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A B S T R A C T

This work investigated the range of substitution of two biologically relevant ions, namely Mn2+ and Co2+, into
the structure of β-tricalcium phosphate, as well as their influence on bone cells response. To this aim, β-TCP was
synthesized by solid state reaction in the presence of increasing amount of the substituent ions. The results of the
X-ray diffraction analysis reveal that just limited amounts of these ions can enter into the β-TCP structure: 15 at%
and 20 at% for cobalt and manganese, respectively. Substitution provokes aggregation of the micrometric par-
ticles and reduction of the lattice constants. In particular, the dimension of the c-parameter exhibits a discon-
tinuity at about 10 at% for both cations, although with different trend. Moreover, Rietveld refinement
demonstrates a clear preference of both manganese and cobalt for the octahedral site (V). The influence of these
ions on cell response was tested on osteoblast, osteoclast and endothelial cells. The results indicate that the
presence of manganese promotes a good osteoblast viability, significantly enhances the expression of osteoblast
key genes and the angiogenic process of endothelial cells, while inhibiting osteoclast resorption. At variance,
osteoblast viability appears reduced in the presence of Co samples, on which osteoblast genes reach higher
expression than on β-TCP just in a few cases. On the other hand, the results clearly show that cobalt significantly
stimulates the angiogenic process and inhibits osteoclast resorption.

1. Introduction

The possibility of calcium orthophosphates (CaPs) to support ionic
substitution depends on several factors, such as the difference in the
dimensions of ionic radii, charge and electronegativity, between the
substituted and the substituent element. Moreover, an important role is
played by the structure flexibility of the CaP [1,2], which can allow
substitution in the whole range of composition, or just in a limited
amount. X-ray diffraction analysis is the election technique to discrim-
inate between simple ion doping and ionic substitution, which provokes
structural modifications and influences the chemistry, the morphology
and the biological properties of the host calcium phosphate [2–7]. CaPs
are of great interest as components of biomaterials for the repair and
substitution of damaged hard tissues, and ionic substitution can indeed
improve their biological performance [8–14]. Among CaPs, β-tricalcium
phosphate (Ca3(PO4)2, β-TCP) is osteoconductive and osteoinductive,

and the amount of its applications as bone graft is second only to those of
hydroxyapatite (HA) [15]. The rhombohedral cell of β-TCP (space group
R3c) contains 21 formula units. Ca atoms are distributed in five different
sites: three Ca sites are on general positions with a multiplicity of 18 (Ca
(I), Ca(II) and Ca(III)), whereas Ca(IV) and Ca(V) are on special positions
with multiplicity reduced to 6. Furthermore, just half of the Ca(IV) sites
are occupied [16–18]. Recent studies based on atomistic simulations
revealed that β-TCP properties could depend on the possible ordering of
Ca(IV) site occupancy [19]. Two of the three crystallographic indepen-
dent phosphorus atoms, namely P(II) and P(III), are on general positions,
whereas P(I) is on a special position. Several divalent cations can replace
calcium in the structure of β-TCP [5,10,15,20]. Cations smaller than
calcium, such as Mg2+ and Zn2+, usually exhibit a structural preference
for Ca(V); on the other hand, bigger cations, such as Sr2+, prefer
different sites and can reach much larger values of substitution [10,15,
18].
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Herein, we report the results of a study on the incorporation of Co2+

and Mn2+ into the structure of β-TCP. Cobalt is an essential trace
element, which plays a role as cofactor of many metalloproteins, and has
been reported to promote angiogenesis and osteogenesis [21–24].
Manganese is an essential micronutrient involved in the formation of
bone; it displays antioxidant properties and it acts as cofactor for several
enzymes [10,25]. Moreover, both Co2+ and Mn2+ have been shown to
play a beneficial role on bone cells when associated to CaPs [21, 25–32].
β-TCP doped with cobalt, as well as with manganese, was investigated
by many Authors [10, 27, 32–37]. However, just a few studies
discriminate between doping and ionic substitution on the basis of
structural modifications [35–37]. Ionic substitution implies regular
substitution of an ion of the host structure (Ca in the present case) with a
different ion (Co or Mn). At variance, ion doping is not associated with a
regular substitution, and the doping ion can be just adsorbed on the host
structure [2].

No definitive data on the range of possible incorporation of these
ions into the structure of β-TCP has been reported up to now, and the
influence of the substitution on structural details has not been clarified.
Again, most studies focus on materials prepared by precipitation fol-
lowed by heat treatment and report just the amount of foreign ion in
solution, but not in the solid phase.

In this work, we prepared Co and Mn substituted β-TCP through solid
state reaction at high temperature [15,16,20] with the aim to investigate
the range of possible substitution and the structural modifications
induced by the incorporation of the foreign ions, as well as their influ-
ence on cell response.

