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Sphene is an innovative bone graft material. The aim of this study was to investigate and compare the
physicochemical and biological properties of Bio-Oss® (BO) and in-lab synthesized and processed
sphene granules. BO granules of 1000-2000 um (BO-L), 250-1000 pm (BO-S) and 100-200 pm (BO-
p) for derived granules, and corresponding groups of sphene granules obtained from 3D printed blocks
(SB-L, SB-S, SB-p) and foams (SF-L, SF-S and SF-p) were investigated. The following analyses were
conducted: morphological analysis, specific surface area and porosity, inductively coupled plasma mass
spectrometry (ICP-MS), cytotoxicity assay, Alizarin staining, bone-related gene expression, osteoblast
migration and proliferation assays. All pulverized granules exhibited a similar morphology and SF-S
resembled natural bone. Sphene-derived granules showed absence of micro- and mesopores and a low
specific surface area. ICP-MS revealed a tendency for absorption of Ca and P for all BO samples, while
sphene granules demonstrated a release of Ca. No cellular cytotoxicity was detected and osteoblastic
phenotype in primary cells was observed, with significantly increased values for SF-L, SF-S, BO-L and

rsc.li/materials-b

1. Introduction

The treatment of alveolar bone defects in oral and periodontal
surgery often requires bone graft materials; their origin and
shape can be autologous, homologous, heterologous and
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BO-p. Further investigations are needed before clinical use can be considered.

synthetic, in granules or blocks. Heterologous bone substitutes
are widely employed in dentistry owing to their high biocom-
patibility, unlimited availability and reduced morbidity." Never-
theless, there is a growing demand for non-animal alternatives
due to ethical and religious concerns.>® Furthermore, the
development of synthetic bone substitutes in conjunction with
digital modern manufacturing technologies has recently
attracted increasing interest due to the high possibility of
customization to meet the specific application needs.*”
Among the synthetic materials, a new class of silica-based
bioceramics has recently gained a significant interest.®® In
particular, sphene (CaOTiO,SiO,) can be synthesized for bio-
medical applications according to the polymer-derived cera-
mics process (PDC) because of its high chemical stability and
cytocompatibility.” The PDC offers numerous advantages in
terms of shaping possibilities, from bulk components to scaf-
folds with interconnected pore structures, and allows the
development of high purity crystalline phases.”'° In vitro stu-
dies have shown that sphene can promote the adhesion,
proliferation, and osteogenic differentiation of primary cells
derived from human bone.'! In addition, in human primary
osteoblasts, sphene induces the up-regulation of genes involved
in osteoblastic differentiation, such as alkaline phosphatase
(ALP), bone sialoprotein (BSP), and type 1 collagen.’* Sphene
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has been demonstrated to foster the osteoblastic differentiation
of human stem cells derived from adipose tissue.'® The induc-
tion of osteocalcin gene expression by sphene suggests a good
potential in promoting the mineralization of the extracellular
matrix. These promising in vitro findings have been confirmed
in vivo, by the successful osseointegration of sphene-coated
titanium implants in different animal models.">"* The favour-
able biological properties of this silica-based ceramic could be
related to the slow release of silicon ions into the surrounding
environment, which is deemed to stimulate the osteoblast
activity and enhance the production of collagen, a key compo-
nent of bone tissue.'> Deproteinized bovine bone matrix
(DBBM) is one of the most investigated graft materials for bone
regeneration; it is commercially available in granules of differ-
ent sizes, ranging from 250 to 1000 pm (small-S) and from 1000
to 2000 um (large-L)."** The size and geometry of bone graft
materials are deemed to play a crucial role during wound tissue
healing. Indeed, particle size and porosity could influence
the osteoconductive properties and the degradation kinetics
of the biomaterials.”> Smaller particles can be incorporated
into paste-like injectable formulations and enable an easy
handling.>®*” A trans-mucosal migration of grafted granules
has been observed following preservation of extraction sock-
ets;>*?° it may induce inflammation of the mucosa of the
grafted sites.>®" However, it has been reported that exfoliation
of smaller particles might be less harmful to periodontal/peri-
implant tissues.*”

A canine animal model showed that the osteoconductive
properties of granules issued from pulverized DBBM in the
125-250 pm range were comparable to those observed with
larger commercially available granules made of the same
material.>” In another preclinical porcine calvarial bone defect
model, the same DBBM in an injectable paste form, composed
of granules of 250-500 pm and a carrier of carboxymethylcellu-
lose and collagen, supported new bone formation and main-
tained volumetric stability.>

So far and to the best of our knowledge, there is no study
that focused on the application of sphene granules as a bone
grafting material. Therefore, this in vitro study aimed to eval-
uate and compare the physico-chemical and biological proper-
ties of sphene and DBBM large, small and pulverized granules.
Further antimicrobial properties of the biomaterials were
investigated and reported as ESI.}

2. Experimental section

2.1. Biomaterials

Deproteinized bovine bone matrix (DBBM) granules (Bio-Oss®,
Geistlich Biomaterials, Wolhusen, Switzerland) were purchased
from the local distributor in the commercialized forms large
(L, granule size 1000-2000 pm) and small (S, granule size
250-1000 pm). This biomaterial is a chemically and thermally
treated cancellous bovine bone. Grinded bovine bone is first
deproteinized by reaction with the strong alkali medium and
then calcined at 300 °C.
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From Bio-Oss® L (BO-L) and S (BO-S) particles, smaller
granules of 100-200 pm (pulverized, p), BO-Lp and BO-Sp
respectively, were obtained through mechanical shredding
using sterile stainless steel tools, and the subsequent use of 2
consecutive cylindrical sterile stainless steel sieves of @ 6 cm
and mesh sizes of 200 um and 100 pum, respectively (Filtra
Vibracion, Badalona, Spain).

Sphene granules were obtained by a similar shredding
process starting from 1 cm x 1 cm X 0.2 cm blocks of 3D
printed sphene and sphene foams.

