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OVERVIEW OF THE DOCTORAL THESIS

Topicality

According to the reports of the international experts published in the medicine journal
The Lancet (15 December 2012), musculoskeletal infirmities are among the most disabling
and costly conditions affecting hundreds of millions of people around the world. On the
basis of these considerations, the regeneration and reconstruction of the bone tissue lost
due to fractures, bone infections, tumours, and other disorders or traumatic events represent
a major clinical challenge. Thus, the demand for materials to improve the quality of life
concerns the specially designed biomaterials for the repair and reconstruction of diseased
or damaged hard tissues.

Calcium phosphates (CaP) constitute an inorganic mineral phase in mammalian bones
and teeth. Therefore, they are well recognized by body and biocompatible according to all
current standards. CaP, namely, hydroxyapatite (HAp) and [-tricalcium phosphate
(B-TCP), ceramics and related compounds represent the most important class of
biomaterials for bone regeneration over 40 years. However, these materials have not been
explored to their maximum extent yet. Recently, biogenic mineral elements have become
important additives in treatments for bone regeneration and repair. Therefore, studies in
bone grafting materials, particularly, CaP, have been focused on phase composition control
and effects of ionic substitutions, including Mg, in order to optimize the bioresorbability
and bioactivity. The importance of Mg in bone is well-known. Specifically, Mg is needed
for bone formation and can also be referred to as a natural “calcium antagonist”. Thus, it is
expected that partial substitution of Ca with Mg might significantly improve biological
properties of the CaP. It is hypothesized that Mg-modified CaP bioceramic would ensure
faster and more efficient recovery of damaged bone tissues by decomposing into
environment of the body and gradually releasing Mg?* ions able to act on bone diseases
such as osteoporosis.

Still, there is a lack of information dealing with systematic and comparative studies
concerning influence of various combinations of Mg content and HAp/B-TCP phase ratios
on the physicochemical and biological properties of bioceramics. In the present research,
considering the overall aim, which is to develop alternative implant materials for
osteoporotic bone tissue regeneration, Mg-modified CaP bioceramics have been studied.
Particularly, the effect of relatively low amounts, i.e., bone-like amounts (up to 1 % (by
weight)), of Mg containing CaP bioceramic has been investigated on in vitro activities of
osteoblastic cells and osteogenic stem cells.

The Aim of the Doctoral Thesis
— To develop magnesium modified calcium phosphate bioceramics with variable and
reproducible phase and chemical composition for bone defect repair.

Tasks of the Doctoral Thesis

— To perform literature survey in order to devise the synthesis technology for laboratory-
scale preparation of magnesium modified calcium phosphates, namely,
hydroxyapatite, B-tricalcium phosphate and biphasic calcium phosphate, bioceramics.



—> To synthesize magnesium modified calcium phosphate bioceramic precursors,

namely, hydroxyapatite, calcium deficient hydroxyapatite and apatitic tricalcium
phosphate, by systematically changing concentration of the magnesium source in
synthesis media.

To evaluate an effect of varying magnesium content on physicochemical properties of
obtained calcium phosphates products, as well as bioactivity of calcium phosphates
bioceramics.

To critically evaluate optimal magnesium content and phase composition of calcium
phosphates bioceramics for bone tissue engineering applications based on the
literature data and experimentally obtained results.

Thesis Statements

%

The modification of calcium phosphates, ie., hydroxyapatite, biphasic calcium
phosphates and p-tricalcium phosphate, with magnesium up to ~1 % (by weight) alters
microstructure and solubility, which, in turn, reflect in the in vitro bioactivity of the
obtained bioceramics.

The substitution of calcium atoms with magnesium in the crystalline structure of
calcium phosphates promotes the release of magnesium ions and, thus, provides
adjustable bioresorption under physiological conditions and enhances cell response
(i.e., viability and activity) to the obtained bioceramics.

Scientific Significance

_)

For the first time, systematic and complex studies of coherence between magnesium
content, phase composition and physicochemical properties, and bioactivity of the
calcium phosphates bioceramics have been performed.

For the first time, porous magnesium containing calcium phosphates, i.e.,
hydroxyapatite and B-tricalcium phosphate, bioceramics have been formed from
precipitated hydroxyapatite and apatitic tricalcium phosphate powders with varying
magnesium content by ammonium hydrogen carbonate provided viscous slurry
foaming method.

Practical Significance

%

A relatively simple, low-cost, clean synthesis technique based on aqueous
precipitation, which is suitable for preparation of magnesium modified calcium
phosphates with variable and reproducible phase and chemical composition, has been
developed.

Approbation of Research Results and Publications

%

The scientific achievements and main results of the Thesis have been summarised in
15 full text scientific manuscripts, and presented in 27 international conferences
(32 peer-reviewed conference proceeding abstracts).
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LITERATURE REVIEW

Diseased and damaged body parts, including bones, always have been a global
problem. Experts predict that 30 % of hospital beds will soon be occupied by osteoporosis
patients. Moreover, statistics shows that 20 % of patients suffering from an osteoporotic
fracture do not survive within first year after surgery [1]. Thus, a demand for materials to
improve the quality of life concerns the innovative use of specially designed biomaterials
for the repair and reconstruction of diseased or damaged bones. Over the past few decades
an amazing evolution in the development of innovative implants has occurred. Among
these materials, particular importance is given to bioceramics defined as the class of
ceramics used for repairing and replacing diseased and damaged parts of musculoskeletal
systems.

