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Abstract

B-tricalcium phosphate (-TCP, B-Caz(P04)2) is an attractive biomaterial for bone repair applications.
However, its sintering and mechanical properties are limited by a problematic phase transition to o-
TCP. Cationic doping of 3-TCP is able to postpone the formation of a-TCP allowing higher sintering
temperatures and better mechanical properties. The co-doping of 3-TCP with Mg2+ and Sr2* has already
been studied in detail, but the addition of antibacterial cations (Ag* and Cu?*) on the Mg-Sr 3-TCP co-
doped composition remains unexplored. Thus, two co-doped B-TCP compositions were realized by
aqueous precipitation technique without any secondary phase and compared with undoped (3-TCP: Mg-
Sr (2.0-2.0 mol%) and Mg-Sr-Ag-Cu (2.0-2.0-0.1-0.1 mol%). Differential thermal analysis and
dilatometry analyses showed a slight decrease of the 3-TCP — a-TCP phase transition temperature for
the Mg-Sr-Ag-Cu (2.0-2.0-0.1-0.1% mol) composition as compared to the Mg-Sr (2.0-2.0 mol%).
However, both exhibited much higher transition temperatures than undoped [3-TCP. The addition of Ag*
and Cu?* slightly reduces the grain size after sintering compared to the Mg-Sr (2.0-2.0 mol%) and the
undoped compositions. The co-doped compositions also exhibited improved mechanical properties,
specifically a higher Vickers hardness and elastic modulus. Finally, cell proliferation assays showed that
the presence of dopants, even Ag* and Cu?+, does not affect the survival and proliferation of cells. Thus,
the use of Mg?+, Sr2+, Ag*, and Cu?+ co-doped B-TCP could be very promising for biomedical applications
due to the improvements of these dopants on the thermal stability and mechanical and biological
properties.

Keywords:
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1. Introduction

Bone remodelling is a continuous process in a human's life and is essential to maintain the main
functions of bone tissues. Above all, this process is essential to heal any damage inflicted on the bones.
Bone remodelling can vary over time and is faster in childhood, slowing down sharply with age.1-5
However, sometimes, this self-healing mechanism is not sufficient to repair a fracture or damage caused
by disease (osteonecrosis or bone cancer) or reconstructive surgery. In these cases, surgical procedures
involving the removal of the damaged bone are necessary and can cause significant loss of bone mass
that bone remodelling cannot replace.t 7 The reconstruction of the bone must then be assisted with the
help of a bone graft. Currently, the most used type of bone graft is the autograft that involves harvesting
a bone fraction from the patient's body and then grafting it at the damaged site. Despite providing
natural bone cells and growth factors, autografts present some important drawbacks like limited
quantities and heavy surgical procedures with two operation sites (harvesting and grafting).8 9 In order
to solve the issues associated with autografts, researchers are looking into the production of synthetic
bone substitutes (alloplastic grafts) that should ideally exhibit properties similar to natural bone.é 7. 10

Among the different materials available to produce alloplastic grafts, -tricalcium phosphate (3-TCP, 3-
Ca3(P0O4)2) is an attractive biomaterial for bone repair applications due to its biocompatibility,
bioactivity, and bioresorbability. Indeed, this material could be gradually degraded after grafting and
replaced by new bones after some months. For these reasons, -TCP is already used in the bone grafting
market (BIOSORB, CALCIRESORB, CEROS, CERASORB, RTR, VITOSS, OSFERION, CHRONOS, and so on)
in the form of granules, cements, or macroporous scaffolds.11-14 The realization of macroporous scaffolds
is challenging because the introduction of porosity, necessary to create a favourable osteogenic
environment, reduces the mechanical properties.81> This reduction of mechanical properties, also linked
to the B-TCP ability to be sintered, is one of the main challenges to extend the use of -TCP porous
scaffolds as well as their inconsistent biological behaviour with conflicting clinical results.11.15 According
to Bohner et al.,, 11 3-TCP sintering efficiency is limited for two main reasons: the presence of impurities
and the B to a-TCP phase transition. The first one could be solved by a perfect control of the powder
stoichiometry during the synthesis.13.16.17 The phase transition is more problematic because it occurs at
a relatively low temperature (1115-1200°C), which is detrimental to the achievement of high
densities.18 Above all, this transition is characterized by a ~7% increase in volume. This leads to crack
formation thereby limiting the sintering and the final mechanical properties of the ceramic parts.11.13.17

Among the available solutions in the literature to optimize the densification of B-TCP, one seems
particularly interesting: cationic doping. Indeed, some cations are able to stabilize the 3-TCP phase and
postpone the formation of a-TCP allowing higher temperature sintering.11.13.19-2¢ Among all the possible
dopants, magnesium and strontium already showed interesting properties like an improvement of
densification, thermal stability, and mechanical properties of -TCP.1924-32 [ndeed, it has been shown
that Mg?+ and Sr2* dopings and co-dopings postpone the 3 = o transition, and a higher densification rate
was observed compared to undoped [(-TCP.252632 An improved densification can lead to better
mechanical properties. The compressive strength of commercial -TCP rectangular blocks (OSferion)
examined by Yamasaki et al.33 reaches 2.93 MPa, whereas Tarafder et al.2! were able to reach up to 9
MPa for scaffolds made with Sr2+-Mg?+-doped [-TCP. Thus, co-doped Sr2+-Mg?+ 3-TCP seems very
promising for the manufacture of improved (-TCP scaffolds. For this reason, a previous work of the
authors was focused on synthetizing eight different compositions of doped -TCP with magnesium and
strontium and studying the effect on the thermal stability and densification of B-TCP.25