As cobalt and manganese in doped β-TCP are known to positively
influence the bone biology, as reported above, it is essential to evaluate
how these innovative materials (Co and Mn substituted β-TCP) interact
with osteoblasts, osteoclasts and endothelial cells. In this study we first
focused on osteoblasts, seeded in direct contact with the materials and
evaluated in term of viability and expression of their most important
genes. Secondly, we wanted to observe how material-conditioned pre-
osteoblasts changed the microenvironment and consequently influenced
other cell types. For this reason, the supernatants of these cultures were
also used to indirectly evaluate the role of Co and Mn substituted β-TCP
on the osteoclast activity (by bone resorption pit assay) and endothelial
cells (by tubule formation assay).

2. Materials and methods

2.1. Materials synthesis

Dicalcium phosphate dihydrate (DCPD, CaHPO4⋅2 H2O) was syn-
thesized using 600 ml of a phosphate solution containing 0.08 mol of
Na2HPO4•12 H2O and 0.08 mol of NaH2PO4•H2O, pH 4 adjusted with
CH3COOH. The solution was heated at 37 ◦C, afterwards 200 ml of so-
lution containing 0.16 mol of Ca(CH3COO)2H2O was added drop-wise
over a period of about 60 min, under stirring. the precipitate was
stored in contact with the mother solution for 10 min, filtered, repeat-
edly washed with bidistilled water and dried at 37 ◦C.

β-TCP was obtained by solid state reaction of a mixture of CaCO3 and
freshly prepared DCPD that were carefully ground together in the molar
ratio of 1:2, then kept at 1000◦C for 10 h.

For the preparation of Mn-substituted β-TCP, α-Mn3(PO4)2 was ob-
tained by solid state reaction of a mixture of MnCO3 and NH4H2PO4 in
the molar ratio of 3:2 at 1000 ◦C for 12 h. Mn-substituted β-TCP samples,
with a Mn content 1 2, 5, 10, 20, 25 mol% (calculated on total cations
Ca+Mn), were prepared by heat treatment of appropriate stoichiometric
mixtures of β-TCP and α-Mn3(PO4)2 at 1200◦ C for 12 h. Samples were
labeled Mn1, Mn2, Mn5, Mn10, Mn20 and Mn25, respectively.

For the preparation of Co-substituted β-TCP, α-Co3(PO4)2 was ob-
tained by solid state reaction of a mixture of 2CoCO3•3Co(OH)2•10H2O
and NH4H2PO4 in the molar ratio of 3:10 at 1000◦C for 12 h.

Co-substituted β-TCP samples, with a Co content 1, 2, 5, 10, 15,

20 mol% (calculated on total cations Ca+Co), were prepared by heat
treatment of appropriate stoichiometric mixtures of β-TCP and
α-Co3(PO4)2 at 1200◦C for 12 h. Samples were labeled Co1, Co2, Co5,
Co10, Co15 and Co20, respectively.

For both Co- and Mn-substituted β-TCP, the temperature of 1200◦C,
higher than the α→β transition in pure β-TCP (1125 ◦C) was necessary
due to the presence of the substituting ion [38].

2.2. Physico-chemical characterization of materials

X-ray diffraction (XRD) measurements were performed using an
X’PertPro diffractometer (PANalytical, Almelo, The Netherlands)
equipped with a solid-state X’Celerator detector and a copper X-ray
source (X-ray wavelength = 0.15418 nm). Data scans were collected
with divergence and anti-scatter slits of 1◦, moving in 0.05◦ steps, at a
rate of 40 s/step for qualitative measurements and with ½◦ slits, moving
0.0131◦ steps and collecting for 180 s/step for structural investigations.

In vitro tests were performed on disk-shaped samples (∅ = 6.0 mm).
Each disk was prepared by pressing 40 mg of powder into cylindrical
molds using a standard evacuable pellet die (Hellma Italia Srl, Milano,
Italy) and sterilized using gamma rays (Cobalt-60) at a dose of 25 kGy.

Morphological investigation of the as-synthesized crystals and the
disk-shaped samples surface was performed using a Zeiss Leo-1530
(Zeiss Microscopy, Milano, Italy) high resolution scanning electron mi-
croscope (SEM) operating at 5 kV (SE detector). The samples were
sputter-coated with gold before observation.

Release of Mn or Co from disk-shaped samples in cell growth medium
(detailed in Cell cultures paragraph) was measured up to 14 days by
Agilent 4210 (Agilent, Santa Clara, CA, USA) Molecular Plasma-Atomic
Emission Spectroscopy (MP-AES). Manganese line at 403.307 and cobalt
line at 350.228 nm were used. The volume of the release solution uti-
lized for each disk-shaped sample was 1 ml. Results from this analysis
represent the mean value of three different determinations.

2.3. Biological tests

Biological tests were performed on Mn- and Co-substituted β-TCP
disk-shaped samples with low amount of substitution: 1, 2 and 5 mol%.

