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A B S T R A C T

Strontium, cobalt, and manganese ions are present in the composition of bone and useful for bone metabolism,
even when combined with calcium phosphate in the composition of biomaterials. Herein we explored the pos-
sibility to include these ions in the composition of apatitic materials prepared through the cementitious reaction
between ion-substituted calcium phosphate dibasic dihydrate, CaHPO4⋅2H2O (DCPD) and tetracalcium phos-
phate, Ca4(PO4)2O (TTCP). The results of the chemical, structural, morphological and mechanical character-
ization indicate that cobalt and manganese exhibit a greater delaying effect than strontium (about 15 at.%) on
the cementitious reaction, even though they are present in smaller amounts within the materials (about 0.8 and
4.5 at.%, respectively). Furthermore, the presence of the foreign ions in the apatitic materials leads to a slight
reduction of porosity and to enhancement of compressive strength. The results of biological tests show that the
presence of strontium and manganese, as well as calcium, in the apatitic materials cultured in direct contact with
human mesenchymal stem cells (hMSCs) stimulates their viability and activity. In contrast, the apatitic material
containing cobalt exhibits a lower metabolic activity. All the materials have a positive effect on the expression of
Vascular Endothelial Growth Factor (VEGF) and Von Willebrand Factor (vWF). Moreover, the apatitic material
containing strontium induces the most significant reduction in the differentiation of preosteoclasts into osteo-
clasts, demonstrating not only osteogenic and angiogenic properties, but also ability to regulate bone resorption.

1. Introduction

Deposition of the inorganic phase in bone tissue occurs in an envi-
ronment rich of ions, which display specific biological roles [1,2]. Par-
tial substitution of calcium with biological relevant ions is an interesting
method to enrich biocompatible and bioactive calcium orthophosphates
(CaPs) with specific properties [3,4]. CaPs are indeed widely investi-
gated as components of biomaterials with potential applications for the
substitution and/or repair of the hard tissues of vertebrates. In this field,
a great deal of attention is addressed to calcium phosphate cements,
CPCs [5,6]. The composition of CPCs involves one or more calcium
phosphates, which, once mixed with a liquid phase, yield a workable
paste that hardens with time. The final phase is a calcium phosphate
more thermodynamically stable than the starting materials, usually
brushite, CaHPO4⋅2H2O (DCPD) or hydroxyapatite, either

stoichiometric, Ca10(PO4)6(OH)2 (HA) or calcium-deficient (CDHA) [6].
Since the first development of CPCs by Brown and Chow [7], several
different formulations have been proposed [5,6,8–10]. Moreover, CPCs
compositions have been enriched with a variety of additives, including
biological relevant anions and cations, which have been usually added
as other calcium salts and as compounds of cations different from cal-
cium [11–15].

Herein, we investigated the role of cobalt, manganese and strontium,
which are present in the composition of bone [16], on the properties of
apatitic materials obtained through a cementitious reaction between
calcium phosphate dibasic dihydrate, CaHPO4⋅2H2O (DCPD) and tetra-
calcium phosphate, Ca4(PO4)2O (TTCP).

Hard tissues of vertebrates contain up to 1 ppm of Co2+ [1], which is
also present in vitamin B12 [17]. Co2+ has been reported to promote
angiogenesis and osteogenesis [18,19]. Cobalt-doped mesoporous
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hydroxyapatite enhanced the expression of vascular endothelial growth
factor (VEGF) and hypoxia-inducible factor 1α (HIF-1α) in the MG-63
cells [20]. Moreover, the presence of small amount of Co2+ ions (up to
1 %) in brushitic cements has been reported to reduce hypoxia induced
gene expression in osteosarcoma cells [17], whereas greater amounts
were reported to reduce the number of attached osteoclast while
enhancing their activity [21].

Manganese displays an essential role in the formation of cartilage
and bone [22]; moreover, its association with calcium phosphates was
found to increase osteoblast adhesion, proliferation and activity
[23–25]. Wu et al. recently showed that relatively low contents of Mn2+

in the composition of apatitic cements can improve osteoblast viability,
proliferation, as well as the levels of expression of several genes [22].
Furthermore, it was shown that the addition of divalent Mn2+ ions to
mesoporous hydroxyapatite influences the activation of integrin with
greater affinity and so osteoblast adhesion might occur via signaling
cascades [26,27]. Thus, manganese incorporation has proved to be
reliable in the calcination process, bio-mineralization, bone formation
and reduces bone resorption.

The presence of strontium in bone is significantly higher than that of
cobalt and manganese, and is particularly high in new bone, which is
characterized by high metabolic turnover [1]. The great deal of research
carried out on this ion indicates that it displays different effects on bone
cells: it promotes adhesion, proliferation and differentiation of osteo-
blast, whereas it inhibits osteoclastogenesis and osteoclast activity, both
in vitro and in vivo [28,29], also when it is associated to CaPs [30–37].
The dual impact of strontium on bone cells suggests that it enhances
bone growth while reducing bone resorption, making strontium a
valuable tool in the fight against osteoporosis [28,29,38,39].

