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Abstract
Silica-bonded calcite scaffolds have been successfully 3D-printed by direct inkwriting, starting from a
paste comprising a silicone polymer and calcite powders, calibrated in order tomatch a SiO2/CaCO3

weight balance of 35/65. The scaffolds, fabricatedwith two slightly different geometries, werefirst
cross-linked at 350 °C, then fired at 600 °C, in air. The low temperature adopted for the conversion of
the polymer into amorphous silica, by thermo-oxidative decomposition, prevented the decomposi-
tion of calcite. The obtained silica-bonded calcite scaffolds featured open porosity of about 56%–64%
and compressive strength of about 2.9–5.5MPa, depending on the geometry. Dissolution studies in
SBF and preliminary cell culture tests, with bonemarrow stromal cells, confirmed the in vitro
bioactivity of the scaffolds and their biocompatibility. The seeded cells were found to be alive, well
anchored and spread on the samples surface. The new silica–calcite composites are expected to be
suitable candidates as tissue-engineering 3D scaffolds for regeneration of cancellous bone defects.

1. Introduction

Calcium carbonate (CaCO3) is a well-established mat-
erial for implantation purposes, due to its high biocom-
patibility and bioactivity. As an example, marine corals
(99%CaCO3, aragonite polymorph—1%organic)have
been used as bone graft substitutes since the 80 s and
90 s [1–4], owing to the distinctive three-dimensional
macro-porous framework, naturallymimicking cancel-
lous bone and promoting cell penetration and vascular
invasion [4]. From experimental and clinical data, they
feature excellent vascularisation, resorbability, biocom-
patibility andosteoconductivity, so that they canbe seen
as an interesting alternative to bone grafts [1, 2]. It has
been also proven that the bone forming response of
calciumcarbonate is comparable to that of hydroxyapa-
tite (HAp) [3]; moreover, calcium carbonate is able to
induce rapid carbonated apatite formation [4].

Nowadays, implants of natural origin like corals are
no longer accepted in orthopedics, due to serious

drawbacks, such as supply difficulties, biological varia-
bility, risks of viral or bacterial contamination [5]. There-
fore, synthetic ceramic biomaterials, chemically and
morphologically mimicking natural bone tissue, have
received a growing interest in the last years. Several stu-
dies have been proposed on synthetic CaCO3 and its
polymorphs (calcite, aragonite, vaterite) [5–10]. Mon-
chau et al [5] compared the biological properties of
synthetic CaCO3 with those of HAp and β-tricalcium
phosphate (β-TCP), commonly used as substitutes or
filling materials in bone surgery, and demonstrated that
synthetic CaCO3 can be shaped into a bone substitute
scaffold by slip-casting. The obtained material is non-
cytotoxic and facilitates cell proliferation. Similar results
were achieved by Lemos and Ferreira [7], who fabricated
macroporous CaCO3 by starch consolidation and asses-
sed its accentuated bioactivity. Porous CaCO3 micro-
particles were also used by Sukhorukov et al [10] as a
template for encapsulation of bioactive compounds,
exploiting the complete biodegradability of CaCO3.
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Moreover, Fujita et al [9]performed in vivo tests in rabbit
tibiae to assess the CaCO3 bone bonding ability, showing
an adequate bonding strength. So, CaCO3 is an interest-
ing alternative not only to natural coralline aragonite, but
also to calciumphosphate ceramics in general.

Further experiences are reported in literature about
the synthesis of porous calcite microspheres. For
instance, hollow CaCO3 microspheres have been pro-
duced starting from water-soluble NaCl cores, covered
with Ca(OH)2 by granulation [11]. The external shell
was later converted from Ca(OH)2 to CaCO3 by carbo-
nation through a stream of CO2 saturated with water
vapour, whereas the cores were solubilised. Otherwise,
hierarchically porous CaCO3 microspheres have been
fabricated by a precipitation reaction of CaCO3 in the
presence of polystyrene-alt-maleic acid as a crystal
modifier, starting from a solution of Na2CO3 and
CaCl2 [12].

