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Biosilicate/carbon composites were fabricated in the form of highly porous foams by the polymer-derived
ceramic route, and their biological response was analysed. Two different commercial silicone polymers (a
poly-methyl-siloxane, MK, and a polymethyl-phenyl-silsesquioxane, H44) were considered as a silica source,
mixed with active fillers yielding NayO, CaO and P20s. The samples were heat treated either in air or in Ny
atmosphere to obtain products resembling the known Biosilicate® glass-ceramic, with or without free carbon. All
fabricated samples exhibited acellular in-vitro bioactivity upon immersion in SBF as well as antibacterial activity

against S. aureus and E. coli. Direct contact cell viability test, assessed by using a WST-8 assay, indicated that both
carbon-containing and carbon-free samples were cytocompatible.

1. Introduction

Bone defects, resulting from trauma, ageing, tumour resections,
malformations, or periodontal disease, represent a serious public health
problem [1]. Bone tissue engineering (BTE) aims to satisfy the need for
bone grafts, which can replace, repair or regenerate injured, lost, or
damaged bone. Three-dimensional structures, named "scaffolds" are
considered as the best option for replacing autografts (tissue portions
transplanted from one part of the body to another), nowadays known as
the gold standard treatment.

The scaffold materials are expected to induce formation of bone [2]
under specific conditions. An ideal scaffold must possess some key
characteristics such as bioactivity and biocompatibility, controllable
degradation rate in the human body during the healing time, and similar
mechanical properties to those of host bone [3].

Various research groups have explored many synthetic and natural
scaffolds to be used as bone graft substitutes [4]. Among them, synthetic
materials are more advantageous due to their easy fabrication and
modifiable characteristics, including bio-chemical, physical, and me-
chanical properties. Synthetic materials, such as polymeric scaffolds,
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composites, bio-ceramics, bioactive glasses, and glass-ceramics, have
been used for bone regeneration or bone reconstruction due to their
excellent biocompatibility, biodegradability in addition to remarkable
osteoconductivity and osteoinductivity [4,5].

Bioactive ceramics such as hydroxyapatite (HA) [6], bioactive
glasses (BGs) [7], calcium phosphates [8] and silicate bio-ceramics [9],
have been successfully used for bone tissue engineering applications
[10]. However, in the case of bone defects caused by bone tumour
surgery, such biomaterials could not fulfil the expectations for the
treatment due to possible proliferation of the residual tumour cells [11].
Therefore, it is important to investigate the development and fabrication
of a scaffold that can destroy the residual tumour cells prior to tumour
recurrence, while simultaneously regenerating the bone to repair large
defects.

Photothermal therapy (PTT) utilizes photothermal agents, such as
metallic nanostructures (Au-, Ag-, and Cu -based nanoparticles) or car-
bon nanomaterials (graphene, carbon nanotubes, carbon nanohorns), to
generate heat under near infrared light irradiation and consequently
destroy tumour cells [12]. Compared to traditional method such as
chemotherapy and radiotherapy, PTT allows local therapy with
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minimum invasiveness [13]. Recently, many carbon-based photo-
thermal agents such as carbon dots (CDs) [14] and graphene oxide (GO)
[15] have been used in PTT to treat several forms of cancer. For
example, beta tricalcium phosphate (B-TCP) scaffolds modified with
graphene oxide (GO) were used for bone regeneration and tumour
therapy. The GO modified p-TCP scaffolds were obtained by soaking
B-TCP into a GO solution [16]. Such functionalized scaffolds destroy
tumour cells and stimulate new bone formation at the same time.
However, their fabrication method is complicated due to the presence of
a secondary treatment for the densification and modification of the
photothermal agent, after the manufacturing of bio-ceramic scaffold.