Strontium, cobalt and manganese have been previously added to the
composition of calcium phosphate bone cements with the aim to enrich
the cements with the biological properties of these ions, as well as to
modulate the physico-chemical properties of the cements. Both cobalt
and manganese have been usually introduced in relatively small
amounts in one of the components of the cement powder, namely
β-tricalcium phosphate (β-TCP) [17,21,22,40]. The addition of stron-
tium has been carried out using also different phosphates, such as
octacalcium phosphate (OCP) and α-tricalcium phosphate (α-TCP), and
different salts, including strontium ranelate, strontium carbonate and
strontium chloride [30,31,34,36,41–43].

In this work, we utilized ion-substituted DCPD to introduce cobalt,
manganese and strontium in the composition of apatitic materials ob-
tained through a cementitious reaction. We have previously investigated
the possible substitution of these ions to calcium in the structure of
brushite and verified that the maximum substitution amounts are about
1, 7 and 30 at.% for Co2+, Mn2+ and Sr2+ respectively [44]. Herein we
report the results of a study on the influence of these ions on the hard-
ening, structure, porosity and mechanical properties of the apatitic
materials, as well as on the viability and differentiation of human
mesenchymal stem cells (hMSC).

2. Materials and methods

2.1. Syntheses of crystalline powders

DCPD and TTCP were the two reactants used for the preparation of
the materials. DCPD was used pure or substituted with bivalent cations,
namely cobalt, manganese and strontium.

DCPD was obtained by direct precipitation in solution: 750 ml of a
phosphate solution containing Na2HPO4 (0.033 M) and NaH2PO4
(0.033 M) was heated at 37 ◦C, and the pH was adjusted to 5 with glacial
CH3COOH; a calcium solution (250 ml) containing Ca(CH3COO)2⋅H2O
(0.2 M) was added dropwise (2 ml/min) to the phosphate solution under
stirring (120 rpm). The solution was then stirred for 10 min, filtered,
washed with distilled water, and dried overnight at 37 ◦C. All reagents
were of analytical grade (Sigma Aldrich, USA). Substituted DCPD was

obtained following the same procedure and partially substituting Ca
(CH3COO)2⋅H2O with Co(CH3COO)2⋅4H2O, Mn(CH3COO)2⋅4H2O and Sr
(CH3COO)2⋅1/2H2O. The concentrations in solution for the substituting
ions were 25 at.% for cobalt, 20 at.% for manganese and 60 at.% for
strontium, calculated as [M2+/(Ca2+ +M2+)]⋅100 and correspond to the
highest possible substitution ratio in DCPD for the selected ions [44].
The total cation concentration was always kept at 0.2 M. The solid
products are labelled DCPD-Co, DCPD-Mn and DCPD-Sr, respectively.

TTCP was obtained through a solid-state reaction. Dicalcium phos-
phate anhydrous (CaHPO4) and calcium carbonate (CaCO3) were com-
bined in a 1:1 M ratio, mixed for 15 min with a Whip Mix and then
placed in a platinum crucible. The mixture was heated to 1500 ◦C
through a six-step ramp (0–300 ◦C 2.5 ◦C/min; 300 ◦C for 120 min;
300–1100 ◦C 2.5 ◦C/min; 1100 ◦C for 120 ◦C; 1100–1500 ◦C 2.5 ◦C/min;
1500 ◦C for 300 min) followed by quenching in air. The obtained TTCP
power was then milled at 450 rpm for 2 min with 10BB (Big balls of
agate).

2.2. Materials preparation

Pastes were prepared mixing DCPD (pure and substituted) and TTCP
in molar ratio 1:1, liquid phase (H3PO4 20 mM) was added in order to
obtain a L/P ratio of 0.3 ml/g, and the mixture was mixed for 30s at
2500 rpm with a Speedmixer DAC 150.1 FV-K. Then, the paste was used
to fill disk moulds (6 mm diameter) and allowed to harden at 37 ◦C in
100 % relative humidity (RH).

The reaction that led to formation of an apatitic phase can be written
as [45]:

Ca4(PO4)2O + CaHPO4 2H2O → Ca5(PO4)3OH + 2H2O.
Hardening was stopped after different times (up to 7 days) through 1

h immersion in EtOH; then samples were allowed to dry in air overnight.
The materials obtained using DCPD and DCPD with a partial sub-

stitution of calcium with Co, Mn and Sr ions were labelled c-Ca, c-Co, c-
Mn and c-Sr, respectively.

2.2.1. Characterization
X-ray diffraction (XRD) patterns were collected in the 2θ range of

3–60◦ with a step of 0.1◦ and time/step of 100 s (PANalytical X'Pert PRO
diffractometer in the Bragg− Brentano geometry equipped with a
X'Celerator detector). The HighScore Plus program was used for phase
identification, quantitative determination of the different phases, and
structural refinements, using the Rietveld method (HighScore Plus
software version 4.9, year 2020, by PANalytical B.V., Almelo, The
Netherlands).

