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Calcium phosphate cements are of great interest for researchers and their applications in medical practice ex-
panded. Nevertheless, they have a number of drawbacks including the insufficient level of mechanical properties
and low degradation rate. Struvite (MgNH4PO,) -based cements, which grew in popularity in recent years,
despite their neutral pH and acceptable mechanical performance, release undesirable NH, " ions during their
resorption. This issue could be avoided by replacement of ammonia ions in the cement liquid with sodium,

Brushite
In vitro investigations

however, such cements have a pH values of 9-10, leading to cytotoxicity.

Thus, the main goal of this investigation is to optimize the composition of cements to achieve the combination
of desirable properties: neutral pH, sufficient mechanical properties, and the absence of cytotoxicity, applying
Na,HPO,4-based cement liquid. For this purpose, cement powders precursors in the CaO-MgO-P,0s system were
synthesized by one-pot process in a wide composition range, and their properties were investigated.

The optimal performance was observed for the cements with (Ca + Mg)/P ratio of 1.67, which are char-
acterized by newberyite phase formation during setting reaction, pH values close to 7, sufficient compressive
strength up to 22 + 3 MPa (for 20 mol.% of Mg), dense microstructure and adequate matrix properties of the
surface. This set of features make those materials promising candidates for medical applications.

1. Introduction

Injuries, surgical interventions in oncology, traumatology and or-
thopedics often lead to extensive bone defects. Ceramics made of cal-
cium phosphates has been used in medicine for several decades [1-3]
for bone restoration. However, they have several disadvantages: their
application is mainly limited by low rate of bioresorption compared to
the rate of formation of new bone tissue and the inability to fill defects
of complex shape [2,3]. Calcium phosphate cements (CPCs) are free
from the disadvantages inherent to ceramic materials, they are easy to
use by therapists during surgery treatment, they can fill the defect space
of any configuration, they are osteoconductive materials, i.e. able to
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support bone cell growth [1]. An important positive property of CPCs is
the absence of exothermic effects, leading to burns and necrosis of
surrounding tissues, which occurs when using polymeric acrylate-based
polymer cements [4]. Cements based on CaHPO,4*2H,0O are called
brushite CPCs and have one undeniable advantage over other synthetic
biomaterials intended for reconstruction of bone defects: the rate of
their bioresorption is comparable to the rate of formation of new bone
tissue [1]. Major concerns about a broad clinical use of brushite ce-
ments are their relatively poor mechanical properties compared to
unresorbable apatite cements and their strong acidic pH value during
setting which can lead to the release of acid into the surrounding tissue
around the implant [5].
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At the same time, over the past few years, magnesium phosphate
bone cements (MPCs) have come to be seen as an alternative to CPCs.
MPCs are obtained by reacting powdered magnesium oxide or magne-
sium phosphate with an acidic phosphate solution, which takes place
with the dissolution of magnesium oxide and the subsequent formation
of a cation solution with water. The dissolved cation of magnesium
oxide or phosphate reacts with the phosphate anion to form an amor-
phous gel [6]. This gel crystallizes around unreacted particles of mag-
nesium oxide or phosphate, forming a core-shell scheme with the for-
mation of durable material [7]. The main compounds on the basis of
which cement liquid containing a phosphate anion are phosphoric acid
(H5PO,4), monoammonium phosphate (NH4H,PO,), disodium phos-
phate (Na,HPO,), and dipotassium phosphate (K;HPO,) [6]. The main
disadvantages of MPCs based on MgO are an exothermic reaction that
occurs during the setting and hardening of cement [8], which can lead
to tissue necrosis. Also, magnesia-based cements are characterized by a
high pH level in the range of 9-10, which can also lead to a toxic re-
action when used in orthopedics [8,9]. To reduce the pH level of bone
cement, the monoammonium phosphate cement liquid is applied with
formation of  magnesium phosphate mineral struvite
(MgNH,4PO,*6H,0). Few studies have investigated struvite forming
cements for biomedical applications and showed high strength of the
materials (compressive strength up to 50 MPa) and an appropriate
setting time of 3-10 min, which meets clinical demands [10]. However,
the presence of NH,* cation in the bone cements could led to un-
desirable release of ammonia in human body. On the one hand, such
MPCs have high mechanical strength, on the other hand fast setting
reaction limits the processing time by a surgeon [11]. To reduce the
thermal effect and decrease the pH of cement materials, composite
cements are developed, for example based on calcium silicate [12,13]
or calcium sulfate [14].

