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Abstract
This work evaluates the effects of manganese (Mn) doping on the morpho-structural features, mechanical performance, and 
in vitro biological response of beta-tricalcium phosphate (β-TCP) derived bioceramics for bone tissue engineering applica-
tions. Five different Mn doping levels (i.e., 0.01%, 0.05%, 0.1%, 0.5%, and 1 wt.%) were investigated, with the β-TCP-based 
bioceramics being sintered at four temperatures (i.e., 1000, 1100, 1200, and 1300 °C). A densification improvement was 
induced when using Mn in excess of 0.05 wt.%; the densification remained stationary in the sintering temperature range 
of 1200 − 1300 °C. The structural analyses evidenced that all samples sintered at 1000 and 1100 °C were composed of 
β-TCP as major phase and hydroxyapatite (HA) as a minor constituent (~ 4–6 wt.%). At the higher temperatures (1200 and 
1300 °C), the formation of α-TCP was signalled at the expense of both β-TCP and HA. The Mn doping was evidenced by 
lattice parameters changes. The evolution of the phase weights is linked to a complex inter-play between the capacity of the 
compounds to incorporate Mn and the thermal decomposition kinetics. The Mn doping induced a reduction in the mechani-
cal performance (in terms of compressive strength, Vickers hardness and elastic modulus) of the β-TCP-based ceramics. 
The metabolic activity and viability of osteoblastic cells (MC3T3-E1) for the ceramics were studied in both powder and 
compacted pellet form. Ceramics with Mn doping levels lower than 0.1 wt.% yielded a more favorable microenvironment 
for the osteoblast cells with respect to the undoped β-TCP. No cytotoxic effects were recorded up to 21 days. The Mn-doped 
β-TCPs showed a significant increase (p < 0.01) in alkaline phosphatase activity with respect to pure β-TCP.

Keywords  Manganese doping · β-tricalcium phosphate · Physical–chemical properties · Rietveld XRD analysis · 
Cytocompatibility

Introduction

Currently, the frequency of bone tissue disorders, deter-
mined by both the increase of life expectancy and by the 
adoption of a more active lifestyle, has increased consider-
ably [1–4]. Consequently, the demand for osteogenic syn-
thetic materials is on the rise [5–8].

Hydroxyapatite [HA, Ca10(PO4)6(OH)2] and β-tricalcium 
phosphate [β-TCP, Ca3(PO4)2] are the most used synthetic 
materials in bone tissue engineering due to their chemi-
cal similarity with the bone mineral component and their 

excellent biocompatibility [9–11]. β-TCP is known to dis-
solve faster than HA, which allows for an accelerated growth 
and healing of the bone [12–14]. This feature made β-TCP 
attractive for both single use or in combination with HA 
(i.e., BCPs, biphasic calcium phosphates) in various bone 
treatment applications [14–16].

Generally, β-TCP can be prepared by thermal conver-
sion (of amorphous calcium phosphates and HA), solid-
state reaction, or co-precipitation methods, at temperatures 
higher than 650–750 °C [17]. β-TCP, once formed, is sta-
ble at room-temperature (RT), and transforms into α-TCP 
phase at temperatures in excess of 1115–1150 °C [17–19]. 
The areas of application of these two calcium phosphate 
(CaP) compounds—α- and β-TCP—differ. α-TCP, owned 
to its ability to hydrate and to set in physiologic conditions 
[17, 20], became an important component of various bone 
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cements, and more rarely used in bi-phasic bioceramics 
and composites. Instead, β-TCP is considered an invaluable 
constituent of (ceramic and composite) osteogenic materials 
[14–16, 21], being both osteoconductive and osteoinduc-
tive. Furthermore, the β-TCP addition to bone cements was 
shown to provide shorter setting times and to increase their 
mechanical strength [22–24].

Manganese (Mn) is an essential element for bone regen-
eration [25–33]. Mn positively influences the bone metabo-
lism, augmenting the ligand-ability of integrins (which 
are mediating the cells interaction with the extra-cellular 
matrix), promoting the gene levels of alkaline phosphatase, 
collagen type I, osteocalcin and runt-related transcription 
factor 2, and supporting cell adhesion, spreading, and pro-
liferation [26, 31, 32, 34–36]. Mn is an essential cofactor 
for the Glycosyltransferases enzyme [25, 37, 38], and it is 
important for the extracellular matrix remodelling. Impor-
tant to note, recently, the Mn-doped β-TCP bioceramics 
were shown (i) to inhibit osteoclastogenesis and to lead to 
an accelerated bone defect regeneration [26, 29, 39] and (ii) 
to increase of bone mineral density, following in vivo testing 
(in rat model) [30–32]. Mn is also involved in the metabo-
lism of amino acids, cholesterol, and carbohydrates, help-
ing to maintain the health of the reproductive, nervous and 
immune systems, and playing a role in blood sugar regula-
tion, blood clotting, and the formation of cartilage and lubri-
cating fluid in the joints [40–42]. Mn sustains the antioxidant 
defence mechanisms, being efficient in cancer nanomedicine 
for both diagnosis and treatment [43–46]. Last, but not least, 
Rau et al. [27, 47] demonstrated that the Mn substitution in 
β-TCP induces an antibacterial effect, more intense against 
the Gram-positive strains.