The metal content of both the starting powders and the final mate-
rials was determined through Inductively Coupled Plasma - Mass Spec-
trometry (ICP-MS, 7800 ICP-MS, Agilent). For the starting powders
(DCPD and substituted DCPD), about 10 mg were digested in 1 ml of
HNO3 20% overnight; for final materials, 45 mg were digested in 1ml of
HNO3 20% overnight. After digestion, 9 ml of millliQ water were added,
the solutions were filtered with a membrane filter (0.22 μm) and then
analyzed. Results were performed in quintuple.

To determine the ion release (Ca, Co, Mn, and Sr) a round-shaped
disk of material (6 mm diameter, around 10 mg) was placed in 1 ml of
solution (Tris(hydroxymethyl)aminomethane - TRIS 0.1 M or Saline 0.9
% NaCl). The supernatant was changed at each time point (t = 5 h, 1, 3,
5, 7 and 13 days). Investigation in saline was carried out on materials
hardened for 7 days; whereas investigation in TRIS was carried out on
materials hardened for 8 h and 7 days. All release tests were done in
triplicate, results represent the mean value of three different de-
terminations. The ion release was determined through Inductively
Coupled Plasma - Mass Spectrometry (ICP-MS, 7800 ICP-MS, Agilent).
Samples were prepared adding 0.3 ml of the supernatant into 2.7 ml of
HNO3 2 %. The solutions were filtered with a membrane filter (0.22 μm)
and then analyzed.

Materials surfaces and cross sections were investigated by a JEOL
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JSM-7001F Schottky Emission Scanning electron microscope operating
at 2 kV. The samples were placed on a carbon tape on aluminum sample-
holders and then carbon-evaporated to minimise charging effects
(K950X Turbo Evaporator, Emitech).

Mercury intrusion porosimetry (MIP, Autopore IV 9500 Micro-
meritics) was carried out to examine the porosity content (open
porosity). Data were collected on cylinders with a height of 12 mm and a
diameter of 6 mm. All samples were degassed under vacuum (10 mmHg)
for 24 h, at 100 ◦C, prior to the measurement.

The mechanical behaviour was investigated by conducting a
compression test in a universal testing machine (Bionix 858, MTS Sys-
tems) equipped with a 2.5kN load cell. Data were collected on wet
(overnight submersion in 0.9 % NaCl solution) cylindrical specimen (12
mm height and 6 mm diameter) with a cross-head speed of 1 mm/min.
Results are the average over 12 measurements.

Two samples of each type (c-Ca, c-Mn, c-Co, c-Sr) were scanned with
a high resolution μCT system (Skyscan 1172, Bruker-MicroCT, Belgium)
at a nominal resolution of 5 μm (2096 × 4000 pixels), applying an X-ray
tube voltage of 70 kV and a 0.5 mm thick aluminum filter. The scan orbit
was 180◦ with a rotation step of 0.3◦. Reconstruction was carried out
using the SkyScan TM NRecon software (version 1.7.4.6, Bruker). In
addition to the specific alignment relative to each single scan, Gaussian
smoothing, ring artifact reduction and beam hardening correction were
applied during the reconstruction process. The quantitative morpho-
metric analysis on μCT datasets was carried out using CTAn software
(version 1.20.8.0, Bruker) defining for each sample a cylindrical Volume
of interest (VOI) of 4.5 mm in diameter and 2 mm in height. The total
porosity P.tot (%), defined as the ratio between the volume of the pores
detected in the scaffolds and the total volume (VOI) was calculated for
each sample.

2.3. Biological tests

For biological evaluation, round-shaped disks (diameter 6 mm,
height about 2 mm) were sterilized using gamma rays (Cobalt-60) at a
dose of 25 kGy.

2.3.1. In vitro culture model
Human mesenchymal stem cells (hMSC, Poietics™ Stem Cells, Lonza

Walkersville, USA, batch 21TL116647, passage 2) derived from bone
marrow were cultured in Mesenchymal Stem Cell Basal Medium
(MSCBM, Poietics™ Lonza Walkersville, USA supplemented with 10 %
fetal bovine serum (FBS, Lonza, Verviers, Belgium), 100 U/ml penicillin,
100 μg/ml streptomycin (Gibco, Life Technologies, Carlsbad, CA) and 5
μg/ml plasmocin (Invivogen, San Diego, CA), and incubated at 37 ◦C in a
humidified 95%air/5%CO2 atmosphere (standard condition). At 80 %
confluence, hMSC were counted and seeded on the top of materials, c-
Mn, c-Co and c-Sr, at 5 × 104 cells/material for 3, 7 and 14 days. The
cells (5 × 104) were resuspended in a small volume of medium equal to
15 μl, to allow for complete attachment of the cells onto the material,
preventing their dispersion.

Two control groups with only hMSC (Ctr-hMSC) and with c-Ca ma-
terial with hMSC were prepared respectively to verify regular cell pro-
liferation and differentiation, regardless of material presence and
regular cell proliferation and differentiation on a control material
without ions.

2.3.2. Cell viability.
Alamar blue dye (Serotec, Oxford, UK) was added to hMSCs (1:10 v/

v) cultured in direct contact with the materials (experimental and con-
trol) and in Ctr-hMSC (hMSC alone), and incubated for 4 h at 37 ◦C. This
non-toxic reagent allows evaluation of the cell activity on the same
culture at different endpoints by the chemical reduction of its main
component (resazurin) into resorufin in the mitochondria of living cells.
The fluorescent product was quantified at 530ex–590em nm wave-
lengths using a microplate reader (VICTOR X2030, Perkin Elmer,
Milano, Italy) and expressed as relative fluorescence units (RFU).