The development of cements containing both magnesium and cal-
cium phosphates (MCPCs) resulted in materials that combine the ad-
vantages of both components: high strength due to magnesium phos-
phate, lack of cytotoxicity, and enhanced matrix surface properties due
to the presence of calcium phosphates [15]. There are various combi-
nations of composite MCPCs used in the form of mechanical mixtures of
powders taken in predetermined ratios, which make it possible to ob-
tain both composite and single-phase cement materials [6]. As the
magnesium components Mgs;(PO4)> and MgO are used. The highest
strength was achieved when tetracalcium phosphate (TeTCP) cement,
dicalcium phosphate dihydrate, magnesium oxide and monoammonium
phosphate were used as the powder phase of the cement and distilled
water was used as the mixing liquid. These cements had a strength of up
to 91 MPa, characterized by a setting time of about 6 min, and showed
the absence of cytotoxicity in vitro, as well as improved osseointegration
into the rabbit bone defect zone, as compared to CPCs without mag-
nesium oxide [16]. High mechanical properties — compressive strength
up to 43 MPa, accelerated weight loss when dissolved in fluids simu-
lating extracellular fluids of the body and the absence of a toxic reaction
were demonstrated by cements based on a mixture of magnesium oxide
and calcium dihydrogen phosphate [17]. The disadvantage of me-
chanical mixtures of powder components when used as cement powder
is the complexity in achieving the homogeneous distribution of the
components in the mixture and the difference in their dissolution rate in
the cement liquid. Previous studies on the struvite forming cements
used multi-component mixtures of secondary (MgHPO,) and tertiary
(Mg3(PO4)2) magnesium phosphates together with calcium orthopho-
sphates (a-tricalcium phosphate (a-TCP), B-tricalcium phosphate (f3-
TCP), hydroxyapatite (HA)) as fillers [18]. Also, there are the powder
cement system with the pre-introduced additional source of PO~ in
the form of Na,HPO,, NH4H,PO,, K,HPO,. In the same time,
MgO-P,05 system does not have the compounds with Mg/P ratio of
1.67 or 2.0 as in the case of CaO-P,0s: HA and TeTCP. The increase of
Mg/P ratio to values exceeding 1.5 resulted in the formation of far-
ingtonite (Mg3(PO4),) mixture with MgO which could be applied as
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cement powders. The one-pot synthesis of cements powders precursors
for MCPCs could be realized by formation of calcium-magnesium
phosphate phase and highly active MgO phase during the precipitation
in the media with an excess of Mg cations. The one-pot synthesis could
be a simple route to reduce the problems associated with the manu-
facturing and handling of mechanical mixtures, including different
particle sizes, difficult preparation of homogenous powder mixtures,
de-mixing during transport or storage. The present work aimed at the
fabrication of cement powders precursors by one-pot synthesis and in-
vestigation of the effect of different (Ca + Mg)/P ratio and Mg amount
on the formation of materials in the whitlockite CaxMgs.x)(PO4)2,
stanfieldite MgzCas(PO,4)4 and MgO system in the excess of cations. The
cement liquid of NaH,PO,~Na,HPO, is characterized by the absence
NH,4* cations and optimal pH value in the 4.0-4.5 could be applied for
cement paste and set cements obtaining [11]. The properties and be-
havior in vitro were investigated and optimal composition with neutral
pH value of cement extract, acceptable mechanical properties and ab-
sence of cytotoxicity were developed.

2. Materials and methods
2.1. Cement powders synthesis and characterization

As a model of one-pot-synthesis of cement powders precursors we
suggested aqueous precipitation method based on the mixing of Mg
(NO3),, Ca(NO3),, (NH4),HPO, and deionized water described in Ref.
[15]. Powder synthesis was carried out according to reaction schemes
1-3 using reactants of an analytical grade (LTD Labtech, Russia) and
deionized water. We did not expect the formation of Mg-substituted HA
or TeTCP and assumed the formation of materials in the Cag.nMgx
(PO4)> and MgO system in the case of excess of cations, but used the
listed theoretical reaction schemes based on calcium phosphate dia-
gram [19] to calculate the amount of reactants:

(3 - SX)Ca(NO3)2 + 3XMg(NO3)2 + 2NH4OH + 2(NH4)2HPO4=

Ca(3,3X)Mg3X(PO4)2 + 6NH4NO3 + 2H20 (1)
(10 — 10x)Ca(NO;), + 10xMg(NOs), + 8NH4OH + 6(NH,),HPO,=
Caqo-100Mgyo, (PO)s(OH), + 20NH,NO; + 6H,0

(2)

4(1 — x)Ca(NO3), +-4xMg(NO;),: +-4(NH,),HPO,- +-8NH-OH-=
-Cay—axy Mg, O(POy), +16-NH,NO5- +-6-H,0
3)

where x = 0.2; 0.4; 0.6.

Calcium-magnesium phosphate powders with the ratio (Ca + Mg)/
P of 1.5, 1.67 and 2 with the degree of substitution of Mg for Ca 20, 40
and 60 mol. % were used as the cement powders, the composition and
labels are listed in Table 1 and presented in Fig. 1. When we produced
the cements based on the cement powders, the label changed from CP/
MCP to CPC/MCPC. The powder with Ca/P = 2 and 0 mol.% of Mg
(CP) was chosen as control sample as pure calcium-phosphate powder
which could interact with NaH,PO, cement liquid with a formation of
set cements. The pH of the reaction mixture has been maintained at a
level of 7-8 by adding aqueous ammonia.

The powder precursors were synthesized by simultaneous addition
of Ca(NOs), and Mg(NOs), solutions into (NH4),HPO, solution with
constant stirring. After the mixing, the suspensions were evaporated to
obtain the powder precursors keeping the chemical composition in-
cluding excesses of cations. The powders precursors were air dried,
heat-treated at 300 °C for 6 h to remove of NH4NOs. The powders
precursors were calcinated at 1150 °C in air for 2 h to allow the for-
mation of crystalline phases. The sintered blocks were ground in an
agate mortar and milled in a planetary ball mill for 20 min with the
isopropyl alcohol medium with zirconia balls. Cement powders were air
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Table 1
Powders assignments and particle size distributions.

Cement (Ca + Mg)/P ratio Mg Particle size distribution
powder subst.,

composition mol.% Dyo (um) Dso (um) Dgp (um)
name

MCP1 1.5 20 4.1 28.1 54.4
MCP2 1.5 40 2.8 24.3 49.9
MCP3 1.5 60 5.5 31.5 63.8
MCP4 1.67 20 1.0 15.4 51.7
MCP5 1.67 40 1.2 17.7 47.8
MCP6 1.67 60 11.5 41.1 89.9
MCP7 2.0 20 0.9 6.7 19.3
MCP8 2.0 40 1.0 7.9 21.6
MCP9 2.0 60 1.3 10.0 35.5
CP 2.0 0 0.5 17.7 35.4

