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Abstract. Nano-sized pure o-tricalcium phosphate (0-TCP) fabricated by a novel synthesis
approach shows great potential for a faster transformation into calcium-deficient hydroxyapatite
(CDHA) than conventionally prepared o-TCP. In this work, amorphous tricalcium phosphate
precursors were precipitated and treated with a solvent (water or ethanol), and dried (freeze-dried
and oven-dried) before heating at 775 °C. Nano-sized a-TCP powders were investigated for their
phase composition and crystallinity, particle shape and size, reactivity and cellular biocompatibility.
Reaction with water showed faster CDHA formation for freeze-dried powder, at 6 hours, compared
to ethanol treated powders, whereas a higher biocompatibility was found for pure a-TCP.

Introduction

Today, there is particular interest on nano-sized inorganic crystals for use as calcium-phosphate
bone substitutes [1]. Despite the progress to date, nanostructured calcium phosphates, especially
a-TCP, still have the potential to improve the field of hard tissue engineering. Alpha tricalcium
phosphate readily reacts with water to form calcium-deficient hydroxyapatite, and is the building
block in calcium phosphate bone cements.

The preparation of a-TCP has required heating to very high temperatures — above 1200 °C — with
subsequent quenching [2,3] and time-consuming ball-milling to impart reactivity for forming a
cement [4,5]. Therefore, the development of alternative synthesis pathways for faster processing
strategies is eagerly awaited. This research will investigate nano-sized pure a-TCP as an alternative
to provide fast cementation to calcium-deficient hydroxyapatite.

Materials and methods
Synthesis of a-tricalcium phosphate

An amorphous tricalcium phosphate precursor was obtained through wet-chemical precipitation
from aqueous supersaturated solutions. An 0.24 M ammonium phosphate ((NH4),HPOy,
Sigma-Aldrich, analytical grade) and 0.30 M calcium nitrate solution (Ca(NOs),-4H,0O, Sigma-
Aldrich, analytical grade) were rapidly mixed (synthesis pH was 10, total volume — 400 ml). The
resulting precipitate was immediately filtered and rinsed with water (then freeze-dried), or treated
with ethanol (then oven-dried). The dried powder was heated between 650 and 800 °C in a
cylindrical tube furnace (Ceramic Engineering, Sydney, Australia) and then cooled in air to room
temperature.
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Characterization and testing

An X-ray diffractometer (D8 Advance, Bruker, Germany) with a Cu Ka source (X-ray
wavelength 0.154 nm) generated at 40 kV and 40 mA was used to identify diffraction peaks. Phases
were identified with reference to JCPDS 9-348 for a-TCP and JCPDS 9-169 for B-TCP.
A quantitative phase analysis and the crystallite size were calculated with the use of the BGMN
Rietveld program.

Powders were investigated using high-magnification scanning electron microscopy (JSAM-
6500F, JOEL, Japan) at an accelerating voltage of 15 kV. Samples were sputtered with gold for 20
seconds for increasing the surface conductivity.

Hydrolysis of a-TCP was assessed by the following test: (1) Powder was homogenized with a
mortar and pestle; (2) Paste formation by mixing 0.1g powder and 0.5 ml deionized water; (3)
Incubation in a closed vessel at 37 °C for 1 to 24 h; (4) Mixing with 1 ml acetone [6] to stop the
reaction and drying at 105 °C for 24 h and (5) Examination with XRD to detect the a-TCP
transformation into CDHA.

Powders were investigated in vitro with a lactate dehydrogenase (LDH) cytotoxicity assay
(Promega, USA) with mesenchymal stem cells (MSCs). Cytotoxicity was gauged by experimental
LDH release (OD490)/maximum LDH release (OD490) according to the manufacturer’s
instructions.

Results and discussion

Alpha tricalcium phosphate made by ethanol treatment of the amorphous phase followed by oven
drying and crystallization was pure and showed an intense peak ~ 30.7°, but the freeze drying
treatment followed by crystallization contained a low B-TCP content (7-15%), seen from weaker
peaks at 31.0°, 25.8° and 27.7° (data not shown). The crystallite size, calculated from Rietveld
analysis, increased from 50 nm to 100 nm with processing temperature and was comparable to the
particle size viewed in SEM (Fig. 1). Individual spherical particles (approx. 50 nm) have joined to
form longer particles, and these connected to create a nano-sized a-TCP structure.
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Various strategies may be used to establish a clinically relevant setting time through hydrolysis of
a-TCP, but the hydrolysis speed depends mainly on the processing history of the powder. In this
research, freeze-dried a-TCP with a low amount of B-TCP (7-15%) completed the reaction within
6 h, whereas pure a-TCP — after 8 h (Fig. 2). The hydrolysis process is shorter compared to powder
made at 1200 °C and then ball-milled; reaction showed 90% completion after 10 h tracked by the
heat released in isothermal calorimetry [2]. The slower reaction for ethanol treated powders may
result from changes that may have occurred on the particle surface.
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Fig. 2. Effect of processing (ethanol treatment vs freeze drying) on reactivity. Cementation of
a-TCP with deionized water kept at 37 °C shows a faster reaction for the freeze-dried powder.
Legend: A = apatite, a = a-TCP, B = 3-TCP.

Powders with the highest a-TCP content were investigated in vitro with a LDH cytotoxicity assay
on MSCs to determine the effect of particle size and hydrolysis process (Freeze-dried 775
contained 93% a-TCP, With ethanol 775 — pure a-TCP; calculated from Rietveld analysis).

The cell attachment was not affected by the presence of the nano-sized particles. Pure o-TCP,
after hydrolysis to CDHA in liquid medium (DMEM/F12), demonstrated the highest
biocompatibility (25% cytotoxicity at concentration 0.5 mg/ml, Fig. 3) whereas the a-TCP
containing 7-15% B-TCP showed an increased cytotoxicity (up to 40% at concentration 0.5 mg/ml).
The highest biocompatibility stemmed from the pure a-TCP that was transformed into a pure
CDHA — without B-TCP as a secondary phase.
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Fig. 3. In vitro cytotoxicity after 72 h of MSCs culture.
Summary

Nano-sized pure a-TCP — obtained from an amorphous calcium phosphate precursor, treated with
ethanol and heated above 700 °C — showed the highest biocompatibility and this could be related to
the 100% conversation to a calcium-deficient hydroxyapatite. Highlight: Nano-sized pure a-TCP
has been made and offers great promise for improving calcium phosphate bone cements.
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