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Abstract
Natural marine sponges were used as sacrificial template for the fabrication of bioactive glass-

based scaffolds. After sintering at 1050 °C, the resulting samples were additionally coated with a
sol silicate solution containing biologically active ions (Ag and Ga), well-known for their
antibacterial properties in comparison with standard scaffolds made by PU foam templates. The
produced scaffolds were characterized by superior mechanical properties (maximum compressive
strength of 4 MPa) and total porosity of ~80%. Direct cell culture tests performed on the
uncoated and coated samples showed positive results in terms of adhesion, proliferation, and
differentiation of MC3T3-E1 cells. Moreover, vascular endothelial growth factor (VEGF)
secretion from cells in contact with scaffold dissolution products was measured after 7 and 10
days of incubation, showing promising angiogenic results for bone tissue engineering
applications. The antibacterial potential of the produced samples was assessed by performing
agar diffusion tests against both Gram-positive and Gram-negative bacteria.
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1. Introduction

Although bone has the capability to regenerate itself without forming a scar, it cannot heal in case
of so-called critical size defects. Autografts are nowadays still considered “the gold standard” for
bone grafting due to their biocompatibility 41,

Drawbacks of this approach include infection risk at the donor site, pain for the patient,
prolonged hospitalization and rehabilitation periods as well as the extra operating time required
for treating both the implant and donor sites 2. A valid alternative is provided by tissue
engineering (TE), which involves the support of damaged tissue regeneration by the use of
engineered biomaterials called scaffolds. One of the main challenges of TE is the design of
porous 3-D scaffolds to induce bone regeneration . In the case of bone TE, bioactive materials
able to promote bone regeneration have been in the focus of significant research efforts in the last
20+ years [,

The most studied and used silicate biomaterial for bone defect filling is 45S5 bioactive glass
(BG) (also known as Bioglass), which was developed in 1971 by Hench et al. ["]. Bioglass is a
silicate glass with a nominal composition (in wt%) of 45% SiO», 24.5% CaO, 24.5% Na20, 6%
P,0s, which is able to bond to both soft and hard tissue once in contact with biological fluids &9,
In several studies, it was demonstrated that dissolution products released from the bioactive glass
surface enhance, on one side, the formation of hydroxyl-carbonate-apatite (HCA) similar to the
mineral phase of bone and, on the other side, osteogenesis and angiogenesis X4 Bioactive
glasses are being used in bulk or particulate form in non-load bearing sites for dental and
orthopedic applications %51, On the other hand, porous 3-D BG scaffolds are not used in clinical
applications yet. The main challenge is to fabricate 3-D scaffolds that combine high porosity and
adequate mechanical strength and stability similar to natural bone. The first 3-D Bioglass-based
scaffolds were developed by Chen et al in 2006 161, who introduced the standard foam replica

technique for the development of scaffolds with porosities > 90%, using polyurethane (PU)
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foams as sacrificial templates. In subsequent studies, it was shown that those scaffolds do not
possess suitable mechanical properties for use in load-bearing clinical applications (671,

An alternative approach to fabricate BG-based scaffolds with increased mechanical strength is the
reduction of the total porosity while maintaining pore interconnectivity and pore sizes adequate
for new tissue ingrowth and vascularization. In the last years, porous BG-based scaffolds with
higher mechanical properties have been produced by the foam replica method and a powder
metallurgy approach 1781 or using alternative sacrificial templates, e.g. marine natural sponges
[6.191 Samples fabricated with these techniques showed mechanical strength values comparable to
those of trabecular bone (2-12 MPa).

Mesoporous bioactive glasses (MBG) are gaining significant attention in the field of bone repair
and drug delivery applications [?>-231. As a result of their large surface area, tailored mesoporosity
and ordered pore structure, MBG show faster apatite mineralization compared to non-
mesoporous bioactive glasses and offer the possibility to be loaded with drugs or biomolecules,
i.e. introducing a local drug delivery function to the scaffold 2924271 Different therapeutic ions
have been incorporated into MBG during or after synthesis such as copper, lithium, boron,
strontium, silver, cerium, and gallium because of their potential to promote the formation of new
bone due to their stimulating effect on angiogenesis and osteogenesis 222, In this work, sol-gel
derived ordered mesoporous glasses doped with gallium or silver were employed to coat BG-
based scaffolds applying the impregnation technique. Scaffolds were fabricated using 45S5 BG
as the starting material and natural marine sponges as sacrificial templates. The scaffolds were
coated using either Ag or Ga-doped mesoporous glass slurries. The ability of the produced
glasses to form HCA on their surface was verified by immersing them in simulated body fluid 3%,
The surface modifications of the scaffolds were evaluated using SEM and FTIR. The overall
performance of the MBG-coated 3-D scaffolds in terms of biological activity and antibacterial

effects was studied.