Considering that cancellous bone has a fully inter-
connected porous structure, a good bone substitute
needs a specific morphology, besides a suitable com-
position. Therefore, porous materials are ideal candi-
dates. Calcite foams have already been fabricated by
replica, starting from polyurethane (PU) templates
dipped into a slurry of Ca(OH)2 and distilled water
[13]. Once infiltrated, the foams have been thermally
treated to burn out PU and they have been subse-
quently exposed to a CO2 atmosphere to get the carbo-
nation of Ca(OH)2 in CaCO3. Though effective, this
method could be simplified using a slurry directly con-
taining calcite, instead of starting with a calcite pre-
cursor and then converting it into calcite; anyway, the
authors reported to have failed using a calcite slurry,
because the foams could not keep their structure after
sintering. In fact, it is well known that the thermal
decomposition of CaCO3 at high temperature repre-
sents a strong limitation to the sintering [14].

In the present study, a technologically advanced
method is proposed to fabricate calcite scaffolds with
highly ordered open porosity. In particular, we refer to
the robocasting of a preceramic paste. This technique
relies on direct-writing a continuous ink filament in a
layer-by-layer build sequence. Although this techni-
que was developed to print polymers, it nowadays is
also possible to generate bioceramic scaffolds [15, 16].

The 3D printable ink was obtained from a solid
preceramic polymer (providing SiO2 in an amount of
35 wt% of the final ceramic) dissolved in isopropanol
andmixedwith powdered CaCO3 (65 wt%). The poly-
mer-to-ceramic conversion easily allowed the realiza-
tion of what could be seen as a ‘silica-bonded calcite’
ceramic composite, in the sense that CaCO3 could be
bound by amorphous silica, originated by the thermo-
oxidative decomposition of the polymer at a particu-
larly low temperature (600 °C), in agreement with very
recent experiments [17]. This strategy differs remark-
ably from that usually adopted for preceramic poly-
mers and fillers, consisting of treatments above
900 °C, with polymer-derived silica reacting with

oxides provided by the fillers (CaCO3, as an example,
is a typical source for CaO) [18]. It is also supported by
other very recent findings, concerning the biocompat-
ibility of new composite materials deriving from sili-
cones embedding bioglass particles, fired at low
temperature [19]. Differently from any previous
experiment, the present approach to the synthesis of
calcite-containing composites was successfully cou-
pled with direct 3D printing (direct ink writing). Scaf-
folds showed an abundant open porosity and a
remarkable compressive strength, coupled with extre-
mely pronounced biological properties, being able to
stimulate the cells proliferation when cultured with
bonemarrow stromal cells for 2weeks.

2. Experimental procedure

2.1.Manufacturing of scaffolds
A commercial polymethylsiloxane, SILRES® MK
(Wacker-Chemie GmbH, München, Germany),
known to have a silica yield of 84 wt% after thermal
decomposition in air [20], was used for the fabrication
of a ‘preceramic ink’. The required amount of silica
(35 wt% of the final ceramic) was obtained from two
contributions, that is 90 wt% from the silicone resin
and 10 wt% from nano-sized silica (fumed silica,
Aerosil R106, Evonik Germany). Fumed silica was
adopted in order to obtain a silicone-based ink with
appropriate rheological behaviour, following previous
experiments [21, 22].

Fumed silica powders were wet mixed with MK in
isopropanol (8 ml for 16 g of silica precursors) by
means of a ball mill (60 min at 100 rpm, Pulverisette 7
planetary planetary ball mill, Fritsch, Idar-Oberstein,
Germany). CaCO3 micro-sized powders (<10 μm,
Industrie Bitossi, Italy) were subsequently incorpo-
rated into the polymer and again mixed (4 h at
400 rpm), to obtain a perfectly homogenous suspen-
sionwith very fine fillers and no trace of powder aggre-
gates. The achievement of such properties was strictly
necessary for the direct ink writing, due to the need to
avoid clogging throughout the printing step and to
have continuity in thefluidflow through the nozzle.

A PowerWASP orienting extruder (Massa Lom-
barda, Italy), expressly equippedwith a syringe to print
silicones pastes incorporating fillers, was used to print
the preceramic ink (see figure 1(a)). The syringe of the
feeding system was filled with the preceramic paste
and scaffolds were later printed with conical nozzle
(with a diameter of 0.41 mm,Nordson EFD,Westlake,
Ohio) immersed in vegetal oil, thus preventing the
premature drying of the solvent, that would have
affected the viscosity of the ink (see figure 1(b)).