The polymer-derived ceramics (PDCs) route may be a promising
alternative since it can yield a carbon phase developed “in-situ”, after
the heat treatment of polymer precursors in a suitable firing atmosphere
[17]. Among preceramic polymers, silicones are known to yield a
silica-rich residue; more precisely, in non-oxidative atmosphere, the
residue is a silicon oxycarbide (SiOC) ceramic, consisting of silica glass,
featuring both Si-O and Si-C bonds, along with free carbon nanosheets
[18]. Silica from the thermal transformation of silicones may react with
oxide fillers dispersed in the same polymers, forming silicate bio-
ceramics. After firing in an inert atmosphere, the formed silicate phase
embeds a secondary carbon phase, applicable in photothermal therapy.
So far, investigations about polymer-derived silicate/carbon composites
concerned larnite- [11] and forsterite-based systems [19], after exten-
sive filling of silicones with CaO and MgO, respectively. Investigations
on multicomponent systems, with silica reacting with many oxides and
corresponding to well-established formulations for bone tissue engi-
neering, are still in progress [20].

The CaO-Nay0-P205-SiO3 system is known to comprise the well
known 45S5 Bioglass® developed by Hench et al. [21]. Despite the low
P,05 content (not exceeding 6 wt%), this glass exhibits extraordinary
mineralization capability, with hydroxyapatite formation stimulated by
the presence of an amorphous calcium phosphate layer (developed upon
ion diffusion from the glass) over a layer of hydrated silica resulting
from preliminary interaction between the glass surface and body fluids
[22]. Although extensively considered for its excellent bioactivity, 4555
Bioglass® is limited by its crystallization accompanied by the formation
of NayCaySizOg which occurs during thermal treatment and impairs
viscous flow sintering. The possible improvement of mechanical prop-
erties resulting from crystallization is accompanied by some loss of
bioactivity [23,24]. Biosilicate® glass-ceramic prepared from the same
Ca0-Nay0-P205-Si0; system by a slight modification of the chemical
composition of the original 45S5 Bioglass® is recognized as an excellent
alternative, since the significant crystallization (with formation of
NayCaSiz2Oe) enhances the mechanical properties, without inhibiting the
bioactivity [25,26]. Recent efforts have been dedicated to investigate
silicone-based mixtures yielding a Biosilicate®-like semi-crystalline
material, containing an extra carbon phase formed by thermal treat-
ment in nitrogen atmosphere [27]. Besides affecting the phase devel-
opment, the adoption of PDC technology enhances the shaping
possibilities, with foams and 3D-printed scaffolds manufactured from
precursors before the ceramic conversion. Moreover, polymer-derived
Biosilicate-C composite foams have exhibited photothermal effects,
with rapid heating up to ~70°C under infrared irradiation. A plateau is
reached after approximately 5 min, and the maximum achieved tem-
perature is maintained for approximately 60 seconds after IR lamp
shutdown [20]. However, such promising materials undoubtedly
require validation in terms of their in-vitro bioactivity, cytocompati-
bility and antibacterial activity, to represent a real alternative to mate-
rials prepared by more conventional methods.

Herein, we report on the biological response of polymer-derived
Biosilicate-C composite foams, processed in nitrogen atmosphere, in
comparison to carbon-free Biosilicate®-like glass-ceramic foams
(treated in air) used as the control. The study includes the investigation
of the cellular response of ST-2 stromal cells, of in-vitro apatite forma-
tion after immersion in simulated body fluid (SBF) solution and of
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antibacterial activity against S. aureus and E. coli.
2. Experimental procedure

2.1. Manufacturing of polymer-derived Biosilicate-C composite glass-
ceramic foams

Biosilicate®-like glass-ceramic and Biosilicate-C composite foams
were fabricated following the protocol reported in our previous paper
[19]. Briefly, two different commercial silicone polymers (a
poly-methyl-siloxane, MK, and a polymethyl-phenyl-silsesquioxane,
H44, both from Wacker Chemie AG, Munich, Germany) were used as
the source of silica. Once silicone polymers were dissolved in isopropyl
alcohol (C3HgO, 2-Propanol, HPLC BASIC, Scharlau, Scharlab Italia srl,
Riozzo di Cerro al Lambro, Italy), they were mixed with the fillers, which
served as the sources of NayO, CaO, and P50s, until obtaining an
agglomerate-free suspension. The samples were foamed at a low tem-
perature (< 350 °C) and heat treated either in air or in N, atmosphere to
obtain products resembling Biosilicate® glass-ceramic embedded in a
silico-phosphate glass matrix with and without free carbon. For
simplicity, the foamed samples heat treated in air are in the following
text named as MK and H44, depending on the used silicone precursor,
whereas the samples treated in N, and featuring an extra carbon phase
are denoted as MK-C and H44-C.