Although the effects of Mn on the environment and the 
human body have been investigated, its long-term effects 
are still unknown [48, 49]. Cautionary measures are needed, 
since Mn can elicit toxicity when used in high doses. It can 
induce neurodegenerative disorders similar to Parkinson’s 
disease [25, 50]. While our nervous system can be adversely 
affected by high manganese intake, various diseases such as 
skeletal defects, infertility, heart ailments, hypertension, and 
impaired lipid and carbohydrate metabolism may occur due 
to its deficiency [40, 42]. Several research reports indicated 
that the lack of Mn can cause muscle distortion [30]; addi-
tionally, skeletal deformities and testicular dysfunction may 
also occur [28, 42, 50, 51].

In this study, the effects of Mn doping (at low dosages 
within the range of 0.01–1 wt.%) and sintering temperature 
(varied in the range of 1000–1300 °C) on the morphological, 
structural, and in vitro biological properties was explored. 
Furthermore, for the first time, a special focus was put on the 
evaluation of mechanical properties (i.e., Vickers hardness, 
compressive strength, and modulus of elasticity) of these 
bioceramics. The most promising Mn-doped β-TCP ceramics 

were delineated by the cross-evaluation of their functional 
mechanical and in vitro cytocompatibility responses.

Materials and methods

Preparation of simple β‑TCP and Mn‑doped β‑TCP 
samples

The β-TCP (median particle size: 4 µm) and Mn powders 
(median particle size: 44 µm) were purchased from Merck 
and Nanokar Nanotechnology, respectively. Six type of sam-
ples were prepared, constituted of pure β-TCP and five dif-
ferent Mn + β-TCP mixtures with 0.01, 0.05, 0.1, 0.5, and 1 
wt.% Mn (as shown in Table 1). The accurate weighing of 
the powders was ensured by using a Radwag AS 60/220.R2 
micro-balance with a readability of 0.01 mg, while prepar-
ing large size batches (i.e., 50 g, to further minimize the 
weighting errors). The mixtures were first homogenized 
by ball milling in ethanol using a RETSCH-S100 equip-
ment, for 240 min at 180 rot/min, then dried in an oven 
for 2 h at 150 °C. Cylindrical pellets were fabricated by 
pressing the simple (β-TCP) and ad-mixed (Mn + β-TCP) 
powders at 350 MPa in stainless steel moulds. Pellets with 
a diameter/height ratio of 11 mm/11 mm and 11 mm/2 mm 
were prepared for the mechanical tests and in vitro assays, 
respectively. Finally, the pellets (from each sample group) 
were sintered at four different temperatures of 1000, 1100, 
1200, and 1300 °C for 4 h, using a Nabertherm LHT 02/17 
furnace. Heating and cooling rates of 5 °C/min were used.

Density, morphology, and structure analysis

The bulk density of the sintered ceramic pellets was evalu-
ated by the classical hydrostatic weighting method. The 
results will be presented as arithmetic means ± standard 
deviations based on the testing of five individual specimens 
from each sample group.

The sample morphology was investigated by scanning 
electron microscopy (SEM) using a Zeiss MA/EVO 10 
apparatus operated under the secondary electron mode at 

Table 1   Sample codes for powder mixtures

Sample code β-TCP (wt.%) Mn (wt.%)

S0.00 100 0.00
S0.01 99.99 0.01
S0.05 99.95 0.05
S0.10 99.90 0.10
S0.50 99.50 0.50
S1.00 99.00 1.00
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an acceleration voltage of 10 kV and a working distance of 
8–11 mm.

The chemical structure of the ceramics was explored by 
Fourier Transform Infrared (FTIR) spectroscopy in attenu-
ated total reflectance (ATR) mode, by employing a Perkin 
Elmer Spectrum BX II spectrometer equipped with a Pike-
MIRacle ATR head (Φ1.8 mm) with ZnSe/diamond crys-
tal. The FTIR-ATR spectra were acquired in the range of 
2000–500 cm–1 at a resolution of 4 cm–1.

The crystalline phase identification was performed 
by X-ray diffraction in Bragg–Brentano mode, by 
using a Bruker D8 Advance diffractometer with Cu Kα 
(λ = 1.5418 Å) radiation and a LynxEye 1D detector. The 
patterns were recorded in the 2θ range 15–80°, with a 
step size of 0.02°. The determination of crystalline phase 
weights, lattice parameters, and average crystallize sizes was 
performed by Rietveld refinement [52], by employing the 
TOPAS v3 software (Bruker AXS), using the fundamental 
parameter approach. During the whole pattern fitting proce-
dure, the sample displacement parameter was refined and the 
zero-error of the goniometer was kept constant at zero. The 
crystallite sizes were refined considering the micro-strain 
contribution to line broadening.

