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Abstract

The combination of different biomaterials can be a promising intervention for the composites manufacture, mainly by adding
functional and structural characteristics of each material and guarantee the advantages of the use of these composites. In this
context, the aim of this study was to develop and evaluated the influence of the incorporation of marine spongin (SPG) into
Biosilicate® (BS) in different proportions be used during bone repair. For this purpose, it was to develop and investigate
different BS/SPG formulations for physico-chemical and morphological characteristics by pH, loss mass, Fourier transform
infrared spectrometer (FTIR) and scanning electron microscope (SEM) analysis. Additionally, the influence of these
composites on cell viability, proliferation, and alkaline phosphatase (ALP) activity were investigated. The results revealed
that the pH values of all BS groups (with or without SPG) increased over time. A significant mass loss was observed in all
composites, mainly with higher SPG percentages. Additionaly, SEM micrographies demonstrated fibers of SPG into BS and
material degradation over time. Moreover, FTIR spectral analysis revealed characteristic peaks of PMMA, BS, and SPG in
BS/SPG composites. BS/SPG groups demonstrated a positive effect for fibroblast proliferation after 3 and 7 days of culture.
Additionally, BS and BS/SPG formulations (at 10% and 20% of SPG) presented similar values of osteoblasts viability and
proliferation after 7 days of culture. Furthermore, ALP activity demonstrated no significant difference between BS and BS/
SPG scaffolds, at any composition. Based on the present in vitro results, it can be concluded that the incorporation of SPG
into BS was possible and produced an improvement in the physical-chemical characteristics and in the biological
performance of the graft especially the formulation with 80/20 and 90/10. Future research should focus on in vivo
evaluations of this novel composite.
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1 Introduction

Biomaterial based bone grafts represent a very promissing
therapeutical intenvention to be used for dental and ortho-
pedic applications [1]. It is well known that grafts manu-
factured from autologous bone produces the best clinical
outcomes and are considered the gold standard, being able
of providing osteogenic progenitor cells and growth factors
for bone cell differentiation and lacking immune-related
complications [2]. However, their use involve the need of
an extra surgical intervention and considerable donor site
morbidity associated with the harvest [3, 4]. In this context,
synthetic biomaterials have been emerging as an alternative
for engineered designed bone grafts, being tailored to pre-
sent handling properties, good osteogenic performance,
stimulating cell proliferation and osteogenesis and appro-
priate resorption rate [5].

Bioactive glasses and glass-ceramics (including Biosili-
cate®) are one of the most promising biomaterials for bone
tissue engineering [6—14]. They are a class of synthetic
silica-based bioactive materials with the ability to bond to
bone tissue, forming an active apatite layer on their surface,
which acts as a template for newly bone formation
[6, 15, 16]. Especially, Biosilicate® (BS), a particular
composition of a group of fully crystallized glass-ceramics
of the Na,O-CaO-SiO,—P,05 system, has been demon-
strating very positive effects on bone metabolism and on the
acceleration of fracture healing.

However, in specific critical situations such as bone
fractures with poor vascularization or in the presence of
diseases such as osteoporosis, the osteoconductive proper-
ties of BS may not be sufficient to induce bone ingrowth
and fracture consolidation. Consequently, combining two or
more biomaterials, with different characteristics has been
emerging as a possible alternative to obtain more effective
bone grafts [17—19]. Thus, the association of BS (which can
represent the bone mineral part) with an organic part (such
as collagen), may constitute a graft with improved biolo-
gical properties, being a more suitable material to be used as
bone substitutes.

Additionally, different sources of collagen to be used in
the tissue engineering field have been explored by many
authors such as collagen from marine sponges or spongin
(SPG) [20-22]. It has been demonstrated that SPG shows a
similar composition to type XIII vertebrate collagen [23, 24]
and it seems to be able of accelerating osteoblast cell pro-
liferation in in vitro studies, showing an osteogenic poten-
tial [23-25].

As it is of high demand the development of bone sub-
stitutes with a higher osteogenic potential, it was hypothe-
sized that the addition of SPG to BS might offer a very
innovative way of improving the biological performance.
The introduction of SPG was designed to integrate its high
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bioactivity rate to the bioactive material, increasing the
osteogenic potential. Thus, the aim of the current study was
to investigate different BS/SPG formulations for physico-
chemical and morphological characteristics and the influ-
ence of these composites on cell viability and proliferation
and alkaline phosphatase (ALP) activity in in vitro studies.