In addition to modulating the physical features of 3-TCP, the incorporation of metal ions can improve
the osteoinductive capacity of B-TCP scaffolds. For example, Zhang et al.3* demonstrated that the
application of Cu?+ could enhance the osteogenic and angiogenic capacities of -TCP powders. The
release of metal ions can improve the biological performance of bone regenerative scaffolds as well as
give antibacterial properties to limit the risk of infection with synthetic bone grafting.223536

The improvement of B-TCP both mechanical and biological properties as well as providing an
antibacterial activity would give new perspectives for the use of 3-TCP scaffolds for bone repair
applications. In this framework, the focus of this work is to study the impact of antibacterial cations (Ag*
and Cu?*) on the Mg-Sr -TCP co-doped composition. Silver and copper ions are known to possess
antimicrobial and antibacterial properties that could be beneficial to limit postoperative infections.3”
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Gokcekaya et al. clearly showed that silver doping of 3-TCP stabilizes the 3 phase, and the formation of
a-TCP is limited when the silver content increases.38 According to Liu et al.,, the incorporation of silver
in the structure would not modify the crystallization properties of 3-TCP nor its mechanical properties,
only bringing a bactericidal activity.3° For copper doping, Fadeeva et al. and Cummings et al. showed
that the introduction of Cu prevented the polymorphic transformation of 8- to a-TCP, whereas enhanced
the crystal growth and porosity of the ceramics, which had a positive effect on the cytocompatibility of
the material.4041 Despite the cited research on silver and copper doping of B-TCP, few data are available
concerning their role on the sintering and mechanical properties. The co-doping of B-TCP with Mg2+ and
Sr2+ has already been studied in detail, but the addition of antibacterial cations (Ag* and Cu?+*) on the
Mg-Sr B-TCP co-doped composition remains unexplored. The associations of antibacterial cations with
cations proven effective for mechanical properties (Mg2+ and Sr2+) have never been studied.

For these reasons, Mg2+, Sr2+, Ag+, and Cu2+ co-doped B-TCP has been synthesized in this work. The
compositions of the produced powders as well as their thermal stability were assessed. The effects of
the dopants on the densification and mechanical properties of 3-TCP were also evaluated. Finally, cell
proliferation assays were conducted to figure out the biocompatibility of the co-doped composition
involving magnesium, strontium, silver, and copper.

2. Materials and methods

2.1 Synthesis of doped [-TCP powders

B-TCP powders were produced following the process described in our previous works?> with the
addition of magnesium, strontium, silver, and copper cations as nitrates, Mg(NO3)2 (98.0%-102.0%, MW
256.41, Alfa Aesar, Germany), Sr(NO3)2 (>99%, MW 211.63, Carlo Erba, France), Ag(NO3) (>99%, FW
169.88, Alfa Aesar, Germany), and Cu(NO3)z:5H20 (98.0%-102.0%, FW 232.59, Alfa Aesar, Germany)
into the calcium nitrate solution. The pH was fixed at 7.2, and the stoichiometric amount of calcium was
reduced to allow dopant substitutions, but the ratio (Ca + dopant)/P was kept at 1.5 corresponding to
stoichiometric 3-TCP. The temperature was fixed at 31°C during all the syntheses. At the end of the
ripening time of 20 h, the apatitic tricalcium phosphate precipitate was extracted, filtered, and washed
with 500 mL of DI water. The precipitate was dried at 70°C for 24 h before calcination at 850°C for 3 h.
The heating rate was fixed at 180°C/h, whereas the cooling rate was 200°C/h.

The synthesis of M-doped B-TCP (where M can be magnesium, strontium, or copper) is reported as an
example in the following equations:

(9 — x)Ca(NOy), + 6(NH,),HPO, + 6NH,0H + xM(N05),

31°C
S Cag_ M, (HPO,)(PO,)s(OH) + 18NH,NO5 + 5H,0 1)
>700°C
Cas_ M, (HPO,)(PO,)s(0H) 225 3 (Cag_fzwg) (PO,), + H,0 2)
3 3

The synthesis of Ag-doped (-TCP is reported as an example in the following equations:

(9-%) Ca(N0s); + 6(NH,);HPO, + 6NH,0H + xAg(NOy),

>31°C
— Cay_xAg,(HPO,)(PO,)s(OH) + 18NH,NO; + 5H,0 3
2
>700°C
Cag_az_cAgx(HP04)(P04)5(0H) —3 (C%_gAgg) (PO,), + H,0 4)

Two co-doped compositions were realized: Mg-Sr (2.0-2.0 mol%) and Mg-Sr-Ag-Cu (2.0-2.0-0.1-
0.1 mol%). Percentages are in function of the calcium content. Doping amounts of silver and copper
were chosen according to previous works that showed cytotoxicity with amounts higher than 0.2% of
Ag*/Cuz+41-43
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2.2 Shaping and sintering of doped [3-TCP powders

After calcination, powders were ball milled at 100 rpm during 4 h in a high-density polyethylene (HDPE)
milling jar with partially stabilized zirconia (Y-PSZ) grinding media balls. After milling, powders have
optimal characteristics to be shaped into pellets.