Mechanical testing

The Vickers micro hardness (HV) tests were carried out at 
a load of 200 g and a waiting time of 20 s with a Shimadzu 
HMV-2 system. These analyses were done on triplicate 
samples, by performing 8 individual measurements on each 
sample. A Devotrans DVT equipment was employed for the 
measurement of the compressive strength and the modulus 
of elasticity. A displacement rate of 2 mm/min was used. 
These analyses were performed on 5 specimens from each 
sample group. Subsequently, arithmetic means and standard 
deviations were calculated.

In vitro biological assays

The cell culture studies were performed on a MC3T3-E1 
ATCC CRL-2593 mouse osteoblast cell line, provided by 
Atılım University (Ankara, Turkey). The cytocompatibil-
ity of the β-TCP-based materials sintered at 1000℃ was 
tested in both powder (using a powder mass/cell culture 
medium volume of 100 µg/mL) and pelleted form, thus 
on specimens with dissimilar morphology. Both groups of 
samples were sterilized under UV for 45 min. The powder 
specimens were placed into 96-well plates, while the cylin-
drical pellets were introduced in 24-well plates. The Dul-
becco’s Modified Eagle Medium/ Nutrient Mixture F-12 
(DMEM/F-12) supplemented with 10% v/v foetal bovine 
serum (FBS), 1% v/v L-glutamine, and 1% v/v penicil-
lin/streptomycin antibiotic solution (all purchased from 

Amresco, Solon, USA) was used as growth medium. The 
cell seeding density was of 3 × 103 cells/mL. The samples 
were incubated under homeostatic conditions (37 °C, 5% 
CO2, humidified ambient) up to 21 days. The control of 
the experiments was constituted by the tissue culture grade 
polystyrene.

The cell viability/proliferation was tested by 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay. Alizarin Red staining was performed 
to determine calcium deposition, while alkaline phosphates 
(ALP) activity was inferred to investigate the cell differentia-
tion. The morphology of the cells seeded onto the β-TCP-
based pellets was examined by SEM.

Cell viability/proliferation

The MTT assays were performed after 1, 7, 14, and 21 days 
of cell culturing. After the incubation, the growth medium 
was removed and the specimens were rinsed three times with 
phosphate-buffered saline (PBS) solution (Amresco, Solon, 
USA). After the rinsing process, the specimens in 24-well 
plates were transferred into a new 96-well plate with 90 μL 
fresh medium and 10 μL MTT solution (Sigma-Aldrich, 
USA). For the specimens already in the 96-well plates, the 
same procedure was applied. After the addition of the MTT 
solution into the well plates, all samples were incubated for 
an additional period of 3 h. When the additional incubation 
time was finalized, the MTT solution was discarded and 200 
μL dimethylsulfoxide (DMSO) (Sigma-Aldrich, USA) was 
added to dissolve the formazan crystals. Again, all samples 
were incubated for an additional 1 h. Finally, the absorb-
ance values of the solutions were measured with a Dynamica 
LEDETECT96 microplate reader at 540 nm.

Cell morphology

SEM imaging was performed to inspect the morphology of 
the cells grown on the β-TCP-based cylindrical pellets. The 
micrographs were recorded after 7 and 21 days of culturing. 
To this effect, the specimens were taken from the incubator 
and the growth medium was discarded. The samples were 
washed three times with PBS. 10% formalin solution was 
added to the wells to fixate the cells and then kept in dark, at 
RT, for 20 min. Thereafter, formalin solution was discarded 
and cells were washed three times again with PBS. After-
wards the specimens were rinsed with series of ethanol solu-
tions (30–100%) for 2 min each. The specimens were then 
carefully transferred into a new 24-well plate and treated 
with 100% hexamethyldisilizane solution for 5 min. Finally, 
each specimen was fixed onto SEM holders and coated with 
thin conductive Au-Pt films.
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ALP activity

The ALP activity was examined at the 7th, 14th, and 21st day 
of the cultivation. To form the substrate solution, a nitro 
blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate 
(NBT/BCIP) tablet (Sigma-Aldrich, USA) was dissolved in 
10 mL dH2O. Thereafter, the prepared solution was kept in 
dark, at RT, for 2 h. The cultured specimens were removed 
from the incubator, the growth medium was discarded and 
the cells were washed three times with PBS. 10% forma-
lin solution was added to the specimens and kept for 1 min 
to fixate the cells. Afterwards, formalin solution was dis-
carded and cells were washed again three times with PBS. 
Finally, the substrate solution was added to the wells, incu-
bated at RT for 10 min, and measurements were carried out 
at 405 nm using the Dynamica LEDETECT96 microplate 
reader.