2. Materials and methods
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2.1 Synthesis of ordered mesoporous glasses

Gallium- and silver-doped ordered mesoporous glasses (Ga-MBG and Ag-MBG) with a
composition (in % mol.) of 78 Si0,-20 CaO-1.2 P20s-0.8 AgO and 68.8 SiO,-20 CaO-1.2 P20s-
10 Gax0s3, respectively, were produced by an evaporation induced self-assembly process (EISA).
Briefly, Pluronic® F127 was dissolved in EtOH and HNOs overnight. Glass precursors were
added under continuous stirring as follows: tetraethyl orthosilicate (TEOS), triethyl phosphate
(TEP), calcium nitrate (Ca(NO3)2-4H20) and silver (AgNOs) or gallium nitrate (Ga(NOz)3), with
an interval between each addition of 3 h. All reagents were used without further purification. Ga-
MBG was characterized by means of scanning electron microscopy (SEM) (Zeiss, Oberkochen,
Germany) in combination with energy dispersive spectroscopy (EDS) (Oxford Instruments,
Abingdon, UK), which was used to qualitatively confirm the incorporation of gallium in the
glass. The inner microstructure was investigated, using transmission electron microscopy (TEM)
analysis operating at an acceleration voltage of 200 kV and small angle XRD (SAXRD). X-ray
fluorescence (XRF) (Zetius, PANalytical) analysis was performed to confirm the gallium
presence and to identify the chemical formulation of the glass. Fourier transformed infrared
spectroscopy (FTIR) (4000-400 cm, 32 scans, Nicolet 6700, Thermo Scientific, Waltham, MA,
USA) and SEM were used to analyze the samples after immersion in SBF. The used SBF solution
was analyzed in terms of Ca, P, Si, Ag and Ga ion concentration, using inductively coupled

plasma optical emission spectrometry. Ag-MBG has been characterized in a previous work 21,
2.2 Fabrication of bioactive glass-based scaffolds

Melt-derived 45S5 bioactive glass powder (Schott Vitryxx®, Mainz, Germany) of nominal mean
particle size < 2 um was used to fabricate BG-based scaffolds and natural marine sponges
“Spongia Agaricina” (SA) were used as sacrificial templates 61, Marine sponges belong to the
“Elephant Ears” family and were harvested in the Indo-Pacific Ocean (Pure Sponges, Solihull,
UK). BG scaffolds were produced according to the foam replica technique described by Chen et
al. in 2006 [*¢1. PVA with a ratio of 0.01 mol-L"* was dissolved in deionized water at 80°C for and
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then BG powder was added using a concentration of 40 wt%. After cutting the foams in
cylindrical shapes (@=8 mm and h=8mm), they were dipped in the P\VA/BG slurry for 10 min.
Subsequently, the excess of slurry was manually removed and the coated foams were slowly
dried at room temperature. The procedure was repeated a second time. Compressed air, as
previously reported 632 was applied this time to eliminate the excess of slurry. After drying, a
heat treatment was necessary to burn out the natural marine sponges and to obtain the sintered
structure. A temperature of 400 °C for 1 h was used to remove the sacrificial template and of
1050 °C for 1 h to densify the structure. The resulting scaffolds were coated by Ga-MBG or Ag-
MBG using the impregnation technique. 500 pL of the sol silicate solution was dropped onto the
scaffold, the samples were then dried at room temperature for 24 h and then they underwent a
second heat treatment at 700 °C for 3 h (Figure 1). Where required, samples were labelled
SA Ag-MBG and SA _Ga-MBG to refer to Ag-MBG and Ga-MBG coated scaffolds,

respectively.
2.2.1 Characterization of coated scaffolds

The ability of the coated scaffolds to form HCA on their surfaces was verified by immersing
them in simulated body fluid Y. The surface modifications of the scaffolds were evaluated using
SEM and FTIR. Also, the inner microstructure was investigated using transmission electron
microscopy (TEM) operating at an acceleration voltage of 200 kV. The mechanical properties of
the obtained samples were also evaluated before and after immersion in SBF up to 28 days. An
ion release study was performed by means of ICP-OES device. The overall biological
performance of the MBG-coated 3-D scaffolds in terms of cell biology activity and antibacterial
effects was evaluated. Indirect and direct cell culture tests were performed to prove the
biocompatibility of the samples against MC3T3-E1 mouse derived pre-osteoblasts. Agar
diffusion tests were carried out using both Gram-positive (S. carnosus) and Gram-negative (E.

coli) bacteria.

2.3 Indirect cell culture
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Indirect cell culture tests were carried out following the general guidance set by the International
Standardization Organization (ISO 10993-5:2009). Samples were disinfected at 160 °C for 2h
and placed in contact with cell culture medium for 24 h in a culture incubator at 37 °C and 5%
CO,. The ratio mass/volume used was 0.1 g-mL™ as recommended by the ISO standard. At the
end of the incubation time, the supernatant was collected and diluted to obtain the following
concentrations: 100%, 50%, and 25%, which were used for the test. MC3T3-E1 osteoblast like-
cells were placed in contact with the conditioned media and incubated for 48 h at 37 °C and 5%
COo». The influence of the different glasses on the cell viability was assessed using a WST-8 assay
(Sigma-Aldrich, Germany). At the end of the cultivation period the activity of MC3T3-E1 cells
was measured through the conversion of tetrazolium (WST-8) to formazan by intracellular
enzymes. A solution containing 1 vol% WST reagent and 99 vol% o-MEM was prepared. The
cell culture medium was removed, cells were washed with PBS and 300 pL of WST solution was
added to each well. The cells were then incubated for 3 h at 37 °C and 5% CO.. At the end of the
incubation time, 100 pL of the solution was taken from the samples and transferred into a 96-well
plate. The absorbance was measured at 450 nm (Anthos, Germany). Results are presented as
mean value and standard deviation of six replica of each sample type. All the samples were
normalized to 0 wt/vol. 6% DMSO was used as the negative control. One-way analysis of
variance (ANOVA) was used to evaluate the differences in analysis parameters between the
different dilution concentrations and the different glass types. The level of significance was
defined at p <0.05 (Origin 8.1, Origin Lab Corporations, USA). The significance levels were set
as p <0.05=*, p <0.01=** and p <0.001=***, The Bonferroni test was used for comparison of the