2.3.3. Quantitative polymerase chain reaction (qPCR)
Total RNA was extracted from hMSCs seeded on c-Ca, c-Mn, c-Co, c-

Sr materials at 3, 7 and 14 days of culture, as well as from Ctr-hMSC
(cells without materials), using Trizol® reagent (AMBION by Life
Technologies, Carlsbad, CA, USA) and Chloroform (Sigma Aldrich) until
harvesting the aqueous phase. The procedure was continued by using
the commercial PureLinkTM RNeasy Mini Kit (AMBION), quantified by
NANODROP spectrophotometer (NANODROP 2720, Thermal Cycler,
Applied Biosystem) and reverse transcribed with SuperScriptVILO cDNA
Synthesis Kit (Life Technologies), following the manufacturer's

Fig. 1. XRD patterns of DCPD and ion-substituted DCPD powders.

F. Silingardi et al.



Biomaterials Advances 163 (2024) 213968

4

instructions. The obtained cDNA was diluted to the final concentration
of 5 ng/μL for each sample, taking into account the starting amount of
RNA, to exploit the same range of amplification efficiency. Semi-
quantitative polymerase chain reaction (PCR) analysis was performed
for each sample, in duplicate, in LightCycler 2.0 Instrument (Roche
Diagnostics GmbH, Manheim, Germany) using QuantiTect SYBR Green
PCR Kit (Qiagen, Hilden, Germany) and gene-specific primers
(Table S1). The protocol included a denaturation cycle at 95 ◦C for 15′,
25 to 40 cycles of amplification (95 ◦C for 15″, 55 ◦C annealing tem-
perature for each target for 20″, and 72 ◦C for 20″). After melting curve
analysis to check for amplicon specificity, the threshold cycle was
determined for each sample, gene expression levels of the target genes
were calculated by normalization to the reference gene GAPDH, using
the comparative threshold method (ΔCt), [46]. The results were re-
ported in terms of the number of molecules of the gene of interest per
100,000 molecules of the housekeeping gene GAPDH.

2.4. Statistical analysis

Statistical analysis was performed with GraphPad Prism software
9.5.1. Data are reported as mean ± standard deviations (SD) at a sig-
nificance level of p < 0.05. After having verified normal distribution
and homogeneity of variance, a two-way ANOVA was done for com-
parison between groups. Finally, the Sidak's post hoc multiple compari-
son test was performed to detect significant differences among groups.

3. Results and discussion

3.1. Powders characterization

Powder XRD patterns of DCPD synthesized in the presence of Co, Mn
and Sr are compared with those of the product synthesized in the
absence of foreign ions in Fig. 1. All the patterns are in agreement with
the presence of DCPD as the only crystalline phase (ICDD PDF 00–009-
0077). In particular, DCPD-Sr pattern shows a significant shift in the

positions of the diffraction maxima, due to an appreciable variation of
crystalline unit cell dimensions. Indeed, the values of the lattice con-
stants calculated through structural refinement indicate an expansion of
the unit cell of DCPD in the presence of Sr and a contraction in the
presence of Mn and Co (Table 1). This is in agreement with previous
findings [44] and with the different ionic radius of the foreign ions:
bigger than that of Ca (0.112 nm) in the case of Sr (0.126 nm), and
smaller for Co (0.90 nm) and Mn (0.96 nm).

The foreign ion content, determined through structural analysis
(Table 1) is in good agreement with the results of the chemical analysis.

Scanning electron microscopy investigation highlights the different
morphologies of the different powders (Fig. 2). SEM images of pure
DCPD show the presence of big plate-like crystals characterized by large
(010) faces. The presence of foreign ions induces crystals aggregation: in
particular DCPD-Co appears constituted of clusters of thick, pointed
crystals, whereas DCPD-Mn images show aggregates of almost cylin-
drical crystals. The crystals in DCPD-Sr aggregates exhibit a morphology
more similar to that of pure DCPD, but much smaller dimensions. SEM
images of TTCP show the presence of crystal blocks, characteristic of a
solid-state reaction product (Fig. 2).

3.2. Materials characterization

The hardening process was investigated through X-ray diffraction
analysis of the changes in the crystalline phase composition with time
(Fig. 3). XRD patterns show a delaying effect of Co (b) and Mn (c) on the
conversion of the crystalline mixture into the final apatitic phase: at
variance with c-Ca, DCPD is still present in the materials containing Co
and Mn after 1 day hardening, while the presence of Sr (d) has a lower
inhibiting effect. The different influence of the different ions on the
reactivity is even more remarkable when considering the relatively
small contents of Co and Mn in comparison to that of Sr.

A semiquantitative analysis of phase composition was obtained
through structural refinement of the XRD patterns of the materials after
8 h and 7 d hardening. The data reported in Table 2 indicate that the

Table 1
Cell parameters of pure and substituted DCPD calculated by Rietveld refinement and foreign atom content, expressed as M at.%.

