprotein (BSP), osteopontin,
stimulating bone cell proliferation and differentiation in experimental
models of bone fractures [16]. Wheeler et al. (2013), in an in vitro
study, verified that elastin/BG/Col composites increased the activity of
alkaline phosphatase of osteoblastic cell [17]. Investigations conducted
by Sun et al. (2013) demonstrated that Col scaffolds promoted a higher
expression of RUNX2 and osteocalcin in osteoblastic lineage cultures,
accelerated endochondral ossification and increased bone quality in an
in vivo study [18].

In spite of the encouraging effects of BG and Col based composites in
stimulating bone tissue, their mechanical properties needs to be im-
proved especially for using as bone grafts in load-bearing bones [19].
To overcome this limitation, the addition of a metallic component (such
as magnesium) would improve the mechanical properties of bioactive
bone substitutes. Mg is the fourth cation more abundant in the human
body and have been a promising component for producing biomaterials
composites, with improved biomechanical properties [20]. Some

Table 1
Experimental formulations of PMMA control and BG/Col/Mg composites.
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studies which investigated Mg/Calcium alloys [20] and BG/Mg com-
posites [21] showed improved biomechanical properties, increased
biodegradation and low corrosion, and that these materials can sti-
mulate the differentiation and proliferation of osteoblastic cell lines
[20,21]. Later investigations on novel injectable magnesium/calcium
sulfate hemihydrate (Mg/CSH) composites indicated enhanced me-
chanics, and higher degrees of cell attachment, proliferation and os-
teogenic differentiation compared to CSH. Moreover, in vivo studies,
utilizing these Mg/CSH composites in canine tibial defects, showed
elevated bone mineral density and bone area fraction [22]. Other in vivo
work on Mg-enriched hydroxyapatite (Mg-e HA) implanted in post-
dental extraction site in 20 patients showed that Mg-e HA allows the
complete healing of the alveolar pocket with mineralized and well-or-
ganized bone tissue around the residual biomaterial particles [23].

In view of the growing interest in developing more suitable com-
posites for bone substitutes, it was hypothesized that the introduction of
Mg into BG/Col composites would improve material mechanical prop-
erties, retaining the bioactivity of BG. Thereby, this work aimed at
obtaining BG/Col/Mg composites and investigating the physicochem-
ical and morphological properties of such biomaterials (mechanical
properties, degradation, mineralization and pH). Additionally, pre-
liminary cell culture studies were done to investigate the cytotoxicity of
these new composites.

2. Materials and methods
2.1. Materials

BG, belonging to the system SiO,-CaO-Na;O-P,Os [10,11], was
produced and provided by Nuclear and Energy Research Institute
(IPEN, Sao Paulo, Brazil). Briefly, for the BG obtainment, mineral Silica
98.0 wt% powder was purified by attacking with hot hydrochloric acid
(Merck, P.A.) followed by filtration (Whatmman 40) and 30 washings
with boiling distilled water for removal of impurities (R,03). Ad-
ditionally, the following reagent analytical-grade were used: Sodium
Hydroxide (NaOH 97.0wt%, heavy metals < 0.003wt%, Cl-
< 0.005 wt%, Fe < 0.001 wt%, Hg < 0.1 ppm, K = 0.02%,
NapCO;3; < 1.0 wt%, NH40H = 0.02 wt%, Ni < 0.001 wt%,
PO4%~ < 0.001 wt%, SO4>~ < 0.003 wt%, absorbed water < 2.0 wt%;
Nuclear, Sao Paulo, Brazil), Calcium Oxide (CaO 97.0 wt%, heavy me-
tals < 0.005 wt%, Cl- < 0.05wt%, SO42~ < 0.5wt%, Fe < 0.5 wt%,
insolubles < 0.01 wt%, absorbed water < 2.0 wt%; Quimica Moderna,
Sao Paulo, Brazil), Sodium Phosphate (NazPO4 99.0 wt%, heavy me-
tals < 5ppm, insolubles < 0.01 wt%, SiO; 0.005wt%, PO,>~ <
0.001 wt%, Fe < 5 ppm, Na,CO3; < 0.02 wt%, NH,OH < 0.01 wt%, Ca
and Mg < 0.01 wt%, S04~ < 0.004 wt%, Cl~ < 0.1 ppm; Quimica
Moderna, Sao Paulo, Brazil). The compounds were weighed and mixed
in a polyethylene bottle for 30 min. Pre-mixed batches were melted in
an alumina crucible at 1500 °C (Lindberg Blue vertical super kanthal
furnace — USA). The melting time was standardized as 2h. Samples
were quenched in deionized water and milled to powder grain (particle
size: 125-250 pum).