Sphene blocks were 3D printed using Direct Ink Writing
(DIW) technology. Briefly, the ink was developed according to
the stoichiometric 1/1/1 molar ratio between CaO/TiO,/SiO,,
starting from commercially available precursors. In particular,
preceramic silicone polymer (SILRES®™ MK, polymethylsilox-
ane, Wacker-Chemie GmbH, Munich, Germany) and fumed
silica (FS, Aerosil R106, Evonik Germany) were used as silica
precursors, with 84% by weight the ceramic yield of MK
when treated in air.” Calcium carbonate (CaCO;, 10 um,
Industrie Bitossi, Vinci, Italy), and titanium oxide (TiO,,
21 nm, Evonik Degussa GmbH, Germany) were the sources of
CaO and TiO,, respectively. The MK silicone and fumed silica
were first dissolved in isopropanol alcohol (28 vol%), using a
planetary mixer (THINKY ARE-250, Intertronics, UK), for 3 min
at 1200 rpm. Calcium carbonate and titanium oxide powders
were added to the silicone solution. The ink was homogenized
by the planetary mixer for 3 min at 1200 rpm and then for 3 min
at 2000 rpm; it was followed by a defoaming step for 3 min at
2000 rpm. The 3D sphene parts were fabricated by extruding
the filaments (diameter of ~410 pm) crossed perpendicularly
to each other and with a spacing between them of 800 pm. The
scaffolds were subsequently sintered using reactive sintering
up to 1300 °C in air as previously described in Elsayed et al.®
After shredding, the granules derived from 3D printed sphene
blocks were separated through 4 consecutive steel sieves with
mesh sizes of 2000 pm, 1000 pm, 200 um and 100 pm
assembled in sequence to obtain Sphene Block-L (SB-L, 1000-
2000 pm), Sphene Block-S (SB-S, 200-1000 pm) and Sphene
Block-p (SB-p, 100-200 um) granules.

The same procedure was applied to sphene foam blocks
that were produced by direct foaming of a silicone-fillers paste
(i.e. the paste used for the DIW process) to create scaffolds
with a stochastic interconnected pore architecture. The paste
was manually cast into cylindrical molds and subjected
to direct foaming by heating 5 °C min~' up to 350 °C in
the air for 30 min, using, an hydrazine derivative (HZ; N'-
dicarbamoylhydrazine, or biurea; C,H¢N,O,, 98%, Alfa Aesar,
UK) as a foaming agent (1 wt%) that was added to the slurry
and mixed.'® The foams were later heat-treated at 1300 °C for
3 h in the air with a heating rate of 1 °C min™", to develop the
desired sphene ceramic foams. Large (SF-L, 1000-2000 um),
small (SF-S, 200-1000 pm) and pulverized (SF-p, 100-200 pm)
granules were then obtained with the above described crush-
ing and sieving method. Ten groups of samples were obtained
and analyzed as reported in Table 1. Commercially available
BO-L and BO-S were provided sterile, while for the biological
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Table 1 List of materials utilized in the study and their labelling

Granule size (um)

Granule origin 1000-2000 (L) 200-1000 (S) 100-200 (p)
DBBM large granules BO-L — BO-Lp
DBBM small granules — BO-S BO-Sp

3D printed sphene block SB-L SB-S SB-p
Sphene foam block SF-L SF-S SF-p

DBBM: deproteinized bovine bone matrix; BO: Bio-Oss™; SB: 3D printed
sphene blocks; SF: sphene foam blocks; L: large granules; S: small
granules; p: pulverized granules (BO-Lp and BO-Sp: pulverized granules
from BO-L and BO-S, respectively).

tests BO-p and sphene granules were sterilized by steam
autoclaving.

2.2. Morphological characterization

Micrographs were acquired using an environmental scanning
electron microscope (FEI ESEM Quanta 200 Company, Hills-
boro, OR, US). The images were collected at a working distance
of 15 mm at an acceleration of 20 kV at increasing magnifica-
tions of 25x, 100x and 1000x. At least two images per group
were taken. The low vacuum mode allowed the observation
without requiring a gold or other conductive coating.

The qualitative analysis of the chemical composition of the
biomaterials was performed by an energy dispersion spectro-
metry (EDS) detector (EDAX Genesis, EDAX Inc., Mahwah, NJ,
US) at solid state. The acquisition of the obtained signal was
performed for 50 s, operating at 20 kV.

2.3. Specific surface area and porosity analysis

The specific surface area (SSA), the porosity vol% and the pore
size distribution (PSD) of the granules were determined by N,
physisorption at 77 K (ASAP Model 2020, Micromeritics, Nor-
cross, GA, USA). The specific surface area was determined using
the BET equation, while the total pore volume was derived as
the total amount of N, adsorbed at P/P, = 0.98. The pore size
distribution was obtained using the Barrett-Joyner-Halenda
(BJH) model applied to the desorption branch, while the
micropore volume was estimated using the ¢-plot method. Prior
to the analysis, each sample was degassed under vacuum for
10 hours at 350 °C. The pores were classified according to their
size with reference to the IUPAC nomenclature in macropores
(>50 nm), mesopores (2-50 nm) and micropores (<2 nm).**
The micropore size distribution was derived using the Hor-
wath-Kawazoe model.

2.4. Inductively coupled plasma mass spectrometry (ICP-MS)

Samples for ICP-MS analysis were prepared by incubating 8 mg
of each biomaterial in 2 mL of complete, cell-free Dulbecco’s
Modified Eagle Medium (D-MEM)/F12 in 6-well culture plates.
Samples were incubated for 24 hours, 7 days or 14 days at
37 °C and 5% CO, in a humidified incubator and under
constant shaking. At the end of the incubation time, the culture
media were centrifuged (2500 rpm, 10 minutes) and filtered
with 0.22 pm polytetrafluoroethylene (PTFE) syringe filters

This journal is © The Royal Society of Chemistry 2023
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(Millipore Corporation, Bedford, MA, USA) to avoid the
presence of biomaterial particles in the analyzed solution.
Then, 0.5 mL of sample were diluted to 8.0 mL with milliQ
water. A blank sample, used as a control, was prepared by
adding 7.5 mL of milliQ water to 0.5 mL of complete D-MEM/
F12 culture medium incubated for 14 days under the condi-
tions described above but without biomaterials.