2 Materials and methods
2.1 Materials

BS parent glass used in the present study was a fully
crystallized bioactive glass ceramic of the quaternary
P,05-Na,0-CaO-SiO, system (patent application
W02004/074199). BS (particle size 250-1000 um) was
provide by Vitreous Materials Engineering, Federal Uni-
versity of Sdo Carlos, Sao Carlos, SP, Brazil). Additionally,
Poly (methyl methacrylate) (PMMA, particle size: 15 um)
and methyl methacrylate (MMA, purity: 99.09%) were
provided by VIPI Produtos Odontolégicos (Pirassununga,
Sédo Paulo, Brazil). Both polymer and monomer were uti-
lized exclusively to aggregate the BS and SPG. Carbox-
ymethyl cellulose (CMC), density 1.59 g/cm?®, was provided
by Sigma Aldrich (Missouri, USA) and distilled water to
provide crosslinked and interconnected porosity.

2.2 SPG

Aplysina fulva marine sponge was used for the SPG
extraction. Samples were collected from high hydro-
dynamism coasts, in the intertidal zone, in Praia Grande
(23049'23.76 "S, 45025'01.79” W, Sdo Sebastido, Brazil)
and in Aracd Bay area (23081'73.78 ”S, 45040'66.39 "W,
Sdo Sebastido, Brazil). SPG was isolated by a previously
described method with some modifications [26]. Briefly, the
collection was performed using a scalpel blade. The sam-
ples were immediately washed with sea water, placed in
containers containing sea water, and transported to the
laboratory in thermal boxes. Three washing steps were
performed in Milli-Q water to remove cell debris and
immediately after the samples were stored in a freezer at
—20°C. For the extraction of SPG, species of marine
sponges were cut into small pieces and placed separately in
Tris-HCI buffer (100 mM, pH 9.5, 10 mM EDTA, 8 M urea,
100 mM 2-mercaptoethanol). After, the pH was adjusted to
9 with the use of the NaOH solution. Then, this solution
was transferred into a stirred beaker during 24 h. After, the
solution was centrifuged (5000g; Smin and 2 °C). The
pellet was discarded, and the supernatant was removed for
analysis. The pH was adjusted again to 4 with the use of
acetic acid solution. In this stage, it was possible to observe
the formation of the precipitate. This precipitate was
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Table 1 Experimental

formulations of composites Groups PMMA (g) MMA (g) BS (g) SPG (g) CMC (g) Water (g)
expressed in grams (g) PMMA 0472 0.944 0 0 0.043 0.565
BS 0.236 0.472 0.560 0 0.043 0.565
SPG 0.236 0.472 0 0.268 0.043 0.565
BS/SPG 90/10 0.236 0.472 0.295 0.127 0.043 0.565
BS/SPG 80/20 0.236 0.472 0.368 0.092 0.043 0.565
BS/SPG 70/30 0.236 0.472 0.455 0.051 0.043 0.565
resuspended in Milli-Q water, and after it was centrifuged 2.4.2 FTIR

again. The solution was lyophilized for preservation of the
SPG [26].

2.3 Preparation of scaffolds

For this study, 5 different scaffolds were used manufactured
with different materials and formulations: PMMA; BS; BS/
SPG 90/10; BS/SPG 80/20 and BS/SPG 70/30. The lowest
amount of PMMA sufficient to aggregate the different
materials was used. In addition, CMC was used as a
porogenic material and the quantity utilized for this com-
ponent in each composite is toward inducing porosity of
60% [27-29]. All materials (i.e., PMMA, BS, SPG, and
CMC) in powder, and distilled H,O were weighed and
mixed in a silicone container using a spatula, at the different
proportions corresponding to each group (Table 1). After
that, distilled water was added, the combination was mixed,
followed by the addition of MMA monomer (to produce the
crosslink). Then, the mixture was rapidly transferred to a
silicon mold of 6 mm diameter x2 mm height. Subse-
quently, the molds were sealed and submitted to a pressure
air chamber at 0.6 MPa for 30 min. Afterwards, the molds
were vacuum dried (10’3 Torr) for 15 min and the compo-
sites were removed from the silicon molds, packaged, and
sterilized by ethylene oxide (Acecil, Campinas, SP, Brazil).

