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Abstract

The doping of the apatite with carbonate or/and Mg ions in biologically-like amounts (6 and 1 wt.%, respectively) was performed. Chemico-
physical characterizations and cell culture tests were carried out onto the synthetic Mg- and Mg,COj;-substituted (~30—-40 nm particle size)
powders in comparison with stoichiometric HA (~160 nm particle size) to determine as mesenchymal stem cells (MSCs) can directly use the
mineral microenvironment to stimulate their own proliferation and differentiation activities. At the same time the growth of human osteoblast
like cells (MG-63) was evaluated to determine the compatibility of the synthetic doped apatites for bone substitution. Cell morphology analysis
by SEM as well as MTT and ALP tests were performed.

The peculiar chemico-physical properties of the doped (Mg- and Mg,CO;-substituted) materials improved the behaviours of MSC and

MG-63 cells in term of adhesion, proliferation and metabolic activation compared to stoichiometric HA.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The synthesis of new substituting materials mimicking
natural bone, as an alternative to autograft and allograft
bone replacements, still remains one of the most interesting
objective of the technological research. Much attention has
been recently devoted to the development of new biomimetic
non-stoichiometric apatites, which can assure higher rate of
biodegradability and bioactivity compared to stoichiometric
hydroxyapatite, as consequence of a better comprehension
of the functional role of the active groups contained in the
natural bone tissue.

A controlled bioreabsorbability is a very important feature
in the development of these new materials. Two parame-
ters substantially influence the solubility of hydroxyapatite
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at physiological conditions: the crystallinity grade of pow-
ders and the addition of doping groups which substitute those
present in the apatite, in order to make it comparable to
that of natural bone tissues. The preparation of low grade
crystallinity powders can be realised acting on the physical
parameters (temperature, ageing time, etc.) of the synthesis
process and/or performing particular chemical dopings. Con-
sidering the anionic substitutes, the CO32_ content of the
natural apatites amounts to ~3-8 wt.%' depending on the
species and on the age of the individual. Not only the total
amount but also the position in which the carbonate group
enters in the crystalline structure of the apatite is variable,
with higher content of B type (CO32~ group substituting in
PO, sites) in respect to A-type (CO3%~ group substitut-
ing in OH™ sites) in young bone.? Considering the cationic
substitutes, Mg ion is quantitatively the most important,
amounting typically around 6 mol.%, even if Mg content in
the natural apatite is affected by a great variability depending
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on aging: it is contained in high concentrations in cartilage
and natural bone tissue during the initial phases of osteoge-
nesis while it tends to disappear when the bone is mature.’
In agreement with this finding, Mg ion was found to cause
the acceleration of the nucleation kinetics of hydroxyapatite
and to inhibit its crystallization process.*® Considering that
magnesium depletion adversely affects all stages of skele-
tal metabolism, causing cessation of bone growth, decrease
of osteoblastic and osteoclastic activities, osteopenia and
bone fragility, the incorporation of magnesium ions into the
hydroxyapatite structure is of great interest for the develop-
ing of artificial bone substitutes.” It has been suggested ® that
in order to substitute a smaller Mg ion for a larger Ca ion,
some additional structural changes may be needed to prevent
destabilisation of the structure and subsequent phase decom-
position (formation of TCP besides HA) during heat treat-
ment: the co-substitution of a second ionic species and more
specifically CO32~ group is a simple way of achieving this.