Nowadays the focus has shifted towards bone replacement and repair materials,
including bioceramics, that can mimic living tissues (biomimetic) and assist in the
healing process (i.e., be replaced by natural bone): thus, they are bioactive, as well as
bioresorbable [2]. The most widely used bioresorbable ceramics materials include
calcium phosphates (CaP). The use of CaP, including hydroxyapatite (HAp) and
B-tricalcium phosphate (B-TCP), as well as biphasic calcium phosphate (BCP) composed
of HAp and B-TCP, bioceramics as scaffolds for the repair or regeneration of diseased or
damaged bone tissues, is based generally on the chemical and structural similarity to the
mineral component of bone, i.e., biological HAp [1], [2]. Human bone consists of about
~65 % of CaP mineral. Therefore, CaP are the materials of choice to repair damaged
bone. Moreover, CaP can be easily and inexpensively produced, and can be relatively
easily certified for clinical use. First CaP bone graft substitutes were launched in the
1920s, but CaP biomedical research soared in the 1970s and CaP were proposed for a
broad range of biomedical applications [1].

Biological HAp has variable stoichiometry and contains various different CaP phases
and ionic substitutions. As such, research into bone grafting materials, particularly, CaP,
has been focused on phase composition control and effects of ionic substitutions in order
to optimise bioresorbability and bioactivity. A wide range of different elements have been
strategically incorporated into the structure of synthetic HAp, as highlighted in Fig. 1 [3].
Moreover, biogenic mineral elements have become important additives in treatment for
bone regeneration and repair. The incorporation of ions into CaP alters the crystal structure
(crystallinity and crystal size) and changes properties of the material — thermal and phase
stability, solubility, surface reactivity and adsorption. Consequently, modification of CaP
with the biologically active elements is of great interest for developing bone graft materials
with superior bioactivity [4].

The roles in the body functions, as well as biological effects of the magnesium (Mg)
have promoted the development of the biomaterials based on Mg for several decades. Up
to now, orthopedic applications of metallic Mg and its alloys have been exploited due to
their mechanical properties and biodegradability [S]. The modification of various
biomaterials has been performed trough addition of biocompatible Mg compounds,
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including magnesium oxide (MgO), magnesium phosphates (MgP) etc., as well as through
incorporation of Mg into the crystal structure of the compound, e.g., CaP. Incorporation of
Mg into the CaP crystal structure is important for a number of reasons; including better
understanding of biomineralization processes, increase of bioactivity, and localized-
targeted delivery of the ions able to act on bone diseases such as osteoporosis. Moreover,
the design of new biomaterials, which exploit Mg>" ion release ability for activating bone-
forming cells, is of great interest. Stimulatory effects of Mg®" ion on osteoblasts have been
reported so far. Mg** ion is well known to promote cellular adhesion onto the substrate,
and is also known to enhance proliferation, differentiation, calcification and angiogenic
functions.

Ca? PO* OH-
—~7
Na* Sr2+ Gas+ SO4* COsF* F- COs*
Kt Pb2+ La3+ HPO.* AsO4* Cl So?*
Ag’ Mg+ COs™ VO4* I o>
Baz2+ Si04* Br
Zn2+ y N y
> Ca(l) L (©
Cuz+
Fe2t
CP(I)\} A
~Ca(l) ’ )
e =y
cam .
\ 7 \‘7 /_/

Fig. 1. Substitution possibilities in the hexagonal structure of HAp.
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EXPERIMENTAL PROCEDURE
1. Synthesis of Mg-Modified CaP Bioceramic Precursor Powders

The Mg-modified CaP powders with various (Ca + Mg)/P molar ratios, namely, HAp,
Ca-deficient HAp (CDHAp) and apatitic-TCP (ap-TCP), were prepared via aqueous
precipitation method developed at RTU Rudolfs Cimdins Riga Biomaterials Innovation
and Development Centre [6]. Various technological parameters, i.e., temperature (7) and
final pH (pHina1) of the synthesis mixtures, were employed to obtain products with different
(Ca + Mg)/P molar ratios as illustrated in Fig. 2.

T(°C) 25 45 45 45 45

PHna 6.0 5.9 7.0 7.3 8.8
2 PO, I R
drop-wise (Mg + Ca)
addition
~1 mL/min

1.50  1.60 1.61 1.63 1.67

N

ap-TCP CDHAp HAp

B-TCP
1.0 Mg-B-TCP
2.0 Mg-B-TCP
3.0 Mg-B-TCP

1.0 Mg-BCP (70/30)
2.0 Mg-BCP (70/30)

BCP (70/30) 1.0 Mg-HAp
HAp

3.0 Mg-HAp
2.0 Mg-HAp

BCP (60/40) BCP (80/20)
1.0 Mg-BCP (60/40) 1.0 Mg-BCP (80/20)
2.0 Mg-BCP (60/40) 2.0 Mg-BCP (80/20) |

XRD FT-IR BET PYC SEM DTA HM

L

Fig. 2. Schematic representation of the Mg-modified CaP powder syntheses,
presenting the technological parameters (i.e., T and pHnai), as well as designations
of the synthesis products.

The aqueous precipitation method was modified for Mg precursor, namely MgO
(reagent-grade, ES/Scharlau), addition into the synthesis media. Various concentrations of
Mg in the products were provided by changing into synthesis media the added amount of
MgO. The MgO content in the synthesis media varies from 0 % (by weight) to 3 % (by
weight) in respect to a Ca source, namely CaO (puriss., Fluka). The main steps of the
synthesis procedure:
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1. Preparation of the raw materials, i.e., calcinations of CaO and MgO (1100 °C, 1 h), to
remove absorbed H>O and COs.