mean values.
2.4 Direct cell test

Uncoated and coated scaffolds were tested using osteoblast-like cells. Both the cell viability and
proliferation capability were investigated. Direct cell culture tests were performed to investigate
cell behavior, once in contact with BG scaffolds. From the literature, it is well known that a pre-
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conditioning treatment is necessary to avoid a rapid increase of pH, which will make in vitro cell
culture tests difficult or even impossible B, In the present work, every scaffold was sterilized by
means of dry heat at 160 °C for 3.5 h and pre-conditioned in 1 mL of cell culture medium in an
incubator at 37 °C and 5% CO. until the pH was lower than 8. The medium was changed every
day to better simulate the physiological conditions, where a continuous wash-out of the ions takes

place.

2.4.1 Cell seeding

MC3T3-E1 cells were chosen to perform the experiments. This cell line can differentiate into
osteoblasts and thus the cells are relevant for the present study as they promote formation of
calcified bone tissue. Mineral deposits have been identified as hydroxyapatite. They were
cultured in high glucose DMEM supplemented with 10 vol.% of fetal bovine serum (FBS) and 1
vol.% of penicillin-streptomycin (PenStrep) and incubated at 37 °C in a humidified atmosphere
(95%) containing 5% CO». Trypsinization was used to collect cells once they had reached
confluency of between 80 and 100%. Trypan blue exclusion method was used to count cells. A
concentrated cell suspension in a drop-wise manner was chosen to seed cells directly onto the
scaffolds. A droplet of 50 pL containing 80,000 cells was used. After this procedure, scaffolds
were incubated at 37°C, in 5% CO; for 45 min. Each well was then flooded with medium and
cultured for 24 h, 3, 7, and 10 days. Cell viability was measured by means of WST-8 metabolism
and lactate dehydrogenase (LDH) activity. VEGF release was measured after 7 and 10 days of

incubation. Cell morphology was observed by SEM analysis.
2.4.2 VEGF production

Production of Vascular Endothelial Growth Factor (VEGF), known to be a fundamental
biomolecule for the regulation of angiogenesis, was quantitatively measured using an ELISA
(Enzyme-linked Immunosorbent Assay) kit (RayBio® Mouse VEGF-A ELISA, Ray Biotech, Ins.
Nocross, USA). This assay consists of a well plate coated with a specific antibody for mouse
VEGF. Aliquots of the culture medium from the direct test were taken after 7 and 10 days and
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transferred to the ELISA well plate. After 2.5 h of incubation, the wells were washed with the
provided wash buffer and then incubated with the following reagents: a biotinylated antibody for
1 hour, a streptavidin solution for 45 minutes, and a one-step substrate reagent for 30 minutes and
finally a stop solution. Between incubation steps, the samples were washed using the provided
buffer. Once the stop solution was added, the absorbance at 450 nm was read immediately. The
intensity of the colored solution is directly proportional to the concentration of VEGF secreted by
the MC3T3-E1 cells in the presence of the samples. In addition a standard curve was created
according to the manufacturer’s protocol to read out the unknown amount of VEGF in the

samples.
2.4.3 LDH activity

Lactate dehydrogenase (LDH) is an enzyme, which can be found inside cells and can be used to
measure both the number of cells or their membrane integrity. Cell numbers can be measured by
total cytoplasmic lactate dehydrogenase; the membrane integrity depends on the amount of
cytoplasmic LDH released in the medium. The main reaction characteristic of the assay is the
reduction of NAD by LDH, which leads to a reduced NADH. A stoichiometric reaction is used to
convert the reduced NADH in a tetrazolium dye, a colored compound that can be detected
spectrometrically.

The amount of LDH is proportional to the cell number. Cells, which were attached to the
scaffolds, were lysed after 1, 3, 7, and 10 days of incubation using a lysis buffer (0.1 wt.% Triton
X, 20 mM TRIS, 1 mM MgCI2 and 0.1 mM ZnClI2) and centrifuged. A mastermix was prepared
according to the manufacturer’s protocol (TOX-7, Sigma-Aldrich). 20 uL of dye solution was
mixed with 20 pL of cofactor preparation and 20 pL of substrate solution. Afterwards, 140 pL of
the supernatant was mixed with 60 pL of mastermix and incubated at room temperature for 30
minutes. During this incubation time, NADH is used to transform a tetrazolium salt to formazan.
The reaction was then stopped by adding 300 pL of HCI 1 M. UV-VIS (Specord 40, Analytic
Jena) spectroscopy was used to measure the absorbance at 490 nm and 690 nm.
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2.4.4 Osteocalcin production

Osteocalcin, also known as bone gamma-carboxyglutamic acid-containing protein (BGLAP), is a
non-collagenous protein hormone, which can be found in bone and dentin. Osteocalcin is secreted
by osteoblasts, and it is involved in bone mineralization. Osteocalcin was quantitatively measured
using an ELISA kit (Abbexa, Mouse Osteocalcin (BGLAP) ELISA Kit, Cambridge, UK).
Absorbance measurements were used to determine the amount of osteocalcin present in the
samples. The absorbance of both, the unknown sample and the standard solutions having known
OC concentration, were measured. By means of indirect calculation, the unknown OC

concentration was obtained.

2.5 Antibacterial test

Antibacterial tests were carried out to verify the efficacy of silver and gallium ions against both
Gram (+) and Gram (-) bacteria. Two strains were selected to perform antibacterial tests:
Staphylococcus epidermidis as Gram (+) and Escherichia coli as Gram (-).