dried and characterized. The particle size distribution was measured by
laser diffraction (FRITSCH ANALYSETTE 22). The powder materials
were characterized by the X-ray diffraction (XRD) method (Shimadzu
XRD-6000 or Dron III, CuKa radiation, 26 range from 10 to 70° with a
step of 0.02°) with the identification of phase composition according to
ICDD PDF2 database. Quantitative phase analysis was performed ac-
cording to the technique described in Ref. [20]. The procedure is based
on the Rietveld method and uses the PHAN% software developed at the
Department of Physical Material Science, National Research Techno-
logical University. The accuracy of phase amount determination was up
to 3%. Indexing of the peaks was carried out by means of cards JCPDS
No 25-1137 for (TeTCP), JCPDS No 09-0432 for (HA), JCPDS No
87-1582  for magnesium  -substituted  whitlockite  phase
((Caz’SBGMg()Al1)(P04)2), JCPDS No 77-2364 for stanfieldite
(Mg3Ca3(P0y4)4), JCPDS No 77-2364 for (MgO), JCPDS No 70-2065 for
whitlockite (B-Casz(PO4);), JCPDS No 75-1714 for newberyite
(MgHPO4*3(H>0)), JCPDS No 72-0713 for brushite (CaHPO4*(2H>0)),
JCPDS 33-878 for bobierrite (Mg3(PO,4)*8H,0). Fourier-transform in-
frared absorption (FTIR) spectra of the samples were measured in KBr
pellets in the range from 4000 to 400 cm™! employing a Nikolet
Avatar-330 FTIR spectrometer. Morphology of powders was in-
vestigated by scanning electron microscopy (SEM, Tescan Vega II) with
X-ray energy dispersive spectroscopy (EDS, Inca, Oxford Instruments).

2.2. Preparation and characterization of the cement samples

+

The solution based on 50 wt.% NaH,PO, with pH 4.0 0.1 was
used as cement liquid. The powders and the liquid were mixed, and the
obtained cement pastes were placed into a teflon molds (d = 5 mm,
h = 10 mm) and hardened for 48 h at 37 °C and 100% humidity. The
final setting time was determined by immersing a Vicat needle with a
diameter of 1.0 mm of indenter (400 g) into the sample being set until

Cay(PO,),
Caio(PO4)s(PH)2

70
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the needle could no longer form a complete circular indentation on the
cement according to ISO 9917 (2007).

The chemical composition of the set cements was investigated by
inductively coupled plasma atomic emission spectrometry (ICP-AES)
analysis. Sample preparation included the transfer of weighed portion
of the dried and milled substance (75-120 mg) to a 100 ml conical flask
and further dissolving of the sample by addition of 25 ml of aqua regia
(3:1 by volume of concentrated hydrochloric and nitric acid). The flask
was heated for 10 min at 90 °C until completely sample dissolved; then,
the solution was placed into 50 ml volumetric flask, deionized water
added to the mark. Before ICP-AES analysis, a 10-fold dilution of the
samples was performed. A standard reference solution of Na, Mg, Ca,
and P (Merck, Germany) was used. Internal standard (20 ppm of Sc in 5
mass.% HNO3) was used to improve the reproducibility of the results. In
all cases, two parallel samples were analyzed to check the reproduci-
bility of the replicates. For elements weight determination the wave-
length used: 330.237 (1), 588.995 (I), 589.592 (I) nm for Na, 285.213
(1) and 279.078 (1I) for Mg, 315.887 (1I) and 317.933 (1) for P, 213.618
(D) and 214.914 (1) for Sc (internal standard).

Samples obtained after hardening were investigated by XRD and
FTIR by the procedures identical to those used for cement powders. The
compressive strength of dry hardened cement samples was determined
according to ASTM D695-91 standard test with an Instron 5581 ma-
chine under uniaxial compression with a loading speed of 1 mm/min
(error in measuring speed 0.2%, error in measuring load 0.5%) and the
final statistical calculations were carried out for 5 samples.

The set cements were placed in deionized water and Kokubo's si-
mulated body fluid (SBF) [21] at the ratio of 0.2 g/ml and pH values of
the extracts were determined after 1, 24 and 72 h of cements in-
cubating. The results were expressed as the average pH value standard
deviation (SD). The SBF was prepared by dissolving NaCl, NaHCOs3,
KCl, K,HPO,4*3H,0, MgCl,*6H,0, CaCl, and Na,SO, in deionized
water in adjusted ratio (Table 1). The solution was buffered at pH 7.4
with tris(thydroxymethyl) aminomethane ((CH,OH);CNH,, TRIS) and
1 M HCI. Microstructure of the set cements was evaluated by SEM.

2.3. Measurement of the degradation rate in the simulated body fluid (SBF)

The degradation rates of the samples were characterized by their
weight loss ratios after immersion in SBF solution at 37 °C [16]. For
determination of the weight loss, 3 samples for each composition were
prepared and hardened during 48 h and initial weight was recorded.
Then samples were immersed in the separate plastic bottle for each
sample into the SBF solution with a weight-to-volume ratio of 0.2 g/ml.
After 1, 3, 7, 14 and 21 days of solubility at 37 °C in closed system the
samples were removed from the SBF solution, frozen by ULT Freezer
MDF-60U50 up to —70 °C and freeze-dried by LS-1000 Prointeh-bio
with sublimation capacitor. After freeze-drying new weight, W, was

P2Os

P20Os

40

30
Mgs(POa4)2

Mol.%MgO

(a)

40 50 60

Mol.%MgO

(b)

20 30

Fig. 1. The ternary phase diagram CaO-MgO-P,0s at 1000 °C (a) with mentioned compositions of cement powders and phase areas according to Ref. [23] (b): MCP1-
3 (blue diamond), MCP4-6 (red diamond), MCP7-9 (green diamond), CP (Ca4P>0o) — black square, the areas are listed below in Table 2.
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Fig. 2. Diffractograms of the cement powders/set cements after 48 h of hardening: (Ca + Mg)/P = 1.5(MCP/MCPC1-3) (a), (Ca + Mg)/P = 1.67(MCP/MCPC 4-6)
(b), (Ca + Mg)/P = 2.0 (MCP/MCPC 7-9) (c) and initial CP and CPC (d), where @ - stanfieldite, ® - whitlockite (B-Ca3(PO,),), O — whitlockite ((Cay s56Mg0,411)
(PO4),), ¥ - HA, ¢ - MgO, & - MgNa(PO4)*7H,0, ® - TeTCP, A — newberyite, v - brushite, * -Na,HPO,.