Among the works found in literature on the synthesis of
Mg- and Mg,COj3-substituted hydroxyapatite,*>3-1® some
are simply based on the immersion of HA or carbonated HA
in Mg nitrate solution.*$-1> The Mg doping of apatite has
been mainly performed using magnesium nitrate as doping
source; in the present work Mg chloride (which is other-
wise a constituent of the synthetic body fluid) is used as
reagent, to synthesise Mg and Mg,COj3 biological-like sub-
stituted hydroxyapatite, starting from the classical neutralisa-
tion route involving calcium oxide and ortophosphoric acid.
This synthesis allows to avoid additions of ammonia dur-
ing the process to control and maintain high the value of
the pH, contrarily to the synthesis based on calcium nitrate
and ammonium hydrogen phosphate, making the whole syn-
thesis easier and more suitable for industrialization. MgCl,
was already used in the synthesis of Mg-doped calcium defi-
cient apatite starting from a mixture of Ca hydrogen phos-
phate and tetra calcium phosphate powders, both previously
synthesized’: thus, the interaction among the reactants is
not comparable to that involved in our synthesis and it is
well known that the physico-chemical properties of the syn-
thetic HA are strongly influenced also by the precursors used.
This paper reports also on the co-substitution of Mg and
COs3 in the HA structure by using Na hydrogen carbonate
as carbonate source, in order to favour the carbonation in
the B-site (phosphate position). The introduction of carbon-
ate ions in the reaction mixture by bubbling carbon dioxide
gas was otherwise demonstrated to enhance the contribute
of A-site (hydroxyl) carbonation of synthetic Mg substituted
hydroxyapatite®!”-!® giving out carbonated apatites charac-
terized with high A/B carbonation ratio. Mg ions are bivalent
as Ca ions, thus the carbonate ion is not ‘forced’ to substitute
in the phosphate site in order to preserve the charge bal-
ance, as on the contrary occurs for the Na,COj3 co-substituted
hydroxyapatite, in which the substitution of bivalent Ca**
with monovalent Na* stimulates the substitution of trivalent
anion PO4>~ with the bivalent anion CO32~. The use of Na
hydrogen carbonate as carbonate source for the synthesis of

Mg,B-COs3 co-substituted hydroxyapatite appears interest-
ing also considering that Na ions are present in the bone
mineral, thus the synthetic product can not be chemically
disadvantaged, if Na ion partially enters in the apatite struc-
ture.

Finally, investigation of bio-functional performances of
human mesenchymal stem cells (MSCs) grown onto these
apatitic substrates with different chemical characteristics has
been performed, in view of their use in clinics for bone-tissue
repair. Human MSCs are multipotent cells present in the adult
marrow and are able both to replicate as undifferentiated ele-
ments and to differentiate as progenies of the mesenchymal
tissue, including bone. In a favourable environment for bone
differentiation they realise the expression of an osteoblastic
phenotype to reconstruct impaired bone tissue. The MSCs
cells show a very short proliferative life span'® and tend
to loose the differentiation potential in the in vitro culture.
Moreover, it must be emphasised that MSCs, which are nor-
mally present in vivo in the microenvironmental interface
between bone and bone marrow, exert sinergic cross-talks
with haemopoietic precursors and bone cells and some evi-
dences outline as they, after microenvironmental specific
activation can produce both mesenchymal and haemopoietic
precursors.?’

On the basis of these consideration it seems important to
determine the in vitro behaviour of mesenchymal stem cells
seeded onto an “artificial mineral bone” and also to verify as
the MSCs can directly use the mineral microenvironment to
stimulate their proliferative—differentiative activities.

Thus, with the aim to realise in the next future hybrid
devices that can be easily applied in clinics in association
with MSCs to repair bone defects, morpho-functional (MMT
and ALP) and scanning electron microscopic (SEM) studies
of cells seeded onto three different apatitic substrates were
performed. Concomitant bio-functional investigations with
a well-studied osteoblast-like cell line (MG-63) commonly
used to test in vitro bone-materials biocompatibility were also
performed.

2. Materials and methods
2.1. Materials preparation

Stoichiometric hydroxyapatite was prepared, as a control,
through the classical neutralization method based on the
dropping in 3 h of 600 ml of an aqueous solution containing
88.8 g of H3PO4 (Aldrich, 85% pure) into a calcium hydrox-
ide suspension, maintained at 85 °C, prepared dispersing
100 g Ca(OH); (Aldrich, 95% pure) into 1000 ml of water.
The starting Ca/P molar ratio was therefore equal to the
stoichiometric value of hydroxyapatite 1.667. The precipita-
tion product was aged for 24 h at 25 °C, washed and filtered
for three times, lyophilised and finally sieved at 150 pm.
Mg-doped hydroxyapatite powder (MHA) was similarly
prepared dropping the acid solution into the basic suspension
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containing 48.4 g of MgCl,-6H,O (Merck, A.C.S., ISO) and
maintained at the temperature of 40 °C. The precipitation
product was aged for 24h at 25°C washed and filtered
for three times, lyophilised and finally sieved at 150 pm.
Similarly, the simultaneous doping of the synthetic hydrox-
yapatite with Mg and carbonate ions (MCHA) was performed
including the dropping of 200 ml of 0.8 M NaHCO3; (Merck,
A.C.S., ISO) solution into the basic suspension.