Antibacterial agar diffusion tests were also performed using Staphylococcus Carnosus (Gram +).
A solution containing bacteria was prepared by suspension in lysogeny broth (LB) medium and
the optical density (O.D.) was adjusted (600 nm, Biphotometer Plus, Eppendorf AG, Hamburg,
Germany) to obtain a value of 0.015, following a protocol established in our laboratory. 20 pL of
the prepared suspension was pipetted and homogeneously spread onto a petri dish (10 cm
diameter), previously covered with a layer of LB Agar. The scaffolds, uncoated and coated, were
positioned on the agar and the culture was placed in an incubator at a temperature of 37°C and a
high relative humidity (80%). After 24 h the formation of an inhibition zone around the samples

was assessed.

3. Results
3.1 Characterization of Ga-MBG
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XRD analysis was performed on the synthetized gallium-doped mesoporous glass. No diffraction
peaks were detected, indicating that the glass is amorphous. No crystalline phase developed
during the heat treatment, since a broad peak in the range 26 = 20°- 35° is visible in the XRD
pattern, shown in Figure 2 A. Figure 2 B and C show a characteristic TEM micrograph and a
typical SAXRD pattern of the synthesized Ga-MBG, respectively. Different particles were
analyzed, leading to the conclusion that Ga-MBG is characterized by an ordered 2-D hexagonal
structure. This was also confirmed by SAXRD analysis. On the SAXRD pattern shown in Figure
2 C, it is possible to observe two peaks at 26 1-1.4° and around 2°, typical for mesoporous
bioactive glasses. Results are in accordance with those found by Lopez-Noriega et al. 31, Lopez-
Noriega et al. suggest that the presence of this pattern is typical of an hexagonal arrangement
with 1-D pore channel structure.

XRF analysis was performed to confirm the incorporation and maintenance of the elements in the
MBG matrix after calcination at 700 °C. Other trace elements (ppm) were identified, potentially
as result of minor contamination occurred during the synthesis of the glass. The chemical
composition (wt.%) resulting from the XRF analysis was: 10.9% SiO,, 19% CaO, 1% P.0s and
10% Ga20s.

The ability of the MBG to form a HCA layer on its surface was assessed by immersing the
powder in SBF for up to 7 days (Figure 3). The formation of a layer of HCA was observed using
SEM, after 1 day of soaking in SBF. After 3 and 7 days of immersion, HCA covers the surface of
the glass homogeneously. The presence of HCA was also confirmed by FTIR and XRD. Results
are reported in Figures 4 and 5. Typical characteristic bands at 560 and 604 cm™ (P-O bending),
and at 874 cm™ (CO3?) can be detected after 3 days of immersion in SBF. The P-O bending bands
confirm the presence of HCA on the surface of the samples . FTIR results verified the XRD
analyses of samples soaked in SBF for up to 3 days. As shown in Figure 2A, the as-produced
sample spectra present a very broad peak for 20 values between 20° and 35°. However, XRD
spectra of the samples soaked in SBF (Figure 5) indicate two new peaks at 26 around 26° and 32°
in comparison with the XRD spectrum reported in Figure 2, which may correspond to the (002)

This article is protected by copyright. All rights reserved.



and (112) planes of HCA (although a more detailed XRD study would be required to confirm this
assumption).

The modification of SBF composition during bioactivity studies was used as an indirect method
to investigate the process occurring on the glass surface. The unchanged SBF was analyzed using
ICP-OES measurements. Results are reported in Figure 6. It is well-known that bioactive glasses
start to exchange ions with the surrounding environment once in contact with water-based
solutions 31, Moreover, an initial increase in Ca, P, and Si ions followed by a decrease in P ions
in the solution indicates the start of formation of a calcium-phosphate layer on the surface of the
glass B4,

In this study, the release of silicon from Ga-MBG after 3 days of immersion in SBF was around
20 mg-LL. After 8h, the concentration of calcium reached 50 mg-L?, and after 3 days 80 mg-L™*
was released from the glass. Concerning the release of gallium, it is possible to observe that the
maximum release of Ga ions occurs after 72 h. The same evidence was found by Salinas et al. 7],
The authors corroborate the hypothesis that Ga®* can act as intermediate glass network or as
network former, depending on the glass composition. The location of Ga®** ions in the glass
network can therefore either support or hinder the release of ions into the surrounding medium
[371, However, after 3 days of immersion in SBF, the release of Ga®* did not reach an equilibrium,

suggesting that not all the ions had been released from the glass matrix.

3.2 Characterization of MBGs-coated scaffolds

3.2.1 Morphological characterization and bioactivity evaluation

The presence of a homogeneous coating on the 45S5 bioactive glass scaffolds was assessed by
means of SEM (Figure 7). It can be observed that before the application of the MBGs coating, the
surface of the BG-based scaffold appears rough and the individual glass particles can still be
observed. After the coating with MBG, the surface appears smoother, suggesting the presence of

a new layer. This hypothesis was confirmed by EDS analysis, which revealed the presence of Ag
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and Ga on the surface of the samples. Since Ag and Ga ions are not present in 45S5 BG used for
making the scaffolds, the results confirm that the MBG coating was successfully applied.