2.4 Physicochemical tests
2.4.1 In vitro degradation

Degradation of the scaffolds was studied by evaluating pH
and mass loss after 0, 3, 7, 14, and 21 days of immersion in
phosphate buffered saline (PBS). Composite formulations
were prepared and individually weighted. Samples (n = 3)
were immersed in 3 mL of PBS (10 mM and pH =7.4) and
incubated at 37 °C in a water bath on a shaker table. For each
experimental period, samples were removed from the solution
and the pH was measured (n = 3) using a pH electrode (Orion
Star A211, Thermo Scientific, Massachusetts, USA). More-
over, the scaffolds were vacuum dried overnight before
measuring the mass. Mass loss was evaluated comparing the
initial and final mass for each individual sample.

Infrared spectra of the PMMA; BS; BS/SPG 90/10; BS/SPG
80/20 and BS/SPG 70/30 were obtained by a reflection of
FTIR (Bomem Michelson Series at 400 a 4000 cm ™!
interval with 4 cm™! resolution).

2.4.3 SEM

The morphology of the preset scaffolds were evaluated by
SEM (Le0 440, Carl Zeiss, Jena, Germany) operating with a
10keV electron beam. The surface morphology and
degradation behavior were analyzed before incubation and
after 7 and 21 days of incubation in PBS. To obtain SEM
images, samples were mounted on aluminum stubs using
carbon tape and sputter-coated with gold prior to
examination.

2.5 In vitro study
2.5.1 Cell culture

In this study two cell lines were used, mouse calvaria-
derived MC3T3-E1 subclone 14 preosteoblastic cells (Bank
of Cells of Rio de Janeiro, Rio de Janeiro, RJ, Brazil) and
murine fibroblasts cells (L929) (ATCC CCL-1, passage 5)
(Bank of Cells of Rio de Janeiro, Rio de Janeiro, RJ,
Brazil). Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Vitrocell, Campinas, SP, Brazil) for
L929 and alpha Minimal Essential Medium (a-MEM;
Vitrocell, Campinas, Brazil) for MC3T3. Both medias were
supplemented with 10% fetal bovine serum (Vitrocell,
Campinas, SP, Brazil) and 1% antibiotic—antimycotic
solution (Vitrocell, Campinas, SP, Brazil) and the cells were
maintained at 37 °C in a humidified atmosphere of 5% CO,.
For cell viability and cell proliferation: cells were seeded at
1% 10* cells/cm® in 48-well plate (Kasvi, Curitiba, PR,
Brazil) with extract of PMMA, BS, BS/SPG 90/10, BS/SPG
80/20, and BS/SPG 70/30 containing 500 ul of composites
extracts for 1, 3, and 7 days. For osteogenic differentiation
by ALP activity: cells were seeded at 1 x 10* cells/cm?® in
24-well plate (Kasvi, Curitiba, PR, Brazil) with extract of
PMMA, BS, BS/SPG 90/10, BS/SPG 80/20, and BS/SPG
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70/30 containing 1 ml of composites extracts for 14 and
21 days. The medium was refreshed every 2-3 days. In
vitro biological response analyzes were performed in
triplicate (n=4). To obtain the extracts, samples were
immersed and incubated in their respective media (50 mL/g)
at 37 °C in a humidified atmosphere of 5% CO, for 7 days.
Then, the medium was filtered (0.22 um, Kasvi) and used
for the in vitro experiments. For the control groups, only
each medium without extract was used.

2.5.2 Cell viability

The cell viability was evaluated by alamarBlue® assay (Bio-
Rad AbD Serotec GmbH, Puchheim, Germany). Addition-
ally, cell proliferation was quantified using a QuantiFlour®
dsDNA System Kit (Promega, Madison, WI, USA) [30].
Therefore, the cell lineages were cultivated into extracts of
the materials. MC3T3 and 1929 cells were cultivated 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 cultivated for 1, 3, and 7 days. For cell
viability, 50 ul of alamarBlue® solution was added to each
well, and the plate was stored in the dark at 37 °C during 4 h
in a cell culture incubator. After this period, 200 ul of the
samples were transferred to a 96-well plate and measure-
ments were performed using a microplate reader (Bio-Tek
Instruments, Inc.) at 570 nm.

2.5.3 Cell proliferation

Subsequently, the alamarBlue® solution in contact with
cells was washed away twice using PBS and the same well-
plate, at each experimental period. After, 500 ul of Milli-Q
water was added in each well and was stored in the freezer
until the analysis of DNA quantification by PicoGreen assay
(QuantiFluor® dsDNA quantification kit; Promega, Leiden,
The Netherlands). After 2 freeze-thaw cycles (—80 °C and
25 °C), 100 pl of freshly made working solution was added
into each well which contained 100 pl of sample or DNA
standard, and the plate was stored in the dark for 5 min.
Finally, the fluorescent signal (485/20 excitation and 530/25
emission) was read using a microplate reader (SpetraMax®
M5, Molecular Devices, California, USA).