An Agilent 7700x ICP-MS instrument was used for the
measurements (Agilent Technologies International Japan, Ltd,
Tokyo, Japan). The instrument is equipped with an octupole
collision cell operating in kinetic energy discrimination mode,
which was used for the removal of polyatomic interferences and
argon-based interferences. The ICP-MS was tuned daily using a
tuning solution containing 1 pg L~* *°Ce, "Li, 2°°Tl, and %Y
(Agilent Technologies, UK). The internal standard (IS) mixture
(Agilent, 5183-4681) containing °Li, **Sc, *Ge, '®*Rh, "In,
9Tb, ">Lu and **°Bi at 10 pg mL ™" each in 3.5% HNO; was
used through addition to the sample solution via a T-junction.
The matrix effect was tested by spiking the blank solution with
the multi-standard solutions. The IS was adopted to correct
both the matrix and drift effects.

The detection limits of the analytical procedure are:
2.9 ug mL~" for Ca, 2.3 pg mL~" for P, 2.1 ug mL™" for K,
1.8 pg mL ! for Na, 0.006 ug mL ™" for Ti, 12 pg mL " for Si and,
0.2 pg mL~" for Mg.

For multi-element calibration, all solutions were prepared in
milliQ ultrapure water obtained with a Millipore Plus System
(Milan, Italy, resistivity 18.2 MOhm cm™"). Multi-element stan-
dard solutions for calibration were prepared in HNO; 3.5% by
gravimetric serial dilution at six different concentrations (min.
1 pg L' max . 10 mg L") for IMS-120 and CCS-5 multi-
element calibration standard. The reported values are normal-
ized to the potassium concentration values measured in the
control solution. All regressions were linear with a determina-
tion coefficient (R?) larger than 0.9998. The stability of the
calibration curve was tested periodically by re-measuring
the standard solutions. All measurements were repeated in
duplicate.

e CCS-5 (Inorganic-Ventures) Multistandard, 100 mL:
100.00 + 0.70 pg mL~! of B, Ge, Hf, Mo, Nb, P, Re, S, Sb, Si,
Sn, Ta, Ti, W and Zr: matrix HNO; 7.14% + 1% HF v/v.

e IMS-120. (Ultra Scientific Multistandard) Multistandard,
100 mL: in 5% HNO; with trace HF. 10 mg L' of Ag, Al,
As(100), B(100), Ba, Be(100), Bi, Ca(1000), Cd, Co, Cr, Cu,
Fe(100), Ga, K, Li, Mg, Mn, Mo, Na, Ni, Pb, Rb, Se(100), Sr,
Te, Tl, U, V and Zn(100).

e HNO; 69% CAS 7697-37-2. (Sigma Aldrich).

2.5. Primary human osteoblast culture

Primary human osteoblasts were obtained from leftover cortical
mandible bone collected from a 39 years old male during
deeply impacted third molar extractions (research protocol
No. 4899/A0/20 Ethics Committee Azienda Ospedaliera/Univer-
sita di Padova). Bone fragments were initially cultured in D-
MEM/F12 (1:1) supplemented with 20% v/v fetal bovine serum,
1% v/v sodium pyruvate, 1% v/v nonessential amino acids, 1%
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v/v antibiotic-antimycotic solution, and 1 U mL ™" insulin (all
provided by Gibco, Invitrogen, Milan, Italy) until cells migrated
from the tissue. At confluence, bone fragments were removed
using sterile tweezers. The cells were detached by Trypsin-
EDTA (Gibco) and cultured in complete culture medium (CM)
(the same as described above, 2.4) or in differentiation culture
medium (DM), as mean CM medium supplemented with
50 pg mL~ " ascorbic acid, 10 nM dexamethasone, and 10 mM
B-glycerophosphate (all provided by Sigma, Milan, Italy). After
ten days in culture, the purity of the cells was assessed by
microscopic inspection, alkaline phosphatase (ALP) activity
(data not shown) and calcium phosphate mineral deposition
(von Kossa staining; data not shown). Our previously published
data reported that 99% of cultured cells reported osteoblastic-
like phenotype following 10 days in culture under the described
conditions.** Cells were used between passages 3 and 6 in
cultures.

2.6. Cytotoxicity assay

To exclude any toxic effects of biomaterials, primary human
osteoblasts were cultured in 96-well plates (2 x 10" cells per
well) in 100 pL of CM in direct contact with 0.4 mg of each
biomaterial, that was previously placed on the bottom of the
well. The cell cultures were incubated at 37 °C, 5% CO, for 2 h,
a time of incubation previously verified as adequate to ensure
cell adhesion.>® At the end of incubation, cell viability was
determined by the MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyl tetrazolium bromide) assay. Briefly, cells were rinsed
three times with phosphate buffered saline (PBS) to remove
non-adherent cells and then incubated with a MTT solution
(100 pL, 5 mg mL™" in PBS; Merck, Darmstadt, Germany, Italy)
at 37 °C for 4 h. The reaction was stopped by adding 0.01 N HCI
in 10% w/v SDS. The absorbance was recorded at 620 nm using
a microplate reader (MultiPlateReader VictorX2; PerkinElmer,
Milan, Italy).

2.7. Alizarin staining

Primary human osteoblasts (2 x 10> cells) were cultured in
direct contact with 4 mg of each biomaterial in 1 mL of CM or
DM medium for 1, 7, or 14 days, time points previously set for
calcium deposition in human primary osteoblasts.*® The cells
were washed in distilled water to remove biomaterials and
samples were stained with 40 mM Alizarin red (pH 4.2) for 40
min in darkness at room temperature. The samples were
incubated at 85 °C for 10 min and centrifuged (10 min,
13 000 rpm); the pH of the supernatants was neutralized before
reading the absorbance of Alizarin red at 405 nm using a
microplate reading (MultiPlateReader VictorX2).