The milled powders were then dried at 70°C for 24 h and shaped to 14 mm diameter pellets by mould
casting. B-TCP slurries were prepared with a fixed powder concentration of 65 wt% in water with a
commercial organic deflocculant (Darvan C, R.T. Vanderbilt Co.) introduced in the amount of 2 mg m-2
with respect to the powder surface area. After 1 h of ball milling in an HDPE milling jar with Y-PSZ
grinding media balls, B-TCP slurries were poured into a 24-well cell culture plate and placed on a
plasterboard. A period of 2 h after casting and when the majority of the water present has been absorbed
by the plaster, the pellets are carefully removed from the culture plate and dried for 24 h at 40°C. The
dried pellets are lightly polished with P1000 grade SiC sandpaper to remove excess material.

Pellets of the three compositions (undoped B-TCP as well as the co-dopings Mg-Sr [2.0-2.0 mol%] and
Mg-Sr-Ag-Cu [2.0-2.0-0.1-0.1% mol]) were sintered by conventional route at 1100 and 1300°C with a
dwell time of 3 h. The heating rate was fixed at 300°C/h, whereas the cooling rate was 200°C/h.

2.3 Characterization techniques
2.3.1 Physicochemical characterization of the powders

Purity of the raw material was assessed on powders calcined at 1000°C for 15 h just after drying
according to the standard procedure NF ISO 13779-3:2008-04. This section of ISO 13779 specifies test
methods for the chemical analysis and quantification of the crystallinity and foreign phases of calcium
phosphate materials such as coatings and sintered products. The standard stipulates that calcium
phosphate samples must first be calcined at 1000°C for 15 h before analysis. The detection of the
hydroxyapatite (Ca1o(P04)s(OH)2, HA) phase was performed by powder X-ray diffraction (XRD) with the
HA (211) (26 =31.772°) most intense diffraction peak. XRD patterns were recorded using a 6/20
diffractometer (Panalytical X'PERT PRO) working with Cu K, radiation (1.541874 A) at 45kV and
40 mA; the measurement was carried out in the 26 range of 10°-60°, with the step of 0.0066° and
78.795 s of acquisition time. The crystalline phases were identified using Joint Committee on Powder
Diffraction-International Centre for Diffraction Data (JCPDS-ICDD) files. XRD measurements were also
carried out on the surface of sintered pellets to investigate the presence of a-TCP. All the diffractograms
were normalized with the most intense peak (31.027° (0 2 1 0)) of the B-TCP phase fixed at 100.
Moreover, Rietveld refinement using the Profex software** was used to determine lattice parameters of
the different compositions as well as for the quantification of potential secondary phases.

The detection of calcium pyrophosphate (Ca:P.07, CPP) was verified by infrared spectroscopy (IR) with
its 720 and 1200 cm-1 characteristic bands because its most intense XRD usable peak (2 0 2) (26 = 28.9°)
is only observable for quantities higher than 4 wt%. Infrared spectra of powders were recorded on a
Fourier transform spectrometer (JASCO FT/IR-460 Plus) in the 4000-400 cm-! region with a resolution
of 2 cm-1. Each of the collected spectra is an average of 16 FTIR scans. For measurements, 0.01 g of f3-
TCP powder is mixed and ground manually with 3 g of potassium bromide KBr in an agate mortar.

Inductively coupled plasma-atomic emission spectroscopy (ICP-AES, using a Shimadzu ICPE-9820,
125-770 nm and ultrapure standards SCP Science PlasmaCAL) was used to check the purity and
chemical composition of the synthesized powders. Standards and samples were dissolved in ultrapure
nitric acid (70 vol%) and diluted in pure water (1, 20, 30, and 50 mg-L-1). ICP-AES measurements also
allow to determine the dopant(s)/(Ca + dopant(s)) molar ratios as well as the (Ca + dopant(s))/P ratios.

2.3.2 Thermal stability of co-doped B-TCP

The thermal behaviour of the produced powders was assessed by differential thermal analysis (DTA)
and thermogravimetric analysis experiments using an LABSYS EVO (Setaram) equipment on uncalcined
and dried powders with a sample weight of about 25 mg, heating rate 10°C-min-! from 20 to 1500°C,
and airflow 40 mL-min-1.
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The a-to-B phase transition of the TCP for the different compositions was characterized by dilatometric
analyses on casted parallelepiped-shaped pellets using a Dil-402C (NETZSCH) dilatometer. Casted
parallelepiped-shaped pellets were prepared in a manner similar to moulded pellets. After 1 h of ball
milling, casting, and drying, pellets were shaped to parallelepiped by polishing with P1000 grade SiC
sandpaper. Before analyses, pellets were pre-sintered at 1000°C for 12 h to observe the interruption of
shrinkage and the dilatation associated with the a-TCP formation. Thermal expansion-shrinkage of
these pellets was measured in air atmosphere. Measurements were performed up to 1500°C.