2.2. Chemico-physical analysis of the powders

The specific surface area of the powders was evaluated
by the Brunauer—-Emmett—Teller method (Sorpty 1750, Carlo
Erba, Milano, Italy). For particle size distribution measure-
ment, the powders were analysed by sedimentography (Sedi-
graph 5100, Micromeritics, Norcross, GA) after ultrasonic
dispersion for 10 min. The morphological evaluation of the
powders was performed by scanning electron microscopy
(SEM; Stereoscan 360, Leica, Cambridge, UK). Inductively
coupled plasma-optical emission spectrometry (ICP-OES)
analysis (Liberty 200, Varian, Clayton South, Australia) and
Fourier transformed infrared (FTIR) spectroscopy (Thermo
Nicolet-Avatar 320 FTIR) also were performed to determine
HA stoichiometry deviations. The elemental analyser (LECO
C/S, Leco Corporation, St. Joseph, Michigan, USA) as well
as the simultaneous thermal analysis (STA 409 Netzsch Ger-
aetebau GmbH, Selb, Germany) were used to estimate the
carbonate amount of the powders. X-ray diffraction (Cu Ko
radiation, Miniflex Rigaku, Tokyo Japan) was performed to
evaluate the degree of crystallinity, the crystalline phase com-
position and the carbonation degree of the powders.

2.3. Evaluation of solubility properties

To determine the influence of the ion dopings on the
solubility of the powders zeta-potential and conductivity
measurements of the powders were carried out with an elec-
troacoustic technique, using an electrokinetic sonic ampli-
tude (ESA) measurement apparatus (Acoustosizer, Colloidal
Dynamics, Sydney, Australia). The suspension sample was
prepared by ball milling the powder for 1 h into 1072 M KCl
solution to maintain a constant ionic strength. The aqueous
behaviour of the powders was investigated through potentio-
metric titration. The isolectric point (IEP) was identified at
the pH axis crossing point.

2.4. Isolation and characterisation of MSCs

Bone marrow (BM) was collected from acetabulum and
femoral head of two patients (mean age 59 years) under-
going total hip arthroplasty. BM mononuclear cells were
obtained by Ficoll (Sigma, Italy) density gradient centrifuga-
tion and depleted of CD45* and glycophorin-A (GlyA)™ cells
by means of micromagnetic beads (Miltenyi Biotec, Italy).
CD457/GlyA~ cells were plated in 75 cm? culture flasks
(Corning Inc., NY) in mesencult™ stimulatory supplement

(both from StemCell, BC) and 1% penicillin—streptomycin
(Gibco, Italy) for 14 days. Then near-confluence cultures
were processed further by trypsinisation and expansion
through sequential passages to confluence. Cells were char-
acterised by FACS Calibur flow cytometry system (Becton
Dickinson, CA), using antibodies against the following sur-
face antigens: CD3, CD34, CD14, CD45, CD90 and CD105
(Becton Dickinson, CA).

2.5. Cell cultures

After characterisation MSCs were grown in controlled
atmosphere (5% CO;; T=37°C) in DMEM (Sigma, Milan,
Ttaly) supplemented with 10% foetal bovine serum (FBS), 1%
non-essential amino acids, 2.0 mM L-glutamine, and antibi-
otics. They were routinely split 1:2 at weekly intervals and
used between the 3rd and 4th passages.

MG-63 human osteoblast-like cells (ATCC, Rockville,
MD) were grown in identical culture conditions. After thaw-
ing, they were routinely split 1:5 every 3—4 days and used
between the 3rd and 4th passages.

Cells from confluent MSCs cultures and MG-63 cells were
then detached using 0.25% trypsin in 1 mM EDTA and plated
in triplicate at a density of 5 x 10* and 1 x 10* cells/cm?,
respectively, onto the different materials to be tested and in
24-well polystyrene tissue culture plates (TCPs) as controls.
Culture plates were incubated at 37 °C for 7 days.