Table 2
Diagram characteristics and phase compositions of the obtained cement powders according to XRD.
Area on the diagram Phases on the area according to [23] Cement powders Phase composition, wt.%
Hydroxyapatite Whitlockite Stanfieldite MgO
1 HA, Whitlockite, MgO MCP7 55 28 - 15
2 Whitlockite, MgO MCP4 - 85 - 15
3 Whitlockite, Stanfieldite, MgO MCP5 - 18 75 7
MCP8 - 62 9 28
MCP9 - 17 34 49
4 Stanfieldite MCP3 - - 100 -
5 Stanfieldite, MgO MCP6 - - 93
6 Stanfieldite, Whitlockite MCP1 - 85 15 -
MCP2 - 10 90 -
recorded and weight changes was determined. 2.4. Determination of cell proliferation and morphology
For determination of Mg and Ca release during the immersion in the
SBF solution, extracts were taken after 1, 3, 7, 14 and 21 days of In vitro cytocompatibility of cement samples was investigated by
soaking and analyzed by atomic emission spectrometry with in- using MTT assay on the cell line of human osteosarcoma MG-63

ductively coupled plasma (AES-ICP, HORIBA Jobin Yvon, ULTIMA 2) or (Russian Collection of Cell Cultures, Institute of Cytology, Russian
ICP-OES Agilent 720. Scandium line (335.372 nm) 20 mg/] was used to Academy of Sciences, St. Petersburg). Before the start of in vitro studies,

improve reproducibility. Calibration solutions were prepared using MCPC and CPC samples were sterilized with y-radiation at a dose of
single-element standard samples (Inorganic Ventures, USA). To control 18 kGy. Sterile cement disk samples 5.0 mm diameter and 3.0 mm high
the quality of the results standard samples (ICP-MS Quality Control were placed into 96- well plates for cultivation (Corning Costar, USA)
Standards, Inorganic Ventures) were used. Before measurements the into triplets with one plate per each incubation period and covered with
optimal measurement conditions was obtained according to the fol- complete growth medium (CGM) that contained DMEM medium
lowing parameters (power, plasma flow, additional flow, read time for (PanEco, Russia), 10% fetal bovine serum (PAA, Austria), 60 mg/ml -
replicates, stabilization time, replicates). glutamine (PanEco, Russia), 20 mM Hepes buffer (PanEco, Russia) and
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Fig. 3. FTIR spectra of the cement powders: (Ca + Mg)/P = 1.5 (MCP1-3) (a); (Ca + Mg)/P

50 pug/ml gentamycin (PanEco, Russia) for 4-6 h for samples soaking.
After the medium was removed from wells using a pipette, and 200 pl of
MG-63 suspension in the fresh CGM containing 1.5 X 10* cells per well
was added, the suspension containing 7.5 x 10* cells per 1 ml was
applied. The plates were incubated for 1, 3, 7, 10 and 14 days with
regular replacements of the CGM. All the procedures were performed
under sterile conditions in an atmosphere of moist air that contained
5% CO, at 37 °C. The viability of MG-63 cell lines over time was as-
sessed using an MTT test [22], which is based on the ability of dehy-
drogenase of living cells to reduce 3- (4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2h-tetrazolium bromide (MTT, (Sigma), USA) into formazan.
The optical density of the formazan solution was evaluated spectro-
photometrically on a spectrophotometer Multiscan FC (Thermo Scien-
tific, USA) at a wavelength of 540 nm. It is known that the amount of
formazan describes proliferative activity (viability and amount) of dif-
ferent human and animal cells [22]. The pool of viable cells (PVC) was
evaluated at different stages of the experiment as a ratio of optical
density of formazan solution on a certain day of the experiment to
optical density in the control. A specimen of cement was assumed to be
cytocompatible in the absence of cytotoxicity (PVC = 70%) on a certain
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= 1.67 (MCP4-6) (b); (Ca + Mg)/P = 2.0 (MCP7-9) (c).

day of cultivation. At the stages of the experiments, visual monitoring
of the processes of expansion of the surface of cement samples by cells
was carried out and photo archiving of materials (stereo magnifier
Olympus, Japan).

The obtained results were processed by conventional methods of
variational statistics using Microsoft Excel 2000. The significance of
differences was assessed using a parametric Student t-test; differences
were considered statistically significant at p < 0.05.

3. Results and discussion
3.1. Cement powders characterization

3.1.1. Phase compositions of the cement powders

According to XRD data, the compositions of cement powders with
(Ca + Mg)/P 1.5 ratio form whitlockite and stanfieldite phases
(Fig. 2), which belong to the same structural type and differ mostly in
Ca/Mg ratio. The MCP1 (20 mol.% Mg) composition is mostly trigonal
whitlockite with traces of monoclinic stanfieldite. The increase of Mg
content resulted in a progressive increase of stanfieldite content
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Fig. 4. The morphology and EDX spectra of the cement powders: MCP1 (a); MCP2 (b); MCP3 (c); MCP4 (d); MCP5 (e); MCP6 (f); MCP7 (g); MCP8 (h); MCP9 (i) and

CP().

reaching pure stanfieldite phase at 60 mol.% of Mg (MCP3) (Table 1,
Fig. 1)..

The increase of (Ca + Mg)/P ratio up to 1.67 resulted in the for-
mation of additional MgO phase, with its amount below 15 wt.%, de-
pending on the specific composition. MCP4 (20 mol.% Mg) contains
predominantly whitlockite phase with ~15 wt.% MgO. MCP5 (40 mol.
% Mg) and MCP6 (60 mol.% Mg) are predominately stanfieldite with
~7 wt.% of MgO and small amount of whitlockite in MCP5. So, the
evolution of phase composition (whitlockite to stanfieldite transfor-
mation) is qualitatively similar between the two series of samples with
different (Ca + Mg)/P ratio. The further increase of (Ca + Mg)/P ratio
to 2.0 resulted in the formation of HA in the case of MPC7 (20 mol.% of
Mg) with whitlockite and MgO phases. The increase of Mg content re-
sulted in the disappearance of HA and the formation of mixtures of
stanfieldite, whitlockite and MgO phases. The CP (0 mol.% Mg) was
single-phase TeTCP (Fig. 5 d). The results of XRD were compared with
phase diagram of MgO-CaO-P,Os system at 1000 °C, where single-
phase area of stanfieldite covers a broad composition range between 45

649

and 65 mol.% of Mg (Fig. 1) [23]. We observed up to 90 wt.% of
stanfieldite phase in the case of 40 mol.% Mg (MPC2), which is con-
sistent with these data (Table 2). The presence of HA phase is also
consistent with the phase diagram at high (Ca + Mg)/P ratio (MCP7),
however HA remained undetected at lower (Ca + Mg)/P (MPC4).