Following the CAD file, scaffolds were in the form
of prisms with dimensions 15 mm×5 mm×5 mm,
as resulting from the overlapping of cylindrical rod,
periodically arranged along x and y axes (see
figure 1(c)). The rods were in a stacking density of 11
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rod cm−1 on the x–y plane, and the distance between
the longitudinal axes of adjacent rods was of 1 mm.
Two different designs were considered for the scaf-
folds, with a distinction regarding the spacing between
adjacent rods along the z axis: the spacing was set at
350 μm for samples later referred to as ‘t-1’ design and
300 μmfor ‘t-2’ design.

After printing, the scaffolds were left in oil to dry
overnight at room temperature. Then, the scaffolds
were simply removed from the oil bath and left over
paper tissue to take out the excess oil. After removal
from the oil, printed scaffolds were cross-linked at
350 °C, with a heating rate of 0.5 °Cmin−1 and dwell-
ing time of 1 h, prior to ceramization at 600 °C in air
(same heating rate and dwelling time as the cross-link-
ing treatment), in a chamber furnace (AWF13/12,
Lenton, Hope, UK). This relatively low temperature
was selected with the aim of getting the thermo-oxida-
tive decomposition of silicone into amorphous silica
[17], without affecting the stability of calcite. After 1 h
at 600 °C, the ceramized samples were subjected to
natural cooling inside the furnace.

2.2.Microstructural andmechanical
characterization
Micro-structural characterizations were performed by
optical stereomicroscopy (AxioCam ERc 5 s Micro-
scope Camera, Carl Zeiss Microscopy, Thornwood,
New York, US), scanning electron microscopy (FEI
Quanta 200 ESEM, Eindhoven, The Netherlands)
equipped with EDS and x-ray diffraction (XRD;
Bruker AXS D8 Advance, Bruker, Germany—CuKα
radiation, 0.15418 nm, 40 kV–40 mA, 2θ=20°–70°,
step size=0.05°, 2 s counting time). The Match!
software package (Crystal Impact GbR, Bonn, Ger-
many) was used for phase identification, supported by
data from PDF-2 database (ICDD-International Cen-
tre forDiffractionData, Newtown Square, PA,USA).

The bulk density (ρb) of the foams was determined
using a caliper and a digital balance. The skeletal

density (ρs) was measured on foams, using a He gas
pycnometer (Micromeritics AccuPyc 1330, Norcross,
GA), while the true density (ρt) of the material was
measured on very finely ground powders of scaffolds.
The percentage of porosity (%P) was then calculated
using the following equation:

P b s% 1 . 1r r= - ( ) ( )

Selected scaffold structures were subjected to
mechanical characterization in compression mode at
room temperature, using an Instron 1121 UTM
(Instron Danvers, MA, USA) with a cross-head speed
of 1 mmmin−1. Each data point is presented as the
mean value offive to ten samples.

2.3. Assessment of the in vitro bioactivity
Scaffolds with weight of 100 mg were immersed in
25 ml of simulated body fluid (SBF) solution and
stored in an incubator (MPM Instruments s.r.l.,
Bernareggio, Milano, Italy) at 37 °C. The solution was
periodically refreshed (every about 48 h) and the pH of
the SBF was measured. After 1, 3, 7 and 14 days the
samples were removed from the medium, washed in
distilled water and dried at room temperature for 24 h.
The potential formation of a hydroxycarbonate apatite
(HCA) layer on the samples surface was investigated
by means of direct observation in a SEM, operated in
low-vacuum mode with a pressure of 0.57 Torr. In
addition, a local chemical analysis was performed by
X-EDS (Inca; Oxford Instruments, Buckinghamshire,
UK). The chemical nature of the precipitatedHCAwas
also investigated bymeans ofmicro-Raman spectrosc-
opy (Horiba Jobin-Yvon, Villeneuve d’Ascq, France).
A 632.8 nm diode laser with an output power of
20 mWwithout any filter was employed. The laser was
focused on the scaffolds surface by means of 50× and
100× objectives.