Groups PMMA (wt%) MMA (wt%) Bioglass (wt%) Collagen (wt%) Magnesium (wt%) CMC (wt%) Water (wt%)
PMMA 23.32 46.63 0.00 0.00 0.00 2.12 27.93
BG100 13.14 26.28 26.72 0.00 0.00 2.39 31.47
BG/Mgl 13.19 26.37 25.48 0.00 0.97 2.40 31.59
BG/Mg3 13.28 26.57 22.97 0.00 2.94 2.42 31.83
BG/Mg5 13.38 26.77 20.42 0.00 4.93 2.43 32.07
BG/Col 13.64 27.28 19.42 4.51 0.00 2.48 32.68
BG/Col/Mg1l 13.69 27.38 18.10 4.53 1.01 2.49 32.80
BG/Col/Mg3 13.80 27.59 15.43 4.56 3.05 2.51 33.05
BG/Col/Mg5 13.91 27.81 12.73 4.60 5.12 2.53 33.31
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Tendon bovine collagen type I was provided by United States
Biological (particle size: < 500um; US Biological Life Sciences,
Massachusetts, USA) and magnesium powder (particle size of
74-105 um), by Alfa Aesar (purity: 99.6%; Massachusetts, USA).

Poly (methyl methacrylate) (PMMA, particle size: 15 um) and me-
thyl methacrylate (MMA, purity: 99.09%) were provided by VIPI Dental
Products (Pirassununga, S&o Paulo, Brazil). Carboxymethyl cellulose
(CMC), density 1.59 g/cm®, was provided by Sigma Aldrich (Missouri,
USA). Both polymer and monomer were utilized exclusively to ag-
gregate all the tested materials, i.e., BG, Col and Mg. It is well stablished
that PMMA is biocompatible and inert [24,25].

2.2. Preparation of BG/Col/Mg composites

For manufacturing BG/Col/Mg composites, the materials (i.e.,
PMMA, MMA, BG, Col, Mg, CMC and distilled H,O) were added at
different proportions according to each group (Table 1). Additionally,
the amounts of BG, Col and Mg in the BG/Col/Mg-based composites,
considering only the weight (wt%) of these components, are presented
in Table 2.

PMMA scaffolds were manufactured and used as control for com-
parison purposes. CMC was utilized as the porogenic agent [26,27]. The
amount of PMMA utilized was the lowest one (determined by tests)
feasible to aggregate the materials. Briefly, all the materials, in powder
form, were weighed and mixed in a silicone container using a spatula.
After that, water was added, and the combination was mixed again.
Finally, the MMA monomer was added and mixed to start the crosslink.
Then, the mixture was rapidly transferred to a silicon mold of 6 mm
diameter x 2mm height (for mechanical tests, cylinders of
5mm X 10 mm were prepared using different molds). Subsequently,
the molds were sealed and submitted to a pressure air chamber at
0.6 MPa for 30 min. Afterwards, the unsealed molds were vacuum dried
(103 Torr) for 15min and the composites were set to dry at room
temperature.

2.3. Structural morphology by scanning electron microscopy (SEM)

After drying, the samples were mounted on stubs with carbon tape
and sputter coated using gold (System Bal-Tec Med 020; Balzers,
Liechtenstein). SEM (Zeiss Leo 440; Cambridge, England) was per-
formed to analyze the structural morphology of the composites.

2.4. Mechanical test

After preparing the different composites, the compressive strength
(CS) of BG/Col/Mg cylinders was measured, in the longitudinal direc-
tion of the specimens, at a loading rate of 0.5 mm/min utilizing a
testing bench machine with a 1 kN load (3340 Series Single Column
Systems, Instron, Norwood, MA, USA), using three cylinders per ex-
perimental group (n = 3).