2. Preparation of the starting suspension of Ca(OH), or Mg(OH),/Ca(OH), by «lime
slakingy» process, i.e., suspending CaO or mixture of CaO/MgO in deionized H-O.

3. Homogenization of the starting suspension by planetary ball milling (using agate
grinding bowls (4 x 225 mL in volume) and balls (10 mm in diameter)) at 300 rpm
for 40 min.

4. Precipitation reaction through drop-wise addition (~1 mL/min) of an aqueous solution
of 2 M H3POy4 (puriss., Sigma-Aldrich) to the homogenous starting suspension of
0.15 M Ca(OH), or Mg(OH),/Ca(OH), under vigorous stirring and controlled T until
the required pHina s reached (Fig. 2).

5. Ageing in «mother liquor» at ambient temperature for ~20 h, filtration, drying at
105 °C for 24 h and crushing of the synthesized products in a mortar, yielding
powdered material, i.e., the bioceramic precursor powder.

2. Preparation of Mg-Modified CaP Bioceramics

The Mg-modified CaP bioceramic precursor powders were used for preparation of
dense and porous bioceramic scaffolds.

The synthesized powders were uniaxially compacted (10 kN) in cylindrical form of
10 mm in a diameter and sintered in air atmosphere at 1100 °C for 1 h to obtain relatively
dense (hereinafter referred to as dense) Mg-modified CaP bioceramic scaffolds.

In order to prepare porous Mg-modified CaP bioceramic scaffolds, an in situ viscous
mass foaming method was used as described in [7]. Ammonium hydrogencarbonate
(NH4HCO3; purity 99—-101 %, Sigma-Aldrich) was used as a foaming agent. The samples
were sintered in air atmosphere at 1150 °C for 2 h.

3. Characterization Techniques

Comprehensive characterisation techniques, including Fourier transform infrared
spectroscopy (FT-IR; Varian 800 FT-IR Scimitar Series), X-ray powder diffraction (XRD;
PANalytical X-Pert Pro), atomic absorption spectrometry (AAS; Varian SpektrA4 880),
were used to investigate the molecular, phase and chemical composition of the
Mg-modified CaP products.

Thermal properties, which allow predicting the phase purity of the products after high-
temperature treatment and assessing the effect of Mg on the CaP thermal effects and
sintering behavior, were investigated by differential thermal analysis (DTA; BAHR
Thermoanalyse DTA 703) and dilatometric experiments by heating microscope (HM;
EMO-1750/30-K), respectively.

Morphological and microstructural features of the synthesis products were studied
using scanning electron microscopy (SEM; TESCAN Mira/LMU Schottky). Brunauer—
Emmett-Teller (BET) method was used to determine a specific surface area (SS4) and
mean particle size (dger) of the bioceramic precursor powders by N, sorbometer
(Quantachrome QuadraSorb SI). True density of the powders was measured by
pycnometery (PYC; Micromeritics AccuPyc 1330) by averaging 99 cycles.
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Total porosity of the Mg-modified CaP bioceramic scaffolds was measured according
to EN 993-1:1995 standard test method using deionized water at ambient 7.

4. In Vitro Tests of Bioceramics
1) Solubility

Solubility, namely, ion release of Mg-modified CaP bioceramics, was evaluated
according to EN ISO 10993-14:2001. For the experiments, the bioceramic scaffolds were
placed in TRIS-HCI buffer solution. TRIS-HCI solution was refreshed every 24 h during
the experiment. All reacted solutions were saved for further analyses to measure Ca®" and
Mg*" ionic concentrations. The Ca** and Mg®* ion release from bioceramics was
determined by complexometric titration with 0.01 M EDTA using automated titrator
(Mettler Toledo) and Ca ion-selective electrode (Ca-ISE; DX240 Ca-ISE). In this study,
three samples from each group were tested.

2) In Vitro Bioactivity

It is accepted that the bioactive characteristic of scaffold biomaterials is their ability
to bond with living bone through the formation of a biomimetic HAp layer on their surface
both in vitro and in vivo. Thus, an in vitro bioactivity evaluation of Mg-modified CaP
bioceramics was performed in simulated body fluid (SBF) at 37 °C using an incubator at
different time points: 7 days (168 h), 21 days (504 h). Preparation of experimental samples
and SBF for in vitro tests was performed in accordance with ISO 23317:2007 using the
procedure proposed by Kokubo et al. In this study, three samples from each group were
tested. After the predicted immersing time, the experimental samples were rinsed with
deionized H,O and dried at ambient temperature. Biomimetic HAp precipitation on surface
of the scaffolds after soaking in SBF was investigated through SEM observations.

3) Cytotoxicity

Cytotoxicity of Mg-modified HAp and B-TCP bioceramics was analysed using
osteoblastic cell line MG63-GFP. Approximately 200 000 cells were seeded on each
experimental sample and incubated at 37 °C. Cell growth dynamics in the second (after
48 h) and third (after 72 h) day was visually observed using fluorescence microscopy
(TESCAN lInfinite 200°PRO). After 72 h exposure the living cell number using DNA
quantification method (Invitrogen CyQUANT® Cell Proliferation Assay Kit, C7026) was
determined. After 72 h exposure cells were fixed on the surface of the samples, dehydrated
at ethanol solutions of various concentrations and dried at ambient T for SEM observations.