Special immersion tests were performed to deter-
mine the in vitro dissolution of the scaffolds, which were
stored in SBF for 2, 4, 8 h; 1 3, 7 and 14 days. At each time
point, the pH was measured and samples of 1ml of the

Figure 1.Photographs of (a) the 3D-printer equippedwith syringe for silicone-based ink; (b) detail of the printing process carried out
in oil bath; (c) overview of a 3D-printed scaffoldwith orientation of the axes.
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medium were taken and refreshed. After dilution with
9ml of 2MHNO3, the reactedmediumwas analysed by
inductive coupled plasma (ICP) spectroscopy (ICP-MS,
Agilent Technologies 7700×ICP-MS system, Agilent
Technologies International Japan, Ltd, Tokyo, Japan) for
Si, Ca, P concentration in solution. The same measure-
ment was performed on the original SBF, which repre-
sents a term of comparison. All the experiments were
done in triplicate.

2.4. Cell culture test
In this preliminary in vitro tests it should be analysed
cell attachment and distribution in 3D scaffolds as well
as the difference between stimulated and non stimu-
lated cells during a cultivation period of 14 days. Bone
marrow stroma contains pluripotential cells with the
potential to differentiate into various mesenchymal
cell lineages including osteoblasts, adipocytes, chon-
drocytes and myoblasts [23]. ST-2 cells (from Sigma,
Germany), a clonal stromal cell line isolated frombone
marrow of BC8 mice, were cultured on the scaffolds.
Cells weremaintained either in RPMI 1640 containing
10 vol% FBS or for osteogenic stimulation, culture
medium was supplemented with 50 mgml−1 ascorbic
acid, 10 nM dexametasone and 10 mmol β-glycero-
phosphate [24].

To observe the formation of the cytoskeleton ‘actinr-
ing,’ the cell distribution and the mineralization process
occurring with the scaffolds we used fluorescence
microscopy (FM, Scope.A1, Carl Zeiss, Germany). After
14 days of cultivation, adherent cells were fixed with
3.7% paraformaldehyde for 10min and then permeabi-
lizedwith 0.1 vol%TritonX-100 (in PBS) for 10minRT.
The fluorescent red-range Alexa Fluor® Phalloidin actin
binding compound (Molecular Probes®, Germany)
(679 nm excitation and 702 nm emission) was used to
detect the cytoskeleton. Thefluorescent blue-rangeDNA
binding compound, DAPI (4′,6-diamidino-2-pheny-
lindoledihydrochloride; 350 nm excitation and 465 nm
emission) (Roche) was used for detection of nuclei.
Briefly, cells were incubated for 60min with phalloidin
(diluted 1:50 by volume) at room temperature followed
by an incubationwith 1 μgml−1DAPI for 5min.Miner-
alization of the cell culture samples was visualized by
sample staining using the OsteoImage™ Mineralization
Assay (Lonza, Germany), where the stock solution was
diluted 1:100 (v/v) and then subsequently incubated for
30minat roomtemperature.

The cell viability of ST-2 cells wasmeasured in a 96
well plate following the conversion of tetrazolium
(WST-1, Roche, Germany) to formazan by endogen-
ous enzymes. Culture media was carefully removed
completely and fresh media containing 1 v% of the
WST-8 Assay Kit solution was added. After an incuba-
tion time of 4 h, the absorbance was measured at
450 nm with a microplate reader (PHOmo; Autobio
Labtec Instruments Co., Ltd).

After 14 days incubation cell attachment and cell
morphology were characterized using scanning elec-
tron microscopy (SEM) (Auriga CrossBeam, Carl
Zeiss Microscopy GmbH, Germany). Briefly, cell on
the scaffold surface were fixed in 3 vol% paraf-
ormaldehyde, 3 vol% glutaraldehyde (Sigma-Aldrich,
Germany) and 0.2 M sodiumcacodylate (Sigma-
Aldrich, Germany). After dehydration through incu-
bationwith a series of graded ethanol series (30, 50, 70,
80, 90, 95 and 100 vol%), the samples were critical
point dried with CO2 (EM CPD300, Leica, Germany)
and imagedwithout sputtering.

For statistical analyses, the one-way analyses of
variance (Bonferroni’s Post hoc test)were used, which
are implemented in the Origin software (Origin 8.5 G;
OriginLab Corporation) without normality and out-
lier test. The level of statistical significance was estab-
lished at p<0.05.