2.3.1. Cell cultures
The biomaterials were tested with mouse calvarial preosteoblast

MC3T3-E1 Subclone 4 cell line (American Type Culture Collection
(ATCC) CRL-2593). Cells were cultured in αMEM, nucleosides, no
ascorbic acid (GIBCO™, ThermoFisher Scientific, Waltham, MA, USA)
supplemented with 10 % fetal bovine serum (FBS, Lonza, Verviers,
Belgium), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco, Life
Technologies, Carlsbad, CA) and expanded in standard conditions at
37 ◦C in a humidified 95 %air/5 %CO2 atmosphere. Before cell seeding
the materials were placed in 24-wells plates and preconditioned for two
hours with growth medium. MC3T3 were then counted and seeded on
the material upper surface at the density of 5×104 cells/cm2 for 24 hrs,
2×104 cells/cm2 for 7 and 14 days in differentiating medium: αMEM
added with 50 μg/ml ascorbic acid and 10 mM β glycerophosphate
(Sigma Aldrich, St. Louis, MO, USA). The same cell number was seeded
directly on the bottom well to have an internal control of the cultures.

At each timepoint the supernatants were harvested in sterile condi-
tions and centrifuged to eliminate residual powder released by the
materials. These conditioned media were kept at − 80 ◦C until the per-
forming of the next assays.

2.3.2. Cell viability
Cell viability was quantified after 1, 7 and 14 days. Alamar Blue™

dye (Invitrogen, Life Technologies Corporation, EUGENE, OR, USA) was
added 1:10 v/v in culture medium and incubated for 4 h at 37 ◦C. This
non-toxic reagent allows us to evaluate the cell activity on the same
culture at different endpoints by the chemical reduction of its main
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oxidized blue compound (resazurin), which turns towards the purple
color in the mitochondria of living cells. The fluorescent product was
quantified by a Micro Plate reader (VICTOR X2030, Perkin Elmer,
Milano, Italy) at 530 ex–590 em nm wavelengths and expressed as
relative fluorescence units (RFU).

2.3.3. Gene expression analysis
Gene expression of the most common markers of osteoblast activity

was evaluated after all culture timepoints by Real-Time semi-
quantitative PCR. Total RNA was extracted using Trizol® reagent
(AMBION by Life Technologies, Carlsbad, CA, USA) and Chloroform
(Sigma Aldrich) until harvesting the aqueous phase. The procedure was
completed using the commercial PureLinkTM RNeasy Mini Kit
(AMBION). The obtained RNA was then quantified by a NanoDrop
spectrophotometer (Thermo Fisher Scientific) and reverse transcribed
with SuperScriptVILO cDNA Synthesis Kit (Life Technologies) following
the manufacturer’s instructions, in a Thermal Cycler (ThermoCycler
2720, Applied Biosystem by Life Technologies, Monza, Italy). The ob-
tained cDNA of each sample was diluted to the final concentration of
5 ng/μl and 10 ng were tested in duplicate for each sample. Gene
expression was evaluated with semi-quantitative Real-Time PCR anal-
ysis using a QuantiTect SYBR Green PCR Kit (Qiagen GmbH, Hilden,
Germany) in a LightCycler 2.0 Instrument (Roche Diagnostics GmbH,
Manheim, Germany). The protocol included a denaturation cycle at 95
◦C for 15 min, 25–40 cycles of amplification (95 ◦C for 15 sec, an
appropriate annealing temperature for each target for 20 sec, and 72◦C
for 20 sec), and a melting curve analysis to check for amplicon speci-
ficity. The primers used to evaluate gene expression are detailed in
Table S1. The threshold cycle was determined for each sample and used
to calculate relative expression by applying the Livak method (2-ΔΔCt),
with GAPDH as reference gene and TCP sample as calibrator [39].

2.3.4. Tubule formation assay
An in vitro tube formation assay was performed to observe the effect

of Co (1,2,5), Mn (1,2,5), and β-TCP scaffolds on the angiogenic process
of human umbilical vein endothelial cells (HUVEC; CRL-4053), which
were purchased from ATCC and cultured in Vascular Cell Basal Medium
(ATCC PCS-100–030) supplemented with Endothelial Cell Growth Kit
(ATCC PCS-110–041), 100 U/ml penicillin and 100 μg/ml streptomycin.
Briefly, a 96-well plate (Corning, Bedford, MA) was coated with Matri-
gel®matrix (Corning, Bedford, MA) and allowed to fully gel at 37 ◦C for
1 hr. HUVECs cells were seeded at a density of 30.000 cells/well on the
Matrigel matrix in presence of 50 % of the conditioned media from
MC3T3 cells treated with Mn or Co-substituted β-TCP and 50 % of
Vascular Cell Basal Medium, maintained in culture at 37 ◦C in a hu-
midified 95 %air/5 %CO2 atmosphere for 6 hrs. The images were
captured with Nikon Eclipse Ti microscope (Japan). Five fields were
photographed randomly for each group, ImageJ software (http:/rsbweb.
nih.gov.ij) was used to quantify branches number and total branching
length which are representative of the angiogenic process in HUVECs.