2.6. MTT (3-dimethylthiazol-2,5-diphenyltetrazolium
bromide) colorimetric assay

After incubation (7 days), the medium was removed,;
200 ul of MTT (Aldrich 135038) solution (5mg/ml in
DMEM without phenol red) and 1.8 ml of the medium were
added to the cell monolayers; the multi-well plates were
incubated at 37 °C for a further 3 h. After discarding the super-
natants, the dark blue formazan crystals were dissolved by
adding 2 ml of solvent (4% HCI 1N in isopropanol absolute)
and quantified spectrophotometrically at 570 nm. The mean
and the standard deviation were obtained from sums of three
different experiments. The data were analyzed by one-way
ANOVA and Bonferroni’s test and Student’s #-test. Statistical
significance was tested at p <0.05. The results are reported
as percentage over control cultures (TCPs).

2.7. Alkaline phosphatase (ALP) activity

ALP activity was measured by incubating 100 pl of each
specimen with 0.5 ml Alkaline Buffer Solution (Sigma 221)
and 0.5 ml of Stock Substrate Solution (40 mg p-nitrophenyl
phosphate disodium, Sigma 104, diluted in 10 ml of distilled
water), at 37°C for 1h. Production of p-nitrophenol in
the presence of ALP was measured by monitoring light
absorbance by the solution at 410 nm using a spectropho-
tometer (Secomam, Anthelie light, version 3.8, Contardi,
Italy).Each ALP activity was normalized by the cell number.
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The mean and the standard deviation were obtained from
sums of three different experiments. The data were analyzed
by one-way ANOVA and Bonferroni’s test and Student’s
t-test. Statistical significance was tested at p<0.05. The
results are reported as percentage over control cultures
(TCPs).

2.8. Scanning electron microscopy (SEM)

For SEM analysis, culture specimens were fixed in 2% glu-
taraldehyde in 0.1 M cacodylate buffer (pH 7.4), post-fixed in
1% osmium tetroxide, dehydrated in increasing ethanol con-
centrations, CPD-dried, mounted on aluminium stubs and
gold-sputtered. All specimens were observed with a Philips
505 microscope (Royal Philips Electronic, Eindhoven, The
Netherlands).

3. Results and discussion
3.1. Physico-chemical characterization

The physico-chemical characteristics of the synthetic
powder are reported in Table 1.

The low temperature of the synthesis and the presence of
both carbonate and magnesium ions had a synergic effect
making the apatite nuclei smaller and inhibiting the crystal-
lization in the reaction site of the MHA and MCHA powders
compared to stoichiometric HA. XRD data showed that all the
powders were formed by pure apatitic phase with crystallinity
extent Xc (calculated by an experimental method elsewhere
reported)?! lower in the case of simultaneous Mg,CO3 dop-
ing (Fig. la—c). SEM analysis of the doped MHA and MCHA
powders showed primary particles of about 30—40nm, that
is about 1/4 the particle dimension of synthetic stoichio-
metric apatite (Fig. 2a and b), and in the range of interest
for human tissues.® The nanosized primary particles tend
to agglomerate, as sedimentography also detected: the parti-
cle (agglomerate) size distribution showed the most frequent
size and the mean particle size at ~1-2 pum for both the
powders. The density of MHA and MCHA powders, eval-
uated by helium picnometry, amounted respectively to 2.8
and 2.6 g/cm3, lower values compared to that (3.16) of sto-
ichiometric HA, as expected as consequence of the ionic
substitutions in the hydroxyapatite structure, which in general
involve also structure defects (cell distortions, vacancies).
The specific surface area values (~70-90 m?/g) determined
through the BET method are consistent with the nanometric
particle size, i.e in accordance with SEM results but respec-
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Fig. 1. XRD analysis of: Mg-doped HA powder (a) and Mg,CO3-doped HA
powder (b) compared to stoichiometric HA powder (c).

tively about 35-60 times lower than the mean particle size
values found by sedimentography.

ICP-AES analysis measured Mg contents in the powders
corresponding to ~30-40% of the total introduced in the
starting solutions of the synthesis process, pointing out the

Table 1

Physico-chemical characteristics of the powders

Powder code s.s.a. (mz/g) Xc (%) Particle size (nm) [(Mg + Ca)/Plmol (Mg/Ca)mor (%) B-CO3 (wt.%)
MHA ~70 ~40 ~40 ~1.70 ~7 ~2

MCHA ~90 ~35 ~30 ~1.85 ~7 ~6

HA ~35 ~80 ~160 ~1.67 - <0.5
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(b)

Fig. 2. SEM analysis of: Mg,CO3-doped HA powder (a) compared to stoi-
chiometric HA powder (b).