2.5.4 ALP activity

ALP activity was performed a colorimetric assay using a
5nM p-nitrophenyl phosphate (4-NP) (Sigma-Aldrich, St.
Louis, MO, USA). First, 80 ul sample or standard (serial
dilutions of 4-nitrophenol at the concentrations of 0-25 nM)
plus 20 pl buffer solution (0.5 M 2-amino-2-methyl-1-pro-
panol) were added into 96 well-plate. Then, 100 pl substrate
solution (p-nitrophenyl phosphate) was added to all the
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wells and incubated at 37 °C for 1 h. To stop the reaction
was deposited 100 pl of 0.3 M NaOH and the ALP activity
was measure in a spectrophotometer (Bio-Tek Instruments)
at 405 nm.

2.6 Statistical analysis

Data were expressed as mean + standard deviation. The
normality of all variable's distribution was verified using the
Shapiro—Wilk W test. For the variable that exhibited normal
distribution, comparisons among the groups were made
using one-way analysis of variance (ANOVA) with post
hoc Tukey Multiple Comparisons test. For the variable that
exhibited non-normal distribution, Kruskal Wallis tests
were used. GraphPad Prism version 6.01 was used to carry
out the statistics analysis. Values of p<0.05 were con-
sidered statistically significant.

3 Results
3.1 In vitro degradation

Figure 1 shows the results of the pH measurement during
degradation in PBS. pH of PMMA group showed constant
values over time (7.34-7.30). Furthermore, an increase in
pH was observed after 3 days of incubation for BS, BS/SPG
90/10, BS/SPG 80/20, and BS/SPG 70/30 (pH values
between 10.05 and 10.32). The increase in pH value con-
tinuous increasing for all BS groups until the last experi-
mental period (for BS on days 7, 14, and 21 pH values were
10.64; 11.01 and 11.36, respectively), (for BS/SPG 90/10
on days 7, 14, and 21 pH values were 10.55; 10.52 and
10.7, respectively), (for BS/SPG 80/20 on days 7, 14, and
21 pH values were 10.57; 10.8 and 11.18, respectively) and
(for BS/SPG 70/30 on days 7, 14, and 21 pH values were
10.51; 10.38 and 11.41, respectively). Furthermore, pH
values of PMMA groups for all experimental periods were

0 3 7 14 21
Days

-+PMMA -=BS -<BS/SPG90/10 -<BS/SPG 80/20
Fig. 1 pH change after incubation in PBS for PMMA; BS; SPG; BS/

SPG 90/10; BS/SPG 80/20 and BS/SPG 70/30 after 3, 7, 14, and
21 days. Values represent the mean of three samples. *p <0.05

BS/SPG 70/30
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Mass loss (%)

0 3 7 14 21
Days

-+PMMA -+BS -<BS/SPG 90/10 BS/SPG 80/20 BS/SPG 70/30

Fig. 2 Mass loss (%) measurements for PMMA; BS; BS/SPG 90/10;
BS/SPG 80/20 and BS/SPG 70/30. Values represent the mean of three
samples. Day 3: u BS/SPG 90/10 versus PMMA and BS; o BS/SPG
80/20 versus PMMA and BS; 6 BS/SPG 70/30 versus PMMA and BS.
Day 7: u BS/SPG 90/10 versus PMMA and BS/SPG 70/30; o BS/SPG
80/20 versus PMMA and BS; 6 BS/SPG 70/30 versus PMMA and BS.
Day 14: u BS/SPG 90/10 versus PMMA and BS; o BS/SPG 80/20
versus PMMA and BS; 0 BS/SPG 70/30 versus PMMA, BS and BS/
SPG 90/10. # BS versus PMMA. Day 21: # BS versus BS/SPG 70/30

lower compared to the other groups (p <0.0001). No other
significant diference was observed.

3.2 Mass loss

Mass loss (%) measurements upon soaking in PBS are
presented in the Fig. 2. In the first period analyzed, all
composites analyzed demonstrated mass loss, mainly in the
PMMA and BS, which reached values of 59.8% and 66.1%,
respectively. Statistical differences were observed after
3 days of immersion, when a higher mass loss was observed
in PMMA compared to BS/SPG 90/10 (p =0.0006), BS/
SPG 80/20 (p =0.0003), and BS/SPG 70/30 (p = 0.0007).
Additionally, BS showed a higher mass loss compared to
BS/SPG 90/10 (p =0.0082), BS/SPG 80/20 (p =0.003),
and BS/SPG 70/30 (p = 0.0097).