Sample a (Å) b (Å) c (Å) β (◦) V (Å3) Metal content (at.%) Rietveld Metal content (at.%) Analytical

DCPD 6.372 15.191 5.821 118.517 495.123 – –
DCPD-Mn 6.366 15.173 5.809 118.559 492.834 7.1 7.3 ± 1.3
DCPD-Co 6.369 15.188 5.814 118.521 494.161 1.7 1.2 ± 0.1
DCPD-Sr 6.453 15.323 5.855 118.284 509.881 31.8 32.6 ± 1.2

Fig. 2. SEM images of DCPD, DCPD-Co, DCPD-Mn, DCPD-Sr and TTCP powders.
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main component of all the samples after 7 days is poorly crystalline
hydroxyapatite [ICDD PDF 00-009-0432], whereas some remaining
TTCP [ICDD PDF 01-070-1379] accounts for <20 %. Samples hardened
for just 8 h contain also unreacted DCPD [ICDD PDF 00-009-0077] in
different amounts depending on the substituting ion. In agreement with
their influence on the hydrolysis of DCPD [44], Sr displays just a mild
inhibition of the conversion reaction, while the stronger delaying effect
of Co and Mn provokes the presence of larger amounts of unreacted
components. These findings are in agreement with previous data, which
indicated that Mn delayed the formation of the final apatitic phase in a

cement of different composition, and Co played an inhibiting role on the
conversion of a brushitic cement [17,22]. On the other hand, it was
reported that the involvement of strontium-substituted octacalcium
phosphate in the composition of an apatitic cement did not greatly in-
fluence the process of phase conversion [47].

Phase composition was evaluated also after immersion of the disks in
a Tris(hydroxymethyl)aminomethane 0.1 M solution for 7 days
(Table 2) No significant variation of phase composition was appreciable
for samples hardened for 7 days after immersion in TRIS. At variance,
the compositions of the materials hardened for 8 h and then immersed in

Fig. 3. Hardening kinetic of a) c-Ca; b) c-Co; c) c-Mn and d) c-Sr. Symbols •, HA [ICDD PDF 00-009-0432]; |, TTCP [ICDD PDF 01–070-1379] and +, DCPD [ICDD
PDF 00–009-0077].

Table 2
Phase composition (%) of materials at different hardening times, before and after release in TRIS.

Hardening time Sample Before – Release After – Release

DCPD TTCP HA* Rwp TTCP HA* Rwp

8 h c-Ca 4 34 62 8.8 7 93 12.7
c-Mn 27 69 4 10.8 26 74 9.4
c-Co 10 35 55 8.1 6 94 9.9
c-Sr 5 32 66 8.1 27 73 8.0

7 d c-Ca – 15 85 9.9 12 88 10.2
c-Mn – 15 85 10.5 14 86 9.9
c-Co – 17 83 10.2 17 83 9.4
c-Sr – 19 81 9.5 15 85 9.1

Rwp: Weighted profile residual.
When the fitting is not perfect, it could contain some amorphous phase.
* Phase fitted as HA [ICDD PDF 00–009-0432], although the phase has low crystallinity and wide peaks.

F. Silingardi et al.
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TRIS for 7 days do not contain appreciable amounts of DCPD. Further-
more, they show a reduced content of TTCP: about 7 % for c-Ca and c-Co
and about 27 % for c-Mn and c-Sr.

The foreign ion content of the different samples does not change
significantly during hardening and is coherent with the starting com-
positions (Table 3). As expected, c-Sr has the highest content of foreign
ion, about 15 at.% of Sr, whereas c-Co and c-Mn contain lower amounts
of the foreign ions, about 0.8 and 4.5 at.% respectively.

Ionic release in TRIS solution is very modest, as shown in Figs. 4 and
5. The release of the foreign ions in saline is generally even lower than in
TRIS solution, as shown in the graphs of release of the samples after 7d
hardening reported in Fig. 4, most likely because of the different ionic
strength. However, the release is related to the content of foreign ion in
the material, with c-Sr showing the highest release followed by c-Mn and
then c-Co. Moreover, c-Sr shows also the highest release of calcium
(Fig. 5), in agreement with the increase of solubility of hydroxyapatite in
the presence of strontium [48]. A very limited release of Mn in TRIS was
previously reported for a brushitic cement [22], whereas greater
amounts of Sr were reported to be released in TRIS from an apatitic
cement [30]. As expected, the ionic release from 8 h samples, which
have not completed their hardening, is significantly higher compared to

7d ones (Figs. S1, S2). However, also the samples hardened for 8 h show
a metal ion release significantly higher for c-Sr in comparison to c-Mn
and c-Co, in agreement with the different content of the materials.
Again, Sr-containing samples release the highest amount of Ca, con-
firming a higher solubility of c-Sr.

Fig. 6 reports SEM images of the surfaces of the materials after 7 days
hardening. The surfaces appear quite compact, although the shape of
several pristine brushite crystals can be appreciated, especially in the
case of c-Co and c-Mn. Images at higher magnification reveal the pres-
ence of entanglements of small plate-like crystals in c-Ca, whereas the
structures obtained in the presence of foreign ions appear more compact
(Fig. 6). Micrographs of the cross-sections (Fig. 7) confirm the greater
presence of the pristine brushite crystals in the images from c-Co and c-
Mn, and put into evidence the presence of entangled small plate-like
crystals in all the materials.

