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Abstract: Transition (Ti, Zr) metal-substituted calcium hexaorthophosphate CaTi4-zZrz(PO4)6 coatings
with an NaSICon structure were deposited by atmospheric plasma spraying (APS) onto Ti6Al4Veli
substrates using a statistical design of experiments (SDE) methodology. Several coating properties
were determined, including chemical composition, porosity, surface roughness, tensile adhesion
strength, shear strength, and solubility in protein-free simulated body fluid (pf-SBF) and TRIS-HCl
buffer solution. The biological performance evaluation involved cell proliferation and vitality studies
and osseointegration tests of coated Ti6Al4Veli rods intramedullary implanted in sheep femora.
After a 6 months observation time, a satisfactory gap-bridging potential was apparent as shown
by a continuous, well-adhering layer of newly formed cortical bone. These tests suggest that the
coatings possess a suitable osseoconductive potential and present an enhanced expression of bone
growth-supporting non-collagenous proteins and cytokines, a high cell proliferation, spreading and
vitality, and substantial osseointegration by strong bone apposition. The moderate intrinsic ionic
conductivity of CaTi4-zZrz(PO4)6 compounds can be augmented by doping with highly mobile Na+

or Li+ ions to levels that suggest their use in electric bone growth stimulation (EBGS) devices, able to
treat nonunion (pseudoarthrosis) and osteoporosis, and that may also support spinal stabilisation by
vertebral fusion.

Keywords: CaTi4-zZrz(PO4)6 coatings; thermal stability; thermal expansion; compressive stress;
solubility; ionic conductivity; cytocompatibility; cell proliferation; bioelectricity; electric bone growth
stimulation (EBGS) devices

1. Introduction

During the past 50 years, bioinert and bioactive ceramics have been successfully
applied as biocompatible artificial materials aimed at replacing parts or functions of the hu-
man body in a safe, economical, mechanically reliable, and physiologically and aesthetically
acceptable manner. Foremost among bioactive, i.e., osseoconductive, ceramics, synthetic
hydroxylapatite (HAp) is used to coat the stem of hip endoprosthetic implants to improve
integration with the surrounding bone, as densified implants for dental root replacement,
as material for filling bone cavities, and for constructing skeletal prostheses and bone
growth-supporting scaffolds. Acting similarly to biological apatite that forms about 70% of
the bony composite structure, synthetic hydroxylapatite is capable of establishing direct
chemical bonds with hard tissues and thus, behaves akin to the inorganic constituents of
the skeleton of all vertebrates.

Calcium phosphate bioceramics, like any other ceramic material, are inherently brittle,
as they do not support dislocation movement to block the propagation of microcracks and
crack healing, the essential mechanisms that impart ductility to metals. Instead, ceramics
show a deleterious coalescence of microcracks, forming supercritical cracks when put under
mechanical load. As a consequence of a very low fracture toughness around 1 MPa·
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hydroxylapatite compacts cannot be utilised for load-carrying medical devices, but instead,
hydroxylapatite is predominately applied as a coating on mechanically superior implants,
forming the synergistic union of a ductile but bioinert corrosion-resistant metal substrate
overlain by a brittle but bioactive ceramic coating.

The preferred deposition technique of hydroxylapatite coatings for medical appli-
cation is plasma spraying, approved as the method of choice by the US Food and Drug
Administration (FDA) and many other international and national health authorities.
However, the extremely high temperature of the plasma plume, in excess of 15,000 K,
results in the incongruent melting of hydroxylapatite, associated with the formation of
crystalline dehydroxlation (oxyhydroxylapatite, OHAp; oxyapatite, OAp) and decom-
position phases (tricalcium phosphate, TCP; tetracalcium phosphate, TTCP; calcium
oxide, CaO) as well as amorphous calcium phosphate (ACP). Since some of these phases
are highly soluble in an aqueous environment including extracellular fluid (ECF), their
presence potentially results in the disintegration of the coating in vivo before successful
osseointegration has occurred. In particular, the coating layer formed immediately adja-
cent to the interface has been found to be amorphous and as such, easily soluble. Hence,
it acts as a low-energy fracture path that may lead to early coating failure by chipping,
spalling, or even complete delamination.