Cytotoxicity of Mg-modified BCP bioceramics was analysed using osteogenic
progenitor cells (MC3T3-El). Approximately 20 000 cells were seeded on each
experimental sample in a-MEM cell culture media and incubated at 37 °C and 5 % CO..
Cell media were replaced with fresh media on day 3 (after 72 h) of culture. After 168 h of
proliferation cells/scaffolds were harvested and cytotoxicity was analysed using the MTT
assay.

Results of bioceramics were compared to tissue culture plastic that acted as a control.
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RESULTS AND DISCUSSION
1. Characterisation of Mg-Modified CaP Precursor Powders

The main characteristics of bioceramic precursor powders are summarised in Table 1.
Mg-modified CaP, i.e., HAp, CDHAp and ap-TCP, containing bone-like amounts of Mg
(up to 1 % (by weight) [2]) were obtained. An actual Mg content of the synthesis products
measured by AAS was reported as a function of the Mg content (theoretical Mg content)
in the synthesis solution.

Table 1

The Analysis of Mg Content of Synthesis Products and Mean Particle Size (dger)

of Bioceramic Precursor Powders

Voo Gl Theoretical Mg Actual Mg dier,
synthesis products content, content, nm
% (by weight) % (by weight)
HAp 0 0.21 £0.02 22
HAp 1.0 Mg-HAp 0.34 0.43 +0.09 21
2.0 Mg-HAp 0.68 0.64 +£0.10 21
3.0 Mg-HAp 1.02 0.83+0.19 22
BCP (80/20) 0 0.32+0.04 28
1.0 Mg-BCP (80/20) 0.34 0.31 +0.04 27
2.0 Mg-BCP (80/20) 0.68 0.69 +0.08 26
BCP (70/30) 0 0.33 +0.04 28
CDHAp | 1.0 Mg-BCP (70/30) 0.34 0.51 £0.06 27
2.0 Mg-BCP (70/30) 0.68 0.75 £ 0.09 23
BCP (60/40) 0 0.28 £0.04 32
1.0 Mg-BCP (60/40) 0.34 0.36 £ 0.04 32
2.0 Mg-BCP (60/40) 0.68 0.64 +0.08 29
B-TCP 0 0.25+0.03 24
1.0 Mg-B-TCP 0.34 0.32 +0.04 23
ap-TCP 2.0 Mg-B-TCP 0.68 0.56 + 0.08 21
3.0 Mg-B-TCP 1.02 0.67 +0.08 20

In general, Mg content in the synthesis products increased upon increasing an amount
of the Mg?" source (i.e., MgO) in the synthesis suspension. Presence of Mg (up to
(0.33£0.04) % (by weight)) in the synthesis products prepared without extra MgO
addition, i.e., HAp, BCP (80/20), BCP (70/30), BCP (60/40) and B-TCP, resulted in an
impurity introduced from the raw material — commercial CaQO. Difference between the
theoretical and the actual Mg content is an indicative that part of the raw materials remained
dissolved in the synthesis solutions and was removed by filtration causing a cationic deficiency.
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Phase composition and crystallinity of the synthesized powders were evaluated using
XRD analysis. Phase composition analysis was based on compliance of detected XRD
peaks (in the 26 range from 10° to 60°) with HAp phase in agreement with International
Centre for Diffraction Data (ICDD) PDF-2/2005 file #01-072-1243. The XRD patterns
(Fig. 3) confirmed that the main phase of the synthesis products was nanocrystalline HAp,
which was characterised by low-intensity and broad diffraction peaks [8].

HAp PDF-2/2005 #01-072-1243

3.0 Mg-B-TCP ; u wu l ll ulw
2.0 Mg-B-TCP M
g-ICP *M

BCP (60/40)

2.0 Mg-BCP (70/30)M
BCP (70/30) M

2.0 Mg-BCP (80/20)

BCP (80/20)

3.0 Mg-HAp

2.0 Mg-HAp M

1.0 Mg-HAp
HAD W«/\

T T T T 1

10 20 30 40 50 60
20(°)

Fig. 3. XRD patterns of Mg-modified ap-TCP, CDHAp and HAp.

Intensity (a.u.)

Physicochemical properties of bioceramic scaffolds such as porosity, grain shape and
size, etc. that are key parameters to the evaluation of biological properties depend on the
precursor powder morphology (particle size, shape and agglomeration) as it affects the
sintering and grain densification. Thus, the synthesis products were collected in form of
suspension and dried at 105 °C to investigate morphology of Mg-modified CaP powders
with various (Ca + Mg)/P molar ratios using SEM. SEM micrographs (Fig. 4) showed a
significant degree of agglomeration for all synthesis products. Thus, it is hard to distinguish
between well-defined primary particles and agglomerates, i.e., larger-sized secondary
particles. Nevertheless, Mg-modified CaP powders appeared to have needle-like particle
morphology of nanometer scale dimensions, i.e., length of 150200 nm and diameter of
25-50 nm.

In addition, mean size of the bioceramic precursor powder particles was estimated
from the N adsorption isotherms using BET particle diameter (dger). BET measurements
indicated that SS4 of the CaP powders exhibited higher values with increased Mg content.
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Observations illustrated in Table 1 suggest that substitution of Ca with Mg into the CaP
structure causes deformation of crystals resulting into reduction of mean particle size of the
synthesized powders [9].

Fig. 4. SEM micrograps of the Mg-modified CaP bioceramic precursor powders.