2.8. RNA extraction and quantitative polymerase chain
reaction (qPCR)

Primary human osteoblasts (2 x 10> cells) were cultured in
direct contact for 24 h®” with 4 mg of each biomaterial in 1 mL
of CM or DM medium. The time of culture was set in previous
experiments. Total RNA was extracted from cells attached to the
biomaterials using the SV Total RNA Isolation System kit
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Table 2 Oligonucleotide sequences of genes evaluated by qPCR

Gene Sequence
GAPDH Fw: 5'-CGGGAAGCCCATCACCA-3’
Rv: 5'-CCGGCCTCACCCCATT-3’
SPP1 Fw: 5'-CGCAGACCTGACATCCAGTA-3'
Rv: 5'-GGCTGTCCCAATCAGAAGG-3’
RUNX2 Fw: 5'-CAGTGACACCATGTCAGCAA-3’

Rv: 5'-GCTCACGTCGCTCATTTTG-3’

Fw, forward; Rv, reverse; GAPDH: human glyceraldehyde-3-phosphate
dehydrogenase; SSP1: secreted phosphoprotein 1; RUNX2: Runt-related
transcription factor 2.

(Promega, Milan, Italy). Contaminating DNA was removed by
DNase I digestion; 5 pg of total RNA were used to generate
randomly primed cDNAs with Moloney murine leukemia virus
reverse transcriptase (Applied Biosystems, Milan, Italy). Quan-
titative real-time polymerase chain reaction (qPCR) was per-
formed using an ABI Prism 7700 sequence detector (Applied
Biosystems) for 40 cycles at 60 °C of annealing temperature.
Reactions were carried on using TagMan Universal PCR Master
Mix and Universal Probe Library (Roche, Milan, Italy), having a
fluorescent dye, according to the manufacturer’s instructions.
Expression of the target genes was normalized to the endogen-
ous control gene, the human glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Data were normalized using the 2744¢T
methods and are reported as fold change over osteoblasts
cultured on cell-treated plastic surface. The oligonucleotide
sequences and probe are listed in Table 2.

2.9. Proliferation assay

Primary human osteoblasts were incubated at 37 °C for 10 min
in prewarmed PBS containing 0.1% vol/vol BSA (Merck) and 25
mM carboxyfluorescein diacetate succinimidyl ester (CFSE,
Molecular Probe, Invitrogen, Walthman, MA, US). Staining
was quenched by adding 5 volumes of ice-cold culture media.
Sixteen h later, the cells were washed, counted using Trypan
blue, and seeded at 2 x 10° cells per well in direct contact with
4 mg of each biomaterial in CM or DM medium. Cells were
cultured at 37 °C, 5% CO, for 7 days, a time previously
identified as optimal for primary human osteoblast prolifera-
tion using the CFSE probe.*® The time of incubation was set in
previous experiments. Cell proliferation was evaluated by the
partitioning of CFSE fluorescent dye between daughter cells
using BD FACS-Calibur flow cytometer.

2.10. Migration assay

Primary human osteoblasts were labelled for 10 min at 37 °C
with 5 mM 6-carboxyfluorescein diacetate (6-CFDA, Molecular
Probe, Invitrogen), a cell-permeable esterase substrate. Follow-
ing a previously set protocol,®® cells (2 x 10° cells) were seeded
for 7 days in 1 mL of CM or DM medium into trans-well inserts
(8 um pore size, Corning, the Netherlands), held in 12-well
tissue culture plates. Four mg of each biomaterial were posi-
tioned on the bottom of the wells. The media were renewed
every 2 days. At the end of the incubation, the bottom side of
the trans-well inserts was washed twice, and the cells were

This journal is © The Royal Society of Chemistry 2023
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harvested using cell scrapers. The cell membrane was dissolved
in PBS containing 0.5% vol/vol Triton X-100. The samples were
then centrifuged at 4 °C, 13 000 rpm for 10 min. Fluorescence
was detected in the supernatant at excitation and emission
wavelengths of 485 and 530 nm, respectively (Hitachi F2000
Fluorescence Spectrophotometer, Japan).

2.11. Statistical analysis

All biological experiments were performed at least three times
with triplicate determinations for each condition. Data are
reported as mean + standard error. Statistical analysis was
performed using GraphPad Prism 3.03 (San Diego, California,
USA) and one-way analysis of variance followed by Bonferroni’s
multiple comparison tests. The normal distribution of biologi-
cal data was ascertain using the Shapiro-Wilk test. Data were
considered statistically different for a p value < 0.05.

3. Results

3.1. Morphological characterization

BO-L and BO-S granules presented the morphology of bovine
compact bone, characterized by the presence of fracture planes
with well-defined edges, large pores with a diameter included
in a range of 30-300 um, and small pores with a diameter of
around 1 pm (Fig. 1). A rough surface on all the exposed faces of
the examined granules was visible. As regards the pulverized
form of BO, i.e. BO-Lp (Fig. 1E and F) and BO-Sp (Fig. 1G and
H), the same surface morphology was maintained.

SB-L (Fig. 2A and B) and SB-S (Fig. 2C and D) were formed by
cylindrical structures, partly maintaining the 3D printed origi-
nal scaffold morphology.

SB-p samples were characterized by smaller and multiform
granules (Fig. 2G and H), similar to pulverized BO granules,
with well-defined edges and an irregular and rough surface.

At higher magnification, SB-L, SB-S and SB-p samples pre-
sented multiple agglomerations of small polyhedral grains of
heterogeneous shape and size in the range of 2-3 pm (Fig. 3A).

SF-L granules exhibited interconnected pores in the 300-
500 pm range (Fig. 2G), similar to BO-L granules. At higher
magnification, the irregular and grainy surface appeared to be
characterized by numerous wrinkles and cracks (Fig. 2H).