Surfaces of materials hardened for 8 h (Fig. S3) appear slightly less
compact than samples hardened for 7 days, while cross-section images
(Fig. S3) show the onset of the crystals entanglement.

The values of open porosity reported in Fig. 8 indicate that the ma-
terials containing foreign ions generally display a reduced porosity than
c-Ca.

The mechanical properties are also influenced by the presence of
doping ions: the materials obtained using substituted DCPD exhibit
significantly higher compressive strength than c-Ca. (Fig. 8). This could
be related to the smaller values of open porosity and/or to variations in
crystal size and consequent crystal entanglement.

The differences in the structural organization of the scanned mate-
rials are clearly visible from the 2D cross-section images and 3D

Table 3
Foreign ion content of materials hardened for 8 h and 7 days. Data are expressed
as [M2+/(Ca2+ + M2+)]⋅100.

Hardening time Sr content (at.%) Co content (at.%) Mn content (at.%)

8 h 15.25 ± 0.22 0.85 ± 0.01 4.61 ± 0.02
7 d 15.33 ± 0.13 0.80 ± 0.01 4.53 ± 0.07

Fig. 4. Ion release in TRIS and saline solutions from 7d cements: (a) c-Mn, (b) c-Co and (c) c-Sr.

Fig. 5. Comparison of calcium release in TRIS (a) and Saline (b) from cements hardened 7 days.

F. Silingardi et al.
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reconstructed VOI. The 3D renderings show differences in the
morphology of the samples, with a more homogeneous structure in c-
Mn, c-Co, c-Sr in comparison c-Ca sample, which has a more discon-
tinuous and irregular surface (Fig. 9). The values of total porosity
confirm the trend observed for open porosity (Fig. 8): the highest value
of total porosity was observed in c-Ca (50.03 ± 1.6 %), whereas smaller
values were found for c-Co (48.2 ± 2 %), c-Mn (47.3 ± 1.6 %) and c-Sr
(46.5 ± 1.5 %).

3.3. Biological tests

3.3.1. Cell viability
A clear difference among experimental materials emerged from cell

metabolic activity assay. All materials increased over time their

metabolic activity, but the highest value was reached by the cells grown
in direct contact with c-Mn and c-Sr, which showed a significant high
metabolic activity than those grown in direct contact with c-Co and c-Ca,
at both 7 and 14 days (Fig. 10). These differences are clearly due to the
presence of Mn and Sr.

3.3.2. Quantitative polymerase chain reaction (qPCR)
After 3, 7 and 14 days of culture, the expression of OSTERIX, RUNX2,

COL1A1, OPG/RANKL, ALP, BGLAP, vWF and VEGF was differently
stimulated from the different materials.

OSTERIX (Sp7 transcription factor) is a master gene that regulate the
expression of a set of extracellular matrix proteins, e.g., osteocalcin and
collagen type-I, also involved in BMP-induced terminal osteoblast dif-
ferentiation [49,50]. Its expression was significantly higher at 3 days

Fig. 6. Scanning electron micrographs of the surfaces of 7 d disks of c-Ca, c-Mn, c-Co, and c-Sr. Lower magnifications on the left; higher magnifications on the right.
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than at 7 and 14 days on c-Mn material and at 3 days in comparison to 7
days on c-Ca material (Fig. 11A). In addition, at 3 days OSTERIX
expression showed significant lower values on c-Co, c-Sr and c-Ca than
on c-Mn (Fig. 11A). Significant differences between materials were
detected also for the expression of RUNX family transcription factor 2
(RUNX2) [51,52], an essential regulator of the osteoblastic function
(Fig. 11B). Gene expression at 3 days for each material was statistically
significantly higher than at the other experimental times, except on c-
Co, which showed the lowest value; the highest expression level was
recorded on c-Ca at 3 days (Fig. 11B). RUNX2 can interact with OSTERIX
to coordinately induce the expression of the collagen type I alpha 1 chain
(COL1A1) gene encoding the main component of collagen type I. The
level of COL1A1 significantly increased over time on c-Mn and c-Sr while
the values on c-Co were the lowest at each experimental time (Fig. 11C).

In addition to COL1A1, RUNX2 also controls the expression of
alkaline phosphatase (ALP) and bone gamma-carboxyglutamate protein
(BGLAP) [53]. In particular, ALP, a cell surface protein ubiquitously
expressed by several cell types, is used as marker for screening pre-
osteoblasts. The highest ALP expression values were obtained on c-Mn
at 7 days and 14 days, although with different level of significance,
while the lowest values were recorded on c-Co at each experimental time
(Fig. 12A). In addition to ALP, a late differentiation marker associated
with bonemineralization andmatrix synthesis is represented by BGLAP/
osteocalcin, a small conserved non-collagenous extracellular matrix
protein [54]. BGLAP showed significant lower expression at all experi-
mental times on c-Co materials versus c-Mn, c-Sr and c-Ca (Fig. 12B).