2.5. Mass measurements

Mass measurements were performed to check the in vitro degrada-
tion behavior of the composites. For this purpose, the scaffolds (n = 4)
were placed in 2.0 ml of PBS and incubated for 3, 7, 10 and 14 days at
37 °C. After each time, the scaffolds were retrieved from the solution
and weighed. The mass variation was calculated using the formula:

Mass % = [(W, — Wq)/Wo] x 100%

where Wy, is the weight of the sample before immersion in PBS and W, is
the weight of the sample after immersion time (t) in PBS. Measurements
were performed in quadruplicate.
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2.6. Ca assay in simulated body fluid (SBF)

The mineralization behavior of BG within BG/Col/Mg composites
was assessed in vitro by following the methods described by Kokubo and
Takadama [28]. SBF having the same ionic composition as blood serum
was prepared under laminar flow to prevent contamination. PMMA and
BG/Col/Mg composites (1 scaffold; n = 4) were placed in glass vials
containing 5ml of SBF at 37 °C on a shaker table (70 Hz) for up to 14
days, with refreshment on days 3, 7 and 10 [29]. At each refreshment,
the solution of the previous period was saved for analysis of the calcium
content in SBF using the orthocresolphtalein complexone (OCPC) assay
[30]. Briefly, the solutions were incubated overnight in 1 ml of 0.5N
acetic acid on a shaker table. For analysis, 300 ul working reagent was
added to 10pl sample or standard in a 96-well plate. The plate was
incubated for 10 min at room temperature. The absorbance of each well
was measured on a microplate spectrophotometer at 570 nm (Bio-Tek
Instruments, Winooski, VT, USA). The standards were prepared using a
CaCl, stock solution. Data were obtained from triplicate samples and
measured in duplo. The depletion of Ca was plotted cumulatively, by
measuring the difference between the Ca concentration in the sample-
free SBF control solutions and the Ca concentration of SBF solution in
the presence of BG/Col/Mg composites.

2.7. pH measurements

At each time point during incubation in SBF, the pH was monitored
(n = 4) by using a pH electrode (Orion Star A211, Thermo Scientific,
Massachusetts, USA).

2.8. Cell culture studies

The cytotoxicity of the new formulations was evaluated by
alamarBlue’, via an indirect assay [31] using extracts of the materials.
For this purpose, after preparation followed by sterilization using
ethylene oxide (Acecil, Campinas, Brazil), all scaffolds (n = 4) were put
in contact with 2 ml of cell culture medium (Dulbecco's Modified Eagle's
medium; DMEM or alpha Minimal Essential Medium without ascorbic
acid; a-MEM,; Vitrocell, Campinas, Brazil) supplemented with 10% fetal
bovine serum (FBS; Vitrocell) and 1% p/s (penicillin/streptomycin;
Vitrocell) for 7 days. Controls were constituted by four empty wells
filled with the same amount of each medium.

L1929 murine fibroblastic cells (ATCC CCL-1, passage 8; Banco de
Células do Rio de Janeiro, BCRJ, RJ, Brazil) and MC3T3-E1 murine pre-
osteoblastic cells (ATCC CRL-2594, passage 10; BCRJ, RJ, Brazil) were
cultured in proliferation medium containing DMEM and a-MEM
(Vitrocell) respectively supplemented with 10% FBS (Vitrocell) and
50 ul/ml gentamicin (Vitrocell) in a humidified incubator set at 37 °C
and 5% CO,. Upon 80% confluency, cells were detached using trypsin
and seeded at a density of 1 x 10%cells per cm? in 48-well plates
containing 500 pl of composites extracts, that was previously collected,
and the cells were incubated for 1, 3 and 6 days. Afterwards, the
alamarBlue” assay (Bio-Rad AbD Serotec GmbH, Puchheim, Germany)

Table 2
Amounts of BG, Col and Mg in the BG/Col/Mg-based composites, considering
only the wt% of these components.