SF-S (Fig. 2I and L) had the same morphological character-
istics of the larger granules of the same material; at the lower
magnification they looked similar to the BO-S granules. Com-
pared to the larger granules (SF-L), the macropores were still
visible, despite being less numerous. SF-p samples (Fig. 2M and
N) resembled the pulverized forms derived from the other
materials. At higher magnification both sphene scaffolds and
sphene foams (Fig. 3B and C, respectively) show a rough sur-
face, where grains are visible manly in powders deriving from
3D printed scaffolds.

The EDS spectra for all the BO samples showed the
presence of Ca, O and P, with relative intensity confirming
the hydroxyapatite stoichiometric composition. Pulverized
BO samples (i.e. BO-Sp and BO-Lp) exhibited higher oxygen

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Fig. 1 SEM images of the investigated Bio-oss® granules: (A) and (B) large
(BO-L); (C) and (D) small (BO-S); (E) and (F) pulverized from BO-L (BO-Lp);
(G) and (H) pulverized from BO-S (BO-Sp).

content compared to BO-S and BO-L. The EDS spectra for
both SB and SF samples of all sizes confirmed the presence
of Ca, Ti, Si and O compatible with CaO-TiO,-SiO, composi-
tion. The presence of the C peak can be attributed to
contamination during grinding and handling operations
(Fig. 4).

For all sizes, BO samples presented negligible differences for
any of the parameters evaluated by N, physisorption; this was
clearly visible from the superimposition of the adsorption
isotherms of the BO samples shown in Fig. 5.

The graph evidences that the isotherm shape is in all cases
attributable to a type IV curve, typical of a mesoporous solid.
There is also a small fraction of micropores, as demonstrated by
the steep rise of the curve at low relative pressures (P/P, < 0.1).
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Fig. 2 SEM images of the investigated granules derived from 3D printed
sphene blocks: (A) and (B) large (SB-L); (C) and (D) small (SB-S); (E) and (F)
pulverized (SB-p); SEM images of sphene foam blocks: (G) and (H) large
(SF-L); (N—=(L) small (SF-S); (M) and (N) pulverized (SF-p).

Fig. 3 High magnification SEM images of the investigated granules
derived from BioOss™ (A), sphene scaffolds (B) and sphene foam blocks
Q).
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Fig. 4 EDS spectra of the investigated materials: (A) Bio-oss™ (BO); (B) 3D
printed sphene blocks (SB); (C) sphene foam blocks (SF). For details of
acronyms see Table 1.

The H3 type hysteresis is typical of slit-shaped mesopores, while
the absence of the plateau at high pressures normally results
from the presence of macropores with dimensions greater than
200 nm.

The adsorption isotherms of the samples derived from the
sphene bioceramic are presented in Fig. 6. Gas adsorption is
negligible and, in turn, the specific surface area is lower than
the detection limit. The only sphene sample showing positive
adsorption values (Table 3) is the SB-p, however, this value is
very close to the detection limit; hence it is affected by a very
large uncertainty (around 30% on the basis of the total surface
area in m” in the cell, according to the specifications of
Micromeritics).*®
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Fig. 6 Isotherms obtained from sphene derived samples showing negli-
gible or no gas adsorption. (A) Granules derived from 3D printed sphene
blocks: large (SB-L); small (SB-S); pulverized (SB-p). (B) Granules from
sphene foam blocks: large (SF-L); small (SF-S); pulverized (SF-p).

3.2. Inductively coupled plasma mass spectrometry (ICP-MS)

The analysis of the culture medium (control) showed the
presence of Ca, P, K, Na, and Mg in the concentrations reported
in the certificate analysis of the solution provided by the
manufacturer. As expected, Ti and Si were absent (Fig. 7-9).

The Ca release kinetics appeared to depend on the type of
biomaterial and on the incubation time.

The presence of BO in the culture medium caused a
reduction in calcium concentration starting from the first

This journal is © The Royal Society of Chemistry 2023
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Table 3 Relevant parameters derived from N2 physisorption measurements. The value labelled as n.a. cannot be determined owing to non-adsorbing
medium (negative or too low adsorption values). For details of acronyms see Table 1

BET
Weight® SSA? Total pore volume? Meso-pore volume Micro-pore volume® Pore size (meso—pores)d Pore size (micropores)®
Sample [g] [m?g™"] [em’ g7'] [em® g7'] [em® g7'] [nm] [nm]
BO-L 0.1681 93 0.412 0.405 0.00673 10-60 0.53
BO-Lp 0.2869 96 0.409 0.402 0.00749 10-60 0.55
BO-S 0.1530 92 0.404 0.397 0.00706 10-60 0.52
BO-Sp 0.1117 93 0.418 0.411 0.00734 10-60 0.50
SB-L 1.1872 n.a. n.a. n.a. n.a. n.a. n.a.
SB-S 1.0703 n.a. n.a. n.a. n.a. n.a. n.a.
SB-p 0.6038 0.40 0.000513 0.000513 n.a. n.a. n.a.
SF-L 0.7511 n.a. n.a. n.a. n.a. n.a. n.a.
SF-S 0.7786 n.a. n.a. n.a. n.a. n.a. n.a.
SF-p 0.4902 n.a. n.a. n.a. n.a. n.a. n.a.