2.2. Physical and mechanical properties

A digital calliper was used to measure the dimensions of all samples
after the heat treatment. A helium pycnometer (Micromeritics AccuPyc
1330, Norcross, GA) was used to determine the apparent and real den-
sity of the obtained foams. Microstructural characterization of the
samples was carried out by scanning electron microscopy (SEM, FEI
Quanta 200 ESEM, Eindhoven, Netherlands), equipped with energy
dispersive spectroscopy (EDS).

The samples were subjected to compression tests (Quasar 25, Gal-
dabini, Cardano, Italy), operating at a crosshead speed of 1 mm min L.
Each data point represents an average value obtained by testing at least
five specimens.

2.3. Invitro acellular bioactivity

The acellular bioactivity of the Biosilicate®- like and Biosilicate- C
composite foams derived from MK- and H44 silicone resin, fired in air or
nitrogen atmosphere, was evaluated by immersion in simulated body
fluid (SBF), prepared according to Kokubo’s method [28]. 37.5 mg of the
foams were immersed in 70 mL SBF and incubated under continuous
agitation (120 rpm) at 37°C for 1, 3, 7, 14, and 21 days. At every time
point the samples were collected and washed with deionized water and
dried. The pH of the remaining SBF media was recorded after every time
point. Later, the samples were characterized by scanning electron mi-
croscope (SEM; Auriga Base, Zeiss) and Fourier Transform Infrared
Spectroscopy (FTIR; IR Affinity- IS, Shimadzu) in attenuated total
reflectance (ATR) mode, in a wavenumber range of 4000-400 cm ! with
a resolution of 4 cm ™! with 40 spectral scans. X-ray diffraction analysis
using a diffractometer (XRD, Bruker AXS D8 Advance, Bruker, Germany)
in the 26 range of 10° to 70° equipped with Cu Ka radiation was carried
out to identify the phase composition before and after the immersion.
The phase identification was supported by the Match! program package
(Crystal Impact GbR, Bonn, Germany), operating on data from PDF-2
database (ICDD-International Centre for Diffraction Data, Newtown
Square, PA).

2.4. In-vitro cell viability assay

Before starting the cell experiments, all foamed samples (0.2 g) were
sterilized by heat treatment at 180°C for 3 h in a furnace (Naberthem,
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Fig. 1. Microstructural details of polymer-derived Biosilicate-like foams: a: MK; b: MK-C; c: H44; d: H44-C, adapted from Dogrul et al. [20] (with permission from

the Editor).

Table 1
Physical and mechanical properties of polymer-derived glass-ceramic foams.
Sample  Geometrical True Total Compressive strength
density (g/cm®  density porosity (vol (MPa) [strength-to-
(g/cm®) %) [prer =1- density (MPa-g/cm®)]
Protl
MK 0.71 £ 0.06 2.74 + 0.74 £+ 0.02 1.2+ 0.1 [1.7]
0.01 [pre1 = 0.306]
MK-C 0.54 £+ 0.06 2.63 + 0.79 £+ 0.02 1.15 £ 0.03 [2.12]
0.01 [pre1 = 0.205]
H44 0.68 £+ 0.01 2.70 + 0.74 £ 0.01 1.8 + 0.1 [2.64]
0.01 [pre1 = 0.256]
H44-C 0.55 £ 0.01 2.55 + 0.78 £ 0.01 1.65 £ 0.05 [3]
0.01 [Pre1 = 0.214]
8.2
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Fig. 2. pH changes of SBF solution containing MK, H44, MK-C and H44-C
foams after different immersion times. The initial pH value at 37 °C was 7.4
(error bars indicate the standard deviations).
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Fig. 3. Weight loss of foams during immersion time (1, 3, 7, 14 and 21 days) in
SBF solution at 37 °C (The error bars denote the standard deviation (n = 3,
samples in triplicate).