Groups Bioglass (wt%) Collagen (wt%) Magnesium (wt%)
BG100 100 0 0

BG/Mgl 96 0 4

BG/Mg3 89 0 11

BG/Mg5 81 0 19

BG/Col 81 19 0

BG/Col/Mg1l 77 19 4

BG/Col/Mg3 67 20 13

BG/Col/Mg5 57 20 23
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was used on all samples, at each time point, to evaluate cell viability.
For this analysis, 50 pl of alamarBlue® solution was added to each well,
and the plate was stored in the dark for 4hat 37°C in a cell culture
incubator. After this period, 200 pl of the samples were transferred to a
96-well plate. Measurements were performed using a microplate reader
(Bio-Tek Instruments, Inc.) at 570 nm in duplo.

2.9. Statistical analysis

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

3. Results
3.1. SEM

SEM representative micrographs of the samples are depicted in
Fig. 1. In all samples, PMMA particles (used to aggregate the materials)
could be observed. After combining BG with the polymer, particles of
the bioactive material could be noticed (Fig. 1B). Also, in the other
groups, BG particles were observed (Fig. 1C-E) and Col particles were
noticed for collagen-containing groups (Fig. 1D and E). Col particles
presented an aspect of fibers with smoother surfaces and they could be
found among the BG particles. Additionally, Fig. 1F represents a higher
magnification (1000x) of the BG/Col/Mg3 composites in order to more
clearly depict the different components in the SEM images. Mg particles
could not be visualized by SEM analysis.

3.2. Mechanical test

The mechanical tests (Fig. 2) indicated for BG/Mg groups, a ten-
dency in increasing CS for BG/Mg-based composites compared to plain
BG. The values for compressive strength were statistically higher for
BG/Mgl (52.443 + 3.872MPa), BG/Mg3 (51.029 + 10.084 MPa)
and BG/Mg5 (45.895 + 0.850MPa) compared to plain BG
(29.883 + 1.323MPa). Also, statistical differences were observed
comparing PMMA (76.350 + 4.560MPa) to all other groups
(0.00009 < p < 0.0013; Fig. 2A).

BG/Col/Mg groups showed also a tendency of increasing CS for BG/
Col/Mg-based composites compared to BG/Col (Fig. 2B). Statistical
differences were found for BG/Col/Mg3 (58.272 + 0.923 MPa) com-
pared to BG/Col (40.905 + 3.319 MPa, p = 0.0137). Moreover, sta-
tistically —higher values were observed for BG/Col/Mg5
(84.967 = 5.740 MPa) compared to BG/Col (40.905 = 3.319 MPa,
p < 0.0001), BG/Col/Mgl (52.465 + 10.211 MPa, p = 0.0002) and
BG/Col/Mg3 (58.272 = 0.923 MPa, p = 0.0009). PMMA value for CS
was also statistically higher than BG/Col, BG/Col/Mgl and BG/Col/
Mg3 (0.00009 < p < 0.0164; Fig. 2B).

3.3. Mass measurements

After 3 days of immersion in PBS, a slight decrease in the initial
mass was observed for PMMA and BG100, reaching values of ~97 and
98%, respectively, which were kept until the last time point (Fig. 3A).
On the same experimental period (3 days), BG/Mgl and BG/Mg3 pre-
sented some weight gain in their original mass (~102 and 103%), and
these values increasing to 105% at day 14 for both groups. BG/Mg5
showed a more evident mass gain at day 3 (~107%) compared to the
other groups, and this phenomenon was accentuated at days 7
(~112%) and 10 (~122%), reaching ~124% at day 14. Statistical
differences were found for BG/Mg5 compared to PMMA and BG100 at
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all time points (0.008 < p < 0.021).

Mass measurements for BG/Col and BG/Col/Mg groups are depicted
in Fig. 3B. PMMA and BG/Col revealed some loss in their initial mass, 3
days after incubation, reaching ~97 and 98% of the initial mass, re-
spectively. Still at day 3, statistical higher values were found for BG/
Col/Mg3 (p = 0.032) and BG/Col/Mg5 (p = 0.022) compared to
PMMA. At day 7, BG/Col/Mg, in the different compositions (1, 3 and
5%) presented some weight gain compared to their initial mass. Fur-
thermore, the value presented for BG/Col/Mg5 (~104%) was statisti-
cally different compared to BG/Col (~97%; p = 0.039). The weight
gain continued, after 10 days, for all BG/Col/Mg groups, being more
evident for BG/Col/Mg3 (~104%) compared to PMMA and BG/Col
(~97%; p < 0.045). Likewise, 14 days post-incubation, BG/Col/Mg5
mass (~109%) was statistically higher than PMMA (~97%; p = 0.003)
and BG/Col (~100%; p = 0.026).