The homeostasis of bone metabolism is maintained by the balance
between osteoblast bone formation and osteoclast bone resorption, and

Fig. 7. SEM images of the cross-sections of 7 d disks of c-Ca, c-Mn, c-Co, and c-Sr. Lower magnifications on the left; higher magnifications on the right.
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the relative levels of TNF receptor superfamily member 11b (OPG) and
TNF superfamily member 11 (RANKL) determine the processes of
osteogenesis and osteoclastogenesis [55,56]. RANKL, produced by os-
teoblasts, induces osteoclast differentiation by binding to its receptor,
RANK. Osteoblasts also produce the soluble protein OPG, which blocks
the interaction between RANKL and RANK, and thus controls the process
of bone metabolism. The ratio between these two bone markers (OPG/
RANKL) reflects the balance between the stimulus in promoting bone
formation (OPG) and that related to bone absorption (RANKL). The ratio

between these markers suggested that the predominant activity is to-
wards bone formation for all the investigated materials: in particular at
7 days when the number of molecules obtained for OPG was much
higher than that of RANKL molecules, suggesting that these innovative
materials reduce the expression of RANKL (Fig. 13). At 7 days c-Sr
showed the highest OPG/RANKL ratio, thus exhibiting also the highest
potential ability to prevent osteoclastic activation.

Finally, vascular endothelial growth factor (VEGF), which is the
master regulator of blood vessel growth and the key molecular target of

Fig. 8. Values of open porosity (%) as determined by MIP and compressive strength of the different materials after 7 days hardening. Results are the average over 12
measurements. * c-Ca vs. c-Co, c-Mn, c-Sr (p < 0.01).

Fig. 9. Dataset reconstructions of c-Ca (a), c-Mn (b), c-Co (c), c-Sr (d) samples. Visualization of a cross section in the transverse plane (first column) and 3 d ren-
derings (second and third columns) of representative samples.
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strategies to promote vascular network expansion, showed its peak in all
tested materials at 3 days while a progressive reduction was detected at
7 and 14 days (Fig. 14A). This trend is particularly important since
studies have shown that neovascularization around the material before
bone formation could provide blood supply for the subsequent osteo-
genic differentiation [57]. Furthermore, it is well known that VEGF acts
early during vessel formation. Differently, vWF showed significantly
higher values at all experimental time points for c-Mn compared to all
other tested materials (Fig. 14B). vWF serves as a multifunctional pro-
tein that facilitates endothelial cell adhesion, platelet recruitment,
angiogenic signaling, and regulation of blood flow, all of which are
critical for the process of angiogenesis.

Although VEGF and vWF have distinct functions and mechanisms of
action, both play a key role in angiogenesis. VEGF, as previously
mentioned, is known to be one of the key mediators of angiogenesis,
while vWF, on the other hand, is involved in blood clotting and platelet
adhesion, but can also be secreted by endothelial cells during angio-
genesis to facilitate the formation of new vessels.

4. Conclusions

The examined foreign ions display different effects on the obtained
apatitic materials. Both Mn and Co ions exert a delaying role on the
cementitious reaction between DCPD and TTCP. On the other hand, all
the three foreign ions slightly reduce open and total porosity and
enhance the compressive strength of the final apatitic materials. Since
the cells are seeded in direct contact with the materials, they are
significantly influenced by the foreign ions, although their ionic release

Fig. 10. Cell viability determined by alamar blue staining of hMSCs grown in
direct contact with materials after 3 days 7 and 14 days. The results are given as
relative fluorescent units and statistical analysis is reported in the graphs (be-
tween experimental times in the same material: *** p < 0.0005; among
experimental materials in the same experimental time: ### p < 0.0005; ## p <

0.005; # p < 0.05;). Between experimental time in the same material: c-Mn ***
3 days vs. 7 days, 3- and 7- days vs. 14 days; c-Sr *** 3 days vs. 7 days, 3- and 7-
days vs. 14 days; c-Ca *** 3 days vs. 7 days, 3- and 7- days vs. 14 days. Among
experimental materials in the same experimental time: 3 days ## c-Ca vs c-Mn
and # c-Ca vs c-Sr; 7 days ### c-Ca vs. c-Mn and # c-Ca vs c-Sr; 7 days ### c-Co
vs. c-Mn and c-Sr; 14 days ### c-Ca vs. c-Mn and c-Sr and ### c-Co vs. c-Mn, c-Sr
and c-Ca.