Germany). The samples were then placed in 24 well plates and pre-
conditioned for 7 days in cell culture medium RPMI 1640 (Gibco),
containing 10 vol% of fetal bovine serum (FBS, Sigma-Aldrich), and
1 vol% of penicillin/streptomycin (Gibco). Direct contact cell viability
test was carried out on foamed samples using ST-2 stromal cells (Leibniz-
Institute DSMZ— German Collection of Microorganisms and Cell Cul-
tures GmbH, Germany). The ST-2 cells were maintained in the cell
culture medium at 37°C in a humidified atmosphere of 95% air and 5%
CO9 until the cell seeding of the scaffolds. Cell culture medium was
removed from the well plates after preconditioning and, subsequently,
ST-2 cells were seeded directly on the foamed samples placing a 100 pL
drop of cell suspension with an inoculum ratio of 5 x 10* cells/mL and
incubating for 15 min to allow the complete soaking of the scaffold.
Then the wells were filled with 1 mL of RPMI medium.

Cell viability, after 1 day and 7 days incubation at 37°C in 5% COa,
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Fig. 4. X-ray diffraction patterns of polymer-derived Biosilicate before and after immersion in SBF solution for 1, 3, 7, 14, and 21 days, a) MK foam and b) H44 foam.

was determined using WST-8 assay ((2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2.4-disulfophenyl)-2 H-tetrazolium, monosodium salt),
Sigma). WST-8 is a colorimetric assay that yields orange formazan. The
amount of formed formazan is proportional to the number of living cells
in the culture. After incubation for 3 h at 37°C, the reaction product was
measured at 450 nm using a microplate reader (PHOmo Elisa reader,
Autobio Diagnostics Co. Ltd.). Each experiment was carried out in
triplicate.

Additionally, rhodamine phalloidin (RP; ThermoFisher Scientific)
and DAPI (ThermoFisher Scientific) staining was performed to explore
cell adhesion and cell morphology. The staining protocol started with
fixation and permeabilization of the adherent cells. Afterwards, rhoda-
mine phalloidin (8 pL/mL) was added and incubated at 37°C for 1 h.
Incubated samples were rinsed gently with PBS and dyed by DAPI (1 pL/
mL). A fluorescent microscope (Axio Scope Al, Zeiss) was used to
analyse the samples.

2.5. Antibacterial activity

The antibacterial activity of foamed samples was determined on
S. aureus (Gram-positive) and E. coli (Gram-negative) bacteria. Firstly,
the bacteria strains were incubated in the LB-medium (lysogeny broth,
Carl Roth, Germany) at 37°C for 24 h, and the optical density (OD) of the
bacteria population was calibrated (600 nm, Thermo Scientific™ GEN-
ESYS 30™, Germany) to reach the value of 0.015, according to turbidity
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measurements of bacterial cultures. Before the antibacterial activity
evaluation, the selected samples (0.2 g) were sterilized at 180°C for 3 h.
Then, the samples were placed into a tube with 20 pL of bacterial sus-
pension, 2 mL of medium was added, and the OD was measured. The
samples were incubated at 37°C for 3, 6 and 24 h. At the given time
points (3, 6 and 24 h) aliquots of bacterial suspension were taken out,
their optical density was recorded, and relative bacterial viability was
calculated using the following equation:

_ Sample OD

=————x100
Control OD x

Relative Bacterial Viability(%) 1
The medium was used as a blank and the bacterial cells suspension
was used as the control. Three parallel experiments were performed for

each sample.

2.6. Weight loss determination

Weight loss measurements during the studies related to the degra-
dation of the glass-ceramic scaffolds (MK, H44 and MK-C, H44-C) in SBF
with the pH 7.4 were carried out at 37.5 °C (in the range of the human
body temperature). The sample degradation rate in SBF was estimated
by evaluating weight loss of the samples after immersion for different
time intervals (1, 3, 7, 14, and 21 days). At every time point, the glass-
ceramic scaffolds were removed from SBF, rinsed with deionized water,
dried, and weighed. The weight loss of the samples was calculated using
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Fig. 5. FTIR spectra of a) MK foam and b) H44 foam after immersion in SBF for 1, 3, 7, 14 and 21 days.

the formula:

0

Weight x 100 2)

Loss = Vo — Wi
Wo
where W, is the weight before immersion and the Wy is the weight of the

sample after a specific time of soaking.