“ Estimated using the BET model. ” Measured at P/P, 0.98. ¢ From ¢-plot. ¢ From BJH on desorption. ¢ From Horwath-Kawazoe model.
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Fig. 7 ICP-MS quantification of Ca in the cell culture medium at 1, 7 and
14 days after incubation of the biomaterials. Standard error equal to 5% for
all values. BO: Bio-Oss®; SB: 3D printed sphene blocks; SF: sphene foam
blocks. L: large granules; S: small granules; p: pulverized granules (Lp and
Sp: pulverized from BO-L and BO-S, respectively). Red dotted line =
control.
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Fig. 8 ICP-MS quantification of P in the cell culture medium at 1, 7 and 14
days after incubation of the biomaterials. Standard error equal to 10% for
all values. BO: Bio-Oss®™; SB: 3D printed sphene blocks; SF: sphene foam
blocks. L: large granules; S: small granules; p: pulverized granules (Lp and
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day. The decline continued sustained until day 7 and a further
reduction occurred at 14 days, albeit less noticeable. In the

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 ICP-MS quantification of Siin the cell culture medium at 1, 7 and 14
days after incubation of the biomaterials. Standard error equal to 15% for all
values. BO: Bio-Oss®™; SB: 3D printed sphene blocks; SF: sphene foam
blocks. L: large granules; S: small granules; p: pulverized granules (Lp and
Sp: pulverized from BO-L and BO-S, respectively).

presence of SB, values remained similar to the control solution.
On the contrary, in presence of SF the level of Ca in the culture
medium increased on day 1. SF-p showed the highest levels of
Ca released at all the evaluated time points.

The P content showed a trend analogous to Ca for all the BO
granules. All forms of sphene granules showed a considerable
absorption after 14 days, particularly for SB-p and SF-p.

ICP-MS was also used to determine the Ti and Si content
present in the culture medium in the absence and presence of
the biomaterials. As expected, both elements were absent in
BO. In all sphene-derived granules, the concentration of Si
increased at 7 and 14 days with a similar trend; however higher
values were observed for all SF granules and the highest value
was recorded for SF-p. Regarding Ti, some of the measured
concentrations were above the detection limit (0.006 ug mL ™)
on day 1, but all below the quantification limit (0.018 pg mL ™)
and no signal at all was present after day 1.

3.3. Cytotoxicity assay

The cytotoxic activity of different biomaterials was assessed on
cultured primary human osteoblasts using the MTT assay
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(Fig. 10). The ratio of the quantity of biomaterial/volume of cell
culture was kept constant during all the biological experiments;
it reflected the experimental conditions described in the
chemical profile analysis. None of the tested biomaterials did
show a cytotoxic activity as compared to control cells, ie.
osteoblasts seeded in cell-treated plastic plates with no
biomaterial.

3.4. Alizarin staining

To evaluate the role of biomaterials in supporting matrix
mineralization, we evaluated Alizarin red as a marker of matrix
mineralization in primary human osteoblasts cultured for 1-14
days in CM medium. Fig. 11 reports that BO samples slightly
increased Alizarin red in osteoblasts cultured for 1, 7, or 14
days. BO-Lp significantly increased Alizarin-related signals after
14 days of culture. All sphene derived granules showed results
comparable to BO and no statistically different results were
obtained among BO, SB, and SF at the different tested time
points. Alizarin red quantification significantly increased in
primary human osteoblasts cultured with SB-S and SB-L as well
as with SF-L and SF-S while the latter showed the best induction
effect. Matrix mineralization was evident starting from day 7 in
culture and the effects persisted until day 14 (Fig. 11).

SF-p followed the mineralization feature reported for control
cells, whereas SB-p reported a significant reduction in matrix
mineralization on day 7, this effect disappeared after 14 days of
culture.

The same experiments were performed by culturing the
primary human osteoblasts in DM medium enriched with
elements supporting osteoblast differentiation. Results were
similar, showing that all tested materials supported matrix
mineralization, independently of the incubation medium
(Fig. 12).

3.5. Quantitative polymerase chain reaction (qPCR)

To confirm data reported in Alizarin red experiments, primary
human osteoblasts cultured for 24 h day in either CM or DM
media were subjected to RNA extraction and quantification of
genes involved in osteoblast phenotype, namely osteopontin
SSP1, coding a protein involved in binding hydroxyapatite with
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Fig. 10 Cytotoxicity assay using MTT (3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyl tetrazolium bromide). Tested biomaterials did not show cytotoxic
activity as compared with control (ctr). For details of acronyms see Table 1.
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Fig. 13 RNA extraction and quantification of genes involved in primary
human osteoblast phenotype, namely osteopontin SSP1, and RUNX2, in
culture and differentiation medium (CM and DM, respectively). * p < 0.05
vs. control; § SF-L vs. SF-S p < 0.05. For details of acronyms see Table 1.

high affinity, and RUNX2, a key transcriptional modulator of
osteoblast differentiation. As reported in Fig. 13, osteoblasts
cultured in CM medium with BO-L, BO-S, SF-L, and SF-S
increased the expression of SSP1 and RUNX2 mRNA transcripts.
RUNX2 transcripts increased also in cultures with SB-L. Cul-
tures in DM medium further supported the osteogenic pheno-
type since BO-Lp and all tested sizes of sphene foam increased
SSP1 and RUNX2 mRNA transcript levels. Interestingly, for
differentiation medium, RUNX2 expression was significantly
higher in presence of SF-L as compared to SF-S.

3.6. Proliferation and migration assay

Proliferation was assessed by evaluating the partitioning
between daughter cells of CFSE probe-related fluorescence in
primary human osteoblasts cultured for 7 days in CM or DM
media. According to FACS analysis (Fig. 14), fluorescence
partitioning occurred in 5.21% of the cells cultured on plastic
surfaces. Cells cultured with BO-Lp or SB-L and SB-S signifi-
cantly increased proliferation and the best performance was
reported for BO-Lp cultures in DM (62.31% CFSE positive cells).

Besides increasing cellular proliferation, SB-S was the only
biomaterial reporting a significantly higher increase in cell
migration of osteoblasts cultured in CM medium (Fig. 15). No
significant differences were observed among the tested samples
in primary human osteoblast migration at 7 days in DM
medium.