These disadvantages have caused the search for ceramic materials that provide a
higher thermal stability and reduced solubility, while retaining the advantageous biological
properties of hydroxylapatite. Transition metal-substituted calcium hexaorthophosphate
ceramics with an NaSICon structure of the type CaTi4-zZrz(PO4)6 have come into focus as
suitable candidate materials for biomedical application [1–5]. Doping these compounds
with highly mobile Na+ or Li+ ions enhances their intrinsic ionic conductivity to levels
that suggest their application in electric bone growth stimulation (EBGS) devices and as a
feasible means to treat osteoporotic and trauma-induced bone maladies by the application
of stationary electric fields. The present contribution summarises and extends the work
on this type of bioceramic performed by the author and his research group during the last
two decades.

2. Crystallographic Structure

Transition metal-substituted calcium hexaorthophosphates obey an NaSICon (Na
superionic conductor) structure [6]. Their composition can be described by the general
formula A2B4 (XO4)6, where A = Na, K, Ca0.5, or lattice vacancies; B = Ti, Zr, Nb, La,
or other transition metal atoms of appropriate size; and X = P or Si. NaSICons excel by
a very low coefficient of linear thermal expansion [7] and hence, a high thermal shock
resistance. Figure 1 shows the unit cell of archetypical CaTi4(PO4)6. The Ti2(PO4)3

−

groups are formed by a 3D network of two TiO6
8− octahedra connected through their

vertices to three PO4
3− tetrahedra. These basic units appear as O3TiO3-O3TiO3 bands along

the c-axis of the hexagonal unit cell. Along the ab plane, these bands are connected by
PO4

3− tetrahedra. The lattice parameters of CaTi4(PO4)6 are reported to be a0 = 0.838 nm;
c0 = 2.203 nm; V = 1.136 nm3 [7].
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Figure 1. Unit cell of CaTi4(PO4)6 with NaSICon structure [4]. © Reproduced with permission from
De Gruyter, 2017. All rights reserved.

The structural formula can also be expressed as [M1VI] [M2VI] [BVI
4] [XIV

6]O24,
whereby M1 (octahedral symmetry) and M2 (trigonal–prismatic symmetry) are interstitial
vacancy sites, either partially or fully occupied by cations. Small highly charged cations
such as Ti4+ or Zr4+ occupy the octahedral B sites, and SiO4

4− or PO4
3− anions fill the

tetrahedral X sites. Many members of the NaSICon group crystallise in the rhombohedral
space group R3c. However, when the monovalent Na+ or K+ cations are substituted by a
divalent cation such as Ca2+, the symmetry is lowered to R3. This happens by the ordering
of cations and vacancies in the M2 cavities. This configuration leads to the loss of the c-glide
plane, since half of the M1 sites are vacant [6]. The smaller tetrahedrally coordinated M2
cavities located between the chains are normally empty and only filled if additional ion
contributions are required for charge compensation. These vacancies are at the heart of the
structural variability of NaSICons, as well as their intrinsic ionic conductivity [7].

3. Materials and Methods
3.1. Powder Synthesis

Since preliminary solubility tests have shown that the composition with the lowest
solubility is CaTiZr3(PO4)6, all subsequent studies have concentrated on this composition.
Powders for subsequent processing by atmospheric plasma spraying (APS) were synthe-
sized by the solid-state reaction of mixed metal oxides. Stoichiometric amounts of CaCO3
(Merck; 99%), TiO2 (Riedel-deHaen, Berlin, Germany; 99.5%), and ZrO2 (ChemPur, Piekary
Śląskie, Poland; 99.9%) were mixed with H3PO4 (Merck; 85%) and homogenized, dried
at 160 ◦C for 27 h, ground, cold isostatically pressed at 40 MPa to form tablets, sintered,
ground again, and classified by sieving. Stepwise sintering was carried out in air at 400 ◦C
(1 h), 800 ◦C (1 h), 1000 ◦C (2 h), 1300 ◦C (72 h), and 1425 ◦C (1 h).