2.7. Statistical analysis

All experiments were carried out at least in triplicate. The results are
expressed as the mean =+ standard deviation (SD). Statistical evaluation
was carried out using one-way analysis of variance (ANOVA) with p <
0.05 considered significant.

3. Results and discussion
3.1. Properties of polymer-derived Biosilicate-based foams

The starting point for the present investigation was represented by
ceramic foams with hierarchical porosity (Fig. 1), resulting directly from
the used precursors, and prepared according to the protocol reported by
Dogrul et al. [20]. In particular, macro-porosity developed at a low
temperature (< 350 °C), as the result of dehydration of hydrated
Na-phosphate. The related water vapour release occurred with the
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silicones still in polymer state, resulting in significant bloating. Addi-
tional porosity resulted from the decomposition of the matrix and the
added carbonates at higher temperatures. The crystallization of the
typical phase of Biosilicate® glass-ceramics (sodium calcium silicate,
NayCaSi»Og) occurred along with the formation of liquid phase from
Na-phosphate that, upon cooling, transformed into glass.

The silicone/filler ratios had to be calibrated depending on the
different ceramic yield of the two silicone resins (MK and H44), and also
with respect to the application of thermal treatment in N, atmosphere
instead of air. When fired in a non-oxidative atmosphere, silicones do
not transform into silica, but into a complex silicone oxycarbide (SiOC)
nanocomposite, with variable stoichiometry. According to Scheffler
etal. [29], MK silicone resin yields a 31.6%Si-48.1%0-20.2%C (wt%), i.
e. Si30456C1.92 ceramic, while H44 transforms into 18.7%Si-28.7%
0-52.6%C (Si3046Cg.45). The combination with NajyO-, CaO- and
P,0s-yielding fillers promoted the separation of the SiOC residues into
silica, forming a Biosilicate®-like matrix, and additional carbon-based
phases [20].

Table 1 summarizes the physical and mechanical properties of MK,
H44, MK-C and H44-C foams. The crushing strength of MK foams
(Fig. 1a) did not differ significantly from the previously fabricated foams
with a similar, completely open overall porosity (70-75%) [26]. On the
other hand, H44 foams (Fig. 1b), exhibited a substantial improvement,
visible especially from the strength-to-density ratio. The difference
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Fig. 6. X-ray diffraction analysis of MK-C and H44-C Biosilicate-C composite foam after immersion in SBF solution for 1,3,7,14 and 21 days.

could not be attributed to a more homogenous cellular structure, since
the foams were characterized by quite coarse cell walls (Fig. 1b, left); it
could derive from the extensive development of interlocked fibrous
crystals inside porous struts (Fig. 1b, right), often protruding from cell
walls. A further improvement of strength-to-density ratio was observed
for both polymer precursors (MK-C in Fig. 1c; H44-C in Fig. 1d) after
firing in N. The latter effect was attributed to the well-known reduction
of internal stresses during ceramic transformation of silicones in
non-oxidative atmosphere [18].

3.2. In-vitro bioactivity test

Fig. 2 shows the changes in the pH values of all the produced foams,
after immersion in SBF solution for 10 min, 1, 3, 7, 14, and 21 days. A
strong increase in pH at the start of the in-vitro bioactivity test was
observed, particularly after 10 min (marked with the symbol: **) and
1 day immersion. After 10 min immersion in SBF solution, pH values of
MK and H44 foams were 7.954+0.01 and 8.01+0.01 respectively. The pH
values of MK-C and H44-C composite foams were even higher (8.09
+0.01 and 8.08+0.01, respectively). The rise in pH values after im-
mersion of the foams in SBF was attributed to cation (Na* and Ca®")
exchange from the glass-ceramics with protons from the SBF solution
[30].