2.3.5. Bone resorption pit assay
Bone resorption assay, carried out to observe the influence of the

conditioned media on the osteoclastic activity, was performed as pre-
viously described [40], with little differences following described.
Raw264.7 cells were seeded at a density of 5×104 cells/ml in 96-well
plates on organic bone slices (Nordic Bioscience A/S). Bone slices orig-
inated from femoral cortical bone from cows and had a diameter of
approximately 6 mm and a thickness of 0.2 mm. Raw264.7 cells seeded
on bone slices were cultured in standard osteoclastic medium (OM)
containing 25 ng/ml hrRANKL (positive control), in basal medium (BM)
without hrRANKL (negative control) or in a mixture containing
hrRANKL and conditioned medium (50 % osteoclastic medium / 50 %
conditioned medium from MC3T3 treated with Mn or Co-substituted
β-TCP).

The dentine discs, after 6 days of culture, were rinsed with 70 %

sodium hypochlorite for 5 min and fixed in 4 % glutaraldehyde for
3 min. The resorption pits were stained using 1 % toluidine blue and
observed with a light microscope (Leica DM2500 Microsystems, Ger-
many) at a 10x magnification. Three fields of each dentin disc for each
experimental point were scored in three independent experiments. The
number of the pits was calculated by NIH imageJ software analysis; the
results are expressed as the mean of dentine resorption pits number of
eight observed fields.

2.3.6. 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 followed by
Dunnett’s test to detect the significant differences among materials and
β-TCP at each timepoint, while Holm-Sidak’s test was performed to
detect the significant differences among experimental times for the same
material.

3. Results and discussion

3.1. Materials synthesis and characterization

The reaction between CaCO3 and CaHPO42 H2O at 1000◦C yields
β-TCP as unique crystalline phase, as results from the powder XRD
pattern reported in Fig. 1. The analysis of the XRD patterns of the
products synthesized in the presence of increasing amounts of Co2+ and
Mn2+ (Fig. 1) reveals that the presence of the foreign ions allows to get
β-TCP as a single crystalline phase just in limited ranges of composition.
The patterns of the products synthesized in the presence of cobalt ion
show the presence of a unique crystalline phase up to a Co2+ content of
15 at%, whereas the maximum Mn2+ content which yields a sole crys-
talline phase is 20 at%. These results are in good agreement with liter-
ature data [38, 41–44], in particular the limits are close to those
reported by Nord [44] with minor variation due to the different exper-
imental procedures. In both cases, the XRD patterns show a shift of the
peaks towards higher angles as the foreign ion content increases, as
clearly shown in the insets of Fig. 1. This is in agreement with a
reduction of the unit cell due to the substitution of calcium (ionic radius
0.100 nm) with smaller ions (Co: 0.075 nm; Mn: 0.083 nm. The values of
the lattice constants reported in Table S2 indeed confirm a significant
reduction of the lattice constants on increasing Co2+ and Mn2+ contents.

Moreover, the plots of the lattice parameters reported in Fig. 2 allow
to appreciate a further interesting detail of the lattice constants of Co-
substituted βTCP: at variance with the variation of the a-axis dimen-
sion, which decreases almost linearly up to 15 at%, the variation of c-
axis dimension shows a reversal at about 10 at%, so that its value at
15 at% is significantly higher. A similar behavior was previously
observed for the substitution of magnesium ion into βTCP structure [45,
46]. The discontinuity in the c-axis variation as a function of magnesium
content was found to coincide with Mg full occupancy of M(V) site and
the beginning of occupancy of M(IV) site [45]. The substitution of about
10 at% is a peculiar one also in the case of Mn2+, which exhibits a
discontinuity in the variation of the c-axis dimension, as shown in Fig. 2.

Scanning electron microscopy images of the samples synthesized in
absence of foreign ions show the characteristic morphology of β-TCP
synthesized at high temperature: aggregates of micrometric particles are
characterized by rounded edges (Figure S1). The increasing presence of
Co provokes further aggregation of the particles, most of which appear
melted together. The tendency to aggregation and melting is even more
evident in the materials synthesized in the presence of Mn, which causes
also a sharpening of the crystal edges. A similar behavior was previously
reported for ion-substituted calcium phosphate crystals [38].

3.1.1. Structural analysis
Detailed structural features were scouted by XRD profile fittings of
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Fig. 1. XRD patterns of samples with increasing cobalt and manganese content. Asterisks highlight peaks not belonging to β-TCP crystal phase. The inset highlights
the shift of the 2 2 0 peak.