After 7 days of incubation, PMMA showed a lower mass
loss compared to BS/SPG 90/10 (p =0.0214), BS/SPG 80/
20 (p =0.0004), and BS/SPG 70/30 (p <0.0001). Similar
behavior was also observed for BS compared to BS/SPG 80/
20 (p =0.0048) and BS/SPG 70/30 (p =0.0008). In this
same period, it was observed a higher mass loss in BS/SPG
90/10 compare to BS/SPG 70/30 (p=0.00110). After
14 days of incubation, PMMA showed a higher mass loss
compared to BS (p =0.0078), BS/SPG 90/10 (p <0.0001),
BS/SPG 80/20 (p < 0.0001), and BS/SPG 70/30 (p < 0.0001).
Additionally, in the same period, BS showed similar results
compared to BS/SPG 90/10 (p =0.0045), BS/SPG 80/20
(p<0.0001) and BS/SPG 70/30 (p <0.0001). The BS/SPG
90/10 demonstrated a lower mass loss compared to BS/SPG
80/20 (p =0.0066) and BS/SPG 70/30 (p =0.0005). In the
last experimental period (21 days), a higher mass loss was
observed for BS/SPG 70/30 compared to BS (p =0.0165).

3.3 SEM

Figure 3 shows the SEM images of composites with and
without immersion. For PMMA samples, microspheres
were observed in all photomicrographs, becoming more
evident after immersion, with similar aspects for both 7 and
21 days. Furthermore, it was possible to observe the glass-
ceramic structure in the SEM images of BS scaffolds
(without immersion), with some particles of PMMA. After
7 and 21 days of immersion, it was still possible to identify
BS particles and PMMA microspheres, but with a less
homogeneous appearance however, evidences of material
degradation over time can be noticed. For all BS/SPG
composites, fibers of SPG can be observed, forming a net
around the BS, and the PMMA microspheres. After
immersion, signs of degradation of BS/SPG composites
were observed, with the formation of pores.

3.4 FTIR

Chemical compositions of the composites can be
observed in the FTIR spectra in Fig. 4. PMMA spectra
reflect the presence of the C—O bonds within the polymer;
can be observed bands can be observed in the following
regions: 3050-2999cm™' (CH stretching vibration);
1730cm™" (CO double bond stretching vibration);
1260-1040 cm ™! (COC single bond stretching vibration)
and 808-960cm ' (COC single bond deformation
vibration). BS spectrum showed a band in 1100-900 cm !
(SiO, and PO, %) and 500-610 cm™' (P-O and Si—O-Si).
SPG spectrum demonstrated bands in the following regions:
3500cm™! (O-H stretch); 3200 cem™! (asymmetric and
symmetric axial deformations of NH); 1700-1600 cm !
(C=0 axial deformation); 1400 cm ™! (interaction between
the angular deformation of N—H and the axial deformation
of C-N). BS/SPG 90/10; BS/SPG 80/20 and BS/SPG
70/30 spectra can verify the characteristic bands of PMMA,
BS, and SPG in different proportions.

3.5 Cell viability

For L1929 cell viability, no statistical difference was
observed among the groups after 1 and 3 days of culture
(Fig. 5). On day 7, statistically higher values of 1.929 via-
bility were observed for Control, PMMA, BS/SPG 90/10;
BS/SPG 80/20; BS/SPG 70/30 compared to BS (p=
0.0003; p=0.0025; p=0.0108; p=0.0316; p =0.0403,
respectively). No other difference was observed.

3.6 MC3T3

The AlamarBlue® assay of MC3T3 revealed that, 1 day
after seeding, Control and PMMA group showed higher cell
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Fig. 3 SEM representative

micrographs of cross-sections of
PMMA; BS; BS/SPG 90/10;
BS/SPG 80/20; BS/SPG 70/
30 scaffolds of day O (before PMMA
incubation) and after 7 and
21 days of PBS incubation.
Pores (yellow arrows); PMMA
(yellow arrows head);
Biosilicate (#) and SPG (*) are
indicated in the SEM BS
micrographs. Bar represents
200 pm
BS/SPG
90/10
BS/SPG
80/20
BS/SPG
70/30
BS/SPG 70/30 NHCEN - sio, PO po sio-si
\_od  NH S \\C:O/,,\\V ~ I ALMAL
BS/SPG 80/20 ‘
BS/SPG 90/10
\ r)//kf”f R WO \

SPG

Transmittance (a.u.)