Alizarin Red staining

An Alizarin Red staining test (Sigma-Aldrich, USA) was 
carried out for the characterization of calcium deposition 
in the cells seeded on the pelleted specimens, after the 7th, 
14th, and 21st day of the cultivation. To obtain the staining 
solution, 2 g of Alizarin Red stain was dissolved in 10 mL of 
deionized water (dH2O) and the final pH was set to 4.1–4.3 
via HCl. The final solution was stored in dark until use. 
After incubation (5% CO2, 37 °C), the culture medium was 
removed and the specimens were rinsed with PBS solution. 
The fixation of the cells was done by 10% formalin addi-
tion and the specimens were kept in dark for 30 min. Fur-
ther, the formalin was carefully discarded and the cells were 
washed with deionized water. Thereafter the stain solution 
was added onto the specimens which were kept in dark at 
RT for 30 min. Subsequently, the samples were centrifuged 
at a speed of 200 rot/min. Finally, the absorbance values 
of the solutions were measured at 405 nm via Dynamica 

LEDETECT96 microplate reader to characterize the level 
of calcium deposition/mineralization.

Results and discussion

Density, morphological, and structural 
characterization

Figure 1 shows the evolution of the density of the bioceram-
ics with the sintering temperature. A low compactization of 
all ceramics was noticed for the 1000 °C sintering regime, 
yielding density values in the range of ~ 2.2–2.3 g/cm3, irre-
spective of Mn content. An important increase of density 
was noticed for all ceramics after the 1100 °C sintering, with 
emphasis on the β-TCP-based ceramics containing Mn in 
excess of 0.01 wt.%. The density of the ceramics was further 
increased at 1200 °C, and experienced only marginal modifi-
cations at 1300 °C, regardless of the Mn concentration. Still, 
it can be noted that the highest density value of ~ 2.77 g/cm3 
was reached in the case of the 0.05 wt.% Mn-doped ceram-
ics, sintered at 1300 °C. The relative density of β-TCP is 
being frequently reported to be close to 3.07 g/cm3 [17]. 
The results are similar with those reported by Ryu et al. and 
Turan et al. [53, 54].

The morphological analysis was carried out only for 
the β-TCP-based ceramics sintered at 1000 and 1300 °C 
(Fig. 2). All the 1000 °C sintered ceramics presented inter-
granular pores, with seemingly lower numbers in the case 
of the 0.05 and 0.1 wt.% Mn-doped β-TCP-based ceram-
ics. As expected, higher densifications (with no or sporadic 
pores only) and larger grain sizes are induced by a higher 
temperature sintering. After the 1300 °C sintering, larger 
grains (i.e., ~ 10–25 µm) were obtained for the same 0.05 
and 0.1 wt.% Mn-doped samples (with respect to pure 
β-TCP). Lower grain sizes (i.e., ~ 2.5–8 µm) were observed 

Fig. 1   Density values of the 
simple and Mn-doped β-TCP-
based ceramic pellets sintered 
at temperatures of 1000, 1100, 
1200, and 1300 °C
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Fig. 2   SEM images of the β-TCP-based samples sintered at 1000 °C and 1300 °C
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for the samples doped with 0.5 and 1 wt.% of Mn (Fig. 2 
– 1000 × micrographs).

Figure 3 presents the FTIR-ATR spectra of the β-TCP-
based ceramics in comparison to the IR spectrum of the 
commercially pure β-TCP reference material (Sigma-
Aldrich, CAS no. 7758–87-4). The Mn doped β-TCP sam-
ples featured spectral envelopes analogous to β-TCP control 
material, suggesting that β-TCP is the prominent constituent 
of all specimens, regardless of their doping level or sinter-
ing temperature. The presence of all IR bands character-
istic to a β-TCP compound were evidenced: i.e., ν4 triply 

degenerated asymmetric bending (at ~ 540 and 600 cm–1), 
factor group splitting of ν1 symmetric stretching (at ~ 943 
and 968 cm–1), and the ν3 triply degenerated asymmetric 
stretching (at ~ 1015, 1036, 1081, and 1116 cm–1) vibration 
modes [55, 56].

The XRD patterns of the β-TCP-based ceramics are 
comparatively presented in Fig. 4. Although the patterns 
were recorded in the 2θ range of 15–80°, for the graphi-
cal presentation, a more confined 2θ range was preferred 
(i.e., 15–45°) such as to enable the better visualization of 
the peaks and their assignment. The phase composition 

Fig. 3   The FTIR-ATR spectra 
of the simple and Mn-doped 
β-TCP-based ceramics sintered 
at (a) 1000 °C, (b) 1100 °C, (c) 
1200 °C, and (d) 1300 °C. The 
spectrum of the pure commer-
cial β-TCP powder (Sigma-
Aldrich, CAS no. 7758–87-4, 
purity ≥ 98%) is presented (with 
blue line) for comparison at the 
bottom of the graphs
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of each specimen, as determined by Rietveld whole pat-
tern fitting, is given in Fig. 5 (the starting structures for 
the Rietveld refinements were as follows: β-TCP – ICSD 
no. 97500; HA – ICSD no. 87670; and α-TCP – ICSD no. 
923). The samples heat-treated at 1000 °C and 1100 °C 
were composed of β-TCP (as major phase, with a share 
of ~ 94–96 wt.%) and HA (as minor phase, with a share 
of ~ 4–6 wt.%). No noteworthy phase composition changes 
were recorded in this temperature range with the Mn dop-
ing. In good agreement with the thermal decomposition 
kinetics of β-TCP, at temperatures higher than ~ 1125 °C 
[9, 17, 18] (i.e., samples heat-treated at 1200  °C and 