The Mg-modified HAp, BCP and B-TCP bioceramic scaffolds, which were used for
in vitro testing of biological characteristics, were obtained by sintering Mg-modified HAp,
CDHAp and ap-TCP compacts at 1100 °C for 1 h, respectively. Thermal stability of
bioceramic precursor powders was evaluated in order to predict phase purity of bioceramics
and evaluate the effect of Mg addition on the characteristic thermal effects of the studied
CaP. Moreover, the influence of Mg addition on sintering behavior of Mg-modified CaP
was evaluated through dilatometric analysis by HM. Considering that solubility (ion release
ability), in vitro bioactivity (ability to trigger formation of biomimetic HAp layer on the
surface) and cytotoxicity (cell vitality and activity) are highly dependent on chemical and
phase composition, as well as microstructure of the experimental samples, the
aforementioned characteristics are described hereafter.

2. Characterisation of Mg-modified HAp Bioceramics

Influence of Mg addition on thermal effects and thermal stability of HAp phase up to
1350 °C was evaluated by DTA. The DTA curves (Fig. 5 (A)) displayed the following
thermal effects:
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— Endothermic effect N° 1 in the temperature region between ~50 °C and ~150 °C observed
in all of the DTA curves was due to the removal of physically adsorbed H,O and CO..
— Exothermic effect N° 2 at ~350 °C was due to the crystallization of HAp phase.

According to the literature, incorporation of Mg leads to a gradual transformation of
HAp to B-TCP between 300 °C and 1100 °C, depending on the Mg content [10]. The DTA
curves did not show any other endothermic and/or exothermic peak indicating
decomposition of HAp phase. Thus, it might be suggested that HAp containing up to
(0.83 £0.19) % (by weight) of Mg was stable up to 1350 °C. However, intensity of partial
HAp — B-TCP phase transition might be too low to be detected by DTA. Thus, the XRD
analysis must be performed to confirm the phase purity of Mg-modified HAp bioceramics
sintered at 1100 °C for 1 h.

Dilatometric curves summarised in Fig. 5 (B) show the sintering profile along the
temperature range from 25 °C to 1350 °C for Mg-modified HAp. Regardless of the Mg
content, the sintering process of Mg-modified HAp started at ~600 °C. Intensive sintering
of HAp bioceramic precursor powders was observed within the temperature range from
950 °C to 1050 °C. At 1100 °C, i.e., temperature used for sintering of bioceramics, the
linear shrinkage of Mg-modified HAp was found to be between 45 % and 50 %. The SEM
investigations of Mg-modified HAp bioceramics indicated the formation of elongated
grains of heterogeneous size and shape while the content of Mg increased (Fig. 5 (C)).
However, by collating SEM observations and values of the total porosity of Mg-modified
HAp bioceramic scaffolds summarised in Table 2, it can be claimed that the differences
were insignificant and they would not affect in vitro tests.

Table 2
Density and Total Porosity of Dense Mg-Modified HAp Bioceramic Scaffolds
Sample designation Density, g/cm’ Total porosity, %
HAp 2.86 £ 0.06 9.50 +1.77
1.0 Mg-HAp 2.68 +0.06 15.24 +1.98
2.0 Mg-HAp 2.59 +0.06 18.07 +5.18
3.0 Mg-HAp 2.31+0.08 27.05 +2.65

XRD analysis (Fig. 6) revealed the final composition of Mg-modified HAp
bioceramics. No secondary phases such as CaO and MgO peaks were detected at least at
the detection limits of the instrument (i.e., concentration of ~2 % (by weight)).
Accordingly, the sum of extraneous phases (CaO and MgO) was less than 5 % (by weight).
Thus, the requirements of ISO 13779-3 norm were fulfilled. From the XRD analyses, it
was confirmed that the single phase HAp with Mg content up to (0.64 + 0.10) % (by
weight) and with maintained original crystalline structure was obtained. Thereby, it was
likely to achieve substitution of Mg into the structure of synthetic HAp resembled to those
of bone mineral [2]. However, the peaks derived from both HAp and B-TCP were detected
in the XRD patterns containing (0.83 £ 0.19) % (by weight) of Mg (3.0 Mg-HAp), which
indicated the formation of BCP ceramics in situ, thus, confirming the destabilising effect
of Mg on the HAp phase, i.e., lowering of thermal stability of HAp, as reported in literature
de facto [10]. It is generally difficult to distinguish between B-TCP and Mg-containing
B-TCP (whitlockite) phases due to overlapping of characteristic XRD peaks. Thus, occupancy
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and behavior of Mg in the biphasic mixtures cannot be determined quantitatively from the
present results, which need an extensive structural investigation. Moreover, according to
the measured values of total porosity (Table 2), it was observed that the scaffolds labelled
as 3.0 Mg-HAp exhibited higher porosity than other Mg-modified HAp bioceramic
scaffolds. Most likely, it was due to the presence of secondary phase — whitlockite.
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Fig. 5. A— DTA curves, B — dilatometric curves of Mg-modified HAp and
C — SEM micrographs of Mg-modified HAp bioceramics sintered at 1100 °C.
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Fig. 6. XRD patterns of Mg-modified HAp bioceramics.
Characterisation of Mg-Modified B-TCP Bioceramics
Effect of Mg addition on thermal stability of B-TCP phase up to 1350 °C was evaluated

by DTA. The DTA curves (Fig. 7 (A)) displayed the following thermal effects:

%

_)

Endothermic effect N° 1 in the temperature region between ~50 and ~150 °C was due
to the removal of physically adsorbed H,O and COs,.