Fig. 2. Plots of the cell parameters of Co/Mn-substituted β-TCP.
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samples Co5, Co15, Mn5 and Mn20, with Rietveld method. The rhom-
bohedral β-TCP structure, reported by Dickens et al. [47], was used as
starting model. Cobalt or manganese atoms were added as calcium
substitutes in the same positions, with the following constraint of the
occupation factors (OF): OFCa + OFM = 1 for sites I, II, III, V and OFCa +
OFM = 0.5 for site IV (M = Co or Mn respectively). Because of the cor-
relation between OF and thermal parameters, OF were fixed at the
values reported in the literature [47] but an overall thermal parameter
was used as variable. No constraint was imposed on the overall cobalt or
manganese content, which in the final cycles resulted slightly higher
than the amounts utilized in the syntheses. However, the values of
content are within 3 times e.s.d. for Co15 and Mn20 samples. The higher
discrepancies observed in samples at low cobalt/manganese content can
be ascribed to the small difference between the scattering powers of
these metals and that of calcium: the application of Rietveld method in
these conditions can be considered an extreme case. The distribution of
metals over the five sites is reported in Table 1.

All the samples show that the substituting ion strongly prefers site M
(V), due to the shorter and more homogeneous metal-oxygen distances,
which together with hexagonal coordination, make this site more suit-
able than the other ones for the small Co2+ and Mn2+ ions. In agreement
with the lattice constants variations (Fig. 2), the variation of the M-O
bond distances for the different samples reported in Fig. 3 shows that Mn
substitution causes a smaller reduction than Co, in agreement with its
larger ionic radius.

In the samples with the highest concentration of cobalt and man-
ganese, Co15 and Mn20, the foreign ions are distributed also in sites M
(III) and M(IV), but their presence remains scarcely appreciable in sites
M(I) and M(II). The comparison of the results with the literature data of
β -TCP substituted with other cations smaller than calcium, reveals that
the behavior of cobalt and manganese at low concentration is more
similar to that of zinc, which at low substitution rates substitutes at site
M(V) [48,49], than to that of magnesium, which spreads over sites M
(IV) and M(V) [45]. On the other hand, at relatively high concentration
site (V) is completely filled both in cobalt and in manganese, as it has
been reported for Mg [45]. The substitution with manganese reaches
values higher than for cobalt and magnesium, likely because of the
contribution of filling site III. The final Rietveld plots reported in Fig. 4
and S2 confirm an overall good agreement and the absence of any sec-
ondary crystal phase.

3.2. Cellular tests

3.2.1. Cell viability and gene expression analysis
In vitro tests were carried out on disk-shaped samples of β-TCP -

considered as reference material - and β-TCP partially modified by the
presence of Co or Mn ions at concentrations ranging from 1 to 5 at%.
Biological tests were limited to relatively low concentration of foreign
ions based on the results reported in the literature on similar materials
[29–33]. SEM investigation shows that the surfaces of the disk-shaped
samples do not exhibit relevant morphological differences (Figure S3).

The materials were analyzed as 2 distinct groups (Co and Mn

samples). The different calcium phosphates are designed for the regen-
eration or replacement of bone tissue [14], and the performed biological
assays were primarily aimed to evaluate the ability of these materials to
stimulate the osteoblasts activity. The presence of Co in bioceramic
scaffolds was previously reported to stimulate angiogenesis in vitro,
while the addition of Mn was found useful for inhibiting the activity of
osteoclasts, whereas both ions promote bone regeneration [29,31,32].

Herein, at first it was evaluated the viability of osteoblasts seeded on
the samples. Alamar blue test highlighted a different behavior among
the groups of materials: Mn samples showed a significant increase over
time, except Mn5, which after 14 days showed just a weak decrease
(Figure S4a), whereas Co samples showed an increase at 7 days followed
by a relevant decrease at 14 days (Figure S4b). β-TCP always showed the
highest levels of cell viability and a natural decrease over time due to the
hyper-confluence, thus suggesting that the difference of behavior
emerging by functionalized materials are ascribable to the presence of
Mn or Co. These results agree with the findings of Torres, which
observed a regular increase of MC3T3 viability when cultured in pres-
ence of Mn-doped β-TCP powders until 14 days of culture [35]. Using
SaOS-2 treated with Co2+ and Cr3+ ions, Andrews reported a decrease in
cell viability at a concentration above 100 μM [50]. Similarly, Fleury
et al. observed analogous effects on MG-63 when cultured with Co2+ and
Cr3+ ions [51]. One of the most common mechanisms underlying
cytotoxicity is oxidative stress, mediated by an excess of reactive oxygen
species (ROS). Cobalt has been proven to induce an oxidized state of
proteins in osteoblasts, in a concentration-dependent manner, thus
decreasing cell number and viability. Oxidative stress stimulates cellular

Table 1
Occupation factors and cation content from Rietveld refinements. (e.s.d. in parentheses).