2.3.3 Characterization of sintered pellets

2.3.3.1 Relative densities

Relative densities (RDs) of sintered pellets were determined by the Archimedes principle in deionized
water at room temperature using an immersion time of 2 h after 15 min of vacuum. The weighing
process was conducted on an analytical balance with a resolution of 0.1 mg. A series of three samples
per composition and temperature were analysed to obtain average RD values. Theoretical densities
were obtained by the Rietveld refinement of diffractograms obtained for each composition (Profex).2544

2.3.3.2 Microstructure

Sintered microstructures (1100°C, 3 h) were observed on pellet surfaces using scanning electron
microscopy (SEM) (Hitachi SU5000, BSE 15.0 kV x5.00k) after polishing and thermal etching. The
polishing was carried out using SiC paper discs and diamond pastes (down to 0.5-3 um), and the
samples were heated at 950°C for 15 min for the thermal etching. Samples were fixed on SEM supports
with conductive adhesive carbon tape, and a sputter coating with a gold target was applied for 1 min
before SEM observation. Grain size measurements were carried out by image treatment (Image]) on 60
grains with 4 measurements by grain. The average grain sizes were multiplied by 4/m according to the
Abercrombie relation to get the radius of a particle from any profile.*>

2.3.3.3 Mechanical properties

Indentation tests were performed on casted, sintered (1100°C, 3 h), and polished pellets with a ZHU 0.2
instrumented Vickers indenter, Zwick Roell. A load of 2 N is applied for 15 s. These parameters were
chosen according to previous works at the laboratory!64¢ and to the standard CSM test procedure in
order to partially avoid the artefacts related to the creep and the filling of porosities as well as cracking.4”
A series of 30 indentations were made on each sample, and 3 samples were tested per composition.

2.3.4 Cytocompatibility evaluation and cell proliferation on sintered pellets

Preliminary evaluation of the co-doped B-TCP cytocompatibility was carried out on sintered pellets
(1100°C, 3 h) using MG63 cells and human tumour cell lines (osteoblast line obtained from adult skin
explants).

Once the ideal cell concentration has been reached (10 000 cells for 50 uL of suspension) after a series
of dilutions with culture medium, 50 pL of suspension were taken, and cells were seeded onto sterile
samples (oven at 180°C for 1 h) into 24-well cell culture plates (Corning, USA). After 2 h incubation in a
humidified atmosphere (37°C, 5% CO2, 95% humidity), 2 mL of complete medium was added to each
well before placing the cell culture plate again in the incubator (37°C, 5% CO2, 95% humidity) for 24 h.
In parallel, cells were cultured over the bare bottom surface of the well to serve as control.

Cell proliferation tests on sintered pellets were carried out in a similar way than the cytocompatibility
evaluation except that the ideal cell concentration was 5000 cells for 50 pL of suspension. Moreover, the
cell culture plate was placed in the incubator (37°C, 5% CO2, 95% humidity) for 3, 6, and 10 days. Culture
medium was renewed every 3 days. These steps of cell seeding onto the samples are shown in Figure 1.

After 1, 3, 6, and 10 days in the incubator, cell viability was assessed by the resazurin test. Once all the
supernatant is removed, the wells are rinsed twice with 2 mL of DMEM medium (without serum and
phenol red). In parallel, a 10% PrestoBlue (Invitrogen) solution is prepared in DMEM without phenol
red or serum. PrestoBlue is a cell-permeable resazurin solution for the quantitative measurement of cell
viability. The prepared 10% Medium-PrestoBlue solution is added to each well containing samples
(1 mL per well). The culture plate is then placed in the incubator for 1 h and 30 min (37°C, 5% CO2, 95%
humidity). After this period, the 24-well plate is slightly shaken to homogenize the media, and then, each
well of 100 pL is transferred to a 96-well black bottom plate (Corning, USA). Black bottom plates are
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used to measure the fluorescence of suspensions with an INFINITE PRO 200 reader (Tecan), an
automated plate reader equipped with a spectrofluorometer. For these tests, fluorescence is read at the
wavelengths of 535 nm (excitation) and 610 nm (emission). This test is repeated three times on three
samples of each composition. The steps carried out for reading fluorescence with PrestoBlue are shown
in Figure 2.

{f Cytocompatibility evaluation : 24 hours in
/ the incubator ((37°C, 5% CO,, 95% humidity)
p— Cells proliferation : 3, 6 and 10 days in the
incubator (37°C, 5% CO,, 95% humidity)

24-well polystyrene cell
culture plate + sintered pellets Cell -

Figure 1. Procedure of cell
seeding onto samples for cell
proliferation tests.

j ey fomy el o fomn Lain
DA e e s W e
b ey e ke

‘ After 2 hours in

the incubator

(37°C, 5% CO,,
95% humidity)

Cells (MG63) + I
cell culture Al
medium |

Removal of Sampling for
medium + rinsing fluoresence analysis
\ (INFINITE®* PRO 200)

Figure 2. Resazurin
(PrestoBlue) test procedure.

e

After 1h30 in the
incubator (37 ° C, 5%
€02, 95% humidity)