3. Results and discussion

3.1.Morphological andmechanical characterization
of scaffolds
The morphological structure of 3D-printed samples
was highly regular, as visible in figure 1(c). The open
porosity was geometrically ordered and intercon-
nected in all three dimensions (figures 2(a)–(c)).
Although the diameter of the nozzle was of 410 μm,
the rods were approximately 450 μm in diameter as
printed. This was obviously due to the radial expan-
sion of the extrudate occurring when the material
leaves the nozzle, caused by the abrupt drop of
temperature and pressure. Anyway, after ceramiza-
tion, the diameter of the rods decreased to approxi-
mately 400 μm, due to the shrinkage which usually
accompanies the polymer-to-ceramic conversion of
preceramic polymers [17].

For t-1 and t-2 designs, the overall morphology
was identical, except for the spacing along the z axis
(figures 2(b), (c)). As previously mentioned, the spaces
between adjacent rods were of 350 μm along the z axis
for t-1 design and 300 μm for t-2 design. The reduc-
tion of the space along the z axes resulted in a higher
mutual interfusion between adjacent layers of rods in
t-2 samples, with an increase in the contact area at the
joints. Furthermore, in t-2 samples the rods were
affected by structural sagging, in comparison to nearly
perfect linear rod deposition observed for t-1 samples
(figures 2(b), (c)).

The final spacing between adjacent rods on the x–y
plane was of approximately 500 μm. This pore size fits
well with the requirements for a scaffold for bone tis-
sue engineering. In fact, Hulbert et al [25] recom-
mended a minimum pore diameter of 100 μm in their
early work, but more recent studies have shown
improved osteogenesis for implants with pores greater
than 300 μm [26–28].
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The highermagnification detail in figure 2(d) reveals
that the cross-section of the rods did not contain defects;
on the contrary, some microcracks were present on the
surface of rods, as shown by figures 3(a), (b), for both
designs. The cracks might be reasonably correlated with
both the shrinkage of the material and the release of gas-
eous products throughout the thermo-oxidative decom-
position of the silicone, while converting into a ceramic

material. Crack generation is typically observed espe-
cially in dense polymer-derived-ceramic components,
since the elimination of gases can cause local pressure
accumulationphenomena [17].

Given the presence ofmicrocracks, themechanical
strength of the developed scaffolds is remarkable: as
reported in table 1, the compressive strength (σcomp)
was 2.9±0.7 MPa for t-1 samples and 5.5±0.3 MPa

Figure 2.Morphology of 3Dprinted scaffolds after ceramization: (a) t-1 top view; (b) t-1 side view; (c) t-2 side view; (d) high
magnification detail of a rod fracture surface.

Figure 3. SEM images of t-1 scaffolds after ceramization: (a) top view, (b) highermagnification detail.

Table 1. Summary of physical andmechanical properties of printed scaffolds after ceramization.

Type of geometry ρbulk (g cm
−3) ρskeleton (g cm

−3) ρtrue (g cm
−3) Popen (%) σcomp (MPa)

t-1 0.93±0.04 2.56±0.01 2.57±0.01 64 2.9±0.7
t-2 1.07±0.02 2.43±0.04 2.57±0.01 56 5.5±0.3
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for t-2 ones, respectively. These values are in good
agreement with the compressive strength of natural
trabecular bone, which is reported to be in the
2–12MPa range [29]. In particular, for t-2 samples,
the standard deviation is quite low, as a proof of high
sample reproducibility and more reliable values. The
increase in σcomp for t-2 samples compared to t-1 can
be explained by several factors. First, it could be corre-
lated with the decrease in open porosity (Popen), which
was calculated to be 64% for t-1 and 56% for t-2.
Then, as already highlighted, rods in t-2 samples had a
higher contact area at the joints, due to a higher
mutual interfusion between adjacent layers of rods.
Finally, the reduced voids in the cross-section could
limit buckling phenomena.

A summary of density and porosity values is also
presented in table 1. The similarity between skeleton
and true density (ρskeleton and ρtrue respectively) is an
indicator of limited closed porosity.