Coated scaffolds were immersed in SBF for up to 3 days to verify that the double heat treatment
they were subjected to did not affect their ability to form HCA in contact with physiological
fluids. 45S5 BG-based scaffolds were used as reference. SEM micrographs shown in Figure 8
illustrate that after only 1 day of immersion in SBF, the surface of the samples (uncoated 45S5
BG scaffolds and Ag-MBG coated scaffolds) is homogeneously covered by a layer of HCA. A
delay in the formation of HCA can be observed for the scaffolds coated with Ga-MBG. After 3
days of immersion in SBF, it was possible to detect the formation of a hydroxycarbonate apatite
layer.

FTIR analysis confirmed the presence of a HCA layer on the samples. On the spectra reported in
Figure 9 it is possible to observe the presence of two P-O bending peaks at around 560 and 640
cm™ and aband at 874 cm™, which can be attributed to carbonate 8. Moreover, a variation of
three peaks corresponding to the stretching of Si-O-Si (800 cm™ and 1,070 cm™) and silanol
bonds (at 960 cm™) was detected after immersion in SBF [34,

3.2.2 Mechanical properties and stability

The compressive strength of scaffolds was measured as a function of soaking time in SBF. The
maximum compressive strength was determined measuring ten samples for each time point
(Figure 10). Before immersion in SBF, all samples showed similar compressive strengths
reaching a value of 4+1 MPa. Similar results were obtained by Boccardi et al. using a system
with only Bioglass® 45S5 71, A typical stress-deformation curve is shown in Figure 10 for
SA Ga-MBG. Similar results were obtained for SA_45S5 and Sa_Ag_MBG. After 7 days of
immersion in SBF, a reduction of more than 50% from the initial maximum compressive strength
was determined. The final values were: 1.8+0.2 MPa, 1.2+0.2 and 0.6£0.3 for SA_45S5, SA_Ag-
MBG, and SA_Ga-MBG, respectively. After immersion in SBF, a significant decrease of the
weight and an increase of the total porosity were visible for both, SA_Ag-MBG and SA_Ga-
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MBG. Both kinds of scaffolds showed a loss of around 25% of their starting weight after 28 days
of immersion in SBF. Concerning the porosity variation, as shown in Figure 11, SA_Ag-MBG
reached a porosity of 90% and SA_Ga-MBG a porosity of around 85% after 28 days of SBF
immersion. The main weight loss, together with the main compressive strength change and
porosity variation, were observed after the first 7 days of immersion in SBF, probably due to the
dissolution of the glass. A similar trend was observed for SA_45S5 scaffolds in terms of porosity
and weight variation. A smaller weight variation was observed for SA_Ag-MBG and SA Ga-
MBG scaffolds in comparison with SA_45S5 suggesting that the presence of a coating may slow

down the dissolution of the glass.

3.2.3 lon release and pH variation

The ion concentration in SBF and the pH variation up to 21 days of immersion are shown in
Figure 12. From the ion release profiles it can be observed that the release of Si, Ca, and P ions
takes place immediately for both SA_Ag-MBG and SA_Ga-MBG samples. The ion release
profiles for both types of scaffolds show a similar trend. The pH of the Ag-MBG coated scaffolds
exhibited a faster pH increase, up to a maximum of 8.1 after 21 days of immersion in SBF. On the
contrary, samples coated with Ga-MBG were characterized by a slower pH increase, which
reached its equilibrium at pH 7.9 after 14 days of soaking in SBF. After 21 days of immersion in
SBF, Si was present in concentration of 180 ppm and 60 ppm, for SA_Ga-MBG and SA_Ag-
MBG, respectively. Ca concentration increased up to 220 ppm at the end of the test, and P
concentration decreased over time, suggesting the formation of a P-containing layer on the
surface of the scaffolds during soaking in SBF. The therapeutic ions were also detected; the
release profile of Ag did not increase linearly probably due to the precipitation of insoluble AgCl,
on the surface, as already observed for Ag-MBG powders. The Ga ion release profile increases
continuously, reaching around 20 ppm after 21 days of immersion in SBF. Also in this case, as

already mentioned for the ICP test of the powder, the leaching of Ga seems to be slower in the
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first 24 h of immersion. This result can be attributed to the location of Ga' ions in the glass

network, which might either favor or delay the ion release into the surrounding medium.

3.3 Indirect cell culture test

The results about viability and morphology of MCT3-EL1 cells tested for indirect cytotoxicity are
displayed in Figure 13 and Figure 14. Figure 13 shows the viability of MC3T3-E1 cells when
placed in contact with different concentrations of BG scaffold powder. Cells cultured only with
cell culture medium were used as reference and were normalized to 100%. Live staining with
calcein acetoxymethyl-ester (Calcein AM, Invitrogen, USA) was carried out after 48h of
cultivation to prove cell viability. The nuclei were visualized by blue nucleic acid stain, DAPI
(4',6-diamidino-2-phenylindole, dilactate, Invitrogen, USA), known for preferentially binding to
A (Adenine) and T (Thymine) regions of DNA. The images of calcein-DAPI-stained-cells were
taken using a fluorescence microscope (Axio Scope A.l, Carl Zeiss Microimaging GmbH,
Germany).

From Figure 14, it is possible to observe that the pre-osteoblasts exhibit their phenotypical
morphology and that they adhere to the surface of the well plate. Although Figure 13 shows a
higher cell density for Ag- and Ga-coated BG based scaffolds in comparison to the reference (BG
uncoated scaffold), the morphology and the spreading of the pre-osteoblast cells was similar for

all tested samples.