PrestoBlue at 10% in
medium

3. Results and discussion

3.1 Physicochemical characterization of the powders

XRD patterns of undoped and co-doped 3-TCP powders after calcination for 15 h at 1000°C are shown
in Figure 3. The absence of HA as well as CPP is visible for every composition, and all diffraction peaks
correspond to the B-TCP phase. Moreover, the doped samples exhibit a small shift in peak position
compared to the undoped B-TCP. The incorporation of the dopants in the 3-TCP structure modifies the
lattice volume and shifts the diffraction angles.23-25.48
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Rietveld refinements indicate the presence of 100% of $-TCP without any secondary phase. Figure 4
shows the changes in lattice parameters for the different compositions. The Mg-Sr (2.0-2.0 mol%)
composition shows a global decrease of the unit cell parameters. According to Kannan et al.,*? given the
higher ionic radii of Sr2+ (1.25 A) in comparison with Ca2+ (1.12 A), the substitution of Ca2* by Srz* should
increase the size of the unit cell of 3-TCP lattice. On the other hand, the co-substitution of lower sized
Mg2+ (0.89 A) for Ca2* would reasonably tend to decrease the size of unit cell. However, the combined
substitution of Sr2+ and Mg?+, with their share of equal concentrations in the 3-TCP structure, caused a
reduction in the unit cell parameters. That is why a decrease in the unit cell parameters of 3-TCP
structure is observed, due to the fact that the average size of substituted Sr2+ and Mg?* ions
(1.25 + 0.89 A)/2 = 1.07 A is lower than the size of Caz* ion that has been replaced.*? Concerning the Mg-
Sr-Ag-Cu (2.0-2.0-0.1-0.1 mol%) composition, a decrease in the cell parameter a is observed where
the ¢ parameter increases suddenly compared to the Mg-Sr (2.0-2.0 mol%) composition. The decrease
in the cell parameter a could be explained by the smaller ionic radius of Cuz* ions (0.80 A) compared to
Caz+ions (1.12 A), reducing the lattice volume with the substitution. On the other hand, the increase in
the ¢ parameter might come from the incorporation of the bigger ion Ag* (1.15 A), which stretches the
lattice in the c-axis. Finally, these observed changes in lattice parameters confirm that the dopants have
entered the (3-TCP structure as predicted.

The IR analyses of undoped and co-doped compositions are shown in Figure 5. The absence of CPP
characteristic bands (720 and 1200 cm-1) is clearly visible for every composition. Thus, based on XRD
and IR results, the developed synthesis process can obtain either undoped or co-doped B-TCP powders
without any secondary phase.
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Figure 5. Infrared spectroscopy (IR) spectra of undoped and
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Incorporation of dopants was also assessed by ICP-AES analyses. Results of these analyses are shown
in Table 1. The experimental dopant percentages (dopants/[Ca + dopants]) are close to the nominal
ones, and the (Ca + dopant(s))/P atomic ratios are slightly larger than the stoichiometric 1.5 value for
the Mg-Sr (2.0-2.0 mol%) composition.

Table 1. Chemical composition of the synthesized powders obtained by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES). The values are given with a relative error of 0.01%

Nominal

composition ICP-AES ratio ICP-AES ratio ICP-AES ratio ICP-AES ratio ICP-AES ratio
M —SI;—A —Cu Mg/(Ca+Mg+Sr+ Sr/(Ca+Mg+Sr+A Ag/(Ca+Mg+Sr+A Cu/(Ca+Mg+Sr+A (Ca+Mg+Sr+Cu)/
g(molo /‘;;) Ag + Cu) (mol%) g + Cu) (mol%) g + Cu) (mol%) g + Cu) (mol%) P (molar ratio)
2.0-2.0 2.80 2.00 / / 1.57
2.0-2.0-0.1-0.1 3.10 2.12 0.06 0.14 1.50

3.2 Thermal stability of co-doped [3-TCP

Powder DTA curves of the different compositions are shown in Figure 6. The first endothermic peak
between 50 and 150°C is due to residual water evaporation. The exothermic peak around 300°C takes
is associated with the pyrolysis of synthesis residues like ammonium nitrates or ammonia. The
endothermic peak around 750°C corresponds to the transformation of apatitic species into 3-TCP.245051

DTA curves allow to highlight the B-TCP — a-TCP endothermic phase transition that is visible at higher
temperatures with a weak endothermic signal after 1200°C. A significant increase of the phase
transition temperature is visible for the co-doped compositions compared to undoped 3-TCP (1210°C)
(Figure 6). Among these compositions, the Mg-Sr (2.0-2.0 mol%) doped B-TCP has the highest phase
transition temperature (1395°C). As seen in Figure 6, the addition of Ag* and Cu?* to the Mg-Sr co-doped
composition leads to a slight decrease of the phase transition temperature (1380°C) compared to Mg-
Sr doping alone (1395°C). However, both co-doped samples have a much higher phase transition
temperature than undoped B-TCP and above 1350°C. The strong and sharp endothermic peak around

1460°C is associated with the a-TCP — o'-TCP transition, where o’-TCP is the high-temperature phase.
24,50,51
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Figure 6. Differential thermal analysis (DTA) curves of
undoped and co-doped -TCP powders (1500°C, 10°C min-1
heating and cooling). Black dots represent the endothermic
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3.3 Sintering of co-doped B-TCP pellets

Dilatometric results of casted pellets for undoped and co-doped B-TCP are presented in Figure 7.
Dilatometry is mainly used to complete the DTA data about the § = a transition temperature observed
for the different compositions. Indeed, the volumetric expansion associated with the 8 = a transition is
visible in dilatometric curves.242851 Concerning the undoped 3-TCP, the dilatation associated with the
B — atransition occurs around 1215°C, only 5° above the temperature observed for the B — o transition
in the associated DTA curve. For the co-doped compositions, the same trends are observed in
dilatometric and DTA analyses with the highest phase transition temperature observed for the Mg-Sr
(2.0%-2.0%) doped B-TCP (1380°C in dilatometry and 1395°C in DTA) and a slight decrease of the
transition temperature with the presence of Ag* and Cu2+ (1365°C in dilatometry and 1380°C in DTA).
Moreover, dilatometric curves show the benefits of the dopants with both co-doped compositions
exhibiting higher shrinkage than the undoped B-TCP. Indeed, the latter exhibits a shrinkage of only 2%
until the densification is stopped by the volumetric expansion associated with the § — « transition.
However, shrinkages of around 8% and 10% are observed for the Mg-Sr (2.0%-2.0%) and the Mg-Sr-
Ag-Cu (2.0-2.0-0.1-0.1 mol%) compositions, respectively. The addition of Ag* and Cu?* proves to be
efficient to increase the shrinkage during densification.