The x-ray diffraction patterns presented in figure 4
demonstrate that the thermal treatment at 600 °C of
silicone mixed with powdered CaCO3 was effective in
maintaining calcite unreacted, while the polymer
transformed into silica. In fact, a perfect overlapping
between the experimental and the reference pattern of
calcite (CaCO3—PDF#85-0849) can be observed,
and no other peak appears.

As a final remark on the microstructure, figure 5
demonstrates that both calcium (Ca) and silicon (Si)

concentration were practically uniform along the
cross-section of rods, so that the calcite filler can be
considered to be homogeneously distributed.

3.2. Assessment of the in vitro bioactivity
One of the main features of several bioceramics is the
ability to induce the formation of a HCA layer on their
surface when exposed to physiological fluids in vivo. It
is speculated that the growth of this HCA layer is
associated with the osseointegration of the implanted
material, i.e. its bonding ability to the host bone [30]. It
is possible to preliminary assess such property by
monitoring the precipitation in vitro of aHCA layer on

Figure 4.X-ray diffraction patterns of printed scaffolds, after ceramization at 600 °C.

Figure 5. Semi-quantitative SEM-EDS: Ca and Si concentra-
tion profiles along the line in a rod cross-section.
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the surface of the material, after soaking in SBF for a
given period of time. However, such tests should be
considered with great caution. In fact, SBF, originally
developed by Kokubo and Takadama [31], is just a
cellular solution with ion concentrations similar to
those of the human plasma (the SBF composition was
taken from the literature [31]). As a consequence, it
should be stressed that in vitro assays are too simple to
simulate the real physiological context, which is

intrinsically dynamic and includes vitamins, proteins
and in particular growth factors, lipids, cells and so
forth; so, SBF tests are rather intended to offer a
relatively cheap and easy tool to mimic the inorganic
reactions which are expected to take place after the
implantation of the material. For these reasons,
although the apatite formation in SBF is usually
considered as an important prerequisite for the
subsequent in vivo osseointegration, the assessment of

Figure 6. Surface of the scaffolds soaked in SBF for increasing times.

Figure 7. (a) Surface of a scaffold soaked in SBF for 7 days and (b)X-EDS spectrumacquired on the area reported in (a).
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the biological responsiveness needs further exper-
imental steps, such as cytotoxicity and genotoxicity
assays [32, 33].

The surface of the scaffolds soaked in SBF for
increasing immersion times is shown in figure 6. After
7 days in SBF it is possible to locally identify, on the
samples surface, several globular precipitates with the
typical HCA morphology. The formation of calcium
phosphate precipitates on the scaffolds surface after 7
days in SBF is further confirmed by the X-EDS spectra,
reported in figure 7, which revealed the presence of

phosphorus. On the other hand, a direct SEMobserva-
tion of the HCA precipitates was insteadmore difficult
for the samples soaked in SBF for 1 and 3 days. How-
ever, additional information can be obtained from the
X-EDS maps acquired on the samples surface. The
X-EDS maps presented in figure 8 show the distribu-
tion of P on the samples surface and reveal an increas-
ing amount of P with increasing soaking times. This
fact is ascribable to the formation of a thin layer
of calcium phosphate precipitates on the scaffolds
surface.

Figure 8. (a), (c), (e) Surface of the scaffolds soaked in SBF for increasing times and (b), (d), (f)X-EDSmaps showing the distribution
of P, representative of the precipitation ofHCA.
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Within such diffused calcium phosphate matrix,
the specific formation of HAC and its increasing
amount with time was revealed by means of Raman
spectroscopy, which supported the outcomes of the
SEM observation. This technique is particularly useful
in order to identify the development of HCA, since the
Raman peaks related to the vibration of the P–Ogroup
are particularly intense and respond as soon as the
nucleation of apatite begins. Moreover, it is usually
possible to confirm that the in vitro grown apatite is
carbonated, since the C–O vibrations are also very
active in Raman spectroscopy.