As observed in previous in-vivo studies, an alkaline pH does not
inhibit bone healing [31]. The pH decreased substantially after 3 days
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and later stabilized slightly above its initial value (in the range of
7.4-7.6).

The time dependences of weight losses of the MK, H44, MK-C and
H44-C foams immersed in SBF solution from 1 to 21 days are shown in
Fig. 3. All specimens gradually dissolved during the immersion period.
The resulting weight loss indicated that H44-derived foams dissolved
faster than the MK-derived ones over the whole soaking period. After 3
days of soaking, a rapid increase in weight loss (48.65%) is observed for
the H44 foam. After longer soaking times such as 14 and 21 days, the
weight losses recorded for other foams were similar to the weight losses
of the H44 Biosilicate foam.

The XRD patterns of MK and H44 foams (fired in air) after immersion
in SBF solution for 1, 3, 7, 14, and 21 days are shown in Fig. 4. The
diffraction maxima typical of Biosilicate® glass-ceramics (attributed to
NayCaSisOg [PDF#77-2189]) for MK-derived samples (Fig. 4a)
remained visible even after 21 days immersion. However, some disso-
lution of the main phase was observed, according to the strong decrease
in intensity of the diffraction lines after 14 days. An exception is rep-
resented by the diffraction maximum at 26~30°; this may be justified by
the overlapping with the signal from a newly formed phase, namely
CaCOg3 [calcite, PDF#87-1863]. After 21 days, additional diffraction
maxima consistent with carbonated hydroxyapatite (HCA, Cas(POu,
CO3)3(0OH), PDF#19-0272), were also detected. H44 foams evolved in a
similar way, except for longer times: after 21 days, the diffraction lines
attributed to NayCaSi»Og nearly disappeared, with more pronounced
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Fig. 7. FTIR spectra of a)MK-C and b) H44-C composite foams and after immersion in SBF for 1,3,7,14 and 21 days.
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Fig. 9. ST-2 cell viability assessed by WST- 8 assay (OD 450 nm) after direct seeding of cells on MK, MK-C, H44 and H44-C foams (n = 3, samples in triplicate).
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Fig. 10. Fluorescent staining of adherent ST-2 cells on MK- and H44-derived Biosilicate and Biosilicate-C composite foams, after 1 day and 7 days.

HCA-related reflections and CaCOs still visible as a minor impurity.

The presence of CaCOs is interesting, in analogy with recent studies
on bioactive glasses [32-35]. Mami et al. [32], investigated the surface
reactivity of a sol-gel derived bioactive glass with the molar composition
of 60Si02-35Ca0-5 P,0s. They found that the presence of calcium car-
bonate was not related to the volume of SBF used (i.e. supersaturation of
the solution). Calcite nanocrystals could form within the early hours of
immersion in SBF due to a fast release of calcium ions from the glass
structure and their reaction with hydrogen carbonate anions in the SBF
solution. Brauer et al. [35] observed that the phosphate ion concentra-
tion is critical: if all available phosphate ions from the glass dissolution
are involved in the formation of the apatite phase, the excess calcium
ions react with HCO3 from dissolved atmospheric CO,, yielding CaCOgs;
conversely, a high phosphate ion concentration in SBF solution con-
tributes to the formation of apatite.

It should be noted that calcite is a quite special material, applicable
in bone-tissue engineering, as it can bond to bone without forming a
surface apatite layer. In fact, the formation of calcite could be an
advantage: some reports revealed that calcite could promote better bone
marrow induced-osteogenesis than hydroxyapatite scaffolds [36,37].

FTIR spectra of MK and H44 foams in the as-received state and after
immersion in SBF solution from 1 to 21 days are shown in Fig. 5. The
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peaks at approximately 1060 cm ™! (P-O stretch), 570, and 600 cm ™! (P-
O bending), attributable to the formation of crystalline HCA became
clearly visible after 21 days for MK foam and after 14 days for H44 foam
[38,39]. An additional band at 875 cm™! appearing after 21 days of SBF
immersion for MK and H44 foams can be assigned to 02(CO§2) vibra-
tions. Furthermore, the intensity of the 02(CO§2) bands at 1410 and
1500 cm ™! (assigned to carbonates) became sharper with increasing SBF
immersion time [40].