3.4 Direct cell culture test

3.4.1 Cell viability

MC3T3-E1 cells were also directly seeded onto uncoated and coated BG-based scaffolds in 24-
well culture plates and cultured for up to 10 days. At the end on each time point, the viability of
the cells was assessed through WST measurements and the morphology was analyzed by SEM.
After 24 h of incubation at 37 °C and 5% COg, cell adhesion to uncoated and coated scaffolds
was verified by SEM (Figure 15). Already after 24 h, attachment of cells to the different
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substrates was detected. However, it was possible to observe the presence of more cells on Ga-
MBG coated scaffolds. These results were confirmed by WST-8 measurement (Figure 16). The
cell viability on coated scaffolds was comparable to that of the control, suggesting that the
presence of silver and gallium did not affect the biocompatibility of the samples.

As previously discussed, a pre-conditioning treatment of the scaffolds prior to cell culture was
performed. This step is necessary to be able to carry out cell culture tests 31, but it might remove
therapeutic ions present in the coating. To confirm that the ions were still present after the pre-
conditioning, EDS was performed on pre-treated samples after 24 h of cell culture. As reported in
Figure 17 for a Ga-MBG sample, EDS indicates that Ga was still present on the coating surface.
Moreover, these findings confirm the results obtained by ICP-OES analysis in that after 3 days of

immersion in SBF, gallium was still being released to the medium.

3.4.2 VEGF production

The VEGF release from MC3T3-E1 cells cultured in contact with 45S5 BG scaffolds, Ag- and
Ga-MBG-coated scaffold is shown in Figure 18. The expression of VEGF was found to be
highest (~1,605 pg/mL after 10 days) when cells were placed in contact with Ga-MBG-coated
scaffolds compared to uncoated 45S5 BG scaffolds. Ag-MBG scaffolds also exhibited
significantly higher expression of VEGF when compared to 45S5 BG scaffolds.

3.4.3 LDH activity

Figure 19 shows the results of LDH activity for different samples, measured after 7 and 10 days
of incubation. From the graph, it is visible that a higher number of cells was detected on the Ga-
MBG coated scaffolds in comparison to the uncoated and Ag-MBG coated scaffolds, considering
the linear correlation between LDH activity and the number of cells.

This result confirms the outcome of WST-8 measurements and SEM analysis. Moreover, no
significant difference was observed between 7 and 10 days of incubation, suggesting that cells

stopped proliferating and started the differentiation process.
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The VEGF values were normalized with respect to the LDH ones to prove that VEGF secretion
does not depend on the higher number of cells present on the scaffolds, but on the presence of the
different therapeutic ions incorporated in the MBG coating (Ag or Ga). Results are shown in
Figure 20. From the graph, it can be observed that after 7 days of culture, no significant
differences exist between the uncoated 45S5 BG scaffolds and Ag-MBG and Ga-MBG coated
scaffolds. However, after 10 days of incubation, VEGF expression values seem to be higher for
the uncoated 45S5 BG and Ag-MBG coated scaffolds in comparison to the Ga-MBG-coated
scaffolds. We hypothesize that Ag ions, released form the scaffolds surface, stimulate MC3T3-E1

cells to secrete higher amounts of VEGF compared to Ga-MBG-coated scaffolds.

3.4.4 Osteocalcin production

Mineralized bone matrix and ECM components such as calcium phosphate and osteocalcin,
produced by mature osteoblasts, are generally used as markers for assessing osteoblast
differentiation at the later stage [, Moreover osteocalcin is deposited on the matrix but a small
faction can be released 3. In this study, osteocalcin release into the medium was measured and
is reported in Figure 21. After one week, osteocalcin production of 0.4 ng/mL was observed
across all experimental groups. After two weeks, production of osteocalcin slightly increased for
all tested samples. For both time points, no significant difference was observed between samples

indicating that the MBG coated scaffolds supported the late stage of osteoblast differentiation.

3.5 Antibacterial test

Staphylococcus carnosus (Gram +) and Escherichia coli (Gram -) bacteria were used to perform
antibacterial agar diffusion tests, following a procedure previously published B2, An inhibition
zone, where bacteria did not grow around the coated scaffolds, was visible in both cases (see
Figure 22, for Ag-MBG coated scaffolds). Tests were also carried out for samples after up to 3

days of immersion in SBF to verify their antibacterial properties. Even after 72 hours of soaking
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in SBF, it was possible to observe the presence of an inhibition zone, suggesting that silver was
still present and could be still released from the coated scaffolds.

Staphylococcus epidermidis (Gram (+)) and Escherichia coli (Gram (-)) bacteria were selected as
strains for further testing. Results are reported in Figure 23. Also, in this case after 24 h of
incubation, it was possible to observe an inhibition halo around the sample, where no bacteria are
present. It is also apparent that around the reference (uncoated 45S5 BG scaffold), an inhibition
zone is visible, probably due to the increase of pH that takes place once the BG based samples get
in contact with water-based solutions. However, the inhibition zone was small and difficult to
measure. This can probably be related to the fact that the surface of the scaffolds is not regular,

and they do not adhere completely to the agar surface.