The Raman spectra acquired on the samples sur-
face for increasing soaking times are reported in

figure 9. The pattern related to the untreated scaffold
(lower pattern) shows the typical Raman peaks ascrib-
able to calcite, i.e. an intense sharp Raman band at
about 1088 cm−1, which can be assigned to the
ν1(CO3)

2- symmetric stretching mode, and two bands
at about 712 and 282 cm−1 [34]. The typical Raman
spectrum related to apatite presents a strong peak at
about 960 cm−1 and two peaks at 590 and 430 cm−1,
which are associated to the PO4 group (see the upper
pattern in figure 9). Moreover, a strong peak at about
1070 cm−1, which is related to the stretching of carbo-
nate groups, is ascribable to the specific development
of HCA [35–37]. In figure 9 it is possible to observe
that the Raman spectra acquired on the samples

Figure 9.Raman spectra acquired on the samples surface for increasing soaking times, in comparisonwith the spectrum acquired on
an untreated sample (lower pattern) and onHAppowders taken as a reference (upper pattern).

Figure 10. pH variation induced by the samples in SBF; the solutionwas periodically refreshed.
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surface evolve with time and become similar to that of
apatite, apart from local fluctuations. However, it
should be noted that, for the present samples, the peak
at about 1085 cm−1, related to a carbonated group,
can be ascribed both to calcite and carbonated apatite.

Particular attention should be paid to the
pH variation induced in SBF. In fact, a pH increase is
expected when a bioceramic (or a bioactive glass) is
immersed in SBF, due to the ion leaching from the

sample. On the other hand, cells can be damaged by
excessive pH levels (for example, pH values between 7.5
and 8 are usually considered adequate for osteoblasts) or
by fast pH variations, and therefore biomaterials char-
acterized by a relatively slow ion leaching should be pre-
ferred. If a material is expected to induce dramatic
changes of pH, a period of pre-conditioning in SBF can
be required to stabilize the pH near to physiological
values before further investigations dealing with cells

Figure 11.Dissolution profiles as a function of time for the scaffolds after soaking in SBF for 14 days. (a)Ca; (b) Si; (c)P.

Figure 12.Cell viability of stimulated and non-stimulated bonemarrow stromal cells after 14 days of cultivation. (Bonferroni’s post-
hoc test: ***p<0.001).
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[38–41]. The pH variation in SBF induced by the pro-
duced scaffolds is shown in figure 10. It should be noted
that the pH value ranges between 7.4 and 7.6 throughout
the process, thus indicating a slow ion leaching. These
values are optimal for cell adhesion, proliferation and
differentiation. Of course, the pH variation is mitigated
by the periodic refresh, but it should be kept inmind that
the refreshing procedure is a simplified simulation of the
dynamic environment of thehumanbody.

Generally speaking, it is possible to conclude that
all the samples showed a relatively slow reactivity
in vitro, since they were able to develop a calcium
phosphate layer with increasing HCA precipitates on
their surface during the immersion in SBF.

Figure 11 shows the dissolution profiles for the
scaffolds after soaking in SBF for 14 days. These pro-
files represent the ionic concentrations of Ca, Si and P
in SBF, as functions of the contact time, determined by
ICP. Ca is contained in SBF and its concentration in
SBF containing scaffolds is expected to increase, due to
the Ca released by the samples, and then to decrease,
due to the reaction with P. On the contrary, Si is not
contained in SBF, but it is released by the scaffolds. P is
contained in SBF, but is expected to decrease, due to
the fact that its presence is involved in the formation of
HCA on the samples, by reaction with Ca and sub-
sequent precipitation. A control of pure SBF with no
scaffolds immersed was also included in the ICP

Figure 13. (a) StainingwithDAPI shows the cell attachment and distribution after 14 days of cultivation; (b) F-actin (red) staining
with rhodamine phalloidin nuclei (blue) stainingwithDAPI and detection ofmineral complexes (green) byOsteoImage throughout
the cell culture shows the cell attachment and distribution aswell as scaffoldmineralisation after 14 days of cultivation.

Figure 14. SEM-images of stimulated and non-stimulated ST-2 cells in the scaffolds after 14 days of cultivation.
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analysis and its concentrations of Ca, Si and P were
subtracted from the analogous concentrations deter-
mined in SBF containing the scaffolds. The error bars
are standard deviations calculated from triplicates.

The net amount of Si released by the scaffolds
reached 30 μg ml−1 over 7 days and then was main-
tained at approximately 30 μg ml−1 over 14 days, as
shown infigure 11(a).