realization of a Mg doping ~6.8 mol.% in respect to Ca, cor-
responding to ~1.2 wt.% of the powder, i.e. close to the Mg
biological content. Such doping should be occurred actually
as an apatite structural substitution, considering that the max-
imum possible amount of Mg entering in the apatite structure
(~10%)*2* was not yet reached and the Mg amount found by
ICP-AES was in agreement with the Mg structural value cal-
culated by Rietveld refinements of the XRD data for powders
prepared adopting molar Mg cationic fractions in the start-
ing solution up to 0.20%3 (which is higher than 0.16, value
concerning the synthesis of this paper and which led to a
chemical-structural doping of about 7.5). The (Ca+Mg)/P
molar ratio values amounted to ~1.70 and 1.85, respectively
for MHA and MCHA. FTIR analysis (Fig. 3a and b) also con-
firmed the crystallinity trend giving out spectra with broad-
ened profile. Together with the phosphate bands at 980—1100
and 560-600 cm™!, the presence of both the absorbed and
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Fig. 3. FTIR analysis of: Mg-doped HA powder (a) and Mg,CO3-doped HA
powder (b) compared to stoichiometric HA powder (c).

the occluded water was detected, being respectively referred
to the broad band around 3500cm™' and to the peak at
1640cm~!. The FTIR analysis also pointed out (Fig. 3a)
that B-type carbonation (substitution in the phosphate site:
CO3%~ stretching signals at ~1410 and ~1450cm™! and
bending peak at ~873 cm™!) spontaneously occurred during
the MHA synthesis, which was performed without any inten-
tional addition of carbonate source. Such carbonation was due
to the carbon dioxide surrounding the reaction vessel, since
the synthesis process was intentionally not performed under
inert atmosphere. This procedure demonstrated to be effective
to realize the spontaneous entering of low carbonate amount
in the synthetic hydroxyapatite by simply changing the phys-
ical parameters of the synthesis (mainly temperature).>! By
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Fig. 4. TG analysis of: Mg-doped HA powder (a) and Mg,CO3-doped HA
powder (b).

thermogravimetric analysis (Fig. 4a), and in agreement with
the C elemental analyzer, the spontaneous carbonation was
quantified as about 2 wt.% (from the CO, weight loss detected
in the range 600-1100 °C), which is around the lower limit
of the content range of the biological apatite and explains the
(Ca+Mg)/P molar ratio ~1.70 found by ICP. For the MCHA
powder the TG analysis (Fig. 4b) and the C analyzer esti-
mated a carbonation extent of about 6 wt.%, which the FTIR
analysis (Fig. 3b) pointed out to be preferentially in the B
site (on the basis of the CO3%~ bending signals at about 880
and 873 cm ™!, respectively referring to A-type hydroxyl site
and B-type phosphate site). As in the case of MHA, the car-
bonation extent is responsible for (and in agreement with)
the increase of the (Ca+Mg)/P molar ratio from the HA
stoichiometric value 1.67 to ~1.85 (value found by ICP for
MCHA). The weight loss detected by TGA at high temper-
ature (>1100 °C) is due to the well known dehydroxylation
process.

The electrokinetic behaviour of the suspension prepared
with the doped powders versus pH was studied and compared
with that prepared using stoichiometric HA powder (Fig. 5).
The stability range for both MHA and MCHA was shifted
towards higher pH values than HAH. The isoelectric point
was at higher pH value for the doped apatites (pH ~ 8.35
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Fig. 5. Electrokinetic behaviour vs. pH of the suspension prepared with the
doped powders compared with that of stoichiometric HA powder.

and 8.55 for MHA and MCHA, respectively) with respect
to HA (~6.9). The presence of Mg ion and carbonate group
changes the surface behaviour of the powder, giving rise to
a higher basic hydrolysis. The analysis pointed out that the
MCHA powder was the most soluble, Even if the conduc-
tivity value was higher for MHA compared to MCHA. The
conductivity is influenced by the surface exposed and by the
chemical composition of the powder. Compared to MHA,
MCHA even if characterized with higher specific surface area
value, tended to more easily agglomerate in suspension at nat-
ural pH, thus decreasing the effective surface area exposed
and involved in the dissolution phenomenon. Decreasing the
pH, the chemical composition becomes an important fac-
tor influencing the conductivity: the conductivity curve of
MCHA goes up, as consequence of increasing amount of
ions in solutions (for decreasing values of pH) starting from
higher pH value (pH~ 7.6) compared to MHA (pH~7.2)
and HA (pH =~ 6.7): thus, both the Mg substitution and the
B-carbonation improved the solubility of the apatite powder
at the physiological pH value (~7.4).