Figure 7. Dilatometric curves of undoped and co-doped [3-
TCP pellets (1500°C, 5°C min-1 heating and cooling). Black
dots represent the —a transition with the dilatation
associated with the a-TCP formation.

Undoped 3-TCP
2.0-2.0% Mg-Sr
64 ——2.0-2.0-0.1-0.1% Mg-Sr-Ag-Cu

Shrinkage (dL/Lo)/%
F S

®
-11 4 1365°C
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The B — o transition temperatures observed with dilatometric and DTA experiments for the different
compositions are compared in Table 2. Despite some differences in temperature values, the overarching
trend is observed for both techniques. The observed phase transition temperatures 3-TCP — a-TCP are
coherent with previous works on magnesium and strontium dopings of -TCP. Frasnelli et al.24 and
Enderle et al.23 showed that an Mg?* doping of 2.00 mol% can stabilize the  phase up to 1300°C.
Concerning the co-doping with Mg?+ and Sr2+, Tarafder et al.2! showed a stabilization of the 3-TCP up to
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1250°C by adding 1 wt% SrO and 1 wt% MgO into TCP powder. Finally, a previous work of the authors
emphasized the improved thermal stability of Mg-Sr (2.0-2.0 mol%) co-doped B-TCP up to 1380°C.25

Table 2. Observed B-a transition temperatures with differential thermal analysis (DTA) and dilatometric analyses.

Compositions DTA: B - a (T°C) Dilatometry: B - a (T°C)
Undoped B-TCP =1215 =1215
2.0-2.0 mol% Mg—Sr =1395 =1380
2.0-2.0-0.1-0.1 mol% Mg—Sr—-Ag—Cu =1380 =1365

XRD patterns of sintered undoped and co-doped 3-TCP pellets are visible in Figure 8A (1100°C, 3 h) and
in Figure 8B (1300°C, 3 h). In Figure 8A, B-TCP is the only phase present in undoped and co-doped
compositions, coherent with the phase transition temperature. However, in Figure 8B, a-TCP peaks
appear in the undoped composition, but co-doped compositions are still only composed of 3-TCP. It
appears that the phase stabilization of the 8 phase by the dopants is achieved up to 1300°C for these
two co-doped compositions (Mg-Sr [2.0-2.0 mol%] and Mg-Sr-Ag-Cu [2.0-2.0-0.1-0.1 mol%]) in these
sintering conditions. Thus, XRD results confirmed the improved thermal stability of co-doped B-TCP
observed with both DTA and dilatometry curves.

(A) - Conventionnal sinterin (B) Conventionnal sinterin
g 9 = : B-TCP (00-009-0169)
71100°C, 3h _ = : B-TCP (00-009-0169) 11300°C, 3h =P
- i = u : ¢-TCP (04-010-4348)
1 Mg-Sr-Ag-Cu A .
J (2.0-2.0-0.1-0.1%) = Mg-Sr-Ag-Cu
=~ . = S 1 (2.0-2.0-0.1-0.1%)
3 ™ A
s ] o . 8 "
2 ] 2
@' ] 2 Mg-Sr (2.0-2.0%)
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£ ] = N\
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Figure 8. X-ray diffraction (XRD) patterns of sintered undoped and co-doped (-TCP pellets at (A) 1100°C for 3 h and (B) 1300°C
for 3 h.

Relative densities for undoped B-TCP and two co-doped compositions are compared for both sintering
temperatures (1100 and 1300°C) in Table 3.

Table 3.Relative densities of sintered pellets (3 h at 1100 and 1300°C) for undoped and co-doped [3-TCP.

o, Relative density (%)
Composition 1100°C,3 h 1300°C,3 h
Undoped B-TCP 96.0 + 0.3 92.8+ 0.4
2.0-2.0 mol% Mg-Sr 97.9+0.2 98.9 + 0.2
2.0-2.0-0.1-0.1 mol% Mg-Sr-Ag-Cu 98.3 + 0.1 99.2 0.2

Densities are clearly improved with the presence of dopants, especially with sintering at 1300°C.
Undoped 3-TCP undergoes a drop of density from 96.0% to 92.8% between 1100 and 1300°C associated
with the § — a transition. On the other hand, the corresponding densities are improved for the co-doped
compositions with a sintering treatment at 1300°C compared to 1100°C. Therefore, the 3-TCP phase
stabilization by doping has a clear benefit on the densification allowing the use of higher sintering
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temperatures. Moreover, the presence of Ag* and Cu?+ creates a slight increase in density values
compared to the Mg-Sr (2.0-2.0 mol%) composition.