BS

\ AN M
PMMA

AT WY

L 1 L 1 ! 1 L
4000 3500 3000 2500 2000 1500 1000 500

-1
cm

Fig. 4 FTIR spectra of PMMA, BS, SPG, BS/SPG 90/10, BS/SPG 80/
20, and BS/SPG 70/30

viability compared to BS and all the BS/SPG formulations
(p<0.0001) (Fig. 6).

After 3 days, Control and PMMA showed a higher
percentage of MC3T3 viability when compared to BS and
BS/SPG formulations (p <0.0001) (Fig. 6). Furthermore,
BS/SPG 90/10 showed a higher cell viability compared to

@ Springer

Cell viability
(% alamarBlue® Reduced

1 3 7
Days

7zCONTROL CPMMA mBS @BS/SPG90/10 mBS/SPG 80/20 & BS/SPG 70/30

Fig. 5 Cell viability of L929 by alamarBlue® in solution containing
extract of PMMA; BS; BS/SPG 90/10; BS/SPG 80/20; BS/SPG 70/30
after different experimental periods (1, 3, and 7 days) of L929 culture.
*p<0.05; **p <0.01 and ***p <0.0001

BS (»p =0.0018) and BS/SPG 70/30 (p<0.0001). Addi-
tionally, BS/SPG 80/20 showed a higher value of viability
compared to BS/SPG 70/30 (p=0.0042). On day 7,
Control and PMMA groups showed higher cell viability
compared to BS (p=0.0087 and p=0.0107);
BS/SPG 90/10 (p = 0.0028 and p = 0.0035); BS/SPG 80/20
(p=0.0023 and p=0.0029) and BS/SPG 70/30
(p<0.0001, for both). Additionally, BS/SPG 70/30
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3140 A

Cell viability

= 60 -

Days
ZCONTROL OPMMA mBS @BS/SPG90/10 mBS/SPG 80/20 &BS/SPG 70/30

Fig. 6 Cell viability of MC3T3 by alamarBlue® in solution containing
extract of PMMA; BS; BS/SPG 90/10; BS/SPG 80/20; BS/SPG 70/30
after different experimental periods (1, 3, and 7 days) of MC3T3
culture *p <0.05; **p <0.01 and ***p <0.0001

3500 1
3000 -

2500 A

2000 A

1500 4

1000 A

Cell proliferation by DNA content (ng/ml)
I
S
(=]

1 3 7
Days
BCONTROL OPMMA mBS @BS/SPG 90/10 mBS/SPG 80/20 ®BS/SPG 70/30

Fig. 7 Cell proliferation of L929 by DNA content using Control and
extract of PMMA; BS; BS/SPG 90/10; BS/SPG 80/20; BS/SPG 70/30
after different experimental periods (1, 3, and 7 days) of culture *p <
0.05; **p <0.01 and ***p <0.0001

demonstrated statistically lower values of MC3T3 viability
compared to BS (p = 0.0008); BS/SPG 90/10 (p = 0.0024)
and BS/SPG 70/30 (p = 0.0029).

3.7 Cell proliferation

Figure 7 demonstrates the values of the DNA content of
L.929 on days 1, 3, and 7 of cell culture. It was possible to
observe that on day 1, Control, PMMA and BS showed a
higher cell proliferation compared to BS/PLGA 90/10
(p =0.0008, p = 0.0065, and p = 0.0002); BS/PLGA 80/20
(p =0.0002, p =0.0016, and p <0.0001) and BS/PLGA 70/
30 (»p <0.0001, p =0.0010, and p <0.0001).

On day 3, Control showed an increased cell proliferation
compared to BS/PLGA 90/10 (p <0.0001); BS/PLGA 80/
20 (p =0.0009) and BS/PLGA 70/30 (p =0.0010). Addi-
tionaly, PMMA demonstrated an increased cell proliferation
compared to BS/PLGA 90/10 (p <0.0001); BS/PLGA 80/
20 (p =0.0007). Furthermore, BS/PLGA 90/10 reveal a
lowest cell proliferation compared to BS (p = 0.0006) and
BS/PLGA 70/30 (p =0.0012). In the last period analyzed,

1200 1

1000 A —

800 A

600

400 4

200 A

Cell proliferation by DNA content (ng/ml)
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Fig. 8 Cell proliferation of MC3T3 by DNA content using Control and
extract of PMMA; BS; BS/SPG 90/10; BS/SPG 80/20; BS/SPG 70/30
after different experimental periods (1, 3, and 7 days) of culture.
*p<0.05; **p <0.01 and ***p <0.0001

Control and PMMA showed a higher 1929 proliferation
compared to BS/PLGA 90/10; BS/PLGA 80/20 and BS/
PLGA 70/30 (p <0.0001) (Fig. 7).