3.1.2. FTIR spectra of the cement powders

The FTIR spectra of cement powders are presented in Fig. 3. The
FTIR spectra of powders at the (Ca + Mg)/P = 1.5 ratio (Fig. 3a) were
presented by well resolved bands of phosphate group at 570, 602, 1034
and 1086 cm ™~ ! [24]. It should be noted, that as the magnesium content
in the materials increases, the doublet of the deformation mode vs
PO,3~ at 1119 and 1035 cm™ !, which is characteristic of the whi-
tlockite phase [25], becomes less resolved and transforms into a broad
peak with a maximum at 1040 cm ™!, which we could associated with
formation of pure stanfieldite phase. Also, at low wavenumbers the
doublet of v, PO,>~ at 602 and 560 cm ~* previously attributed to Mg-
substituted whitlockite [26] demonstrated the decrease of intensity
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Fig. 5. FTIR spectra of the set cements: (Ca + Mg)/P = 1.5 (MCPC1-3) (a); (Ca + Mg)/P = 1.67 (MCPC4-6) (b); (Ca + Mg)/P = 2.0 (MCPC7-9) (c).

with the growth of Mg content which results in formation of the single
broad peak with maximum at 576 cm ™' for MCP3 sample. The new
peak of PO,>~ associated with stanfieldite formation was observed at
633 cm ™! and the same behavior was observed for MCP6.

In the same time, the increase of the (Ca + Mg)/P ratio of up to 1.67
(Fig. 3b) resulted in the appearance of OH™ band at 3700 cm ™~ *. This
band is attributed to Mg(OH),, which formed by interaction of MgO
with air humidity [27].The behavior of the doublet of the v; PO, at
1119 and 1035 cm ™! with increase of Mg content reflected the dis-
appearance of whitlockite phase according to XRD and resulted in a
formation of broad peak at 1040 cm ! similar to (Ca + Mg)/P = 1.5
system. At the same time, the band of the stretching mode v; of the
PO43~ group becomes less resolved at 951 cm ™! and disappeared for
MPC6. The doublet of the deformation mode v4 at 557 and 605 cm ™!
becomes smoother and forms a single maximum at 571 cm ™, and the
v, bands are shifted toward large wave numbers from 512 to 526 cm ™.

Regardless neither Mg content, nor whether MgO forms as separate
phase or not according to XRD, the only well-resolved peak at
420 cm ™! associated with Mg-O vibration [28] was observed for all
samples.

For (Ca + Mg)/P 2.0 ratio, v, (508 cm™1), v3 (1088, 1050,
973 em ™ ') and v4 (604, 571 cm ™ ') PO~ bands are clearly observed
(Fig. 3¢). Narrow O-H band at 3570 cm ™ related to OH group in hy-
droxyapatite was observed only in MCP7 sample, but not in MCP4,
consistent with XRD observations [25]. The weak band at 1213 cm ™!

can be ascribed to the O-H in-plane bending [29]. For MCP7, bending
mode related to NO3 group appears at 1380 cm ™! [25].

3.1.3. Particle size distribution, morphology and EDX results

The size distributions of obtained cement powders particles ac-
cording to laser diffraction were in the 22-35 pm range and are listed in
Table 1. The data were in agreement with SEM results presented in
Fig. 4. The particles had an irregular shape with predominantly sharp
edges. A significant growth of particle size was observed with increase
of Mg content. It could be attributed to the formation of a mechanically
stronger stanfieldite phase and consequently, lower degree of milling in
the case of 60 mol.% of Mg substitution. According to EDX data the
ratio of (Ca + Mg)/P changed closed to predicted from nominal com-
positions (Table 3).

3.2. Cements characterization

3.2.1. Powder to liquid ratio, setting time, element composition

To produce the cement samples, we used the powders to liquid ratio
of 1.5-2.0 g/ml in the case of MCPC and 1.0 g/ml for CPC as presented
in Table 3. For MCPC1-6 it was 2.0 and independent on composition,
but in the case of MCPC7-9 the volume of the liquid was increased due
to high amount of MgO and presence of the inert HA in the case of
MCPC7.