As compared to some previous works on the sintering of $-TCP, the densities obtained in this work are
quite high. According to Champion,!3 the highest densities achieved for 3-TCP ceramic parts were in the
range of 99%-99.8% R.D, where additives and hot pressing were used to improve the density. For
example, Destainville et al.>2 performed hot pressing experiments (dwell of 30 min under a pressure of
20 MPa) to get pure 99.7% dense B-TCP at temperatures from 1050 to 1100°C. Douard et al.53 used
pressureless sintering (1100°C, 2 h) with the addition of silicon to get 99.8% dense B-TCP and an
amorphous silicon-rich phase 3-TCP. In this present work, it was possible to produce pure 99.2% dense
B-TCP pellets with the addition of Mg?+, Sr2+, Ag+, and Cu2+ with only pressureless sintering.

3.3.1 Microstructure

Microstructures obtained after sintering for 3 h at 1100°C are compared in Figure 9 and in Table 4 with
the corresponding average grain sizes. A clear decrease of the grain size is visible with the incorporation
of dopants, especially for the Mg-Sr-Ag-Cu (2.0-2.0-0.1-0.1 mol%) composition. This means the
presence of Ag* and Cu?* cations is beneficial to limit the grain growth during the sintering process.
Moreover, in addition to the reduction of grain size, the presence of dopants also allows a more
homogenous grain size distribution as can be seen by the smaller standard deviation compared to
undoped B-TCP. It has already been reported in the literature that dopants like Mg2+ and Sr2+ could
inhibit the grain growth leading to finer microstructures.21.25314954-56 The preservation of small grains is
usually very beneficial for mechanical properties.

Undoped B-TCP 2-Sr (2.0-2.0% Mg-Sr-Ag-Cu (2.0-2.0-0.1-0.1%)

Figure 9. Micrographs of undoped and co-doped f3-TCP pellets sintered at 1100°C during 3 h.

Table 4. Grain sizes of undoped and co-doped [3-TCP pellets sintered at 1100°C during 3 h.

Grain size (um)

Compositions 1100°C,3 h
Undoped B-TCP 2.87 +1.68
Mg—Sr (2.0-2.0 mol%) 1.64 +0.81
Mg—Sr—Ag—Cu (2.0-2.0-0.1-0.1 mol%) 1.28 £+ 0.47
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3.3.2 Mechanical properties

Vickers hardness and elastic modulus values of undoped and co-doped 3-TCP (Mg-Sr [2.0-2.0 mol%]
and Mg-Sr-Ag-Cu [2.0-2.0-0.1-0.1% mol]) pellets sintered at 1100°C during 3 h are reported in Figure
10.
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A clear beneficial effect of doping on the Vickers hardness and elastic modulus is visible because the two
co-doped compositions (Mg-Sr [2.0-2.0 mol%] and Mg-Sr-Ag-Cu [2.0-2.0-0.1-0.1 mol%] have higher
values than undoped B-TCP. An improvement of around 1 GPa is visible for the Vickers hardness and
around 15 GPa for elastic modulus with the incorporation of dopants. The presence of Ag* and Cu?+
seems, once again, to have a positive effect exhibited by a slight increase of the Vickers hardness
compared to the Mg-Sr (2.0-2.0 mol%) composition. As shown in Figure 9 and Table 4, the Mg-Sr-Ag-
Cu-doped composition is characterized by a smaller grain size and a narrower grain size distribution
compared to the Mg-Sr-doped composition and the undoped B-TCP. These smaller grain sizes and grain
size distributions are at the origin of the improved mechanical properties. Typically, the compression-
related microhardness of ceramics follows the Hall-Petch relation, implying the linear dependence
between the microhardness and the inverse square root of grain size grain size.57-¢0 Thus, a material's
strength and hardness can be increased by decreasing the average crystallite grain size. This is explained
by the grain boundaries that prevent the sliding of the dislocations. Smaller grains limit the size of
dislocation stacks, which affects how easily dislocations can cross grain boundaries and move from grain
to grain. Higher applied stress is then required to propagate grain-to-grain dislocations and
permanently deform a material, effectively increasing yield strength and hardness. 57-60

A comparison between experimental values obtained in this study and reference values from the
literature is made in Figure 10 with dotted lines. Literature values come from Boilet et al.16 who obtained
a Vickers hardness of 4.9 GPa and an elastic modulus of 105 GPa for fully dense (>99.9%) undoped f3-
TCP pellets using hot isostatic pressing (HIP). The values obtained in the context of this work for
undoped B-TCP are slightly lower with a hardness of around 4.5 GPa and an elastic modulus close to
100 GPa. However, values obtained for the co-doped compositions are quite high without the need to go
through an unconventional sintering technique like HIP, highlighting the benefits of dopants.
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3.4 Cell viability evaluation and cell proliferation

Cell viability results for pellets of undoped and co-doped B-TCP after 1, 3, 6, and 10 days of cellular
culture are shown in Figure 11. Because the control exhibits significant fluorescence, these tests are
validated. All 3-TCP compositions appear identical showing that the incorporation of dopants, even Ag*
and Cu?*, does not induce additional toxicity for up to 10 days. Slightly better cell viability is even
observed for the Mg-Sr-Ag-Cu-doped B-TCP after 10 days of cellular culture compared to the two other
compositions. There is also a progressive increase in measured fluorescence with the duration of cell
culture, showing promising results for longer tests.