Site Multiplicity Co5 O.F. Co15 O.F. Mn5 O.F. Mn20 O.F. Mean Ca-O§

M(I) 18 0 0 0 0.070(5) 2.44 8
M(II) 18 0 0.043(7) 0 0.054(5) 2.49 8
M(III) 18 0 0.102(7) 0 0.246(5) 2.54 8
M(IV) 6 0.08(1) 0.20(1) 0.07(1) 0.195(8) 2.79 6
M(V) 6 0.693(5) 1.000(8) .624(4) 0.950(7) 2.26 6
Co or Mn in unit cell 4.6(1) 9.8(4) 4.16(8) 13.5(4)
Co or Mn atom %* 7.3(2) 15.6(6) 6.6(1) 21.3(6)
Rwp 3.4 2.7 4.8 5.1

* Calculated on the overall cations
§ Mean Ca-O distance in β -TCP and coordination number [47]

Fig. 3. Mean bond distances (horizontal bar) and distribution range of the M-O
distances (vertical bar) in the different metal sites.
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defenses in term of antioxidant enzymes such as catalase, glutathione
peroxidase, and heme oxygenase-1: the presence of the cobalt ion tends
to induce the expression of these enzymes in a dose-dependent manner.
Overall, however, this response is not sufficient to balance the negative
effects of the oxidized state [51]. Conversely, Mn ion is known to be
cofactor of antioxidant enzymes, for instance superoxide dismutase, and
it plays a pivotal role in inhibiting oxidative stress [52]. This aspect is
certainly crucial to understanding the divergent results between Co and
Mn obtained in the cell viability assay.

Our model, based on the direct contact between cells and the solid
materials, probably makes even more pronounced the differences
among the materials in comparison with what observed in other models
described in literature, often based on the use of extracts or powders.

In order to better understand the role of the β-TCP modifications on
osteoblasts activity, the expression of some key genes was investigated.
RUNX family transcription factor 2 (Runx2) is known to enhance the
proliferation of osteoblast progenitors and regulate the expression of
some bone protein genes, including alkaline phosphatase (Alpl),
Collagen I (Col1a1) and bone gamma carboxyglutamate protein (Bglap),
also named osteocalcin [53–55]. All Mn samples showed increasing
levels of Runx2 over time, even if with different timing and not always
significantly, while Co1 and Co5 reached values significantly higher
than β-TCP at 2 weeks (Fig. 5a).

The expression of Alpl (gene encoding for the enzyme that catalyze
the hydrolysis of phosphomonoesters into inorganic phosphates, crucial
for bone maturation) partially reflected what observed about Runx2: the
values of Mn1 and Mn5 were significantly higher than β-TCP already
after 24 hrs of culture, confirming this behavior after 14 days (Fig. 5b).
Col1a1 (gene encoding for the most abundant protein in bone matrix)
showed a regular upward trend over time, reaching values much higher
than β-TCP at 14 days, especially from the most Mn-rich material
(Fig. 5c). The early phase of preosteoblast differentiation seemed thus
completed in 2 weeks. Consistently, Bglap (gene encoding a protein
required for the alignment of apatite crystals parallel to collagen fibers)
being a late marker of differentiation, showed an increase onMn1 after 7
days and a more pronounced increase on Mn5 after 14 days (Fig. 5d),
thus confirming the relevant osteogenic stimulus provided by the
highest Mn content. [25,52,54].

Runx2 expressed by osteoblasts seeded on Co-substituted β-TCP
showed a less regular trend than theMn group and, although it increased
at 2 weeks, always showed lower values than the reference material
(Fig. 5e). The expression of Alpl (Fig. 5f) was partially similar to what
observed for Runx2: a decrease after 7 days, followed by recovery after a
further 7 days. Only Co1, however, exceeded the β-TCP value at 2 weeks.
Interestingly, Col1a1 (Fig. 5g) moved as Alpl and Runx2 regarding to
fluctuations over time, but after 2 weeks of culture all Co-substituted
β-TCP showed significantly higher values than β-TCP, and Co5

enhanced more strongly the expression of Col1a1 than Alpl. The
expression of Bglap, on the other hand, was always close to zero
(Fig. 5h). The whole data of molecular biology inherent the Co group
suggests that this β-TCP modification provides only a slight improve-
ment in terms of osteogenesis. Similarly to what observed for viability
assay, also the osteoblast activity seemed differently influenced by the
two ions. Oxidative stress plays a role in inhibiting osteoblast activity,
while superoxide dismutase, by neutralizing ROS formation, is useful in
restoring regular activity of this cell type, such as mineralization. Also in
this case Mn shows an essential biological role as part of antioxidant
enzymes and thus as osteogenesis enhancer [52]. Li J. et al. demon-
strated also the involvement of Mn-bioceramics in scavenging ROS
through activation of the Nrf2 signaling pathway [32].

