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Abstract: Strontium (Sr) and Magnesium (Mg) are bioactive ions that have been proven to exert a
beneficial effect on bone; therefore, their incorporation into bone substitutes has long been viewed as
a possible approach to improve tissue integration. However, the thermal instability of Mg-substituted
hydroxyapatites has hitherto limited development. We previously described the creation of thermally
consolidated porous constructs of Mg,Sr co-substituted apatites with adequate mechanical properties
for their clinical use. The present paper describes the biocompatibility of Mg,Sr co-substituted
granules using an alveolar-bone-derived primary model of human osteoblasts. Cells were cultured
in the presence of different amounts of hydroxyapatite (HA), Sr-substituted HA, or MgSrHA porous
macrogranules (with a size of 400-600 microns, obtained by grinding and sieving the sintered
scaffolds) for three and seven days, and their viability was measured by a 3-(4,5-dimethylthiazol-2-y1)-
2,5-diphenyltetrazolium bromide (MTT) assay. Protein content was measured using the Lowry assay
at the same time points. Cell viability was not impaired by any of the tested compounds. Indirect
and direct biocompatibility of these macrogranules was assessed by culturing cells in a previously
conditioned medium with HA, StHA, or MgSrHA, or in the presence of material granules. Osteoblasts
formed larger and more numerous nodules around StHA or MgSrHA granules. Furthermore, cell
differentiation was evaluated by alkaline phosphatase staining of primary cells cultured in the
presence of HA, StHA, or MgSrHA granules, confirming the increased osteoconductivity of the
doped materials.

Keywords: strontium-substituted apatite; magnesium-substituted apatite; Mg,Sr co-substituted
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1. Introduction

An effective approach for tissue regeneration is the use of scaffold materials designed
to be implanted into the recipient site and support cell ingrowth from neighboring tissues
and the deposition of a new extracellular matrix [1]. Synthetic or naturally derived calcium
phosphate bioceramics are arguably the most common bone substitutes in the literature
and in clinical practice because their composition resembles mineralized bone matrix,
though with noteworthy differences [2,3]. Naturally occurring apatite presents numerous
substitutions and contains traces of several elements, e.g., Mg and Sr, besides the more
abundant Ca and P species [4]. These elements, albeit in small amounts, are important be-
cause they affect material properties and perform specific biological activities. Mg?* /Ca®*
balance has been shown to be important in bones because Mg?* modulates mineralization
by acting as a calcium antagonist [5]. Pre-clinical and clinical studies have reported that
Sr enhances bone formation and attenuates bone resorption, thus increasing bone mass
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and bone mechanical properties [6,7]. Incorporating these elements into hydroxyapatite
(HA) has therefore long appeared as an appealing strategy to increase HA resorbability and
improve tissue responses to implantable materials, following a biomimetic approach [8,9].
We have previously reported on the chemical, physical, and in vitro assessment of unfired
Mg,Sr-co-substituted HA, and have shown improved performance compared to MgHA [10].
Recently, we have developed a method to produce sintered porous scaffolds of Mg,Sr-
enriched hydroxyapatites, thus overcoming the thermal instability of Mg containing HA,
and we have characterized them chemically and physically [11]. In the present paper, we
proceeded to assess the biocompatibility of these compounds using a primary model of
human alveolar bone osteoblasts [12-15]. Furthermore, we investigated whether these ma-
terials promote the expression of an osteoblastic phenotype as assessed by the expression
of the differentiation marker alkaline phosphatase.

2. Materials and Methods
2.1. Apatites

Porous 400-600 pm macrogranules were obtained by grinding and sieving sintered
porous scaffolds of HA, StHA, and MgSrHA, the last of which was prepared by Mg ion
exchange on sintered SrHA. The scaffolds were prepared by cellulose sponge impregnation;
details of the scaffolds preparation and characterization are reported in [11]. Briefly, all the
materials were sintered at 1250 °C, have similar porosity networks, are proven to allow for
osteoblast cell ingrowth and vascularization, are pure (no secondary phases), and contain
about 8% wt Sr and 1.1% wt Mg.