1.2
J1 *
1.0 A J3
J6
= J10
S Figure 11. Cell viability (MG63 cells) results for pellets of
-y r n | undoped and co-doped B-TCP after 1, 3, 6 and 10 days of
S 06+ I S cellular culture obtained with the PrestoBlue test.
E 044 T “*” Significantly different from the tested samples (p <.05).
0.2 4
0.0

1 T T
Undoped Mg-Sr2.0-2.0% Mg-Sr-Ag-Cu Control

Surface micrographs of sintered pellets of undoped and two compositions of co-doped B-TCP Mg-Sr
(2.0-2.0 mol%) and Mg-Sr-Ag-Cu (2.0-2.0-0.1-0.1 mol%) after 6 days of cellular culture are visible in
Figure 12. Cells are represented by green arrows, whereas the surfaces of pellets are indicated by red,
yellow, or blue arrows.

After 6 days of cellular culture, the cell layer covers a large part of the pellet surfaces, and the cells are
interconnected. The shape of these cells indicates their excellent spreading over the material. In
addition, the position of their cytoplasm extensions indicated an aspiration to achieve a relationship
with the neighbouring cells, which is conducive to their proliferation potential.¢! It is obvious that the
cells were potentially metabolically active, as evidenced by their voluminous nature. There is a clear
affinity between the (3-TCP surfaces and the cells as shown by B-TCP grains/groups of grains detached
from the surface and ended up on the cells or intermingled in them. Moreover, MG63 cells seem to have
a certain affinity for porosity because they penetrate and colonize the pores present on the pellet
surfaces (Figure 13). Comparing the undoped and co-doped B-TCP compositions, there is a minimal
difference in cell behaviour on all the surfaces, indicating that with or without dopants and the presence
of Ag* and Cu?* shows no extra sign of cytotoxicity.

Several studies showed that decreasing the grain size resulted in improved biocompatibility of potential
implant materials and improved spreading of cells and their proliferation.61-65> Among them, Veljovic
et al.61 used direct cultivation of the cells on the surface of the HAP bioceramics and showed that the
HAP bioceramics with an average grain size of 130 nm stimulated the proliferation of both used cell
lines much better than the HAP bioceramics with micron grain size. As explained by Bose et al.,é5 this
improved the adhesion and proliferation of cells with the grain size reduction is linked to the contact
angle and wettability, which are keys to cell-material interactions. Decreasing the grain size decreases
the contact angle of both the water and cell media on calcium phosphate compacts. Indeed, grain
boundaries increase with the decrease in grain size, and lower contact angle is a result of higher surface
energy due to more grain boundaries.65 As the Mg-Sr-Ag-Cu-doped composition is characterized by the
smallest grain size (Figure 9 and Table 1), adhesion and proliferation of cells are then improved
compared to the two other compositions (Mg-Sr-doped and undoped (-TCP). This hypothesis can be
confirmed in Figure 11 where better cell viability is observed for the Mg-Sr-Ag-Cu doped -TCP after
10 days of cellular culture.
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U

Figure 12. Surface micrographs of sintered pellets (1100°C) of undoped and two compositions of co-doped 3-TCP (Mg-Sr (2.0-2.0
mol%) and (Mg-Sr-Ag-Cu [2.0-2.0-0.1-0.1 mol%]) after 6 days of cellular culture (MG63 cells). Red, yellow, and blue arrows show
the surface of the pellets, whereas the green arrows show the cells spread on the pellets.

Mg-Sr-Ag-Cu (2.0-2.0-0.1-0.1%)

Figure 13. Surface micrographs of a sintered pellet (1100°C)
of co-doped [3-TCP (Mg-Sr-Ag-Cu [2.0-2.0-0.1-0.1 mol%)])
after 6 days of cellular culture (MG63 cells). This
micrograph shows the proliferation of MG63 cells inside the
surface pores of the sample. Blue arrows show the surface of
the pellets, whereas the green arrows show the cells spread
on the pellets.
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4. Conclusion

In this work, a co-doped composition of B-TCP was synthesized by the coprecipitation method with Mg2+,
Sr2+, Ag*, and Cu?* as dopants (Mg-Sr-Ag-Cu [2.0-2.0-0.1-0.1 mol%]). XRD and IR confirmed the
absence of any secondary phase. Rietveld refinement combined with ICP-AES showed a satisfactory
incorporation of dopants inside the 3-TCP structure.

The effects of the Ag* and Cu?* addition to the Mg-Sr (2.0-2.0 mol%) composition on thermal stability
and mechanical and biological properties were evaluated by different techniques. A slight decrease of
the phase transition temperature was observed for the Mg-Sr-Ag-Cu (2.0-2.0-0.1-0.1 mol%)
composition compared to the Mg-Sr (2.0-2.0 mol%) one, but the transition temperature is still higher
than 1350°C. Concerning the sintering, the presence of the four dopants allows for greater shrinkage
during densification and the absence of o-TCP up to 1300°C. This led to higher densities with
microstructures characterized by smaller grain sizes than Mg-Sr doped and undoped 3-TCP. As a result,
the Mg-Sr-Ag-Cu co-doped composition exhibits higher Vickers hardness and elastic moduli. Finally,
cell proliferation assays combining fluorescence quantitative measurement and SEM observation
showed no signs of cytotoxicity associated with the presence of Ag* and Cu?+. In addition, the reduction
in grain size allows to decrease in the contact angle of both the water and cell media on Mg-Sr-Ag-Cu
co-doped B-TCP pellets, leading to the adhesion and proliferation of improved cells as well as cell
viability.

Thus, the use of Mg-Sr-Ag-Cu co-doped 3-TCP could be very promising for biomedical applications due
to the improvements of these dopants on the thermal stability and mechanical and biological properties.
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