Critical for synthesis success are a heating rate of 10 ◦C/min applied during sintering,
an overall strict temperature control, and the type of the phosphorus source. For example,
the use of a phosphorus source other than H3PO4, such as (NH4)2HPO4, was found to
result in the increased formation of undesired by-products such as rutile (TiO2), baddeleyite
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(ß-ZrO2), and zirconium diphosphate (ZrP2O7). Since ZrO2 reacts only sluggishly during
synthesis, ZrOCl2 was used as a zirconium carrier on a trial basis. However, it must
be ensured that the hydrogen chloride released by the hydrolysis of ZrOCl2 can escape
sufficiently quickly during drying to prevent it from becoming incorporated into the
crystal lattice of the target compound. Frequently, in addition to the desired crystalline
CaTiZr3(PO4)6 phase, a TiO2-deficient phase, CaTi0.5Zr3(PO4)6, was found as a sintered
product. The missing TiO2 preferentially precipitated as rutile at the grain boundaries of
the polycrystalline product.

3.2. Coating Deposition

Near phase-pure CaTiZr3(PO4)6 powders (grain size ranges +45–70 µm and +25–45 µm)
were deposited on Ti6Al4Veli (ISO 5832-3; HWN Titan GmbH, Mönchengladbach, Ger-
many) substrates (50 × 20 × 2 mm3) and rods (diameter 12 mm, length 130 mm) by
atmospheric plasma spraying (PT-M1000, Plasma-Technik Wohlen, Switzerland, in con-
junction with a Sulzer-Metco F4 plasmatron, Winterthur, Switzerland). To increase the
adhesion of the coating, the metallic substrates were mechanically roughened by blasting
with corundum grit (0.5–1 mm grain size; compressed air 4 bar, blasting angle 75◦, dis-
tance 100 mm) and then cleaned ultrasonically in Tickopur™ (Bandelin electronic GmbH,
Berlin, Germany). To determine the influence of the variation in the intrinsic plasma spray
parameters on the coating properties, a two-level statistical Plackett–Burman screening
design [8] (sample size N = 12, number of variables p = 11) was applied with factor levels
as follows: X1: plasma energy 35 and 25 kW, X2: argon flow rate 50 and 40 standard litres
per minute (slpm), X3: hydrogen flow rate 12 and 6 slpm, X4: powder carrier gas flow
rate 6 and 3 slpm, X5: powder feed rate at 40 and 80% of maximum of the rotation of the
powder plate and at 20 and 60% of maximum of the stirrer rotation of the powder hopper,
X6: spray distance 120 and 80 mm, X7: powder grain size +45–70 and +25–45 µm, X8 to
X11: empty ‘dummy’ parameters used to estimate the mean standard deviation of the factor
effects and thus, the minimum factor significance limits [MIN] (see Ref. [2]).

3.3. Coating Characterisation

The phase composition of the deposited coatings was examined by X-ray diffractom-
etry (D 5000, Siemens, Munich, Germany) and by EDX (SEM JEOL 6400, Tokyo, Japan).
The coating porosity was measured by the Archimedes method, and the pore distribution
functions were obtained by SEM image analysis (Image C, Intronic GmbH, Dresden, Ger-
many). The ten-point roughness Rz of the coatings was measured with an electrical stylus
instrument (Mitutoyo Surftest SV 500; Mitutoyo Deutschland GmbH, Neuss, Germany) and
evaluated according to EN ISO 3274:1998-04. The adhesive pull strength according to DIN
EN 582:1994 was determined with a universal testing device (Heckert FPZ 100/1, Tamm,
Germany). Shear strength was assessed following a non-standardised test developed by
Metco Inc., Westbury, NY, USA, in 1963.