3.4. Ca assay

On day 3, BG100 and BG/Mgl presented Ca release which con-
tinued until day 7, reaching ~290 and 220 pg respectively (Fig. 4A).
After 7 days, a plateau was reached for both groups, keeping the same
above-mentioned values until the last time point. Differently, the
groups BG/Mg3 and BG/Mg5 showed Ca uptake which was more evi-
dent after 7 days of incubation (~110 and 275 ug respectively) com-
pared to the previous time point. The Ca mineralization continued for
BG/Mg5 until day 14, reaching ~320ug; Fig. 4A). Statistical differ-
ences were observed for BG/Mg5 compared to BG100 at all time points
(0.010 < p < 0.02). No statistical difference was found among other
groups at all time points (p > 0.05).

BG/Col and BG/Col/Mgl released Ca in the solution, especially
after 3 days of experiments, with the values of ~420 and 315 g, re-
spectively, on the last experimental period (Fig. 4B). In contrast, BG/
Col/Mg3 and BG/Col/Mg5 mineralized Ca overtime and this fact was
more evident for BG/Col/Mg5 which presented a continuous uptake of
the ion, reaching 615ugat the last time point (Fig. 4B). At all

Fig. 1. SEM micrographs of the BG/Col/Mg composites. 500x magnification:
[A] PMMA, [B] BG100, [C] BG/Mg3, [D] BG/Col and [E] BG/Col/Mg3. 1000x
magnification: [F] BG/Col/Mg3. Arrows indicate PMMA polymer, BG bioactive
glass and Col collagen.
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A Mechanical test for BG/Mg composites
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Fig. 2. Mechanical tests (compressive strength) for (A) BG/Mg and (B) BG/Col/
Mg composites. *PMMA compared to BG100 (p < 0.0001), BG/Mgl
(p = 0.0018), BG/Mg3 (p = 0.0012) and BG/Mg5 (p = 0.0003); # BG/Mgl
compared to BG100 (p = 0.0027); a BG/Mg3 compared to BG100 (p = 0.0043);
b BG/Mg5 compared to BG100 (p = 0.0027); ¢ PMMA compared to BG/Col
(p < 0.0001), BG/Col/Mgl (p = 0.0022) and BG/Col/Mg3 (p = 0.0163); d
BG/Col/Mg3 compared to BG/Col (p = 0.0137) and e BG/Col/Mg5 compared
to BG/Col (p < 0.0001), BG/Col/Mgl (p =0.0002) and BG/Col/Mg3
(p = 0.0009).

experimental periods, mineralization was statistically higher for BG/
Col/Mg5 compared to BG/Col (0.013 < p < 0.027).

3.5. pH measurements

The pH measurements indicated that PMMA and BG100 formula-
tions showed relatively constant pH values over time (variations be-
tween 7.4 and 7.8). It was observed an increased pH at day 3 for groups
BG/Mgl, BG/Mg3 and BG/Mg5 reaching values between 8.5 and 9.0
(Fig. 5A). After that, these composites presented a pH decrease, with
values ranging from 7.7 to 8.0 at day 21 post-incubation. Statistically
higher values were found for BG/Mg5 compared to PMMA at days 3, 7
and 10 (p = 0.0160, 0.0102 and 0.0183 respectively). No statistical
difference was found among other groups at all time points (p > 0.05).