Figure 8 shows the results of MC3T3 proliferation
evaluated by DNA content. On day 1, Control and PMMA
showed a higher MC3T3 proliferation compared to other
groups (p<0.0001). In addition, BS demonstrated an
increase in cell proliferation compared to BS/SPG 90/10;
BS/SPG 80/20 and BS/SPG 70/30 (p<0.0001). After
3 days of seeding, it is evident that Control, PMMA, and BS
presented a higher cell proliferation compared to BS/SPG
90/10; BS/SPG 80/20 and BS/SPG 70/30 (p <0.0001).
After 7 days of culture, Control showed a higher cell pro-
liferation compared to all groups (p < 0.0001). Additionaly,
PMMA demonstrated an increase in MC3T3 proliferation
compared to BS (p =0.0006) and BS/SPG 90/10; BS/SPG
80/20 and BS/SPG 70/30 (p <0.0001). Furthermore, BS/
SPG 70/30 demonstrated a lower cell proliferation com-
pared to BS (p <0.0001); BS/SPG 90/10 (p =0.0101) and
BS/SPG 80/20 (p =0.0025) (Fig. 8).

3.8 ALP activity

Figure 9 demonstrates the results for ALP activity evalua-
tion. After 14 days of cell culture, Control showed a higher
ALP activity compared to BS (p = 0.0003); BS/SPG 90/10
(p =0.0095); BS/SPG 80/20 (p = 0.0005) and BS/SPG 70/
30 (p=0.0153). Additionally, PMMA demonstrated a
higher ALP activity compared to BS (p <0.0001); BS/SPG
90/10 (p =0.0007); BS/SPG 80/20 (p =0.0002) and BS/
SPG 70/30 (p =0.0009). As observed in the first period,
after 21 days Control and PMMA showed a significant
increase in ALP activity compared to BS; BS/SPG 90/10;
BS/SPG 80/20 and BS/SPG 70/30 (p <0.0001) (Fig. 9). No
other difference was observed.
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Fig. 9 ALP activity of MC3T3-E1 in solution containing extract of
PMMA; BS; BS/SPG 90/10; BS/SPG 80/20; BS/SPG 70/30 compo-
sites after 14 and 21 days of cell culture. *p <0.05; **p <0.01 and
**%p <0.0001

4 Discussion

The present work studied the incorporation of marine SPG
into BS via evaluation of degradation behavior, morphology
of the composites, physico-chemical properties, and in vitro
studies. SPG, at different percentages, could be successfully
introduced into BS scaffolds, which were easy to handle
and presented cohesion in different periods of incubation.
pH values of all BS groups (with or without SPG) increased
over time, reaching values between 10 and 11. Also, a
significant mass loss was observed in the composites,
mainly the ones with higher SPG percentages. Additionaly,
SEM micrographies demonstrated fibers of SPG into BS
and material degradation over time. Moreover, FTIR spec-
tral analysis revealed characteristic peaks of PMMA, BS,
and SPG in BS/SPG composites. The in vitro studies
demonstrated that, for L929 cell lineage, it was observed
positive results of BS in cell proliferation on 1 day and
similar effects compared to the BS/SPG composites, 3 and
7 days of culture. For osteoblast cell lineage, in vitro studies
demonstrated that for BS and BS/SPG formulations (at 10%
and 20% of SPG) similar values of cell viability and pro-
liferation were found after 7 days of culture. Furthermore,
ALP activity demonstrated no significant difference
between BS and BS/SPG scaffolds, at any composition.

pH measurements demonstrated that BS samples pro-
duced an alkalinization of the immersion medium, with no
influence of SPG addition, at any percentage. It is well
known that an immediate ion (Si, Na, Ca, and P) release
from BS happens when in contact with fluids, resulting in
an increased pH [14—16]. Moreover, the lack of influence of
SPG in pH corroborates the findings of a previous study of
our research group who showed that the incorporation of
SPG into Hydroxyapatite materials had no effect in the pH
measurements [31].