4. Discussion

It is well-known that bone defects above a critical size cannot heal themselves. They need osteo-
inductive and osteo-conductive support to promote and support the regeneration of the new tissue
[38]  Bioactive ceramics have been studied for many years and are considered promising
candidates in bone tissue engineering applications 1%, In particular, bioactive glasses have been
used in bone replacement and tissue engineering applications due to their ability to bond to host
tissue and to release ions that promote bone growth . In this work, BG based scaffolds were

fabricated by the foam replica method from 45S5 BG using natural marine sponges as sacrificial

templates. The scaffolds wel £ ¢glj |regnated with a silicate sol solution to obtain ion doped

MBG coatings (Ag-MBG and Ga-MBG). A heat treatment followed the coating procedure to
remove the structure directing agent and nitrates. Based on previous studies, one single
impregnation was used for the coating of BG scaffolds Y. In fact, Boccardi found that the
increasing number of impregnation cycles led to an overflow of sol-gel glass Y. Uncoated and
coated scaffolds were characterized in terms of morphology, mechanical properties, and
bioactivity once in contact with biological fluids.
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SEM observation confirmed the presence of the MBG coatings and SBF immersion tests for up to
7 days showed the ability of the scaffolds to form HCA on their surfaces. As a consequence of
immersion in SBF, the porosity of the scaffolds increased over time, reaching a value of 90%
after 28 days of immersion. These results are in good agreement with those found in previous
studies 1. Scaffolds were also tested in terms of mechanical properties before and after
immersion in SBF. The as-fabricated samples showed a maximum compressive strength of 4+1
MPa, a value in the range of those found for spongy bone (2-12 MPa). The achievement of
improved mechanical properties, as already discussed in previous studies [“?1, is the result of the
lower porosity of the natural marine sponges in comparison to the polyurethane sponges
traditionally used to make this type of scaffolds [, Natural marine sponges are also
characterized by pores in the range <200 pum, which are important for adhesion, migration, and
proliferation of cells on the scaffold (31, These pores in fact allow biological fluids to reach the
inner core of the porous scaffold, and thus integration with the surrounding tissue is facilitated
[4 'Macropores in the 200-500 pum range, beneficial for osteointegration and neovascularization
[45461 wwere also part of the structure of the scaffolds. Mechanical properties decreased after 1
week of immersion in SBF (reaching a value of 1.0+0.6 MPa) due to the degradation of the BG
scaffolds in contact with water-based solutions.

The ion release capability of the coated BG-based scaffolds was also tested. From the ion release
profiles, it was possible to observe that the release of Si, Ca, and P ions takes place immediately
for both scaffold types. The decrease of P concentration over time suggested the formation of a P-
containing layer on the surface of the scaffolds during soaking in SBF. The therapeutic ions (Ag
and Ga) were also detected. The release profile of Ag did not increase linearly potentially due to
the deposit of insoluble AgCI, while the Ga ion release profile increased continuously, showing a
controlled and sustained release. Agar diffusion tests were performed against Gram-positive and
Gram-negative bacteria and showed promising results against both strains. A significant
inhibition zone was observed for both bacterial strains after 24 h of incubation. Tests were also
carried out for samples up to 3 days after immersion in SBF to ensure their antibacterial
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properties. Even after 3 days of soaking in SBF the antibacterial properties of the coated scaffolds
was retained. Furthermore, cytocompatibility tests were performed. Indirect and direct cell
culture tests were carried out according to the general guidance of the International
Standardization Organization (1SO 10993-5-2009). The extracted media from Ag- and Ga-MBG
coated scaffolds did not show toxicity or negative effects on cell viability. Direct cell culture tests
were performed after the scaffold had been subjected to a pre-conditioning treatment, which was
carried out to avoid a rapid increase of pH during cell culture experiments B2, To better mimic
the physiological condition, the medium was changed every day. Previous studies have shown
that refreshing the medium every 2-3 days leads to a “more biocompatible” surface for cell
culture studies (547481 Considering the possibility that during the pre-conditioning treatment
therapeutic ions can be leaked from the system in this study, EDS analysis was performed on pre-
treated samples. EDS indicated that the therapeutic ions were still present in the coating. In
addition, the differences in cell viability found between the BG compositions with different ion
doping were considered an indirect evidence of the presence of the ions. As the ions are the only
major difference between samples, variations in cell culture outputs are most probably caused by
the effect that the ions have on MC3T3-E1 cells. Cell viability was found to be low after 24 h of
culture. These results can have two possible explanations: (i) after 24 h cells did not have enough
time to grow; (ii) it might be possible that part of the cells seeded into the scaffold flowed out of
the sample and were lost, when the scaffolds were transferred on a new plate for the WST-8
assay. However, after 3 days of incubation, cells started to proliferate and after 7 days they
completely colonized the scaffolds. The production of VEGF was also quantitatively measured.
The expression of VEGF was found to be higher when cells were placed in contact with Ga-
MBG-coated scaffolds compared to uncoated 45S5 BG scaffolds. Results of VEGF measurement
were in agreement with those found for the WST-8 assay. Moreover, LDH was measured after 7
and 10 days of incubation. No significant differences were observed between the two incubation

times, suggesting that cells after 7 days stopped proliferating and started to differentiate. This
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hypothesis was confirmed by quantitatively measuring osteocalcin production. The coated
scaffolds seemed to support the late stage of osteoblast differentiation.

The differentiation of pre-osteoblast cells on Ga-MBGs has also been studied by Gomez-Cerezo
et al.*! | who measured the ALP activity after 7 days in presence of 1 mg/mL MBGs. The
authors obtained similar results to those found in this work. A higher ALP phosphatase activity
was expressed by MC3T3-EL1 cells in presence of MBGs containing gallium in comparison to the
Ga-free analogues [“°l. The higher ALP activity of pre-osteoblasts in contact with Ga-MBGs
indicates that Ga ions provide biological signals to stimulate cell differentiation toward bone
forming cells 1?1, Matkovic ® and Bockman % et al. found that the level of plasma alkaline
phosphatase, a marker for bone formation, and the bone calcium content in gallium nitrate-treated
rats can increase in the presence of gallium. On the contrary, the incorporation of Ag® in
mesoporous bioactive glasses seems to have little influence on cell differentiation. Similar results
were obtained by Zhu et al. ¥, who investigate the biological behavior of silver containing
mesoporous 58S bioactive glass. The results obtained in this work showed that ion-doped MBGs-
coated scaffolds have potential for applications in bone tissue engineering with specific ions, in

the present case Ag and Ga, having different biological effects.