Similarly, PMMA and BG/Col compositions presented relatively
constant pH values over time (variations between 7.4 and 7.8). On day
3, an increased pH was observed for BG/Col/Mgl, BG/Col/Mg3 and
BG/Col/Mg5, with values of 8.6, 8.6 and 8.8 respectively (Fig. 5B).
After this time point, the composite BG/Col/Mg1 had a sharp decrease,
reaching a pH value of ~7.7 at day 7. At this same experimental period,
BG/Col/Mg3 and BG/Col/Mg5 composites also revealed a pH decrease,
reaching values of 8.2 and 8.4 respectively. After this experimental
period, a plateau was reached for BG/Col/Mgl (pH value = 7.7) and,
on the other hand, the pH for BG/Col/Mg3 and BG/Col/Mg5 continued
decreasing over time, with values between 7.8 and 8.0 after 21 days of
incubation for both groups. Statistically higher values were observed
for BG/Col/Mg5 compared to PMMA at days 3, 7 and 10 (p = 0.0101,
0.0192 and 0.0189 respectively). No statistical difference was found
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Fig. 3. Mass variation for (A) BG/Mg and (B) BG/Col/Mg composites for up to
14 days of immersion in PBS. * BG/Mg5 compared to PMMA and BG100 at all
time points (0.008 < p < 0.021); # BG/Col/Mg3 (p = 0.032) and BG/Col/
Mg5 (p = 0.022) compared to PMMA; a BG/Col/Mg5 compared to BG/Col
(p = 0.039); b BG/Col/Mg3 compared to PMMA and BG/Col (p = 0.035 and
0.044 respectively); ¢ BG/Col/Mg5 compared to PMMA and BG/Col (p = 0.003
and 0.026 respectively).

among other groups at all time points (p > 0.05).

3.6. Cell culture studies

Investigation of the cytotoxicity on L929cells by alamarBlue’
showed that, at day 1, cell proliferation was lower for BG/Mg5 com-
pared to PMMA (p = 0.0479) and BG100 (0.0018). After 3 and 6 days
of culture, statistical differences were also found for BG/Mg5 compared
to Control and BG100 (0.005 < p < 0.025; Fig. 6A).

Similarly, BG/Col/Mg5 presented statistical lower values compared
to PMMA (p = 0.0479) and BG/Col (p = 0.0018) at day 1. In addition,
at days 3 and 6, statistical differences were observed for BG/Col/Mg5
compared to Control and BG/Col (0.006 < p < 0.025). Interestingly,
BG/Col/Mg3 presented similar values for cell proliferation compared to
the Control, especially after 6 days of culture (71.31 * 2.03 and
86.11 + 8.32; Fig. 6B). No other statistical difference was found
among the groups at all time points (p > 0.05).

Cell culture studies using MC3T3-E1 indicated a lower proliferation
for BG/Mg5 compared to Control (p =0.0479) and BG/Mgl
(p = 0.0246; Fig. 7A) at day 1. At day 3, statistically higher values for
Control (p = 0.0174) and BG100 (p = 0.0040) were also found com-
pared to BG/Mg5. After 6 days of culture, similarly to the first period,
proliferation was higher for Control (p = 0.0479) and BG/Mgl
(p = 0.0012) compared to BG/Mg5. Interestingly, at the last time point,
values were statistically different comparing BG/Mgl and BG/Mg3
(p = 0.0246; Fig. 7A).

Regarding BG/Col/Mg composites, values for BG/Col/Mg5 were
statistically lower compared to Control (p = 0.0345) and BG/Col/Mg1
(p = 0.0146; Fig. 7B) at day 1. After 3 days of cell seeding, proliferation
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Fig. 4. Ca release/uptake for (A) BG/Mg and (B) BG/Col/Mg composites for up
to 14 days of immersion in SBF. * BG/Mg5 compared to BG100 at all time
points (0.010 < p < 0.02); # BG/Col/Mg5 compared to BG/Col at all ex-
perimental periods (0.013 < p < 0.027).

was higher for Control compared to BG/Col/Mg3 (p = 0.0344) and BG/
Col/Mg5 (p = 0.0018). At days 6, statistical differences were found
only between BG/Col/Mg1 and BG/Col/Mg5 (p = 0.0030; Fig. 7B). No
other statistical difference was observed among the groups at all time
points (p > 0.05).

4. Discussion

The present study investigated Mg incorporation, at different per-
centages, into BG and BG/Col composites, with the aim of improving
the physic-chemical features, and in vitro biological performance of
above-mentioned materials. The results showed that Mg could be suc-
cessfully introduced into BG and BG/Col composites. A tendency in
increasing CS for BG/Mg (with samples-containing all percentages of
Mg), and for BG/Col/Mg (in composites-containing 3 and 5% Mg) was
observed. A significant increase in mass samples was detected for BG/
Mg5, BG/Col/Mg3 and BG/Col/Mg5 after incubation in PBS for up to
14 days. Furthermore, Ca assay measurements demonstrated a higher
calcium uptake for BG/Mg3, BG/Mg5, BG/Col/Mg3 and BG/Col/Mg5
compared to BG and BG/Col. The pH measurements indicated increased
values for BG/Mg5 and BG/Col/Mg5, but all the groups reached similar
pH values at the end of the experiment. A lower L929 and MC3T3-E1
cell viability was observed only for BG/Mg5 and BG/Col/Mg5.
Interestingly, BG/Mgl and BG/Col/Mgl presented similar values for
cell viability compared to Control, demonstrating non-cytotoxicity,
especially to MC3T3-E1 lineage.