Following the immersion of the scaffolds, the net
content of Ca released by the samples, displayed in
figure 11(b), was about 37 μg ml−1 over the first 72 h.
From 72 h to 14 days, the Ca content began to
decrease. Simultaneously, there was a noticeable
decrease in concentration of P species in SBF, shown
in figure 11(c). Negative values are due to the fact that
the concentration of P ions detected in SBF containing
the scaffolds was lower than that of pure SBF (as
already mentioned, the values represent the subtrac-
tion of the concentration determined for pure SBF
from that determined for SBF containing the scaf-
folds). This was likely caused by the deposition, even if
weak, of a calcium phosphate layer (HCA) on the sur-
face of the scaffolds after 14 days of immersion, as dis-
cussed above.

3.3. Cell culture test
The viability of osteogenic stimulated and non stimu-
lated ST-2 cells on the scaffold surface over the
cultivation periodwas investigated byWST-8 assay. As
expected, the viability of ST-2 was significantly higher
compared to theosteogenic stimulated cells (figure 12).
Therefore, it can be stated that the osteogenic factors
supported better cell differentiation than the cell
proliferation.

Fluorescence microscope images of scaffolds seeded
with non-stimulated ST-2 cells after 14 day are shown in
figure 13(a). A homogeneous cell distribution was found
throughout all the scaffolds. Cells were comparably
attached to the top and bottom surfaces as well as within
the pore channels. Similar results were found for ST-2
cell with simulated conditions (data not shown). In
figure 13(b) we report one representative image of

stimulated ST-2 cells incubated with a scaffold after 14
days of incubation, whereby the cytoskeletonwas stained
in red, the nucleus in blue and the formedHAp in green.
In accordance with figure 13(a), on all samples dense
monolayers with cell–cell contacts are visible. Cytoskele-
ton staining shows clearly smooth andflat formed exten-
sive actin fibres in ST-2 cells on all samples investigated.
With help of the green staining, it is possible to visualize
HAp formationon the scaffold surface.

SEM images of the top surfaces as well as the inner
pore system of scaffolds cultured for 14 days under static
conditions are shown in figure 14. These images reveal
that the used scaffold material exhibited no cytotoxic
effect on the ST-2 cells. Even in the not-stimulated con-
dition ST-2 cells displayed a fibroblastic phyenotype
morphology (figures 14(a), (c)). Cellmembranes showed
blebs and microspikes which indicate high metabolic
activities. Stimulated ST-2 cells expressed a typical osteo-
plastic phenotype on the sample surface (figures 14(b),
(d)). All cells on the outer surface of the scaffolds had an
osteoblastic cuboidal morphology. The mineral deposit
after osteogenic cell cultivation is further shown by
figure 15.

4. Conclusions

Silica-bonded calcite has been successfully fabricated
by direct 3D printing of silicone/calcite pastes. After
cross-linking at low temperature, the printed scaffolds
resulted in ceramic components made of calcite
surrounded by binding phase of amorphous silica, by
ceramization at 600 °C. The decomposition of calcite
was prevented by the adoption of a temperature of
polymer-to-ceramic conversion far lower than usual
for silicone-derived ceramics.

The samples exhibited a highly ordered and inter-
connected porosity of 56%–64% and a goodmechanical
behaviour, with a compressive strength of 2.9–5.5MPa,
in good agreementwith the requirements of porosity and
mechanical strength for scaffold to be used in actual tis-
sue engineering experiments.

Concerning the biological properties, the printed
samples were subjected to dissolution study in SBF
and cell culture study with bonemarrow stromal cells.
They showed good in vitro bioactivity and very pro-
nounced ability to stimulate cell adhesion and pro-
liferation on the scaffolds surface.

In the light of these encouraging results, the
obtained 3D printed silica-bonded calcite composites,
from preceramic polymers and fillers, are expected to
be suitable candidates for bone tissue engineering
applications. Further biological analyses will certainly
be performed to assess if the scaffolds can also stimu-
late cell differentiation and gene expression. In any
case, the overall processing, featuring treatments at
low temperature, may open the way to a new genera-
tion of bioceramics, based on polymer-derived silica
embedding bioactive phases.

Figure 15. SEM image of the surface after osteogenic cell
cultivation.
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