2.2. Scanning Electron Microscopy (SEM)

The morphological and microstructural characterization of the macrogranules was
performed by environmental scanning electron microscopy (E-SEM FEI Quanta 200, FEI
Company, Hillsboro, OR, USA).

2.3. Primary Osteoblasts

Human primary osteoblasts were obtained from jawbone specimens harvested during
a surgical intervention on a 5-year-old patient and isolated as previously described [16].
Briefly, bone fragments were cleaned from soft tissues remnants, thoroughly rinsed in
phosphate-buffered saline (PBS, Sigma Chemicals, St. Louis MO, USA), and then main-
tained in Dulbecco’s Modified Essential Medium (DMEM, Bio Whittaker, Walkersville, MD,
USA) enriched with 10% FBS (Foetal Bovine Serum, Bio Whittaker), glutamine (4 mM),
streptomycin (100 Ag/mL), and penicillin (100 U/mL) (Penstrep-GibcoBRL, Life Technolo-
gies B.V. Breda, The Netherlands) at 37 °C in modified atmosphere (5% CO,, 95% air) until
cell outgrowths appeared. Once confluent, cells were detached by trypsin (trypsin-EDTA
0.25%) (Sigma) seeded in Petri dishes (Falcon, Becton Dickinson Europe, Meylan, France),
and fed three times a week with DMEM complete medium enriched with fresh ascorbic
acid 250 uM [17] to maintain a differentiated osteoblastic phenotype. Cells were further
characterized by evaluating alkaline phosphatase activity according to Farley et al. [18]
and by osteocalcin production through an ELISA Kit (DAKO s.p.a, Milano, Italy), using a
normal skin fibroblast population as a negative control.

2.4. Cell Viability Assessment: MTT

Primary osteoblasts were seeded at a concentration of 50,000 cells/mL/well in a
24-well plate. Biomaterial granules were re-suspended in complete DMEM at a concen-
tration of 3 mg/mL and diluted to the desired concentration (3, 1, 0.3, 0.1 mg/mL). One
ml of granule suspension was then added to the wells 24 h after seeding, and cells were
grown in complete medium for 3 or 7 days. The medium was replaced with fresh solution
three times a week. An MTT colorimetric assay, based on the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide dye, was performed according to Mosmann [19].
Briefly, 100 uL of MTT substrate at the concentration of 5 mg/mL was added to each well,
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and the plate was incubated for 4 h at 37 °C. A solubilization solution was prepared by
dissolving a 10% solution of 100X Triton (Sigma Aldrich) in 0.1 N HCI acid isopropanol.
One ml solubilization solution was added to each well and incubated for 15 minutes on
orbital shaker. Absorbance was then read at 570 nm by a spectrophotometer Infinite F200
microplate reader (Tecan Group Ltd., Mdnnedorf, Switzerland).

2.5. Protein Quantitation

Primary osteoblasts were seeded at a concentration of 50,000 cells/mL/well in a
24-well plate. Biomaterial granules were re-suspended in complete DMEM at a concentra-
tion 3 mg/mL and diluted to the desired concentration (3, 1, 0.3, 0.1 mg/mL). One ml of
granule suspension was then added to the wells 24 h after seeding, and cells were grown in
complete medium for 3 or 7 days. Medium was replaced with fresh solution three times a
week. Total proteins were then extracted following the Lowry protocol according to Wang
and Smith [20]. Briefly, the medium was discarded, the samples were gently rinsed with
PBS, and then 200 uL Na-DOC (Sodium Deoxycolate, Sigma Aldrich) in PBS was added
and incubated for 1 h on orbital shaker to extract proteins. Two ml Lowry solution/well
was then added and incubated for 10 minutes on orbital shaker. Two hundred pL Folin
solution (Sigma Aldrich) was added to the samples and incubated for 1 h; the samples
were then read at 600 nm with an Infinite F200 microplate reader (Tecan Group Ltd.).