Mass loss evaluation showed a significant decrease for
all the BS/SPG groups compared to BS scaffolds, indicating
that the introduction of the organic part accelerates sample

@ Springer

degradation. It is known that an alkalinization of the med-
ium is observed after BS immersion mainly due to ions
release, which may stimulate the degradation of the BS
material [32, 33]. An adequate rate of material dissolution is
important for bone healing once is mandatory the liberation
of space into the defect to allow tissue ingrowth [34, 35].
These findings corroborate those observed in the SEM
analysis, which demonstrated that samples with SPG fibers
produced accelerated sample degradation after 7 days of
immersion, which progressed until 21 days. Then, it seems
that the introduction of SPG into BS constitutes an appro-
priated strategy for bone tissue engineering purposes,
allowing the aceleration of the BS material degradation
(demonstrated by the higher mass loss), which conse-
quently, could stimulate the substitution of the material for
newly formed bone.

FTIR analysis demonstrated well known representative
peaks for PMMA and BS [14, 36]. In addition, BS/SPG
groups showed peaks for NH, CH, and OH which char-
acterized the SPG [37].

BS/SPG composites positively influenced fibroblast cell
viability after 7 days. This phenomenon may be related to
the ion dissolution from the glass ceramic material, which
may constitute a stimulus to increase cell metabolism.
Moreover, it worth to highlight the BS/SPG (at any for-
mulation) noncytotoxicity once the values found for the
fibroblast cells cultivated in the presence of the composites
were very close to BS (in the last periods analyzed). All
these facts indicate that the samples were biocompatible and
created a microenvironment suitable for cell growing.
However, SPG did not promote any optimized effects on
the biological properties of BS.

For osteoblast cells, it was demonstrated that BS and BS/
SPG, at the formulation of 90/10 and 80/20 produced an
increase in cell viability and proliferation. Kido et al. [11]
and Moura et al. [6] also demonstrated that an increased
osteoblast cell proliferation exposed to BS was observed.
Moreover, additionally previous studies already established
that Bioglass and Col, from different sources, did not present
beneficial effects for osteoblastic cell growing and in vivo
bone formation [38—41]. Interestingly, the bioinspired scaf-
fold, supposed to mimic natural bone composition (70% of
mineral part and 30% of organic part) presented lower
values of viability and proliferation compared to the other
groups, 7 days of culture. One possible explanation for this
behavior may be related to the accelerated material degra-
dation in the samples with the higher percentage of SPG,
which could have influenced ion release from BS, con-
stituting an overstimulation for the osteoblast cells. In the
current study, contrary results were found with a greater
amount of SPG had a negative influence on cell viability and
proliferation. These divergent results may be explained by
the higher bioactivity of BS compared to hydroxyapatite and
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added to the effect of SPG may have been an excessive
stimulus to positively stimulate cellular behavior.

Furthermore, ALP is a marker of osteoblast differentia-
tion and activity, consequently in the mineralization of the
neoformed tissue [42]. The results of the ALP activity
demonstrated no significant difference between BS and BS/
SPG groups (at any formulation), showing that the intro-
duction of SPG may not had stimulated early osteoblast
maturation.

Our results demonstrated that the incorporation of SPG
into BS was possible and produced an improvement in the
physical-chemical characteristics, especially regarding to
the degradation rate, which may constitute a biological
advantage for the material. Moreover, BS/SPG composites,
at formulation of 80/20 and 90/10 are noncitotoxic, with
similar biological properties compared to BS only (but with
no optimized effect over the glass-ceramic). These results
encourage us to progress the studies to better understand the
interaction of marine collagen associated to bioglasses for
bone tissue engineering proposals, mainly in in vivo
investigations.

5 Conclusion

Based on the current study, it can be concluded that SPG
can successfully be introduced into BS composites. Addi-
tionally, BS/SPG composites presented degradation over
time and consequently mass loss. Preliminary cell culture
investigations showed that BS/SPG groups demonstrated a
positive effect for fibroblast proliferation after 3 and 7 days
of culture. Additionally, BS and BS/SPG formulations (at
10% and 20% of SPG) presented similar values of osteo-
blasts viability and proliferation (after 7 days), showing
noncytotoxic and biocompatibility. Summarizing, it can be
concluded that these two percentages of SPG (10% and
20%), associated to BS are promising to be used a constitute
part of composites to be used as bone grafts. Further studies
should be performed to investigate the effect of SPG into
BS samples in in vivo models.
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