4. Discussion

This in vitro study evaluated the physico-chemical and biologi-
cal properties of granules of various sizes derived from two
types of sphene blocks; they were compared to the properties of
deproteinized bovine bone mineral (DBBM) granules of the
same size. The DBBM utilized in the present study (BO) is a
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Fig. 14 Carboxyfluorescein diacetate succinimidyl ester (CFSE) test for
proliferation of primary human osteoblasts cultured in culture and differ-
entiation medium (CM and DM, respectively). * p < 0.05 vs. control. For
details of acronyms see Table 1.

heavily investigated and used biomaterial which presents
macroscopic and microscopic features of natural bone.**™*?

Particle size is known to affect the osteoconductive proper-
ties and the degradation kinetics of the biomaterials;*>*?
however, the ideal particle size is still controversial. The osteo-
conductive properties of smaller size particles (250-1000 pm)
were found to be comparable to those observed for larger ones
(1000-2000 pm) of the same DBBM graft material."®*™'® Never-
theless, larger particles might be advantageous, as they leave
more space for vascular ingrowth."®

Encouraging results have been observed in pre-clinical
studies with smaller size DBBM particles, in the range of
125-250 pm (named pulverized or paste-like, with or without a
carrier).”®*” Pulverized particle grafts are indicated in non-
containing periodontal defects because of their easy handling
properties and improved mechanical stability, for crestal or
buccal bone regeneration as for socket preservation. These
features seem particularly favourable in the presence of a thin
periodontal phenotype as they limit or even avoid the risk of
migration or exfoliation of larger graft particles through the
healing soft tissues.?®*™3?

In the current study, all pulverized granules showed similar
morphology. Furthermore, non-pulverized SF granules pre-
sented some similarities to natural bone in terms of geometry
and macro-porosity. Determining the distribution and size of
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Fig. 15 Migration test of primary human osteoblasts cultured in culture
and differentiation medium (CM and DM, respectively). * p < 0.05 vs.
control. For details of acronyms see Table 1.

the pores obtained using the BHJ model describes a meso-
porous material for all sizes of the BO granules. The micro-
structure of both SB-L and SF-L still reflects some residual
macroporosity derived from the process, whilst both SB-S and
SF-S maintain the fragments of the solid part of the structure.
Indeed, SB-S exhibited cylindrical fragments derived from the
extrusion, whereas SF-S was characterized by fragments with
irregular shapes.

In a study comparing BO granules of 500-1000 pm and a
synthetic HA, the specific surface area of the latter could not be
measured with the Brunauer-Emmett-Teller (BET) analysis
because the value was below the quantification limit of the
instrument.** The same study using quantitative histomorpho-
metric analysis demonstrated that BO displayed significantly
higher newly formed bone compared to the synthetic HA. In the
current study, sphene granules presented undetectable values
for specific surface area and porosity, with the exception of SB-
p- On the other hand, the SEM observation showed macropores
and cracks on the sphene granules; consequently, it can be
assumed that sphene surface characteristics may promote
superficial protein adsorption, including bone morphogenetic
proteins (BMPs)*® and stimulate cell adhesion and bone tissue
growth.*®™? All the investigated materials showed progressive
absorption of P; it was more evident for all forms of BO and for
the sphene pulverized granules. As for BO, the decrease of Ca
and P in the cell culture medium suggests that this biomaterial
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can alter the physiological levels of these elements which are
considered crucial to the function of osteoblasts, for gene
expression of osteogenic cells, as well as for the mineralization
of newly formed bone.**"*® The absorption of Ca and P on BO
particles was also observed at ICP experiments by Mladenovic¢
et al.,>® who further confirmed the uptake of Ca on BO surface
with radioactive calcium-45 isotope labelling technique. In our
experiments, we reported that the expression of RUNX2 and
SSP1 are higher in primary human osteoblasts cultured for 1
day in BO-L and BO-S (Fig. 13), which less sequester P and Ca as
compared with pulverized biomaterials, which reported
increased avidity for the elements. The correlation between
bioavailability of soluble elements and gene expression profile
appears biomaterial-dependent as the effects are at the oppo-
site in osteoblast cultured on sphene. In another study of our
group investigating the ions release kinetics of 3D printed
sphene ceramic scaffolds, a rapid release of Ca in PBS was
observed within the first hours after soaking.’ In the present
investigation, the sphene samples tended to release Ca in the
culture medium and not to absorb it. This phenomenon was
more pronounced in the SF groups. The dissolution of Ca from
sphene scaffolds can be partially explained as a consequence of
its crystal structure, which allows for some diffusion of the
embedded Ca ions.’

The concentrations of Si in the culture medium increased
overtime in all sphene groups, especially between day 1 and 7.
For both SB and SF, the highest Ca and Si concentrations were
detected at all time points with the pulverized forms. The
release of Si observed from sphene granules might in vivo be
correlated to bone health."® Concentrations of Si(OH), ranging
from 10 to 1000 pM have been demonstrated to increase
the proliferation of human osteoblast-like cells.’” The ability
to release Si in solution provides osteoinductive properties to
the silicate bioceramics. In particular, biomaterials capable
of releasing Si have the ability to stimulate the proliferation
of osteoblasts, induce angiogenesis and formation of bone
tissue.>®

As regards the release of Ti ions from sphene samples, in
previous investigations of our group sphene coatings revealed
to be chemically stable in Tris-HCI and only trace amount of Ti
ions could be detected in the solution after immersion up to 7
days.'® Similarly, the concentration of Ti ions released by 3D
printed sphene scaffolds was below the detection limit of the
ICP device utilized (<0.01 mg L"), which is lower than the
usual Ti concentration in humans (0.2 mg L™").° In line with
these findings, in the present study the concentration of Ti ions
released by sphene scaffolds was always below the quantifica-
tion limit (0.018 ug mL™ "), independently of the time point, the
production method and the size of the granules. No group
showed cytotoxicity and all were able to induce matrix miner-
alization in vitro, independently of the medium. Among BO
granules, BO-Lp showed the best results that were alike to SF-S.
The gPCR results were similar for all the granule types. The
granules of the same dimension displayed a similar pattern of
expression but SF-L provided always the highest results. Cells
migration was observed on all tested materials, thus supporting

This journal is © The Royal Society of Chemistry 2023
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cell colonization of the grafts. Interestingly, BO-Lp, SB-L and
SB-S granules were associated with an increased proliferation,
both in differentiated and undifferentiated media. Our present
data are in line with the absence of cytotoxicity of Bio-Oss®™ as
previously demonstrated.**™*>

In an in vitro study investigating the impact of bone sub-
stitute granule size on osteoblast behaviour,*® the larger BO
granules presented significantly increased viability values on
day 3 compared to the smaller granules. Whereas, higher
mRNA levels of RUNX2 at 14 days and osteocalcin (OCN) at 3
and 14 days were observed for human osteosarcoma cell line
Sa0S-2 cultured onto small BO granules than onto larger ones.