To extend the investigations to other functions of Mn and Co, the
expression of vascular endothelial growth factor (VEGFA) was observed.
This gene was significantly more expressed by Mn2 and Mn5 than β-TCP
after 14 days, as result of a regular increase over time (Fig. 6a). Even
more interesting, Co samples showed an expression of VEGFA much
higher than β-TCP: at 7 days Co1 and Co2 showed a significant increase
on comparison to the previous timepoint, with values higher than β-TCP,
further exceeded by Co5 at 14d (Fig. 6b).

3.2.2. Tube formation assay
An in vitro tube formation assay was performed to evaluate the

angiogenic properties of the supernatant derived from direct contact of
Mn (1, 2, 5) and Co (1, 2, 5) substituted β-TCP with MC3T3-E1 pre-
osteoblast after 1, 7 and 14 days (Figure S5).

The quantitative analysis of the number of branches and the total
length of the branches, as shown in Fig. 6 (c-f), revealed that overall the
HUVECs cells were stimulated by the presence of Mn or Co.

All supernatants of Mn samples collected from MC3T3 cultures after
14 days had a significant effect on the angiogenic behavior of HUVEC
cells when exposed to the supernatants for 6 hrs, as shown in Fig. 6 (c,e).
This finding is supported by the literature, which highlights the influ-
ence of transition metal elements, such as Mn, Fe and Co, on important
biological functions, such as osteogenesis and angiogenesis [56,57]. In
particular, Han J et al. clarified the mechanism of action of manganese,
as Mn has a significant modulatory effect on the HIF-1 signaling
pathway, reducing HIF-1α degradation, thus increasing its intracellular
levels, through inhibition of HIF-prolyl hydroxylase, resulting in
increased VEGF production [58]. Likely, this accounts for the increased
VEGF production in MC3T3, from which the conditioned medium used
to treat HUVEC cells in the tube formation assay is derived, and their
rearrangement to form tubules.

Similar pro-angiogenic behavior is also observed with Co-substituted
β-TCP, as shown in Fig. 6 (d,f). At variance with the effects of Mn su-
pernatants, however, the most significant results were obtained when

Fig. 4. Comparison of the observed (blue) and calculated (red) patterns of Co15 and Mn20. At the bottom reflection markers and difference curve are displayed.
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Fig. 5. Gene expression of common markers of osteoblast differentiation Runx2, Alpl, Col1a1, Bglap after 1, 7 and 14 days of MC3-T3 culture on β-TCP-Mn substituted
(a, b, c, d) and Co-substituted (e, f, g, h). (Mean ± SD, 4 replicates). The results are normalized to Gapdh and expressed as fold change relative to the reference group
(β-TCP) considered as 1. Statistical analysis is reported in the graphs. Dunnet’s test (#, p<0.05, ##, p<0.005, ###, p<0.001): each material versus control (TCP) at
each timepoint. Holm-Sidaks test (*, p<0.05, **, p<0.005, ***, p<0.001): comparison among experimental time for the same material.
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HUVEC were treated with Co2 and Co5 supernatants. In particular,
HUVEC cells showed a significant ability to sprout and self-organize into
branched nodes and circles, forming continuous tubular networks, after
6 hours in culture with the supernatant from MC3T3 cells cultured with
Co2 for 7 days. Instead, Co5 supernatant showed a significant effect
when recovered from MC3T3 cells cultured with Co5-substituted β-TCP
for 14 days.

As reported in literature, cobalt induces a hypoxia-mimicking

microenvironment and positively affects the expression of Vegfa [59],
in cells via the stabilization of hypoxia-inducible factor 1-α (HIF-1α)
protein levels [60], which stimulates migration, proliferation and for-
mation of tubular structures in HUVEC cells. This mechanism explains
what is likely to happen to MC3T3 cells when they are cultured on
Co-substituted β-TCP and the angiogenic effect that the conditioned
media harvested from these cultures have on HUVEC cells.

Fig. 6. In vitro angiogenic properties of materials. Vegfa expression after 1, 7 and 14 days of MC3T3 culture on β-TCP-Mn substituted (a) and Co-substituted (b).
(Mean±SD, 4 replicates). The results are normalized to Gapdh and expressed as fold change relative to the reference group (β-TCP) considered as 1. Number (c, e) and
total length (d, f) of branches resulting from HUVEC organization in presence of Mn or Co conditioned supernatants. The results are expressed as Mean ± SD of six
observed fields. Statistical analysis is reported in the graph. Dunnet’s test (#, p<0.05, ##, p<0.005, ###, p<0.001): each material versus control (TCP) at each
timepoint. Holm-Sidaks test (***, p<0.001): comparison among experimental time for the same material.
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3.2.3. Bone resorption activity
Bone remodeling is guaranteed by a dynamic balance regulated by

bone-forming cells, osteoblasts, and bone-resorbing cells, osteoclasts;
alterations in these mechanisms are responsible for a series of bone
diseases.