Thermal effects N° 2 within the temperature range of ~700 - ~800 °C were attributed
to crystallization of B-TCP phase. Transformation of ap-TCP — B-TCP was
characterised by exothermic reaction followed by endothermic reaction. Combes et al.
have reported that the exothermic effect is attributed to particle rearrangement of low-
crystallinity phases [11]. Intensity of the exothermic effect increased with Mg content.
This was due to a direct proportionality between an amount of low-crystallinity phases
and exothermic effect intensity [11]. Thus, narrowing of the exothermic peak at
~720 °C implied that Mg promoted formation of low-crystallinity admixture in
Mg-modified ap-TCP.

Endothermic effect N° 3 at ~1280 °C resulted from the phase transformation of -TCP
to a-TCP. For samples with higher Mg content B-TCP — a-TCP transition was not
observed up to 1350 °C. This indicated that addition of up to (0.67 + 0.08) % (by
weight) Mg stabilised B-TCP phase.

Sintering of Mg-modified ap-TCP started at ~700 °C, and intensive shrinkage

occurred between ~950 °C and ~1150 °C (Fig. 7 (B)). Linear shrinkage of Mg-modified
ap-TCP at 1350 °C varied as follows: B-TCP ~45 %; 1.0 Mg-B-TCP, 2.0 Mg-B-TCP,
3.0 Mg-B-TCP ~55 %. This was due to the B-TCP — a-TCP transition at ~1280 °C as
detected in the DTA curve of ap-TCP labelled as B-TCP. The phase transformation
inhibited densification due to different grain size and shape of the present phases.
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Micrographs of Mg-modified B-TCP bioceramics (Fig. 7 (C)) showed a significant
effect of the Mg content on grain size. Namely, the increased Mg content inhibited grain
growth, which resulted in the mean grain size of (1.4 + 0.5) um for B-TCP bioceramics
and of (0.5+0.1) um for 3.0 Mg-B-TCP bioceramics. Thus, formation of B-TCP
bioceramics with homogenous microstructure with relatively small grains was induced
by addition of Mg.
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Fig. 7. A— DTA curves, B — dilatometric curves of Mg-modified ap-TCP and
C — SEM micrographs of Mg-modified B-TCP bioceramics sintered at 1100 °C.
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Density and Total Porosity of Dense Mg-Modified B-TCP Bioceramic Scaffolds

Table 3

Sample designation Density, g/cm’ Total porosity, %
B-TCP 2.71 £0.02 14.36 +2.20
1.0 Mg-g-TCP 2.86 +0.04 9.47 +1.57
2.0 Mg-g-TCP 2.93+£0.06 7.14+£1.20
3.0 Mg-p-TCP 2.94+0.07 6.92 +£0.68
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Fig. 8. XRD patterns of Mg-modified B-TCP bioceramics.

Dilatometric results and SEM observations of Mg-modified B-TCP bioceramics were
in good agreement with porosity measurements summarised in Table 3. The total porosity
decreased while Mg content increased. Thus, it can be concluded that the increased Mg
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content in ap-TCP leads to improved sintering of the powders. These results correlate with
data obtained by the BET method, which suggests that Mg incorporation into the ap-TCP
leads to a smaller particle size and, thus, to better sintering as expected for powder
characterised by smaller and, therefore, more reactive particles [12].

XRD analyses (Fig. 8 (A)) revealed the final composition of Mg-modified p-TCP
bioceramics. The peak positions and relative peak intensities for all of the obtained
bioceramics correspond closely to those indicated in the ICDD PDF-2/2005 file #00-009-
0169 for B-TCP. No XRD peaks corresponding to the extraneous phases such as CaO,
MgO, a-TCP and/or calcium pyrophosphate (Ca,P,07) were detected, thus, fulfilling the
requirements of ISO 13779-3 norm for CaP implant materials. Upon increasing Mg content
in the B-TCP XRD peaks shifted towards higher 26 values (Fig. 8 (B,C,D)), which
confirmed Mg incorporation into B-TCP structure, consequently, causing crystalline lattice
deformation and crystallite size reduction, as reported in the literature [13].

4. Characterisation of Mg-Modified BCP Bioceramics

Dilatometric curves summarised in Fig. 9 show the sintering of Mg-modified CDHAp
powders along the temperature range from 25 °C to 1350 °C. It was proven that an increase
of Mg content promoted a two-step sintering process. For the samples BCP (80/20) and
BCP (70/30), the shrinkage occurred in one step beginning at ~600 °C. The shrinkage of
the samples 2.0 Mg-BCP (80/20) and 2.0 Mg-BCP (70/30) occurred in two steps.
Differences among the samples are attributed to structural changes associated with various
incorporation levels of Mg. The first sintering step starting at ~600 °C is attributed to
particle rearrangement further to a better crystallization. The first sintering step reached a
maximum at ~950 °C and overlapped with the second step corresponding to a major
densification. The linear shrinkage of the samples after heating up to 1100 °C was
approximately (30 £ 5) %.

XRD analysis of Mg-modified BCP confirmed the formation of biphasic, i.e., HAp
and B-TCP mixtures (Fig. 10). Moreover, the increase of B-TCP content in respect to HAp
was found to be directly proportional to the level of Ca-deficiency in the CDHAp powders.
The BCP bioceramics with the increased Mg content exhibited slightly higher portion of
B-TCP phase. It can be inferred that incorporation of Mg generated formation of -TCP as
a secondary phase. It was demonstrated that incorporation of Mg sensibly affected HAp
crystallization and its thermal stability promoting formation of B-TCP phase and, thus,
forming BCP mixtures in situ [10]. However, occupancy and behaviour of Mg in the
biphasic mixtures cannot be determined quantitatively from the present results, which need
an extensive structural analysis.
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Fig. 9. Dilatometric curves of Mg-containing CDHAp with (Mg + Ca)/P
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Fig. 10. Actual percentage of HAp and B-TCP content of Mg-modified BCP bioceramics.