3.4. Solubility

The solubilities of the CaTi4-zZrz(PO4)6 powders and coatings deposited on Ti6Al4V
substrates (20 × 20 × 2 mm3) were assessed in protein-free simulated body fluid (pf-SBF)
and TRI-HCl buffer at pH = 7.4. The samples were agitated in an incubator at 37 ± 0.5 ◦C
for 120 h. The eluates were analysed for their phosphorus content by atomic absorption
spectrometry (AAS) and by inductively coupled plasma spectrometry (ICPS) for their
content of Ca2+, Ti4+ and Zr4+ ions.
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3.5. Cellular Proliferation and Vitality Test

To determine cytocompatibility, in vitro tests were conducted with bone marrow
cells (BMCs) derived from adult rats. The cells were incubated for 24 h in 500 µL α-MEM
(Eagle’s minimal essential medium) + 15% foetal bovine serum + 10−8 mole dexamethasone
+ 50 µg/mL ascorbic acid + 10 nmol ß–glycerophosphate, and seeded with a density of
3·104 cells/cm2 onto the surface of CaTiZr3(PO4)6 disks sintered for 72 h at 1300 ◦C. After a
cell culture period of 2 weeks, the cells were fixed and stained with Giemsa stain (Biomol
GmbH, Hamburg, Germany). Thermanox™ cell cover slips (ThermoFisher Scientific,
Waltham, MA, USA) were used as a control. The quality of cell proliferation and cell vitality
was graded as follows: class I—areas without cells, isolated cells, or cell detritus; class
II—areas with loose reticular cell associations; class III—areas covered with a thick layer of
cells; class IV—nodular centres with a multilayered cell formation.

3.6. Biological Performance Testing in a Sheep Model

CaTiZr3(PO4)6-coated Ti6Al4V rods (diameter 12 mm, length 130 mm) were in-
tramedullary implanted in the femora of two adult sheep (approx. 60 kg weight) under
general (55 mg midazolam i.v., 700 mg ketamine i.v.) and epidural regional anaesthesia
(4 mL Carbostesin 0.5%, Astra, Södertälje, Sweden) after the intramuscular injection of
1400 mg ketamine and 30 mg midazolam.

After a 6 months observation period, the sheep were sacrificed by injecting 15 mg
dormicum i.m., 700 mg ketamine i.m., and 20 mL T61 i.v. (Hoechst-Roussel vet., Budapest,
Hungary). The distal femora were explanted and stored in an alcoholic solution with
ascending concentrations (70–100%) and xylene substitute (Histoclear, Schandau, Germany)
for 3 days, embedded in methylmethacrylate (MMA), and, after polymerisation, cut into
blocks with a diamond circular saw. The blocks were glued to glass plates with a Technovit®

4000 (Kulzer GmbH, Hanau, Germany) and then ground and re-glued onto glass slides
with a Technovit® 7210 VLC. After cutting them to a thickness of 100 µm with a diamond
circular saw, grinding, and polishing, the thus obtained histological sections were stained
with toluidine blue (Merck GmbH, Darmstadt, Germany) and examined under a light
microscope. All animal experiments were conducted in full compliance with the existing
ethical regulations and procedures of the Federal Republic of Germany (FRG) and the
European Union (EU).

4. Results and Discussion

An evaluation of the response functions of the statistical experimental design yielded
the coating property ranges [2,3] shown in Table 1.

Table 1. Mechanical properties and solubility of CaTiZr3(PO4)6 coatings obtained by a statistical
Plackett–Burman [8] screening design.

Property Dimension Minimum Average ± s.d. Maximum

Coating thickness µm 43.0 183.0 ± 76.0 312.0

Porosity vol% 10.4 17.0 ± 4.4 23.7

Adhesion strength MPa 3.4 7.7 ± 4.3 17.3

Surface roughness µm 46.2 54.7 ± 8.3 69.5

Shear strength MPa 0.2 3.6 ± 4.4 12.8

Solubility in SBF * mg/l 1.0 3.2 ± 1.7 5.2

* total solubility = Σ[cCa2+ + c(PO4)3−].

In general, thinner coatings show enhanced adhesion and shear strengths and reduced
solubility. However, the rather wide spread of the obtained property values signals a need
for further optimisation of the plasma spray parameters by statistical design strategies
beyond the limited resolution of the exploratory screening design used in this study. This
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applies in particular to the coating adhesion to the Ti alloy substrate surface, the rather low
value of which calls for stringent parameter optimisation strategies.