Fig. 11. Gene expression of OSTERIX (A), RUNX2 (B) and COL1A1 (C) after 3, 7 and14 days of culture of hMSC on presence c-Mn, c-Co, c-Sr and c-Ca materials.
Statistical analysis is reported in the figure (*p < 0.05, ## p < 0.005, *** and ### p < 0.0005). Between experimental times in the same material: OSTERIX: c-Mn ***
3 days vs 7 and 14 days; c-Ca *** 3 days vs 7 days. RUNX2: c-Mn *** 3 days vs 7 and 14 days; c-Sr * 3 days vs 7 and *** 3 days vs 14 days; c-Ca *** 3 days vs 7 and 14
days; COL1A1: c-Mn *** 7 days vs 3 days and *** 14 days vs 3 days. Among experimental materials in the same experimental time: OSTERIX: 3 days ### c-Co, c-Sr
and c-Ca vs. c-Mn, RUNX2: 3 days ### c-Co vs. c-Mn, c-Sr and c-Ca; ## c-Sr vs. c-Mn; ### c-Sr and c-Mn vs c-Ca 7 days ### c-Co vs. c-Mn, c-Sr and c-Ca; 14 days ### c-
Co vs. c-Mn, c-Sr and c-Ca. COL1A1: 3 days ### c-Co vs. c-Sr and ## c-Co vs c-Mn; 7 days ### c-Ca vs c-Mn and c-Sr and ### c-Co vs c-Mn and c-Sr; 14 days ### c-Co
vs. c-Mn and ### c-Ca vs c-Sr. c-Mn.
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in solution is modest. The higher values of c-Mn, c-Sr and c-Ca in term of
viability is a sign of a greater proliferative stimulus in comparison to that
exerted by c-Co, which shows a minor metabolic activity especially at 7
and 14 days. In summary, the biological results contribute to understand
how the new synthesized materials interact with hMSCs, stimulating or
inhibiting their activities. c-Mn, c-Sr and also c-Ca stimulate hMSCs
osteoblastic activity, as showed by OSTERIX, RUNX2, COL1A1, ALP and
BGLAP gene expression. Concerning OPG/RANKL the c-Sr material
proves to be the most effective in regulating bone resorption by reducing
the differentiation of preosteoclasts into osteoclasts. Another crucial
determinant influencing osteoblastic activity is angiogenesis, the pro-
cess of new blood vessel development, which is essential for meeting the
nutritional requirements of new bone growth. In the current study, all
materials stimulate human mesenchymal stem cells (hMSCs) to release
both VEGF and vWF. However, the c-Mn material exhibits higher vWF
values. VEGF and vWF are two factors capable of synergistically inter-
acting or reciprocally regulating each other in the cellular environment,
influencing their expression or secretion by MSCs. This interaction can
promote both angiogenesis and tissue regeneration, thereby facilitating
cell adhesion and interaction with the surrounding microenvironment.
On the basis of the whole data, c-Sr seems to be the best material since it
displays a synergistic effect on osteogenesis, osteoclastogenesis and
angiogenesis.

Fig. 12. Gene expression of ALP (A) and BGLAP (B) after 3, 7 and14 days of culture of hMSC on materials. Statistical analysis is reported in the figure (# p < 0.05, **
and ## p < 0.005, *** and ### p < 0.0005). Between experimental times in the same material: ALP: c-Mn *** 7 days vs. 3 and 14 days; c-Sr *** 7 days and 14 days vs.
3 days. BGLAP: c-Sr *** 7 days vs 14 days; c-Ca *** 14 day vs. 3 and 7 days. Among experimental materials in the same experimental time ALP: 3 days ## c-Co vs. c-
Mn, c-Sr and c-Ca; 7 days: ### c-Co vs. c-Mn, c-Sr and c-Ca and ### c-Sr vs. c-Mn and ### c-Ca vs c-Sr, c-Mn. BGLAP: 3, 7 and 14 days ### c-Co vs. c-Mn, c-Sr and c-Ca
and ## c-Ca vs c-Sr; 14 days: ### c-Mn and c-Sr vs c-Ca.

Fig. 13. Gene expression of OPG/RANKL ratio after 3, 7 and14 days of culture
of hMSC on materials. Statistical analysis is reported in the figure (** p < 0.005,
*** and ### p < 0.0005). Between experimental times in the same material: c-
Co *** 3 days vs. 14 days; c-Sr *** 7 days vs. 3 and 14 days. Among experi-
mental materials in the same experimental time: 7 days###: c-Sr vs. c-Mn, c-Co
and c-Ca.

Fig. 14. Statistical analysis is reported in the figure *** and ### p < 0.0005). Between experimental time in the same material VEGF: c-Mn *** 3 days vs. 7 and 14
days; c-Co *** 3 days vs. 14 days and 7 days vs. 14 days; c-Sr *** 3 days vs. 14 days and 7 days vs. 14 days; c-Ca *** 3 days vs. 14 days and 7 days vs. 14 days; vWF:c-
Mn *** 14 days vs 7 and 3 days; c-Ca *** 3 days vs 14 days. Among experimental materials in the same experimental time VEGF: 3 days ### c-Mn, c-Co and c-Sr vs c-
Ca and ### c-Mn and c-Sr vs c-Co; 7 days ### c-Mn vs. c-Co, c-Sr and c-Ca; 14 days### c-Mn vs. c-Co, c-Sr and c-Ca; vWF: 3 days: c-Co vs c-Mn (#: p < 0.05) and C–Sr
and c-Ca vs c-Mn (###: p < 0.0005); 7 days: c-Co vs c-Mn (#: p < 0.05) and C–Sr and c-Ca vs c-Mn (###: p < 0.0005); 14 days: c-Co, C–Sr and C–Ca vs c-Mn (###:
p < 0.0005).
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