1300  °C), the presence of α-TCP (~ 8–17 wt.%) was 
observed. The emergence of α-TCP is accompanied by the 
decrease of both β-TCP and HA phases (following the HA 
→ β-TCP  → α-TCP thermal decomposition chain) [9, 17, 
18]. The Mn doping appears to mitigate the decomposition 
of β-TCP at 1200 °C (Fig. 5a). The stabilizer role of Mn 
on the β-TCP lattice was seemingly overpowered at the 
sintering temperature of 1300 °C by the thermal β-TCP 
→ α-TCP decomposition kinetics. At this temperature, the 
β-TCP concentration showed a continuous decrease with 
Mn content, while the α-TCP experienced an equivalent 
weight increase.

Fig. 4   The XRD patterns of 
the simple and Mn-doped 
β-TCP-based ceramics sintered 
at (a) 1000 °C, (b) 1100 °C, 
(c) 1200 °C, and (d) 1300 °C. 
The ICDD reference files of 
the hexagonal HA (in red), 
rhombohedral β-TCP (in blue), 
and monoclinic α-TCP (in 
green) phases are represented 
for comparison as sticks at the 
bottom of the graphs
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A decrease in α-TCP concentration (with the increase 
of the sintering temperature from 1200 to 1300 °C) was 
recorded only in the case of the non-doped and lower Mn-
doped β-TCP samples (i.e., S0.01). It is to note that typically 
the α-TCP phase is metastable at RT, and its conversion to 
β-TCP has been reported [57–59]. One hindering approach is 
to (i) rapidly quench the samples during synthesis to room-
temperature or (ii) to use of various dopants to stabilize its 
crystalline phase [57–59]. Taken together all this informa-
tion seem to suggest that in the absence or at low concentra-
tion of Mn (i.e., 0.01 wt.%), the α-TCP phase remains meta-
stable, leading to its conversion to β-TCP upon cooling after 
the higher temperature sintering (Fig. 5 a,c). Seemingly, the 
further increase of Mn consequents in a gradual stabilization 

of the α-TCP phase, manifested by its progressive concentra-
tion increase (Fig. 5c).

Matsunaga et al. [60] showed by first-principles density 
functional theory calculations, at RT, that divalent ions (Mn 
not included) are more stable in the β-TCP lattice than in the 
α-TCP one, with possible consequences on the solubility 
behaviour in physiological fluids. However, our experimen-
tal data highlighted rather different trends, probably owned 
to the supplemental contribution of the high sintering tem-
perature to the decomposition kinetics of β-TCP. In fact, as 
it will be detailed further, Mn seems to be progressively 
incorporated into α-TCP, stabilizing it against β-TCP. The 
phase evolution in our Mn-doped ceramics could be ascribed 
to an inter-play between the capacity of the three constituting 
CaP phases to incorporate Mn and the effect of their doping 
on the thermal decomposition kinetics.

Given that there is a quite large difference between 
the ionic radii of Mn2+ and Ca2+ (Mn2+ ranges from 80 
to 97 pm, depending on coordination, while Ca2+ ranges 
between 114 and 126 pm, according to https://​www.​webel​
ements.​com/), the Mn substitution for Ca in any of the crys-
talline CaPs identified in these samples (i.e., HA, β-TCP, or 
α-TCP) would cause the decrease of the unit cell. The evolu-
tion of the lattice parameters of these phases, as a function 
of Mn content, for samples obtained at different sintering 
temperatures are represented in Fig. 6.

The sintering regime had a more pronounced effect on the 
lattice parameters with respect to the Mn doping. For β-TCP, 
the a-constant increased and the c-constant decreased with 
the temperature, while for HA, the reverse was noticed, with 
the a- and c-constants decreasing and increasing, respec-
tively. Another inversion was observed for the β-TCP phase 
when increasing the sintering temperature from 1000 to 
1100 °C. A similar lattice parameters behaviour with tem-
perature was reported by Gibson et al. [61], being ascribed 
by changes/distortions in orthophosphate tetrahedra. Con-
cerning the dependence on the Mn amount, one can observe 
an almost general behaviour: at very low Mn concentrations, 
both the a- and c-lattice constants decreased at each sinter-
ing temperature. At higher concentrations, the variation with 
Mn is faint, and the trend differs for each sintering tempera-
ture. For the major β-TCP phase, at the 1000 and 1100 °C, 
the a-constant decreased monotonously as the Mn concen-
tration increased from 0.1 to 1 wt.%. At the same tempera-
ture, the c-constant varied in a less consistent manner with 
Mn, but also suggested, on the average, a similar decreasing 
trend. At the same time, the a-constant of the coexistent HA 
phase markedly decreased as the Mn increased, especially 
at 1000 °C. This indicates that Mn was incorporated in both 
β-TCP and HA lattices, at these low sintering temperatures 
(i.e., 1000 and 1100 °C). Interestingly, the quantitative phase 
composition estimations (Fig. 5) showed that the presence 
of Mn has not boosted the HA decomposition into β-TCP, as 