4.1. Thermal Stability

Atmospheric plasma spraying of CaTiZr3(PO4)6 powders produced coatings with
an adhesion to Ti6Al4V substrates near or slightly exceeding the minimum strength of
15 MPa stipulated by the ISO 13779-2 norm [9] (Table 1). However, incongruent melting
with considerable thermal decomposition occurred, forming zirconium pyrophosphate
(ZrP2O7), rutile (TiO2), and baddeleyite (β-ZrO2), as well as several sub-stoichiometric
phosphorus-depleted structures [2,10,11]. This is demonstrated in the cross-sectional
images of plasma-sprayed coatings shown in Figure 2A–C.
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Figure 2. Typical cross-sections of atmospheric plasma-sprayed CaZr4(PO4)6 (A) and CaTi2Zr2(PO4)6

(B) coatings on Ti6Al4V substrates [10]. Dark: target compounds; medium grey: phosphorus-depleted
phases; white: rutile and/or ß-zirconia exsolutions (spheres) as well as ZrP2O7 (worm-like flow-
marks) (see C,D). © Images courtesy of Dr Guido Reisel, Oerlikon Metco WOKA GmbH, Barchfeld,
Germany. (C): Cross-section of a plasma-sprayed CaTiZr3(PO4)6 coating on a Ti6Al4V substrate [11].
Phase 1: target compound; phase 2: Ca(Ti,Zr)4.5O4.6(PO4)3.6; phase 3. Ca(Ti,Zr)4.2O6.85(PO4)1.7;
phase 4: ß-ZrO2. Note that the decomposition phases 2 and 3 are strongly depleted in phosphorus.
(D): X-ray diffraction pattern of as-synthesised CaTiZr3(PO4)6 (a), calculated pattern (b), and plasma-
sprayed coating (c). The peaks marked with dots can be assigned to ZrP2O7. © Reprinted with
permission from Wiley-VCH, Weinheim, Germany, 2010.

Figure 3 shows cross-sectional images of typical plasma-sprayed coatings with an
average porosity of 17 vol% (dark areas), thought to promote the easy ingrowth of bone
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cells when used as osseoconductive coatings on implants. Of particular importance is the
absence of a microcrack network, a feature that signals the tight adhesion of the coating to
the titanium alloy substrate, shown by a continuous interface. This provides resistance to
coating chipping or delamination during loading with shear stress-imposed forces. The
few cracks shown in Figure 3B are thought to be generated during sample preparation for
electron microscopical examination.
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Figure 3. (A,B) Cross-sectional images of plasma-sprayed CaTiZr3(PO4)6 coatings on a Ti6Al4V
substrate at different magnifications. Plasma power 30 kW, argon flow rate 45 standard litres per
minute (slpm), hydrogen flow rate 8 slpm, powder carrier gas (argon) flow rate 4.5 slpm, spray
distance 100 mm, powder grain size +25–45 µm [11]. © Reprinted with permission from Wiley-VCH,
Weinheim, Germany, 2010.

4.2. Thermal Expansion

CaTiZr3(PO4)6 ceramics excel by a strongly anisotropic low coefficient of thermal
expansion parallel to the c-axis at α = 0.92(1)·10−6 K−1 and moderate thermal expan-
sion parallel to the a-axis at α = 5.09(0)·10−6 K−1 [7], in stark contrast to hydroxylapatite
(α > 11 · 10−6 K−1) [12]. Consequently, the lower coefficient of the linear thermal expansion
of CaTiZr3(PO4)6 ceramics compared to hydroxylapatite predicts the development of com-
pressive coating stresses according to eq. 1 when applied to Ti6Al4V (α = 8.6 · 10−6 K−1 [13])
implant surfaces, in contrast to the tensile stresses generated in the presence of hydroxylap-
atite coatings. These advantageous compressive stresses promote a tight and lasting coating
adhesion to Ti alloy implant surfaces, whereas tensile stresses were found to generate cracks
perpendicular to the coating surface. These cracks may reach down to the implant surface,
allowing the penetration of ECF in vivo, which may lead to the preferential dissolution
of the layer of amorphous calcium phosphate (ACP) formed during the first stage of the
coating process.