Cement materials MCPC are characterized by setting time which is
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& close to optimal for cement handling (5-30 min) The materials with
E) (Ca + Mg)/P = 1.5 ratio showed the setting time in the range of 27 to
+ 20 min, which decreased with the growth of Mg content. The cements
=5 with (Ca + Mg)/P = 1.67 are characterized by shorter setting timedue
; NYoRO8NQ e to the presence of highly active MgO in the cement powders. The ma-
<) [ S e S S terials with (Ca + Mg)/P = 2.0 demonstrated the setting time lower
& than 10 min due to high concentration of MgO, as it is described in Ref.
§° [6]. CPC characterized by the lowest setting time — 4 min and required
+ o N 6o the highest powder/liquid ratio — 1.0 g/ml (Table 3).
8 q@mengooe - ICP results confirmed that the substitution degree of Mg as defined
by the composition of powders was preserved in set cement samples
3 ] (Table 4). During the interaction with cement liquid and setting the
.§ E § cement samples demonstrated the decrease of (Ca + Mg)/P ratio linked
£ ‘% I 3 with the amount of Mg in the sample. With the increase of Mg content,
é § § § § § § § § § § 8 both (Ca + Mg)/P and (Ca + Mg + Na)/P ratio values increased in
& % < 5 5 é’ § 5 é § é 5 S MCPC1-6 following lower atomic weight of Mg compared to Ca, while
same weight quantity of cement powder and setting liquid was used for
=3 all samples. The (Ca + Mg)/P and (Ca + Mg + Na)/P ratio changed
k= E insignificantly with nominal Mg content in the case of MCPC7-9 due to
% § cancellation of contributions from P/L ratio and atomic weight differ-
- ence.
f£2| 898888828
3.2.2. Phase composition of the set cements
fﬂ NN RN e R~ According to XRD, the diffraction peaks of initial phases became
S £ g g ;, ; § g sés g broadened after the cement setting indicating a significant decrease in
:« § 5 88388283883 the degree of crystallinity (Fig. 2). The new phases which appear as a
Aem | oodannss o result of material's interaction with the cement liquid for MCPC1-
° MCPC3 are newberyite and brushite. We supposed the formation of
_» |a3B8RR§8¢9% Na,HPO, (JCPDS # 35-0735) with the main peaks at 31,87; 32,77 and
2 g Ssseseseee 23,14; which overlapped with ones of the stanfieldite and whitlockite
rBlgdgsssgsadw phases as a residual of cement liquid. Also, we assumed the introduc-
tion of Na™ into whitlockite and stanfieldite structure, as it was de-
2 fea8845587 scribed by us previously [15]; related compositions had been also re-
S _%O S89eZgeszZ8S ported earlier e.g. as CagMgNa(PO,); (JCPDS # 45-0136). Thus, we
; S . :cig S E 8 E 59: = have established the selective formation of new magnesium — phos-
S8 | a2 Eda IV phate (newberyite) and calcium - phosphate (brushite) phases during
the formation of cement materials (Fig. 2 a). The amount of brushite
. ‘a @ § E ﬁ § @ g § 5 2 decreased with increasing of magnesium content in the materials from
S5 ceceeeeessse .% for MCPC1 to 10 wt.% for MCPC3. The chemical processes
2T |gnygsnzase 25 Wt . P
8 % § NSSoRasSn could be summarized by a scheme (4):
E (Cay 586Mg 41)(PO4)2 +-CazMg;(PO,)y + (2 + W+ z)NaH,PO,-—
;fo g § § g ’é é § ; sga “(Cag 556M8g 411)(1-wi2)(Naw) (POg),-+
(20} NANN—— =0 VA
'(C3(3—x)Mg(3,y))(1—z/2)Naz(PO4)4'+
~
N xCaHPO;2H,0-+-+yMgHPO}3H,0-+
E o
g g ~ o NaHPO:,+( x> y) 4
O NNNNNN—
During the interaction of MCPC4-MCPC6 with cement liquid the
g diffraction peaks of MgO disappeared (Fig. 2 b). This could be attrib-
§ E uted to simultaneous dissolution of calcium-magnesium phases and
s = 8% MgO in the cement liquid with the formation of crystalline newberyite.
é §° E Eo The formation of brushite was not detected.
g+ g 'g Cements phase formation of materials with (Ca + Mg)/P = 2.0
g 8 § gleguennnhono ratio is mostly associated with the formation of NaMgPO,*7H,0 phase
8 [30] via the interaction of MgO with cement liquid according to reac-
g “ tion:
g < § MgO + NaH,PO, + 6H, O= NaMgPO’7H,0 (5)
3 a
g f g R - Neither newberyite nor brushite phases were detected by XRD
gl & § Fleeneees22g (Fig. 2 c). For MCPC7 the amount of HA changed insignificantly in-
Tg - dicating its low reaction activity. Significant amount of residual MgO
g 2 was observed in MCP8 and MCP9 samples, consistent with its high
o 2 g o98IBSLHE88 content in the initial materials. Transformation of TeTCP into HA was
= £ g g g g g g g g g g 4 observed in the case of CPC: the HA content in the final material was up
E31° ° to 60 wt.% (Fig. 2 d).
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Table 4

The characteristics of the set cements.
Composition Compressive Strength, MPa pH value in distillated water pH value in SBF solution

1h 24 h 72 h 1h 24 h 72h

MCPC1 2(1) 6.8(0.05) 7.1(0.05) 7.2(0.05) 7.4(0.05) 7.4(0.05) 7.5(0.05)
MCPC2 3(1) 6.8(0.05) 7.1(0.05) 7.2(0.05) 7.5(0.05) 7.5(0.05) 7.5(0.05)
MCPC3 6(2) 6.9(0.05) 7.1(0.05) 7.3(0.05) 7.5(0.05) 7.5(0.05) 7.5(0.05)
MCPC4 22(3) 7.3(0.05) 7.3(0.05) 7.3(0.05) 7.6(0.05) 7.6(0.05) 7.6(0.05)
MCPC5 15(2) 7.1(0.05) 7.1(0.05) 7.2(0.05) 7.6(0.05) 7.6(0.05) 7.6(0.05)
MCPC6 16(2) 7.2(0.05) 7.2(0.05) 7.2(0.05) 7.6(0.05) 7.6(0.05) 7.6(0.05)
MCPC7 30(2) 7.8(0.05) 9.0(0.05) 9.5(0.05) 8.3(0.05) 8.0(0.05) 8.0(0.05)
MCPC8 34(3) 7.8(0.05) 9.0(0.05) 9.6(0.05) 8.1(0.05) 8.2(0.05) 8.4(0.05)
MCPC9 41(3) 7.9(0.05) 9.1(0.05) 9.8(0.05) 8.2(0.05) 8.3(0.05) 8.5(0.05)
CPC 18(2) 7.8(0.05) 8.0(0.05) 9.1(0.05) 8.2(0.05) 7.9(0.05) 8.1(0.05)

10 mkm
—_—

Fig. 6. Microstructure of the set cements: MCPC1 (a,b); MCPC2 (c,d); MCPC3 (e,f); green arrows indicates the new phase areas.