5. Solubility, In Vitro Bioactivity and Cytotoxicity of Mg-Modified CaP Bioceramics

The release of Ca?* and Mg?®* ions from Mg-modified CaP bioceramics was estimated
to support its bioresorbability. An ability of Mg-modified CaP bioceramics to
simultaneously release Ca’" and Mg*" ions was evaluated through immersing the samples
in TRIS-HCI buffer solution and measuring the released Ca*" and Mg®" ion concentrations
every 24 h. The provided tests are primarily the analysis of the initial dissolution and not
as much the concentration of dissolved species. This reflects our opinion that the
dissolution in vivo is not the one into a constant volume of fluid, but that ions, once
dissolved, can be transported with the fluid flow away from the site of dissolution. The
initial dissolution data may have the application in the interpretation of the initial events
after implantation [14].

As illustrated in Fig. 11, throughout the evaluation period of 168 h Ca** and Mg** ion
release from Mg-modified HAp was higher for the samples with increased Mg content,
which could be attributed to better solubility of the materials. The obtained results suggest
that the Ca®* ion release seems to be linked to Mg** ion release. As expected, Mg®" ion
concentration in the experimental solution increased upon increasing Mg content in HAp
bioceramics (Fig. 11 (B)).
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The ability to trigger the formation of biomimetic HAp on the surface from a close to
physiological solution in vitro has been widely used to imply the bioactivity of bioceramics
in vivo. Thus, in vitro bioactivity tests through immersing of Mg-modified CaP bioceramic
scaffolds in the SBF were performed.

SEM micrographs proved morphological changes on Mg-modified HAp biocermic
scaffold surfaces after immersing in the SBF (Fig. 12). The newly formed layer had the
morphology of spherulites of plate-like crystallites. After immersing for 7 days, a layer of
the newly formed material covered nearly the whole surface of the HAp bioceramic
scaffolds and nucleation of the new material was observed on the 1.0 Mg-HAp,
3.0 Mg-HAp bioceramic scaffolds. Continuation of growth of the plate-like crystallites on
surface of HAp bioceramics after immersing in the SBF for 21 days was observed.
Relatively well-distinguished spherulites were visible on the 1.0 Mg-HAp surfaces after
21 days. In turn, although the microstructural features of 3.0 Mg-HAp surface were hard to
distinguish, it was proven that the newly formed compound was in low-crystalline or
amorphous state. In general, it was accepted that the newly precipitated material was
biomimetic HAp as a consequence of the SBF solution composition, and the fact that HAp
was the most stable substance in the pH of interest (7.40) [15].
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Fig. 13. Release of A — Ca*" ions and B — Mg?* ions from Mg-modified
B-TCP bioceramics.

Solubility test results of Mg-modified B-TCP bioceramics illustrated in Fig. 13
showed that Mg”* ion release behavior is linked to Ca®" ions. In general, the release of Ca**
and Mg”" ions from B-TCP bioceramics decreased with an increase in Mg content up to
(0.56 £ 0.08) % (by weight). This is indicative that modification with Mg stabilises 3-TCP
phase, i.e., reduces its solubility. Up to 168 h, the 3.0 Mg-B-TCP with the increased Mg
content showed significantly enhanced Mg’ release rate in comparison with other
Mg-modified B-TCP bioceramic scaffolds. Taking into account that Ca atom substitution
by Mg in the CaP structure is limited due to differences of Ca and Mg atomic radius, it
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could be estimated that reaching (0.67 + 0.08) % (by weight) Mg did not hold a solid
position in B-TCP structure. Consequently, Mg”" ions can be relatively easily released [13].

According to the SEM observation, the formation ability of biomimetic HAp on the
surface of 2.0 Mg-B-TCP, 3.0 Mg-B-TCP bioceramic scaffolds was highest among
Mg-modified B-TCP bioceramic scaffolds (Fig. 14). This is due to lower solubility of
B-TCP bioceramics containing a higher amount of Mg (Fig. 13).

It is possible to conclude that in vitro bioactivity of Mg-modified CaP bioceramics is
inhibited by Ca’" and Mg*" ion release and vice versa. Supposedly, dissolution of
bioceramics and precipitation of the biological HAp occur at the same time.

0 days 7 days 21 days

B-TCP

1.0 Mg-B-TCP

2.0 Mg-B-TCP

3.0 Mg-B-TCP

Fig. 14. SEM micrographs of Mg-modified B-TCP bioceramic scaffold surfaces before
and after immersing in SBF for 7 and 21 days.

To evaluate the cytotoxicity of the obtained bioceramics, an assessment of osteoblast

cell MG63-GFP proliferation on Mg-modified HAp and B-TCP bioceramics was evaluated.
The results are shown in Fig. 15.
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After exposure of Mg-modified HAp bioceramics for 72 h living osteoblastic cell
MG63-GFP number was similar for all compositions (Fig. 15 (A)). Although the living cell
number is lower than in case of the control (cell culture plate without sample), the increased
cell number compared to the seeded cell number, i.e., of >200 000, was observed. Thus,
osteoblastic cells MG63-GFP showed vitality trend confirming non-cytotoxicity of Mg-
modified HAp and B-TCP.