The principal equation governing the generation of thermal coating stress σc can be
expressed by the equation

σc = {Ec(αc − αs)∆T
1 − vc

+ [
1 − vs

Es
]dc/ds} (1)

where E is Young’s modulus of elasticity, α is the coefficient of thermal expansion, ∆T is the
temperature difference, ν is the Poisson’s number, and d is the thickness. The subscripts
c and s refer to coating and substrate, respectively. Since at given values of ν and E the
thermal coating stress σc increases with increasing coating thickness dc, the risk of spalling
is much higher in thick coatings than in thin ones. Moreover, depending on the sign of
(αc − αs), the thermal stress can be either tensile (αc > αs) or compressive (αc < αs).
Quenching and thermal stresses, combined with the complicated solidification process of
the coating, are the two main contributors to the overall residual stress. Whereas during
deposition the substrate is usually at some elevated temperature, post-depositional cooling
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to room temperature generates additional stress by a thermal mismatch proportional to the
differences in the thermal expansion coefficients of the coating and the substrate, as well as
the intrinsic elastic moduli (see Equation (1)). An advantageous reduction in deleterious
thermal stresses and thus, an enhancement in the adhesive strength of this novel type
of coating is highly likely when the appropriate parameter optimisation during plasma
spraying is carried out [5].

4.3. Coating Porosity

The average porosity of the coatings was determined to be p = 17.0 ± 4.4% (N = 12).
The pore-size distribution was found to be unimodal in thin coatings (<60 µm), with a
preferential mean pore diameter of 10.8 µm (Figure 4A), but multimodal in thicker coatings
(≥180 µm), with frequency maxima at pore diameters of 12, 24, and 36 µm (Figure 4B).
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Higher porosities that support the ingrowth of bone cells more efficiently could be
obtained by advanced deposition techniques such as suspension plasma spraying (SPS) or
solution precursor plasma spraying (SPPS) [14].

4.4. Solubility

Calcium (Ti, Zr) hexaorthophosphate ceramics show in vitro solubilities in simulated
body fluid (SBF) or 0.2 M TRIS-HCl buffer solution at least one order of magnitude lower
than those of hydroxylapatite and, in particular, tricalcium phosphate [11]. Figure 5A shows
the experimentally obtained solubilities of hydroxylapatite (A) and tricalcium phosphate
(B), as well as CaTi4-zZrz(PO4)6 phases with various substitution ratios z (C to G) [15].
The solubilities of the CaTi4-zZrz(PO4)6 compounds appear to be incongruent, i.e., the
concentration of [PO4]3− measured in solution is considerably higher than that of Ca2+, in
contrast to hydroxylapatite (A).
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Figure 5. (A): Solubilities of calcium (titanium, zirconium) hexaorthophosphates with different
Ti/Zr ratios (C–G) compared to hydroxylapatite (A) and tricalcium phosphate (B) in protein-free
simulated body fluid at 37 ◦C and pH 7.4 [11]. C: CaTi4(PO4)6; D: CaTi3Zr(PO4)6; E: CaTi2Zr2(PO4)6;
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0.2.M TRIS-HCl buffer at 37 ◦C and pH 7.4 [11]. 1: as-synthesised; 2–5: coatings with different sets of
plasma spray parameters; 6: plasma-sprayed hydroxylapatite. © Reprinted with permission from
Wiley-VCH, Weinheim, Germany, 2015.

The lowest solubility was found for CaTiZr3(PO4)6. Consequently, subsequent studies
were conducted with this composition, plasma-sprayed with varying parameters (2–5)
as shown in Figure 5B. The solubilities of the coatings, although higher than that of
the as-synthesised starting powder (1), were much lower than that of plasma-sprayed
hydroxylapatite (6). The average solubility Σ [cCa2+ + cPO4

3−] of the CaTi4-zZrz(PO4)6
compounds was determined to be 3.17 ± 1.67 mg/L (2 to 5), as compared to that of plasma-
sprayed hydroxylapatite, which presents an average total solubility of ~50 mg/L (6). The
concentrations of Ti4+ and Zr4+ ions were found to be in the range of their detection limits.