2.6. Biocompatibility Assessment: Indirect Test

Fifty thousand cells/mL were seeded in 24-well plates in complete DMEM, and
the plates were maintained at 37 °C and 5% CO, in a humidified atmosphere for 24 h.
Three mg/mL HA, StHA, or MgSrHA granules was soaked for 24 h in DMEM at 37 °C
and 95% humidity, and, as a control, the same volume of DMEM was treated in the same
condition. To analyze the effect of the possible release of chemical species from the samples,
the supernatant was transferred to culture wells 24 h after seeding; the cells were cultured
for 72 h or 7 days. Medium was replaced with fresh solution three times a week. Cells were
then observed with inverted microscope (Nikon, Tokyo, Japan), and microphotographs
were taken.

2.7. Biocompatibility Assessment: Direct Contact Test

Primary osteoblasts were seeded at the concentration of 50,000 cells/mL/well in a
24-well plate. Biomaterial granules were suspended in complete DMEM at a concentration
3 mg/mL and diluted to the concentration of 3 mg/mL. One ml of granule suspension was
then added to the wells 24 h after seeding, and cells were grown in complete medium for
72 h or 7 days. Medium was replaced with fresh solution three times a week. Cells were
then observed with inverted microscope (Nikon, Tokyo, Japan), and microphotographs
were taken.

2.8. Alkaline Phosphatase Staining Assay

Primary osteoblasts were seeded at a concentration of 50,000 cells/mL/well in a
24-well plate. Biomaterial granules were suspended in complete DMEM at a concentration
of 3 mg/mL and diluted to the concentration of 0.3 mg/mL. One ml of granule suspension
was then added to the wells 24 h after seeding, and cells were grown in complete medium
for 3 or 7 days. The medium was replaced with fresh solution three times a week. The
medium was then discarded, and cells were washed in 0.1 M Cacodylate buffer, fixed in
3% paraformaldehyde in Cacodylate buffer, and then stained as previously described [21].
Briefly, 12 mg Fast Violet B (Sigma-Aldrich) was dissolved in 48 ml distilled water. Two ml
Naphthol AS-MX Phosphate Solution (Sigma-Aldrich) was added to the solution, which
was then added to the samples for 30 minutes. Samples were then observed with a
transmitted light microscope (Nikon, Tokyo, Japan). Stained cells were then quantified
using Image] software (U.S. National Institutes of Health, Bethesda, MD, USA) on 10 fields
per condition. The results were then averaged.
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2.9. Statistical Analysis

Data were analyzed using Prism 9 (GraphPad, La Jolla, CA, USA). All values are
reported as the mean + standard deviation of three repeated experiments. Differences
between group means were evaluated with one-way ANOVA statistical test, with Tukey
post-test, and differences were considered significant when p < 0.05.

3. Results
3.1. SEM Evaluation

When observed with the scanning electron microscope, apatite granules appeared
porous, with numerous irregularities and hollow spaces at the micron and sub-micron
scale (Figure 1A,B). Figure 1A shows the macrogranules, where parts of the ultramacropore
walls (estimated original pore size of over 300 um) that characterized the starting MgSrHA
scaffold are still visible (see dotted circles), while Figure 1B shows the microstructure
of the material, where numerous pores, often interconnected and smaller than 10 pm,
are present. At higher magnification, the granule surface appears smooth and regular
(Figure 1B). Noteworthily, no evidence of radiation aging was detected on the samples
during the experiments.

Figure 1. Scanning electron microscope microphotographs of MgSrHA granules. The surface displays a high degree of

roughness, with numerous cavities, because of the sintering process. Most cavities are a few microns wide, though smaller

pores are present. (A) Bar = 200 um. (B) Bar = 2 pm.

3.2. Biocompatibility Assessment

Samples were incubated in complete DMEM for 24 h, which was then added to cell cul-
tures for indirect biocompatibility testing, as recommended in ISO 10993-5 guidelines [22].
The addition of a biomaterial-conditioned medium did not impair cell viability, and no mor-
phological alterations were observed (Figure 2). Cells grew up to confluence and formed
well-organized nodules, a typical feature of osteoblast cultures, in all samples, and nodules
appeared larger and more numerous in samples conditioned with StHA (Figure 2C,G) and
MgSrHA (Figure 2D,H) granules by day seven.
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Figure 2. Indirect biocompatibility assay: microphotographs of primary human osteoblasts cultured
in the presence of (A,E) complete pristine DMEM or previously conditioned with (B,F) hydrox-
yapatite (HA), (C,G) Sr-substituted HA (SrHA), or (D,H) magnesium, strontium-substituted HA
(MgSrHA). Cells were observed at phase contrast after (A-D) three days or (E-H) seven days of
culture. Magnification: 10 X. Bar = 20 um.