3.2.3. FTIR spectra of the set cements Compared with the IR spectra of cement powders, the IR spectra of

The IR spectroscopy analysis confirmed the formation of crystal set cements showed wide and intense bands of adsorbed water at 3600-
hydrates during the reaction of cement powders with cement liquid 2500 cm ™! and at 1600-1610 cm ™~ *. For MCPC7, the additional band of
(Fig. 5). structural OH™ group at 3550 cm ™!, related to HA still may be
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10 pm

Fig. 7. Microstructure of the set cements: MCPC5 (a,b); MCPC6 (c,d); MCPC7 (e,f); green arrows indicates the new phase areas.

recognized (Fig. 5 ¢), while no bands which could be related to Mg
(OH), was observed. After interaction with the cement liquid, the P-OH
band at 875 cm™! related to HPO,2~ group appear in all cement
samples, while the v, band of PO, (usually present at 510 cm ™) is
difficult to distinguish [31]. The appearance of P-OH band can be re-
ferred to newly formed brushite and newberyite phases observed by
XRD. The presence of newberyite phase is further evidenced by the OH-
group stretching vibrations bands at 3163, 3267, and 3636 cm ™! for
MCPC1-3 of the three nonequivalent H,O molecules in the newberyite
structure (Fig. 5 a) [13]. Also, bands at 2920 and 2850 and 2400 cm !
attributed to stretching vibrations of strong H-bonding of OH of new-
beryite H,O molecules [13] became distinguishable for MCPC2 and
MCPC5 with 40 mol.% of Mg, and increase in their intensity with the
increase of Mg concentration (Fig. 5 b). This confirmed the XRD data on
the formation of hydrated phase of newberyite in MCPC3 and MCPC6.
Also, an overall tendency for (Ca + Mg)/P = 1.5 and (Ca + Mg)/
P = 1.67 cements was the decrease of intensity of v; PO4>~ at 945 cm
~1 and the doublet of the mode v, PO,°~ at 510-520 cm ™! with an
increase in magnesium concentration from 20 to 60 mol.% associated
with a transformation of whitlockite structure into stanfieldite one.

Although for MCPC7-9 samples the P-OH band nearly disappears,
the disturbance in the range 880-860 cm ™! may indicate amorphous
phase formation. Also, the new band of OH-group was detected at
1210 cm™! which could be attributed to the formation of
MgNaPO,*7H,0. The shape of v3 PO, (at 1100-970 cm~') bands also
changes with the material composition. For samples MCPC1-3 three
separate bands can be clearly distinguished, while with the growth of
(Ca + Mg)/P ratio, these bands become less resolved. This fact may
indicate greater amorphization of the set cements with the growth of
(Ca + Mg)/P ratio.

3.2.4. Microstructure of the set cements

The cement samples demonstrated an increase of density and de-
crease of porosity with the growth of (Ca + Mg)/P ratio. The new-
formed phase was observed for all MCPC samples in the form of small
lamellas and rods which formed a network between the particles of the
initial cement powders (Fig. 6 a-f).

The MCPC1 sample is characterized by a loose and porous structure
with pores ranging from 1 to 2 to 6-8 pm; the increase of Mg content
resulted in a denser structure in MCPC3. Rod-shaped crystals with the
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(2) (h)

Fig. 8. Microstructure of the set cements: MCPC7 (a,b); MCPC8 (c,d); MCPC9 (e,f); CPC (g,h); yellow arrows indicates the cracking occurs.

size of 0.5-5 pm are grown on the surface of the initial cement powders powders in the cements with (Ca + Mg)/P = 1.67 ratio (Fig. 7 a-f).

(with 15-40 um in size) and network structure by brushite and new- The porosity decreased with Mg content increase, and the samples
beryite formed during setting and hardening of cement. Additionally, microstructure became denser. The formation of significantly enlarged
newberyite crystals were observed on the surface of the initial cement prismatic crystals with size up to 10 um was observed in MCPC6. The
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Fig. 9. The behavior of the set cements samples in the SBF solution: weight changes
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Fig. 10. XRD data of the cements samples after soaking for 21 days in SBF,
where @ - stanfieldite, O — whitlockite ((Cazsg6Mg0,411)(PO4)2), A — new-
beryite, &- Mg3(PO,4)*8H,0, * - NayHPOy,, v-NaCl.

same morphology of newberyite crystals was observed during the its
coating on a benchmark Ti6Al4V via microwave irradiation [32]. The
further increase of (Ca + Mg)/P ratio to 2.0 resulted in a fine dense
structure (Fig. 8). No recrystallization similar to cements of (Ca + Mg)/

655
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(a), concentrations changes of Ca?™ ions (b) and MgZJr ions (c¢) in the course of

P = 1.5 and 1.67 was observed. For MCPC8 and MCPC9 (Fig. 8 c-d, e-f)
numerous cracks were observed in the body of the set cement. Similar
behavior had been discussed in Ref. [8] and linked with drying of the
hydrated gel-like phase based on Na-contained liquid and MgO-based
MPC.

For control sample (Ca/P 2.0), CPC, the formation of loose
structure with needle-like crystals of 2-5 um in size and ~100 nm
thickness on the surface of the initial powders particles was observed
(Fig. 8g and h).

3.2.5. Behavior in the model liquids

In the distilled water immersion tests, the set cements initially (in
1 h) showed a slightly acidic reaction in extracts of 6.8-6.9 for the
(Ca + Mg)/P = 1.5, and pH grew slightly up to ~7.2 value in 72 h
(Table 4). For the compositions with (Ca + Mg)/P = 1.67, the pH
values of extracts were slightly higher (7.1-7.3) after 1 h of immersion
and changed insignificantly in 72 h. The (Ca + Mg)/P = 2.0 compo-
sitions demonstrated moderately high pH values of 7.8-7.9 after 1 h of
immersion. pH value increased substantially with increased immersion
time, reaching the values of 9.5-9.8 after 72 h for, due to interaction of
preserved MgO (and probably, MgNaPO,*7H,0) with water. Similar
high pH values had been previously observed in MgO-based MCP sys-
tems [8]. The evolution of extract pH in the SBF immersion tests was
qualitatively similar, the values are listed in Table 3. The slightly higher
values (compared to water immersion test values) observed in the case
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Fig. 11. The results of in vitro investigations of the set cements: changes of the formazan optical density for the samples at 1, 3, 7 and 14 days (a) and the view of
cements samples (b — Control, CPC; ¢ - MCPC1-3; d - MCPC4-6) in the course of investigation.

of MCPC1-6 and lower ones for MCPC7-9 were linked with presence of
TRIS in the solution.