The XRD patterns of the MK-C and H44-C composite foams before
and after immersion in SBF solution are shown in Fig. 6. In MK-C foams,
a substantial decrease in intensity of diffraction lines of Nay;CaSiO¢ was
observed after just one day of immersion. A pronounced CaCOs3 forma-
tion was detected at the early stages of immersion (Fig. 6a). The amount
of precipitated CaCO3 increased with increasing immersion time up to
14 days in SBF. However, the intensity of the diffraction maxima of
CaCOj3 decreased with the increasing HCA formation after 21 days. In
MK-C foams, no practical change in the intensity of diffraction maxima
of NayCaSisO¢ was observed after 1 day, but the phase nearly dis-
appeared after just 3 days. The formation of CaCO3 in H44-C composite
was not as pronounced as for the MK-C composite (Fig. 6b), but was
detectable after 1, 3, and 7 days of immersion in SBF. Finally, after 14
days immersion in SBF, HCA remains as the only crystalline phase.
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Fig. 12. Antibacterial activity of MK-derived Biosilicate and Biosilicate-C composite foams after 3, 6 and 24 h incubation with a) S. aureus (Gram-positive) and b) E.

coli (Gram-negative) bacteria (n = 3, samples in triplicate).

The FTIR spectra of MK-C and H44-C composites foam after 1 day
immersion in SBF solution are practically identical in as-received state,
except for the intensity of the absorption band at 926 cm™!, which
decreased, implying the rapid dissolution of Na* and Ca 2* (Fig. 7). The
dissolution rate of network-modifying ions (Na™ and/or Ca2+) from MK-
C composite into SBF was much lower than that from H44-C composite.
The small band around 800 cm ™}, representing vibrations from amor-
phous Si-OH silanols at the interface between material and solution,
appeared from MK-C composite after 7 days; the same band, from H44-C
composite, was more intense after only 3 days incubation.

In parallel, HCA on the H44-C foams was identified at earlier soaking
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times than on MK-C foams (Fig. 7). More specifically, the formation of
crystalline HCA was inferred from the appearance of bands at approxi-
mately 1060 em ! (P-O stretch), 570, and 600 cm! (P-O bending [41,
42]), after 7 days and 3 days incubation in SBF, for MK-C and H44-C
foams, respectively. Bands attributable to carbonate group, v2(CO32),
at ~ 1460, 1420, 875 cm ™! appeared after 3 days for H44-C composite,
while for MK-C foams they remained hardly visible after 7 days of im-
mersion. The evidence of CaCO3 formation obained by FTIR spectros-
copy matched well the results of X-ray diffraction analysis.

In general, carbon containing Biosilicate foams (MK-C and H44-C)
exhibited a faster HCA formation compared to foams fabricated in air
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(MK and H44 Biosilicate®-like glass ceramics). This could be attributed,
in our opinion, to enhanced ion diffusion at interfaces between the sil-
icate matrix and the secondary carbon phase. The mechanism is yet to be
understood, but it is known that sodium ions may migrate in carbon-rich
domains in SiOC-based anodes for Na-ion batteries, likely due to the
wider, irregular spacings compared to graphite [43]. The supporting
role of the carbon phase is confirmed by the enhanced reactivity of
H44-C foams (having a more abundant carbon phase), compared to
MK-C foams [20].

The SEM micrographs of the fabricated foams soaked in SBF for 14
days, presented in Fig. 8, confirm the previous findings. The surface of
all foamed scaffolds before soaking in SBF did not feature any pre-
cipitates (Fig. 1). After 14 days of immersion in SBF, the surface of foams
was covered by precipitates with spongy, cauliflower-like morphology,
typical of bone-like apatite crystals. The presence of precipitates was
more pronounced for H44-derived samples (Fig. 8c,d) [44].