3.3. Cell Viability Assays

To investigate cell viability in the presence of different doses of apatite granules,
cells were cultured in the presence of apatite granules for three or seven days (Figure 3).
Regardless of their composition, they surrounded the granules of biomaterial (Figure 3),
growing in close contact with the apatite. No signs of growth impairment or cell death were
observed. Noteworthily, sintered granules consistently released smaller debris scattered
over the surface of the culture plate. Cells appeared to grow around or on top of these
smaller granules, sometimes forming cell clusters resembling mineralization nodules.
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Figure 3. Direct biocompatibility assay: microphotographs of primary human osteoblasts cultured in the presence of
3 mg/mL (A,D) hydroxyapatite (HA), (B,E) Sr-substituted HA (SrHA) or (C,F) Magnesium, strontium-substituted HA
(MgSrHA) granules. Cells were observed at phase contrast after (A-C) three days or (D-F) seven days of culture. Magnifica-

tion: 10 X. Bar = 20 um.

To better understand cell kinetics, an MTT assay was performed three and seven days
after seeding. Protein content in the culture was also quantified at the same time points
(Figure 4). Cells did not exhibit signs of toxicity or impaired growth (data not shown);
however, they did not proliferate at an equal rate in all samples (Figure 4). When growing
in the presence of HA granules, they tended to grow slower than in the control group,
albeit not significantly, regardless of the granule concentration. However, in the presence
of 0.1 mg/mL of StHA granules, their growth rate was significantly slower (p < 0.05). In
the case of MgSrHA samples, 0.3 mg/mL significantly reduced cell proliferation (p < 0.01).
When we quantitated protein content in the well, HA significantly increased the amount
of protein per well at the concentration of 0.3 mg/mL (Figure 4D). If the concentration of
granules increased further, the increment in total proteins decreased. This behavior was
not observed with either STHA or MgSrHA granules. At 0.1 mg/mL of MgSrHA, the rate
of protein production was significantly higher than in the control group (Figure 4F).

3.4. Alkaline Phosphatase Staining

Cells were stained for alkaline phosphatase (ALP) in the presence of 0.3 mg/mL
apatite granules (Figure 5. Cells displayed a basal level of ALP activity regardless of the
culture conditions, as expected in osteoblasts. However, cells cultured in the presence
of StHA or MgSrHA displayed more intense and widespread staining, which became
more apparent around and in close contact with biomaterial granules (Figure 5, white
arrowheads). No relevant differences were observed between SrHA and MgSrHA samples.
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Figure 4. Primary human osteoblasts were cultured in the presence of (A,D) hydroxyapatite (HA),
(B,E) Sr-substituted HA (SrHA), or (C,F) magnesium, strontium-substituted HA (MgSrHA) granules.
Their viability was then measured using MTT assay, and their protein content was assessed with
Lowry assay. Graphs (A—C) show the difference in viability levels between day three and day seven,
expressed as percent change from day three. Graphs (D-F) show the difference in protein levels

between day three and day seven, expressed as percent change from day three. * = p < 0.05 and

** = p < 0.01 vs control.
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Figure 5. (A-F): Alkaline phosphatase (ALP) staining: microphotographs of primary human osteoblasts cultured in the
presence of complete DMEM enriched with 0.3 mg/mL (A,D) hydroxyapatite (HA), (B,E) Sr-substituted HA (SrHA) and
(CF) magnesium, strontium-substituted HA (MgSrHA) and stained for ALP (red staining). White arrowheads indicate
ALP-positive cells in proximity of material granules. Cells were observed at phase contrast. Magnification: 4 X (A-C),
bar = 50 um or 10 X (D-F), bar = 20 um. (G) Stained cells were counted and plotted as a bar chart. * = p < 0.05 vs. HA.