Fig. 5   Evolution of phase composition of (a) β-TCP; (b) HA; and (c) 
α-TCP as a function of Mn concentration for the samples sintered at 
1000, 1100, 1200, and 1300 °C, as determined by Rietveld whole pat-
tern fitting

https://www.webelements.com/
https://www.webelements.com/
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other authors have suggested [27, 62]. At 1200 and 1300 °C, 
the HA lattice seemed to remain sensible to the Mn amount 
in the samples, indicating that at these temperatures the 
Mn incorporation in HA is still consistent. With the emer-
gence of α-TCP at higher temperatures, Mn founds a third 
host, and thus, the structural scenario gets more compli-
cated. The intake of Mn in α-TCP was evidenced by the 
decrease of its lattice parameters with the amount of dopant. 
Once Mn is shared also with the abundant α-TCP phase, it 
becomes less available for β-TCP. Consequently, at 1200 °C 
(where α-TCP emerged), the lattice parameters of β-TCP no 
longer vary with the Mn concentration. At 1300 °C, where 
the samples showed a considerable enrichment in α-TCP 
phase, markedly for Mn contents higher than 0.5 wt.%, the 
lattice parameters of β-TCP experienced a slight increase 
(towards the values corresponding to the undoped sample). 
This could supposedly be linked to the β-TCP depletion in 
Mn, in favor of α-TCP. This apparently contrasts to what is 
generally reported in literature. However, no studies on the 
evolution of Mn-doped CaP-based materials at temperatures 
higher than 1100 °C were yet reported to the best of our 
knowledge. Indeed, at intermediate sintering temperatures 
(650 − 850 °C) [63] and high Mn concentrations (e.g., 5 
at.%) [62], the β-TCP can be stabilized.

The evolution of the crystallite sizes of the major β-TCP 
phase with the Mn content, at different sintering tempera-
tures, is represented in Fig. 7. The dependence of the β-TCP 
crystallite size on the Mn amount was found rather weak 
and inconsistent. An increase of the average crystallite size 
with temperature was observed, in good agreement with the 
grain growth revealed by SEM (Fig. 2). The mean crystal-
lite size of α-TCP has grown from ~ 80–99 to ~ 86–129 nm 
with the increase of sintering temperature from 1200 to 
1300 °C. In the case of HA, the crystallite sizes remained 

rather insensible to both Mn doping and sintering tempera-
ture, with values situated in the range of ~ 70–100 nm.

Mechanical performance

The evolution of the microhardness, compressive strength, 
and elastic modulus of the β-TCP-based ceramics, sintered at 
different temperatures, is shown in Fig. 6. The higher com-
pressive strength results (77–143 MPa) were obtained for 
the samples sintered at 1000℃ and 1100℃. These values are 
similar to those reported by Tian et al. [64]. The increase of 
the sintering temperature to 1200℃ and 1300℃ resulted into 
a decrease of the compressive strength values of the samples 
with Mn doping levels higher than 0.05 wt.% to ~ 70 and ~ 60 
Mpa, respectively. The hardness values of the ceramics were 
higher for the 1000℃ treated samples (with the exception of 
the pure β-TCP, which presented a maximum of ~ 745 HV 

Fig. 6   Evolution of lattice parameters of the (a, b) β-TCP; (c, d) HA; and (e–h) α-TCP constituting phases as a function of Mn concentration for 
the samples sintered at 1000, 1100, 1200, and 1300 °C, as determined by Rietveld whole pattern fitting

Fig. 7   Evolution of crystallite size of the β-TCP as a function of Mn 
concentration at different sintering temperatures (1000, 1100, 1200, 
and 1300 °C), as determined from XRD
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after the 1000 °C sintering). A decrease of microhardness 
with the increase of Mn content and sintering temperature 
was noticed. Similarly, to the hardness trends, higher elastic 
modulus values were generally yielded by the samples sin-
tered at 1000 and 1100 °C. Generally, Mn addition reduced 
the elastic modulus of the bio-ceramics. The lowest modulus 
of elasticity was consistently observed at the highest sinter-
ing temperature.

Cell culture studies

Metabolic activity and viability

The metabolic activity and viability of the MC3T3-E1 cells 
in the presence of pure and Mn-doped β-TCP-based sam-
ples (in powdered and pelleted form) were investigated. No 
cytotoxic effects were recorded for any of the samples up 
to 21 days. At day-21st, all Mn-doped β-TCP-based pellets 
showed a higher cell viability compared to both the biologi-
cal control and the pure β-TCP (p < 0.01).

In addition, the highest cell viability was exhibited by 
the 0.05 wt.% Mn-doped sintered cylindrical β-TCP-based 
pellets. Thereby, it can be presumed that such a Mn-doped 
β-TCP-based bio-ceramic constitutes an appropriate surface 
for the development of osteoblast cells (Fig. 7a).