3.2. Invitro test

In vitro culture showed that the different chemico-
physical properties of the powders were able to influence cell
behaviour in terms of adhesion, proliferation and metabolic
activation. Compared to stoichiometric HA, the MHA and
much more MCHA powders represent a suitable substrate,
in terms of adhesion and cell proliferation, as for osteoblast-
like (MG-63) as well as for osteoblast precursors (MSCs).
The results of the MTT test and ALP colorimetric assays of
the cells seeded on doped powders (MHA, MCHA) in com-
parison with those of cells seeded on stoichiometric HA are
reported in Table 2.

For MSCs, the MTT values decreased from 88% (MCHA)
to 81% (MHA) and to 75% (HA) which was significantly
(p <0.05) lower from control cultures. ALP activity was gen-
erally low (this can be partially justified because MSCs are
stem cells). A significant (p <0.05) reduction in comparison
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Table 2
Results of the in vitro test

MSCs (precursor of osteoblasts) MG-63 (osteoblastic-like cells)

MTT (%) ALP (%) Cell shape MTT (%) ALP (%) Cell shape
MCHA 88 £ 8 59+6 Spread 84 +7 317 Spread
MHA 81 £13 64 £ 8 Elongated 86 & 11 39+6 Intermediate
HA 75 £ 12 63 £ 7 Elongated 70 £ 15 585 Spread
CTRL 100 £ 6 100 £3 Elongated 100 £+ 5 100 £ 4 Spread

Bonferroni -test CTRL vs. MCHA ns CTRL vs. MCHA p<0.05
CTRL vs. MHA ns CTRL vs. MHA p<0.05
CTRL vs. HA p<0.05 CTRL vs. HA p<0.05

CTRL vs. MCHA ns CTRL vs. MCHA p<0.05

CTRL vs. MHA ns CTRL vs. MHA p<0.05

CTRL vs. HA p<0.05 CTRL vs. HA p<0.05
HA vs. MCHA p<0.05
HA vs. MHA p<0.05

with control culture was detected while no differences
between the doped powders and/or the stoichiometric HA
were observed.

SEM analysis of cultured cells showed a good compat-
ibility of the MSCs to all the powders tested, even if few
cells were observed on the HA granules. In particular, on the
MCHA the cells showed a diffuse spread-like morphology
with several cytoplasmatic extensions contacting the powder
(Fig. 6), while in the case of MHA and HA the cells were elon-
gated with fewer extensions interacting with apatite granules.
Control cultures showed a uniform layer of confluent cells
with a frequent elongated shape and also overlapping growth
(Fig. 7).

As far as MG-63 is concerned, similar viability (MTT
values) was observed for cells seeded on both the doped pow-
ders (84 and 86%) and these values were both higher (even
though not significantly) than the ones (70%) detected on
cells seeded on stoichiometric HA powders which resulted
significantly (p < 0.05) lower from control cultures. The enzy-
matic activity of ALP (either express as IU/L or normalised
for cell count) was significantly (p <0.05) reduced on all
apatite powders in comparison with control cultures. Signif-
icantly (p <0.05) lower values of ALP activity (normalised
for cell count) were detected in cells seeded on doped pow-

Fig. 6. SEM micrograph of MSCs cultured on MCHA showing cells with a
spread-like morphology and cytoplasmatic extensions contacting the pow-
der.

Fig.7. SEM micrograph of MSCs control culture: confluent cells lying under
cells with an elongated shape are present.

ders in comparison with those seeded on to stoichiometric
HA.

SEM observation of culture samples showed a good com-
patibility of the MG-63 cells with all the apatite powders. On
the MCHA substrate, cells with a spread-like morphology
with several cytoplasmic extensions contacting the powder
(Fig. 8) were observed as for MSCs. Onto the MHA sub-
strate the cell shape was intermediate between elongated and
spread, while only spread-like cells were found on the HA

Fig. 8. SEM micrograph of MG-63 cells cultured on MCHA showing several
cell cytoplasmic extensions contacting the MCHA powder.
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10 um

Fig. 9. SEM micrograph of MG-63 cells that tended to anchor to both the
MHA and HA substrates, up to form a network, which sometimes wraps
completely the apatite substrate (figure inset).

substrate. Anyway, the MG-63 cells tended to anchor to both
the MHA and HA, up to form a network, which sometimes
wraps completely the apatite substrate (Fig. 9). A monolayer
of spread-like cells was observed in control cultures.