3.3. In-vitro cell viability

Materials containing carbon nanotubes and reduced graphene oxide
demonstrated strong optical absorption in the near-infrared (NIR) re-
gion, making them promising materials for use in the photothermal
ablation of tumours [11,14-16,19,20]. MK-C and H44-C Biosilicate-C
composite foams also showed promising results in this respect [20].
However, serious concerns arise in relation to pharmacokinetics,
metabolism and toxicity of carbon-based nanomaterials for biomedical
applications [45]. The toxicity of carbon materials remains controver-
sial, because various studies show conflicting results [46,47]. Investi-
gation of the in-vitro cytotoxic effects of the fabricated Biosilicate-C
composite foams is thus essential for assessing their suitability for
further use.

Fig. 9 shows the comparative viability of ST-2 cells, seeded on the
surface of foamed samples for 1 and 7 days. The OD values remained
well below the OD value of the positive control (+), after 1 day. How-
ever, an increase in the number of cells was observed with increasing
time, indicating cytocompatibility of the tested materials. After 7 days,
all samples met the biocompatibility threshold specified in the ISO
standard [48], consisting of a number of viable cells exceeding 70% of
the control. The ratio of OD values between 7 days and 1 day after cell
seeding correlates with cell proliferation [49]. No significant difference
between MK-derived (d7/d;: 5.93) and H44-derived (d;/d;: 5.43) foams
was observed. The obtained results also match the cell viability test of
commercial Biosilicate® scaffolds that demonstrates the cytocompati-
bility in terms of proliferation of osteoblast and fibroblast cells [21]. For
carbon containing foams, the cell proliferation on H44-C composite
foam (dy/d;: 9.14) is approximately 1.5 times higher than on MK-C
composite foams (dy/d;: 6.35). The carbon containing foams also
showed better cell proliferation with respect to the foams without car-
bon. It is therefore possible to assume that the homogeneously distrib-
uted carbon phase did not have any negative effect on cell growth, in
contrast to previous investigations which showed a negative effect of
carbon containing materials on the cell viability [50,51].

The morphology of ST-2 cells, after 1 and 7 days seeding on the MK-
and H44-derived foams was observed by fluorescence microscopy after
staining with rhodamine phalloidin (for F-actin filaments in red) and
DAPI (for nuclei in blue) (Fig. 10). The cells appear well attached on all
materials.

3.4. Antibacterial activity

Reports from the literature emphasized that the adhesion of bacteria
and biofilm formation can be controlled by surface properties and
composition of the adopted biomaterials [19,52,53]. Silicate
bio-ceramics such as forsterite, diopside, wollastonite, and &kermanite
are reported to possess antibacterial activity against S. aureus, S. epi-
dermidis and E. coli [52,53]. The antibacterial effect is attributed to
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exchange of alkali ions by protons from the aqueous medium resulting in
the formation of hydroxyl ions, and leading to increased pH values.

Such increased pH values create a micro-environment unsuitable for
the growth of bacteria. Consecutive change in the osmotic medium leads
to cellular injury [49]. The pH values raised to 9.5 and 9.7 for MK and
MK-C samples, respectively; the pH values were 9.9 and 10.5 for anal-
ogous samples derived from H44 (Fig. 11). To assess the inherent anti-
bacterial activity of prepared polymer-derived materials, only the
MK-derived samples were considered.

The relative bacterial viability of S. aureus and E.coli on the MK
Biosilicate and MK-C Biosilicate C composite foams is shown in Fig. 12.
The data were recorded after 3, 6, and 24 h of incubation. A significant
and gradual decrease in the relative bacterial viability for both bacterial
strains was observed, which confirms the antibacterial activity of tested
samples under the investigated conditions. The antibacterial activity
results are interesting, as no antimicrobial elements such as silver or
gallium were present in the polymer-derived foams prepared in this
work.

4. Conclusions

In-vitro bioactivity, cytocompatibility and antibacterial activity of
MK-C and H44-C Biosilicate-C composite foams were investigated. In-
vitro bioactivity test results in SBF solution confirmed HCA and CaCO3
formation after 14 days immersion in SBF. Moreover, cell biology and
antibacterial tests on MK, H44 Biosilicate, and MK-C, H44-C Biosilicate-
C composite foams indicated cytocompatibility of the ST-2 cell line and a
strong antibacterial activity towards S. Aureus and E. Coli bacteria,
respectively.
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