Mg-modified B-TCP bioceramics exhibited moderate cytotoxicity (Fig. 15(B)).
However, conflicting results were obtained. In case of B-TCP bioceramics, the increased
osteoblastic cell MG63-GFP number after 72 h of exposure was observed in comparison
with the seeded cell number, i.e., >200 000. By contrast, for 1.0 Mg-B-TCP bioceramics
after 72 h exposure approximately the same living cell number as seeded on bioceramics
was observed. Meanwhile, 2.0 Mg-B-TCP bioceramics showed a cytotoxic response, i.e.,
decrease in living cell number compared to the seeded cells was promoted.
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Fig. 15. Number of living osteoblastic cells in the culture media after exposure of
A — Mg-modified HAp and B — Mg-modified B-TCP bioceramics for 72 h.

Moreover, the results showed that Mg-modified HAp and B-TCP bioceramics with an
enhanced Mg”* ion release, i.e., 3.0 Mg-HAp (Fig. 11 (B)) and 3.0 Mg-B-TCP (Fig. 13 (B))
had the most pronounced cell proliferation stimulating characteristics among other tested
bioceramic scaffolds. Thus, the results indicated the positive effect of Mg®" ions on
osteoblastic cell MG63-GFP activity.

SEM micrographs showed triangular tailed morphology of the osteoblastic cells
MG63-GFP formed by extending filopodia to adhere to Mg-modified CaP bioceramic
surface (Fig. 16). No significant changes of the cell morphology were observed for various
compositions suggesting that ions released into cell culture media were the main
responsible factor related to alterations of Mg-modified CaP biocompatibility.
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Fig. 16. SEM micrographs of osteoblasts MG63-GFP morphology on the Mg-modified
CaP bioceramic scaffolds at various amplification (A — 500, B — 2000, C — 5000 times).

Also, the present study involved the evaluation of various combinations of HAp and
B-TCP phase ratios and Mg content of Mg-modified BCP bioceramic on the vitality and
activity of osteogenic progenitor stem cells MC3T3-E1. The obtained results suggested that
after exposure for 168 h Mg-modified BCP bioceramics showed moderate cytotoxicity
(Fig. 17). At the highest content, i.e., ~70 % and ~80 %, HAp content better cell viability
was observed for BCP bioceramics containing lower Mg levels. By contrast, enhanced cell
activity with the increased Mg content was achieved for BCP bioceramics with the lowest,
i.e., ~60 %, HAp content.
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Fig. 17. Number of living osteogenic stem cells in the culture media after exposure
of Mg-modified BCP bioceramics for 168 h.
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CONCLUSIONS

Systematic research has demonstrated that calcium phosphates with reproducible and
variable phase and chemical composition can be obtained through adapted aqueous
chemical precipitation method, which has been modified to successfully add
magnesium source, namely, magnesium oxide, into the synthesis environment, and,
consequently, incorporate magnesium in the structure of the synthesis products.

Thermal stability of the synthesized hydroxyapatite and apatitic tricalcium phosphate
is dependent on magnesium content in the products. Increasing magnesium up to
(0.83 £ 0.19) % (by weight) lowers thermal stability of hydroxyapatite promoting
partial phase transformation to B-tricalcium phosphate. Even a relatively small
increase in the content of magnesium in the range from (0.25 = 0.03) % (by weight)
to (0.67 = 0.08) % (by weight) significantly increases thermal stability of B-tricalcium
phosphate, i.e., the unmodified and magnesium modified B-tricalcium phosphate is
stable up to 1280 °C and 1350 °C, respectively. Increase in the magnesium content of
calcium deficient hydroxyapatite precursors leads to higher content of B-tricalcium
phosphate phase in biphasic calcium phosphate bioceramics.

Increase of magnesium in the structure of hydroxyapatite, calcium deficient
hydoxyapatite and apatititc tricalcium phosphate contributes to a specific surface area
increase of (9 £2) % and to a mean particle size decrease, which in turn affects the
sintering processes, i.e., the particle densification, and the microstructure of
bioceramic after high-temperature processing. It has been found that the presence of
magnesium substantially hinders p-tricalcium phosphate grain growth.

In vitro bioactivity, i.e., biomimetic hydroxyapatite deposition on a magnesium
modified hydroxyapatite and B-tricalcium phosphate bioceramic surface from
simulated body fluid, depends on the magnesium content in the bioceramic samples.
In case of hydroxyapatite bioceramics, magnesium impedes deposition of biomimetic
hydroxyapatite relating to the increased solubility of hydroxyapatite induced by
modification with magnesium. Biomimetic hydroxyapatite deposition on B-tricalcium
phosphate bioceramic surface is promoted by the increasing magnesium content,
which is associated with magnesium stabilising effect on PB-tricalcium phosphate
phase.

In vitro cytotoxicity tests have proven that the magnesium modified calcium
phosphate bioceramic is a perspective biomaterial for bone regeneration and shows a
moderate cytotoxic reaction. Magnesium modified hydroxyapatite bioceramics,
regardless of the magnesium content, has shown osteoblastic cell activity. B-tricalcium
phosphate bioceramics with a magnesium content of (0.67 £ 0.08) % (by weight) has
shown better osteoblastic cell viability compared to the unmodified B-tricalcium
phosphate bioceramics. P-tricalcium phosphate content increase up to 40 % (by
weight) and magnesium increase up to (0.64 £0.08) % (by weight) of biphasic
calcium phosphate bioceramic greatly enhanced activity of the osteogenic stem cells
compared to bioceramic with lower B-tricalcium phosphate content and admissible
magnesium content.
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