The successfully obtained BG/Col/Mg composites presented
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Fig. 5. pH of SBF solution in contact with (A) BG/Mg and (B) BG/Col/Mg
composites for up to 21 days. * BG/Mg5 compared to PMMA (p = 0.0160,
0.0102 and 0.0183 at days 3, 7 and 10 respectively); # BG/Col/Mg5 compared
to PMMA (p = 0.0101, 0.0192 and 0.0189 respectively at days 3, 7 and 10
respectively).

cohesion [32] upon incubation in different solutions, as PBS and SBF,
and these materials were easy to handle. The planned volume and 60%
porosity [33,34] used for formulation of the composites were bio-in-
spired, mimicking natural bone composition [35-37]. The resulting wt
% for BG, Col and Mg in each composition were higher than the
planned bio-inspired ones, nevertheless, these greater amounts of the
biomaterials may be structural, not functional [38-40]. Additionally,
SEM demonstrated that the components of the materials were well
distributed, and BG and Col particles could be noticed and differ-
entiated in each formulation. Mg particles could not be visualized by
SEM analysis, since Mg has an atomic number (Z) close to the ones of
BG elements and the electron image depends on the Z [10,41].

Mechanical tests showed a trend in increasing the CS for BG/Mg and
BG/Col/Mg-based composites. Apparently from the discussed literature,
the reinforcing Mg enhanced the mechanical properties of the composites,
mainly in the ones containing the biopolymer Col [42], being suitable for
repairing load-bearing bones [19]. This fact may be most due to the in-
corporation of Mg, since PMMA was also utilized for producing BG and
BG/Col, and these groups presented lower CS values compared to the
respective Mg-based groups. Previous work by Staiger et al. (2006) re-
ported the advantages of magnesium as biodegradable material and, also,
mentioned that its mechanical properties make this biomaterial attractive
as orthopedic implants [43]. Studies by Khandaker and Tarantini (2012)
found that the interface strength for bone-PMMA is lower than the inter-
face strengths for bone-PMMA with MgO particles [44].
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Fig. 6. Cell viability by alamarBlue for L929 cells in contact with pre-condi-
tioned medium obtained after 1, 3 and 6 days. (A) and (B) for BG/Mg and BG/
Col/Mg respectively in contact with 1L929. * BG/Mg5 compared to PMMA
(p = 0.0479) and BG100 (p = 00018); # BG/Mg5 compared to Control at days
3 and 6 (p = 0.007 and 0.0246 respectively); a BG/Mg5 compared to BG100 at
days 3 and 6 (p = 0.0058 and 0.0174 respectively); b BG/Col/Mg5 compared to
PMMA (p = 0.0479) and BG/Col (p = 00018); ¢ BG/Col/Mg5 compared to
Control and BG/Col at days 3 and 6 (p = 0.007 and 0.02 respectively).

Mass loss measurements showed that BG and BG/Col basically
presented a constant sample mass during the experimental periods and
the introduction of Mg produced an increase of mass. It is known that
the rate of BG dissolution is low [10,11]. This fact may explain the
constance of BG sample mass. Also, the introduction of collagen did not
have any statistical influence in the material dissolution, possibly be-
cause the used amount of this component was not sufficient to provoke
any difference on this matter. On the other, most probably the samples
with Mg gained weight through the faster precipitation of phosphate on
their surface compared to the plain ones. Similarly, Xu et al. (2008)
showed that Mg alloys-containing phosphate immersed in SBF pre-
sented weight gain after 48 h [45]. Moreover, reactions in the Mg/so-
lution interface, i.e. reactions between Mg and the ions in the SBF have
led to an increased Ca uptake in the samples-containing higher per-
centage of Mg (5%), both with BG and BG/Col, probably due to the
phosphate precipitation and formation of the CaP layer on the surface
of these composites [45]. Following this line, Witte et al. (2005) de-
monstrated, using implantation of Mg alloys rods into the femora of
guinea pigs, high mineral apposition rates on these Mg rods related to
the CaP layer [46].