4.5. Ionic Conductivity

As opposed to metals with high concentrations of mobile electrons or electron holes
that support strong electrical conductivity, most ceramics are either dielectrics, i.e., electrical
insulators that can be polarised by an applied electric field, or semiconductors. In the case
of a dielectric, instead of charge-carrying electrons, the displacement of charges contributes
predominately to conductivity.

The origin of ionic conductivity in transition metal-substituted calcium hexaorthophos-
phates with an NaSICon structure is grounded on their atomic arrangement, which forms
a hexagonal skeleton of space group R3c or R3 with large structural vacancy sites (see
Section 2). The vacancy sites with octahedral symmetry (M1) are occupied by small
cations with the coordination number [6] such as Ti4+ or Zr4+. The vacancies with trigonal–
prismatic symmetry (M2) are either empty as in Nb5+

4(PO4)6 or occupied by two-valent
ions as in Ca2+Ti4(PO4)6 (Figure 1) or by three-valent ions as in La3+

0.67Ti4(PO4)6. These
vacancies account for the structural variability of the NaSICon family, as well as their
intrinsic ionic conductivity. It should be mentioned in passing that presently much research
effort is being expanded on enhancing the ionic conductivity of Al- or rare earth-substituted
Li2Ti4(PO4)6 ceramics for improved lithium-based batteries [16].

Doping with highly mobile ions such as Na+, Li+, or rare-earth ions enhances the
ionic conductivity of NaSICons. Na+ ions migrate by hopping [17,18] from one site to
its neighbouring vacant site, during which the ions have to overcome a diffusion barrier
by squeezing through a triangular ‘bottleneck’ formed by three O atoms. The size of this
bottleneck is critical to the ionic conductivity as it controls the rate of ion migration. Hence,
the bulk conductivity can be enhanced by tailoring, i.e., widening, the size of the bottleneck
by appropriate ion substitution [19]. Another option is to dope the NaSICon structure
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with, instead of Na+ (Shannon ion radius 102 pm), a smaller ion such as Li+ (Shannon ion
radius 76 pm).

Quantitative data for the ionic conductivity of NaSICons appears to differ consider-
ably depending on the chemical composition and preparation conditions. Silva et al. [20]
reported the d.c. conductivity of (undoped) CaTi4(PO4)6 to be σ = 4.0·10−12 S·m−1, about
30 times the conductivity of hydroxylapatite. The dielectric permittivity was reported as
ε = 15.4 and thus, somewhat higher than that of hydroxylapatite (ε = 10–12). In contrast,
Fuentes et al. [21] obtained submicrometric grains of Na3Si2(Zr1.88Y0.12)PO11.94 by the
sintering of mechanically activated precursor powders and determined their ionic conduc-
tivity to be σ = 2.5·10−5 S·m−1, seven orders of magnitude higher than that reported in
Ref. [20]. This relatively high value of electric conductivity can be associated with the high
concentration of the charge-carrying Na+ ions and their higher electric mobility compared
to the Ca2+ ions in the former structure. These highly mobile Na+ ions are able to move in
response to an outside electric field within the cavities of the unit cell.

More recently, NaSICon compounds with an ionic conductivity as high as 1.2·10−1 S·m−1

were synthesised [22]. It was found that the substitution of PO4
3− polyanions by SiO4

4−

enhances the ionic conductivity and that the effect of Na content on the ionic conductivity is
based preferentially on its function as an activation barrier, rather than through the carrier
concentration itself.

4.6. Cytocompatibility
4.6.1. Cell Proliferation and Vitality

In vitro biocompatibility tests with primary rat bone marrow cells revealed substantial
cell proliferation, spreading, and vitality in the presence of foetal bovine serum. Table 2
shows the rating of cell proliferation, vitality, and morphology [3]. The slightly higher
percentage of classes III + IV, together with the much lower percentage of class I observed
on CaTiZr3(PO4)6 surfaces compared to the control, suggest the advanced osseogenic
potential of the former.

Table 2. Rating of cell proliferation, vitality, and morphology in percentage of area covered [3].