It is interesting to evidence that Mn ions have been noticed in bone
regeneration not only for their ability to sustain osteogenic differentia-
tion, but also to inhibit osteoclastogenesis and bone resorptive functions
by reducing the expression of osteoclast-specific differentiation markers
[32,61,62]. In order to investigate the effects induced by Mn-substituted
β-TCP on osteoclast bone resorption activity, we have exploited the
ability of osteoclasts to leave “pits” after bone matrix resorption by
performing Pit Assay. After co-culture of osteoclasts with the condi-
tioned medium obtained fromMC3T3 cells treated with Mn samples, the
number of resorption pits was scored microscopically (Figure S6).

As shown in Fig. 7a, the conditioned medium from β-TCP did not
have an inhibitory effect on the osteoclastic differentiation; the mature
OCs have eroded dentins as evidenced by the high number of lacunae,
with the highest values at 14 days. Instead, bone resorption activity was
negatively affected when osteoclasts were co-cultured with the condi-
tioned medium from Mn-substituted β-TCP. The results were similar for
the different Mn concentrations, although Mn2 had the greatest inhib-
itory effect at all three times analyzed.

Patntirapong S. et al. demonstrated that the accumulation of Co in
the bone mineral may have an effect on osteolysis through the increasing
of both osteoclast differentiation and resorptive function. To test this,
the authors delivered micromolar concentrations of Co to developing
osteoclast precursors and reported that soluble Co induced directly
resorption [63]. Notably, the authors reported that low doses of Co
appeared to stimulate osteoclast resorptive activity, while the effects
induced by higher doses needed to be better investigated. Likewise,
Co-containing calcium phosphate promoted resorption of bio-
mineralized collagen by osteoclasts [64]. In this study, we observed a
reduced effect on osteoclast bone resorption activity of the conditioned
medium from MC3T3 treated with Co samples, compared to β-TCP;
however, when osteoclast precursors were treated with the conditioned
medium from MC3T3 cultured on Co1, the number of pits increased
between 1 and 7 days of culture and reached values similar to βTCP,
although no significant difference was observed between these materials
(Fig. 7b).

Looking at the above results, it is evident that all Mn-substituted-
β-TCP samples, quite similarly, were able to preserve a good osteo-
blast viability significantly improving osteogenic and angiogenic stim-
uli, as well as demonstrating a role in inhibiting bone resorption by
osteoclasts. At variance, in the presence of Co osteoblasts viability could
be partially compromised. Nevertheless, a partial osteogenic stimulus

(in terms of Alpl and Col1a1 expression) was observed at the longest
timepoint, angiogenic triggering was appreciable for Co2 and Co5, and
osteoclast inhibition appeared preserved.

This different behavior could be related to the ionic release in cell
growth medium reported in Figure S7. Mn1 and Mn2 release just a small
percentage of manganese, whereas Mn release fromMn5 into the culture
medium shows a “boost release” over time.

This phenomenon could be due to the peculiar characteristics of the
most Mn-rich βTCP, but also to the interaction between material and
cells, which could accelerate the degradation of the material and the
consequent ionic release [32]. Conversely, the release of Co, which is
quantitatively similar to Mn at the lowest concentration, but signifi-
cantly lower from Co5 than from Mn5, elicited less effective biological
responses and a decline in cell viability over time.

The above reported results suggest that modulation of Mn and Co
substitution in the structure of β-TCP can be utilized to reach an excel-
lent osteoinductivity.

4. Conclusions

The results of this work indicate that Co2+ and Mn2+ can substitute
calcium in the structure of β-TCP up to a maximum amount of 15 and
20 at%, respectively. Introduction of both the foreign ions provokes a
reduction of the unit cell, more evident in the case of the smaller cobalt
ion. The variation of the dimensions of the lattice constants is linear for
the a-axis, whereas the dimensions of the c-axis show a discontinuity at
about 10 at%, as previously reported for Mg ion [45]. Detailed power
pattern refinements reveal that both cobalt and manganese exhibit a
clear preference for the octahedral site (V) This site is almost the only
occupied one at low ionic substitution and is completely filled in Co15
and Mn20 samples.

The results of cellular tests carried out on Mn-substituted-β-TCP and
Co-substituted- β-TCP at relatively low degree of substitution reveal a
different influence of the two ions on cell response. Mn samples show a
good osteoblast viability, significant osteogenic and angiogenic prop-
erties, and an inhibiting effect on osteoclast bone resorption. The pres-
ence of Co significantly reduces osteoblasts viability in comparison to
that of β-TCP and provokes amodest osteogenic improvement. However,
all Co samples inhibit osteoclast bone resorption, whereas Co2 and Co5
exhibit good angiogenic properties.
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