The pH measurements confirmed that incorporation of Mg into BG
and BG/Col resulted in alkalization of the immersion medium mainly in
the first experimental periods. Probably, the protective buffering effect
of an organism body may overcome these drawbacks and may allow
bone formation [47]. The alkaline degradation of magnesium has al-
ready been reported which may contribute to the detected phenomenon
in the present study [48]. This might be a new way to introduce alka-
line filler in order to improve the properties of some acidic polymers
[49]. No relevant influence of Col was observed. Magri et al. (2017)
also showed that the incorporation of Col in BG-based materials had no
effect in the pH measurements, with values close to the physiological
one [50].
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Fig. 7. Cell viability by alamarBlue for MC3T3-E1 cells in contact with pre-
conditioned medium obtained after 1, 3 and 6 days. (A) and (B) for BG/Mg and
BG/Col/Mg respectively in contact with MC3T3-E1. * Control compared to BG/
Mg5 at days 1, 3 and 6 (p = 0.0479, 0.0174 and 0.0479 respectively); # BG/
Mgl compared to BG/Mg5 at days 1 and 6 (p = 0.0246 and 0.0012 respec-
tively); a BG100 compared to BG/Mg5 (p = 0.0040); b BG/Mgl compared to
BG/Mg3 (p = 0.0246); c Control compared to BG/Col/Mg5 at days 1 and 3
(p = 0.0345 and 0.0018 respectively); d BG/Col/Mgl compared to BG/Col/
Mg5 at days 1 and 6 (p = 0.0146 and 0.0030 respectively); e Control compared
to BG/Col/Mg3 (p = 0.0344).

Cell culture studies indicated deleterious effect on cell viability in
composites-containing the higher percentage of Mg (5%), and a ten-
dency for that in materials-containing 3% Mg for both BG and BG/Col,
especially for L929 lineage. This fact may probably be explained by the
corrosion of Mg and its alloys, limiting further clinical applications for
composites with increased amounts of this element in their composition
(dose-dependent cell growth inhibition) [51]. Interestingly, no sig-
nificant differences were found for cell viability of BG and BG/Col
groups composed by the percentage of 1% Mg when comparing to
Control group, mainly for MC3T3-E1l lineage, showing that these Mg-
based composites were not harmful to these cells. Moreover, it worth
highlighting the MC3T3-E1 non-cytotoxicity and cell viability in con-
tact with extracts of BG and BG/Col 1% Mg, with values very close to
the Control group, indicating that these materials are safe for this
lineage. Likewise, BG and BG/Col groups presented values for cell
viability similar to Control group. Earlier studies, using MC3T3-E1 pre-
osteoblastic cells and BMSCs, also confirmed that Ca-Mg silicate foamed
scaffolds and Mg/CSH composites, respectively, were biocompatible
[52]. Additionally, previous studies already established that BG and Col
are beneficial for osteoblastic cell growing and in vivo bone formation
[8,11,50,53,54]. More specifically, other recent animal investigations
showed that Mg-containing composites were beneficial for new tissue
formation and healing of bone defects [22,23].

Summarily, our data on BG/Mg and BG/Col/Mg-based composites
are very encouraging and may lead to further molecular and cell culture
studies, and in vivo investigations to elucidate their osteogenic potential
and biological performance for bone tissue engineering.

5. Conclusions

Based on our investigations of BG/Mg and BG/Col/Mg, it can be
concluded that the mentioned composites were successfully obtained
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with improved mechanical properties, retaining the bioactivity of the
BG. Preliminary cell culture investigations showed that BG and BG/Col
containing 1% of Mg were non-cytotoxic and biocompatible. This per-
centage of Mg is promising and safe to be used as constitute part of
composites for bone tissue engineering purposes. Further studies should
be performed to investigate the effect of Mg introduction into BG/Col
samples in in vivo models.
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