The success of bone substitutive materials largely depends
upon the formation of mechanically stable and strong inter-
face between materials and bone tissue.’*?> A series of
processes occur through the initial adhesion of cells with
bone substitutive materials. Cellular adhesion and subse-
quent cellular responses on the material are, therefore, crit-
ical and prerequisite parameters for osteointegration and
osteoconduction.?® It has already been shown that, although
an initial adhesion of the MSCs is lower in HA than in cul-
ture plastic, once the cells are adhered, morphology of the
cells appears normal.?” Our morphological analyses could
not detect any deleterious morphology of the MSCs grown
on the tested materials thus demonstrating good compat-
ibility between cells and substrate even if with a limited
ALP expression. These results, which are in line with lit-
erature on calcium phosphate cements®’2% may be at least in
part related to acidification of the media subsequent to min-
eral dissolution or to the absence of further enhancement in
the culture media (e.g. B-glycerol-phosphate and L-ascorbic
acid-2-phosphate). During differentiation, mesenchymal and
osteoprogenitor cells are not particularly sensitive to the type
of substrate and they are uniquely affected in their prolif-
eration rate suggesting that cellular response to the type of
surface may be strictly related to cell maturation state.”” As
far as MG63 is concerned, MG63 cells which are immortal-
ized, immature and have a high proliferative potential even
without any treatment, appear to hold different cross-talks
with the different studied powder in comparison with MSCs.
Indeed cell culture provides a reductionist’s view of cells in
a two-dimensional arrangement (in culture dishes) in con-
trast to their normal-multicellular environment in a three
dimensional geometry. However this can be seen as a benefit
rather than a disadvantage because it provides with defined

experimental settings in which investigating the phenotypic
consequences of direct cells/substrate interactions.

The Mg substitution and the Mg,CO3 co-substitution
present several advantages related to metabolic cell
behaviours. In fact our results, mainly referred to MSCs (as
the continuos line MG-63 is not usable for in vivo therapeu-
tic approaches) evidence as Mg substitution induced a well
spread morphology, quite different from the morphology of
MSCs grown onto HA (without Mg cationic substitution).
The different morphologies observed for MSC and MG63
grown onto the differently doped powder as well as onto sto-
ichiometric HA are difficult to relate directly to FAK enzyme
(focal adhesion kinase) activation. In fact, even though FAK
are controlled by substrate rigidity as mechanosensor and
our differently apatitic substrate display a heterogeneous
rigidity, it remains to be determined whether intrinsic FAK
catalytic activity or the role of FAK as a scaffolding protein
at focal contact is determinant the migration or directional
motility.

Finally, technological improvements concerning biolog-
ical mineralisation allow us to mention a new possible
challenge concerning gene-delivery applications. In fact,
DNA/mineral nano-composite surfaces (engineered on to
cell-culture substrates) with different Ca/P ratio, and contain-
ing Mg ions, are able either to support cell growth or provide
higher concentration of DNA in the immediate microenvi-
ronment of the culture systems. The value of this approach
needs to be further tested, but it evidences as the functional-
ization of mineral matrices can raise new, important medical
applications not only related to bone reconstruction.

4. Conclusions

Synthetic HA and ~6 wt.% carbonated HA both doped
with ~6.5mol.% (~1wt.%) Mg were prepared via wet-
chemical synthesis. The chemico-physical characteristics
of the doped powders, which are influencing each other,
as Mg-doping, B-type CO3-doping, low crystallinity and
high specific surface area, make the synthetic apatite more
biological-like and all concur to enhance the solubility of
the material at the physiological pH value. The peculiar
chemico-physical properties of the doped powders also
improved the cell behaviour (MSCs and MG-63) in terms of
adhesion, proliferation and metabolic activation, compared
to stoichiometric HA. Such improvement was more evident
in the case of (1 wt.% Mg+ 6wt.% COs3) biomimetic co-
substituted apatite powder. Moreover, our findings confirm
the relevant role of MSCs for the regenerative medicine and
for the bone tissue reconstruction.
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