As to the antibacterial properties, the tested biomaterials did
not interfere with the growth of microbial species commonly
found in the oral cavity. Our experiments reported that Strepto-
coccus spp. developed a biofilm independently of the size,
porosity or chemical composition of the granules. The absence
of antibacterial activity of pure BO has also been demonstrated
in studies primarily aiming at investigating the enrichment of
this biomaterial with antimicrobial agents, such as silver-doped
hydroxyapatite (AgHA)®® or tetracycline hydrochloride.®* These
studies were performed using commercially available BO gran-
ules, while, to the best of our knowledge, this is the first work to
report information about the antimicrobial properties of the
pulverized form.

The results obtained for the sphene granules corroborate
previous in vitro and in vivo studies conducted by our group. As
a sphene ceramic coating, it was shown to support mesenchy-
mal stem cell adhesion and proliferation.'® Furthermore, the
biocompatibility and osseointegration of sphene-coated tita-
nium implants were demonstrated in a rat femur model."*
Simulated body fluid and cell culture tests also confirmed the
bioactivity and the cytocompatibility of 3D sphene ceramic
scaffold obtained via the polymer derived ceramics route and
printed by means of DIW, as the SB samples used in the present
work.? Overall, this bioceramic seems to satisfy the require-
ments for an effective osteoconduction.

One concern about the use of biomaterials in different sizes
could be the immunological reaction against the granule size
in vivo. Previous histological findings of studies investigating
pulverized BO***” showed that new bone formation and inte-
gration of the bovine graft particles in bone were achieved in
animal models, without qualitative differences between pulver-
ized, small, and large particles. Moreover, the resorptive activity
was not enhanced, and no immunological reaction was visible.
In a prospective clinical histomorphometric study on sinus
floor augmentation using large or small bovine bone mineral
particles, Chackartchi et al.'” reported that in both groups the
osteoclast-like cells preferred the small-size bovine bone parti-
cles and not the large particles. No inflammatory cell infiltrate
was present around the particles or at the bone interface.”
Leiblen et al.®® studied the effect of granule size of a bone graft
substitute (Herafill™, calcium sulfate, combined with calcium
carbonate, triglyceride, and gentamicin) on bone healing using
Masquelet’s induced membrane in a critical size defect model
in the rat femur. Three different ranges of granule sizes of
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Herafill® were used as a scaffold (0.5-1 mm, 1-3 mm, 3-5 mm).
Granules of the 0.5-1.0 mm range showed a significantly
improved bone healing compared to larger granule sizes. Another
study demonstrated clear differences between the S- and L-size of
BO granules in the material surface area, cell viability, and
differentiation potential both in macrophage and osteoblasts,
suggesting that the higher surface area of the S-size granules
might enlarge the cell adhesion area and promote differentiation
more efficiently than that of the BO-L granules.>

For the sphene, some evidence is available about the possi-
ble immunological response to this biomaterial. Indeed, in the
knee joints corresponding to the side where sphene-coated
implants had been positioned, no synovial fluid could be
collected both after 14 and 28 days following implant place-
ment in the rat femurs; this confirmed the absence of local
inflammation.'* However, more immunological studies com-
paring the effect of different biomaterials and granule sizes are
lacking in order to provide a deeper insight into these aspects.

The absence of in vivo experiments could be considered the
main limitation of the present study. Moreover, the use of
granules obtained from 3D printed blocks could represent a
stretch, since they are not meant to be produced for this
purpose, but they are generally manufactured in blocks to
precisely match a specific bone defect. Commercially available
BO-L and BO-S are sterilized by gamma irradiation by the
manufacturer. However, to guarantee the sterility of the BO
pulverized granules for biological and microbiological tests,
BO-Lp and BO-Sp were sterilized by steam autoclaving similarly
to the sphene samples. This might have affected the properties
of the materials. Nevertheless, the same sterilization process
has been frequently reported as a standard in similar in vitro
studies, when gamma irradiation is not available.®> ®* Further-
more, the microbiological data we obtained need to be inter-
preted with caution, as the in vitro experiments do not take into
consideration the complex environment of the oral mucosa
(saliva, mucin, diet derived elements, microbiota). Although
Alizarin red experiments were performed at multiple time
points, PCR test was performed just after one day of cell
culture. Even if the time of incubation for the PCR analysis
was decided based on the previous time course experiments, it
would be interesting to investigate the time-dependent expres-
sion of other osteoblast markers to better understand the
influence of different biomaterials and granule sizes on osteo-
blast gene expression profile. To be complete, the in vitro
behavior of other cells involved in bone regeneration, such as
endothelial cells or stem cells, could also be explored. Future
developments include in vivo preclinical studies, in order to
investigate the safety, the resorbability and the osteoconductive
properties of these biomaterials, with the final goal of convert-
ing these bone substitutes into clinical products.

5. Conclusions

This in vitro study demonstrated that sphene granules obtained
from different processing conditions have biological
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characteristics similar to deproteinized bovine bone, the graft-
ing material widely used in clinical practice. Variations in the
size of both sphene and bovine bone granules did not
modify their physico-chemical and biological properties,
whereas the pulverized form of bovine bone increased the
osteoblastic response in vitro.
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