On the other hand, at day 21st, the 0.01 and 0.1 wt.% 
Mn-doped β-TCP powdered specimens showed a similar cell 
viability compared to the tissue culture grade polystyrene 
control (p < 0.01) (Fig. 7b). This provided a supplemental 
clue that a β-TCP with low Mn doping (in this case, in pow-
dered form) could serve as a favourable microenvironment 
for the osteoblast cells.

Furthermore, according to the SEM data, all surfaces of 
the Mn-doped β-TCP-based sintered pellets were covered 
with osteoblast cells. A higher cell density compared to the 
other β-TCP-based pellets was observed in the case of the 
S0.05-type samples (Fig. 8), in good agreement with the MTT 
results (Fig. 7a).

Mn is an important micronutrient which has a critical role 
for human body, being recognized to influence the adhesion 
of cells to extracellular matrix proteins [65]. The cytotox-
icity and enhancing effects of the Mn are dose dependent. 
When used in low concentrations, the Mn ions improve 
cell viability, proliferation, and differentiation [25, 27, 65, 
66]. Westhauser et al. [66] prepared a Mn-doped (5 mol%) 
mesoporous bioactive silica-based glass, performed tests 
in human marrow-derived mesenchymal stromal cells, and 
showed this material’s capacity to boost the pro-osteogenic 
features. Torres et al. [25] synthesized compositional series 
of Mn-substituted β-TCPs, carried out in vitro biological 
tests in MC3T3-E1 osteoblast cells cultures, and indicated 
that the biological benefits emerge at a lower concentration 
(0.76 mol%) of Mn incorporated in β-TCP. Lüthen et al. [65] 

studied the effect of divalent Mn cations (using as source 
MnCl2 in a concentration range of 0.01–0.5 mM) on MG-63 
osteoblastic cells. They indicated that at concentrations 
higher than 0.1 mM MnCl2 the expression of both alkaline 
phosphatase (ALP) and collagen 1 (Col 1) mRNA decreased. 
Rau et al. [27] tested the biological properties of pure and 
Mn-doped β-TCP (i.e., MnxCa3-x(PO4)2, with x = 0.001, 
0.01, and 0.1). They found that the β-TCP with the lowest 
Mn doping, thus leaching more reduced amounts of Mn2+, 
was able to induce the most marked differentiation of adi-
pose-derived mesenchymal stem cells towards three different 
phenotypes: osteogenic, adipogenic, and chondrogenic.

In our study, concentrations of Mn lower than 0.1 wt.% 
created the most favourable microenvironment for the osteo-
blast cells. The β-TCP-based materials with Mn concentra-
tion higher than 0.1 wt.% were less auspicious and thereby, 
the cell viability fluctuated at each incubation day.

Osteoblastic and osteogenic differentiation

The pre-osteoblastic differentiation was determined by an 
ALP activity test, surveying the inorganic phosphate accu-
mulation. The ALP activity results of the pure and Mn-
doped β-TCP-based sintered pellets, after 7, 14, and 21 days 
of culturing, are shown in Fig. 9a. All β-TCP-based materials 

Fig. 8   Mechanical testing results: the (a) compressive strength; (b) 
Vickers hardness; and (c) elastic modulus of β-TCP-based samples 
sintered at 1000, 1100, 1200, and 1300 °C
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showed a significant (p < 0.01) increase in terms of ALP 
activity after 14 days with respect to the tissue culture grade 
polystyrene control. However, after 21 days, the biological 
control exhibited a higher ALP activity compared to the pure 
and Mn-doped β-TCP-based pellets. This might be caused by 
the differentiation normalization of the Mn-doped bioceram-
ics. In addition, the differentiation maximum for the biologi-
cal control occurred later than for the Mn-containing β-TCP-
based materials, which is an indication for the enhancement 
of the pre-osteoblastic differentiation by Mn doping. Overall, 
lower concentrations of Mn were found favourable for pre-
osteoblastic differentiation, in good agreement with the stud-
ies performed by Wu et al. [26] and Li et al. [39].

The mineralization capability of the simple and Mn-sub-
stituted β-TCP-based bioceramics was inferred by evaluating 
calcium deposits via Alizarin Red staining after 7, 14, and 
21 days of cell culturing (Fig. 9b). A slight increase in terms 
of mineralization, with peaks on the 14th day and 21st day, 
was noticed. On day 21st, all specimens exhibited signifi-
cantly higher values (p < 0.01) in terms of mineralization 
compared to the tissue culture grade polystyrene control. In 
addition, the highest mineralization value was induced by 
pure and the S0.05 Mn-doped (0.05 wt.%) sintered β-TCP-
based pellets (Figs. 10, 11).