5. Conclusions

Natural marine sponges were selected as sacrificial templates for the fabrication of bioactive-
based scaffolds for bone tissue engineering. BG scaffolds were produced by the foam replica
technique and successfully coated with a silicate sol solution to form Ag- or Ga-doped MBG
coatings. The samples were characterized by relatively high mechanical properties (~4 MPa),
high bioactivity and antibacterial properties. Moreover, the coated scaffolds showed good
biocompatibility against MC3T3-E1 pre-osteoblastic cells thus representing a new family of

antibacterial scaffolds for bone tissue engineering.
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FIGURE CAPTIONS

Figure 1: Schematic diagram showing the fabrication of ordered mesoporous coated-BG based
scaffolds (Ag-MBG coated scaffold as example)

Figure 2: XRD pattern of Ga-MBG (A), TEM micrograph showing the ordered mesoporosity of
Ga-MBG (B) and SAXRD pattern of Ga-MBG (C)

Figure 3: SEM micrographs of Ga-MBG after 0, 1, 3, and 7 days of immersion in SBF. Already
after 72 h it is possible to observe the presence of HCA characterized by a typical
cauliflower-like structure

Figure 4: Graph showing the Ga-MBG FTIR spectra before and after immersion in SBF. Spectra
after 3 and 7d are displayed

Figure 5: XRD analysis results on Ga-MBG samples after immersion in SBF for 0, 3, and 7 days

Figure 6: Graphs showing the ion release in SBF as function of time. Si, Ca, and P (A) and Ga
(B). The pH variation of the unchanged SBF is shown in (C)

Figure 7: SEM micrographs showing the morphology of bare (uncoated) 45S5 BG scaffold, and
Ag (SA_AQ), and Ga (SA_Ga) MBG coated scaffolds

Figure 8: SEM micrographs of uncoated and coated scaffolds after 1 and 3 days of soaking in
SBF. The presence of HCA was detected after 72 hours of immersion for uncoated 45S5
BG, Ag-MBG, and Ga-MBG coated scaffolds

Figure 9: FTIR spectra of Ag-MBG (A) and Ga-MBG (B) coated scaffolds before and after
immersion in SBF at different time points; relevant bands are indicated in the spectra and
discussed in the text

Figure 10: Typical stress-displacement curve in compression for SA_GA-MBG scaffold

Figure 11: Compressive strength, weight and porosity variation of coated 45S5 BG scaffolds after
different immersion times in SBF for up to 28 days

Figure 12: Profiles of the release of ions as a function of time in SBF for SA_Ag-MBG and
SA_Ga-MBG BG scaffolds. The pH variation is also shown
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Figure 13: Relative viability of MC3T3-E1 cells cultured with ionic dissolution products of
SA _Ag-MBG and SA_Ga-MBG BG scaffolds. Significance levels: *p < 0.05, **p < 0.01,
***pn < 0.001 (Bonferroni’s post-hoc test was used)

Figure 14: Fluorescence microscopy images of calcein/DAPI stained MC3T3-E1 cells cultured
with different concentrations (100, 50, and 25%) of ionic dissolution products of coated
and uncoated BG-based scaffolds

Figure 15: SEM micrographs showing cell adhesion on the surface of 45S5, Ag-, and Ga-MBG
coated BG scaffolds after 24 h of incubation

Figure 16: Viability of MC3T3-E1 cells cultured directly in contact with uncoated and coated
scaffolds for 1, 3, 7, and 10 days. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001
(Bonferroni’s post-hoc test was used)

Figure 17: EDS analysis showing the presence of the biologically active ion (Ga) after pre-
conditioning treatment used for the direct cell culture tests

Figure 18: VEGF release from MC3T3-EL1 cells treated with uncoated 45S5-based scaffolds and
Ag- and Ga-MBG coated scaffolds. Asterisks denote significant differences compared with
the reference, ***p < 0.001 (Bonferroni’s post hoc test was used)

Figure 19: LDH activity of MC3T3-E1 cells (absorbance 490 nm - 690 nm) on different samples
after 7 and 10 days of incubation. Significance levels: *p<0.05, **p<0.01, ***p<0.001
(Bonferroni’s post-hoc test was used)

Figure 20: VEGF/LDH expression of uncoated 45S5 BG scaffolds, and Ag- and Ga-MBG-coated
scaffolds after 7 and 10 days of incubation

Figure 21: Osteocalcin production of uncoated and coated scaffolds after 7 and 10 days of
incubation. Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001 (Bonferroni’s post-
hoc test was used)

Figure 22: Results of antibacterial tests showing the effect of SA_Ag-MBG scaffolds before and
after immersion in SBF after 24 h of incubation against Gram-positive (S. carnosus) and
Gram-negative (E. coli) bacteria

Figure 23: Results of antibacterial test showing the effect of SA_Ag-MBG and SA_Ga-MBG-
scaffolds against Gram negative (E.coli) bacteria compared to non-coated 45S5 BG
scaffold (SA 45S5)
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