The behavior of cement samples in SBF solution was investigated
via monitoring changes in the sample weight after immersion (Fig. 9 a).
For all three (Ca + Mg)/P ratios, a similar trend of increased de-
gradation rate with higher Mg content was established. It is in good
agreement with [16], where tests on the mechanical mixtures of CPC
and MPC showed faster degradation at high magnesium content. Ex-
pectedly, CPC cement showed the lowest degradation rate, due to
presence of low-soluble HA and absence of Mg-phases. Among the three
compositions, the highest degradation rate was observed for the
(Ca + Mg)/P = 2.0 ratio due to the decrease of P/L ratio and sig-
nificant amount of disodium phosphate. The degradation occurred due
to solubility of disodium phosphate and magnesium-based phases
which is confirmed by ICP revealing significantly higher concentrations
of Mg compared to Ca in the extracts (Fig. 9b and c). The inversion of
trend (minimum on the weight loss curve) was observed for all samples
after 7-14 days of immersing (Fig. 9 a), and it was associated with
recrystallization processes. It was confirmed by the decrease of Ca and
Mg concentration in the 14 day extracts. According to XRD (Fig. 10),
after immersing in SBF during 21 day along with the expected decrease
in the intensity of the peaks of the main phases and their broadening,
the newly-formed bobierrite Mg3(PO4)*8H,O phase was observed
(most notable in the case of MCPC6). The amount of Mg3(PO,4)*8H,0
increased with growth of Mg content. The formation of NaCl crystals
from the residual SBF solution after the samples drying was observed.

3.2.6. Compressive strength

Cements with (Ca + Mg)/P = 2.0 ratio are characterized by the
highest values of compressive strength (Table 4). Specifically, the
MCPC9 cement with a highest amount of initial MgO in cement

powders demonstrated 41(3) MPa and this value is comparable with
unreinforced MgO cement [6]. As it was mentioned above, this cement
is characterized by a well-consolidated fine microstructure mostly
based on the MgNaPO,*7H,0 crystal-hydrate with additional amor-
phous network [8]. The (Ca + Mg)/P 1.67 materials are char-
acterized by the formation of amorphous newberyite network and se-
parate newly grown crystals. As the amount of initial MgO decreased
compared to the previous series, the magnitude of strength falls down
to 15-22 MPa for MCPC4-6, and maximum strength was obtained for
the MCPC4 where the amount of MgO was maximal (15 wt.% according
to XRD). This evidenced the primary influence of MgO amount on the
mechanical properties of MCPC with NaH,PO,4 cement liquid. The
(Ca + Mg)/P = 1.5 cements with the composition based on newberyite
and brushite demonstrated the lowest values of strength below 6 MPa.
This fact can be interpreted using the XRD results: MCPC1-3 samples
contain from 10 to 25 wt.% of brushite phase, the presence of which
usually led to compressive strength decrease [33]. CPC based on TeTCP
and HA is characterized by loose microstructure which resulted in a
comparable low values of compressive strength.

3.2.7. In vitro investigations

According to the results of in vitro investigations, it can be con-
cluded that the developed compositions of bone cements MCPC1-
MCPC6 are non-toxic and have moderate matrix surface properties
(Fig. 11 a). On the 10th day in the control, the formation of a confluent
monolayer by cells was noted. Therefore, due to the deficiency of the
culture surface, with an increase in the terms of cultivation up to 14
days, almost half of the cell pool dies (Fig. 11 b). As a result, the most
representative comparison will be the number of cells after 7 days of
cultivation. The best result was obtained for MCPC5 - the increase of
the osteosarcoma cells population on sample compared to the control —
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the polystyrene media, reaching a value of 1074 vs 0.949 a.u. For
MCPC7-9 from the first day, acute cytotoxicity of the material in rela-
tion to MG-63 cells was observed. For the CPC sample, the growth of
cells population was sufficiently lagging behind the control. CPC sam-
ples did not possess cytotoxicity, but the matrix surface properties were
poorer compared to MCPC1-6 samples. Cytotoxicity of MCPC7-9 sam-
ples appears to be associated with high pH values of the medium (9 or
more), while for MCPC1-6 samples the pH values of the medium did not
exceed 7.5. It is important to note that for MCPC1-6 samples, neither
the magnesium ions content nor the (Ca + Mg)/P ratio in the samples
hadn't affect significantly on their matrix properties in vitro.

4. Conclusions

In the present paper, the powders in the magnesium calcium
phosphate system with (Ca + Mg)/P ratio of 1.5 + 2.0 with different
Mg substitution were synthesized by one-pot process. The dominant
phases are stanfieldite and whitlockite, with extra MgO phase for cer-
tain compositions. These powders were used as cement powders with
NaH,PO, cement liquid which warranted the absence of ammonia re-
lease opposed to commonly used (NH4)>,HPO, liquid. In the set ce-
ments, XRD and FTIR data confirmed the formation of brushite and
newberyite in the case of (Ca + Mg)/P 1.5, newberyite in
(Ca + Mg)/P = 1.67 and NaMgPO,*7H,0 in (Ca + Mg)/P = 2.0,
respectively. The relations between phase composition, microstructure
and mechanical properties of the cements, as well as setting time, pH
level and behavior of the cement samples in SBF were established. The
presence of MgO in initial powders resulted in a significant increase of
the cement compressive strength. At the same time, in the case of
(Ca + Mg)/P ratio 2.0 the high amount of MgO in initial powders
which preserved after interaction with cement liquid resulted in an
alkaline reaction of extracts, which probably accounts for the cyto-
toxicity observed in in vitro experiments.

In cements with (Ca + Mg)/P = 1.67 ratio MgO completely reacted
with cement liquid resulting in neutral pH of extracts in distilled water
and SBF immersion tests. More than threefold increase of compressive
strength values was achieved compared to other cytocompatible
(without MgO in initial cement powder) cements with (Ca + Mg)/
P = 1.5.

Summarizing, (Ca + Mg)/P ratio 1.67 appears to be close to optimal
ratio: these cements provide sufficiently high compressive strength up
to 22 + 3 MPa (for 20 mol.% of Mg) and adequate matrix properties of
the surface, thus could be promising for medical applications.
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