4. Discussion

To properly function within tissues, biomaterials should positively affect cell activity
so that they can carry out their physiological role unperturbed, and possibly promote
the formation of new tissue, to allow for full integration into the surrounding tissue. In
the case of bone substitutes, biomaterials should possess osteoconductive properties, i.e.,
supporting the formation of new sound bone along their surface. At the very minimum,
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biomaterials should be bioinert; i.e., they should not elicit undesired cell responses or exert
toxic effects on cells. Biocompatibility assessment is, therefore, an important step when
developing novel biomaterials [23,24].

In our previous paper [11], we showed the feasibility of sintered Mg,Sr-substituted
hydroxyapatite granular materials, and we characterized their physical and chemical
properties. The purpose of the present study was to investigate the response of human
primary osteoblasts to these materials. The approach that was followed in this paper
was inspired by ISO 10993-5 recommendations, the guidelines that focus on biomaterial
cytocompatibility [22], albeit with an important exception. Instead of using cell lines,
we decided to resort to primary osteoblasts [16]. These cells were already characterized
and used in several studies by our group and were shown to display the expression of
differentiation markers and the ability to form mineralization nodules in vitro [12,15,25,26].
We believe that such a cell model would increase the transferability of the results to future
in vivo investigations, as these cells may more closely resemble tissue osteoblasts than
immortalized cells.

We therefore proceeded to assess cell viability in the presence of increasing doses of
granules. No decrease in cell viability, nor apoptotic cells, was detected in any of the tested
samples at any tested concentration, similarly to what was observed with unmodified
HA, indicating that the investigated materials did not have toxic effects, as assessed
by both MTT assay and protein quantitation. These results were consistent with the
literature on HA ceramics, which typically exhibit good cell compatibility [27-29], and with
our cell morphological analysis, which revealed that no signs of distress were observed
in cells when cultured in the presence of the conditioned medium. This can be easily
interpreted as a lack of release of biologically relevant amounts of cytotoxic compounds
from the materials.

The MTT data, however, further reveal that cell growth significantly slowed down
when cells were cultured with StTHA or MgSrHA, at least at specific concentrations
(Figure 4B,C), as opposed to HA samples, in which cells only showed a moderate and
non-significant tendency to a decreased proliferation rate (Figure 4A). Noteworthily, a
slower proliferation is consistent with an increase in cell differentiation, as it is known that
primary osteoblasts gradually lose their duplication potential as they mature. Furthermore,
the difference in protein in HA samples vs. SrtHA and MgSrHA is not consistent with the
increase in cell number unless the Lowry assay is mostly picking up matrix proteins. Taken
together, the data in Figure 4 are consistent with an increase in differentiation and matrix
deposition in StHA and MgSrHA samples.

When cultured in the presence of material granules, cells grew along and in close
contact with the modified granules, exhibiting similar behavior to what was observed on
HA. This behavior is desirable, as cell colonization is the first necessary step for scaffold
integration, and the ability of cells to attach and grow along a biomaterial indicates that the
biomaterial has promising properties as a scaffold. As composition and surface chemistry
have been shown to affect initial cell attachment to biomaterials [30], our findings again
point to the high compatibility of the tested granules. Moreover, cells appeared to form
a higher number of nodules in the presence of substituted granules (Figure 5), which is
a sign of cell differentiation in osteoblast cultures and is again consistent with the MTT
and protein results (Figure 4). Interestingly, cell differentiation as assessed by alkaline
phosphatase expression was increased in cells growing in contact with substituted HAs
(Figure 5). This is compatible with literature showing that Mg and Sr-doped hydroxyapatite
and cements increase osteoblast differentiation [31-33]. The increase in ALP expression
was observed both along modified granules and all over the culture plate, indicating that
the cellular effects were likely to be mediated by the release of bioactive ions into the
culture medium. These results provide evidence supporting the potential of these granules
for bone regeneration and a rationale to further investigate sintered scaffolds, as outlined
in Landi et al. [11].
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5. Conclusions

Taken together, the present data support the biocompatibility of this material and
highlight that MgSrHA sintered granules increase differentiation and matrix formation
in primary human osteoblasts and call for further in vivo testing of these materials as
improved alternative bone substitutes to stoichiometric HA.
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