By joint assessment, the mineralization results and the 
ALP activity indicated that the most sustainable and ben-
eficial microenvironment for osteoblast cells viability, pro-
liferation, differentiation, and mineralization was provided 
by the S0.05-type sample (thus with 0.05 wt.% Mn content). 
The delineation of an optimum Mn substitutional level in 
calcium phosphate bioceramics, could prove of great impor-
tance, since it could enable the increase of ALP activity and 
mineralization, and further enhance the bone morphogenetic 
protein 2 (BMP-2) expression [39, 67]. BMP-2 can induce 
the differentiation of osteoblasts into an assortment of cell 
types and it is known to play a role of paramount importance 
in the formation of bone and cartilage tissues.

Previous studies have shown that manganese (Mn) ions 
can improve bone regeneration and can be used in the 

treatment of osteoporosis. However, there are still conflicting 
evidences with respect to the recommended Mn dosage in 
CaP ceramics. Consequently, we have adopted a new doping 
approach, by employing metallic Mn instead of tradition-
ally use metal oxides (furthermore as manganese oxide has 
numerous polymorphs) as doping agent. This might pave the 
road towards more predictable fabrication procedures and 
overall functional responses of such bio-ceramics. In this 
respect, multi-parametrical physico-chemical and in vitro 
biological analyses were devoted to delineate suitable Mn-
doped CaP-based bio-ceramics.

Conclusions

A series of conclusions can be drawn from this study:

1.	 The density of the samples increased with the sintering 
temperature. The density was observed with the addition 
of Mn up to 0.05 wt.% only in the case of the 1100 °C 
sintered samples. Since it is thought that it is very close 
to the saturation point at this point, subsequent increases 
have remained relatively low.

2.	 The SEM analyses indicated that the 0.05 and 0.1 wt.% 
Mn-doped samples had larger grains (i.e., ~ 10–25 µm), 
while the highly Mn-doped ceramics (i.e., 0.5 and 1 
wt.%) presented the lower grain sizes (i.e., ~ 2.5–8 µm).

3.	 The structural analyses showed that, at low sintering 
temperatures (1000–1100 °C), all bioceramics were 
constituted of β-TCP and HA, as major (~ 94–96 wt.%) 
and minor (~ 4–6 wt.%) highly-crystallized phases, 
respectively. At the high temperatures sintering (1200 
and 1300 °C) the formation of α-TCP (~ 8–17 wt.%) 
was noticed, at the expense of both β-TCP and HA. At 
1300 °C, the stabilizer role of Mn was overcome by the 
β-TCP → α-TCP thermal decomposition kinetics. The 
phase evolution could be ascribed to an intricate inter-
play between the capacity of the three constituting CaP 

Fig. 9   Viability of MC3T3-E1 
cells cultured in the presence of 
pure and Mn-doped β-TCP-
based sintered ceramics in form 
of (a) cylindrical pellets and (b) 
powder specimens. Statisti-
cally significant differences are 
shown by ‘*’, ‘**’, ‘***’, and 
‘****’ denoting p-values < 0.05, 
0.01, 0.001, and 0.0001, respec-
tively
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phases to incorporate Mn and the effect of their doping 
on the thermal decomposition kinetics.

4.	 The mechanical properties (compressive strength, Vick-
ers hardness, and elastic modulus) declined with the 
increase of Mn content.

5.	 Mn is a dose dependent micronutrient which influences 
cell adhesion. Accordingly, 0.05 wt.% Mn-doped sin-
tered β-TCP-based materials exhibited the highest cell 
viability amongst the Mn-compositional series. No 
cytotoxic effects towards osteoblasts were recorded up 
to 21 days, irrespective of Mn content. At day-21st, all 
Mn-doped β-TCP-based ceramics elicited a higher cell 

viability with respect to both the control and the pure 
β-TCP samples.

6.	 After 14 days, the Mn-doped d β-TCP ceramics induced 
a more significant osteoblast differentiation compared 
to the biological control. However, after 21 days of cell 
culturing the differentiation normalized, leading to val-
ues similar to the biological control, which suggested 
a Mn-induced enhancement of the pre-osteoblastic dif-
ferentiation. Taken together, the viability/proliferation, 
differentiation and mineralization assays indicated that 
the most sustainable and beneficial microenvironment 
for the osteoblast cells was provided by the S0.05-type 

Fig. 10   SEM images collected 
on the surface of the S0.05 Mn-
doped β-TCP-based sintered 
pellets incubated with MC3T3-
E1 cells for (a, b) 7 and (c, d) 
21 days. Magnification: (a, c) 
2500 × ; (b, d) 5000 × 

Fig. 11   Osteogenic differ-
entiation and mineralization 
of MC3T3-E1 cells cultured 
on the pure and Mn-doped 
β-TCP-based sintered pellets 
ceramics: (a) ALP activity 
and (b) Alizarin Red stain-
ing absorbance values read at 
405 nm. Statistically significant 
differences are shown by ‘*’, 
‘**’, ‘***’, and ‘****’ denoting 
p-values < 0.05, 0.01, 0.001, and 
0.0001, respectively
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sample (thus with a 0.05 wt.% Mn content). It is thus 
suggested that such Mn-containing bioceramics hold 
certain promise for promoting bone regeneration in 
osteoporosis treatment.
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