Substrate Class I Class II Class III Class IV Classes III + IV Class (III + IV)/I

CaTiZr3(PO4)6 1 24 27 48 75 75
Thermanox™ control 7 27 24 42 66 9.4

Knabe et al. [23] cultured human bone-derived cells (hBDCs) on sintered CaTi4-zZrz(PO4)6
surfaces and tested the expression of various biochemical indicators for cell proliferation
and cell vitality, such as enhanced levels of osteocalcin, osteonectin, osteopontin, alka-
line phosphatase (ALP), and bone sialoprotein I. Compositions conforming specifically to
CaTiZr3(PO4)6 showed the maximum osteoblastic differentiation, including a sufficient
expression of an array of osteogenic markers, suggesting a high degree of osseoconductive
potential. Future studies may involve MTT assays, as well as a live/death cell assessment
using fluorescence microscopy.

4.6.2. Implantation Tests

Animal tests revealed that a 150 µm thick CaTiZr3(PO4)6 coating applied to Ti6Al4V
rods implanted in the femoral medulla of sheep [2,14,24] (Figure 6) and the lateral condyle
of dogs [25] induced a strong neoformation of dense cortical bone at a stable interface of
implant–bioceramic coating, without the coating delamination sometime observed with
hydroxylapatite. Figure 6A shows the bony integration of the implant to be flawless,
characterised by the continuous growth of the bone tissue towards the implant body. In the
transition to the medullary cavity, the remaining gap to the surrounding cortical bone is
filled by direct bone–implant contact (Figure 6B). The left part of the image shows failed
bony bridging capability when the distance of the implant from the bone bed is too large.
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Only in sections, a thin lamellar covering of the implant is visible at a higher magnification.
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Figure 6. (A) Light-optical micrograph of a distal section of a Ti6Al4V rod coated with CaTiZr3(PO4)6

and implanted in the femoral medulla of a sheep for six months. (B) The gap-bridging potential
of newly formed bone (centre right) is reduced when the distance between the coated implant and
surrounding cortical bone (bottom right) is increased [2,14]. © Reprinted with permission from
Wiley-VCH, Weinheim, Germany, 2015.

It ought to be mentioned that the advantageous bone response observed in the pres-
ence of a CaTiZr3(PO4)6 coating [2,14] as described above is inconsistent with earlier results
of rabbit model studies. Ti alloy cylinders coated with Ca4.5Zr2.25(PO4)6 were implanted in
the distal femoral epiphyses of female chinchilla rabbits, and their bone apposition behaviour
was studied in histological sections using light [26] and electron microscopy [27]. In addi-
tion to macrophages distributed in the soft tissue at the bone–implant interface, primary
trabecular bone had formed that, however, consisted mainly of a non-mineralised bone
matrix (osteoid). The reason for the inhibited mineralisation was attributed to the presence
of Zr ions that, in the opinion of the authors, negatively influenced the development and
function of matrix vesicles [28]. These vesicles are extracellular organelles of 50 to 150 nm
size and are believed to play a major role in endochondral matrix mineralisation by de-
livering their cargo of alkaline phosphatase (ALP) and adenosine triphosphatase (ATP),
plus Ca-binding molecules such as annexin and phosphatidyl serine [29], to the plasma
membrane of osteoblasts via protein–ligand interaction [30]. The impediment of these
functions by Zr ions may prevent the all-important formation of mineralised tissue during
osteogenesis, as manifested by the presence of a non-mineralised bone matrix.

In contrast, an earlier study conducted by Szmukler-Moncler et al. [31] obtained
different results. They implanted Ti discs coated with CaZr4(PO4)6 into the distal epiphyseal
parts of canine femora and tibiae and observed a direct and stable contact between implant
and bone. After a 9 months observation time, extensive remodelling of osteons had occurred
in direct contact with the bioceramic material, without a noticeable resorption of the latter.
During fracturing for specimen preparation, separation occurred within the bone but not at
the ceramic–bone interface, suggesting very strong bone apposition. This work was indeed
a key experiment that established the appropriate in vivo osseoconductive capability and
stability of these novel ceramic materials. Similar results have been reported for the growth
of bone marrow stromal cells cultured on calcium titanium phosphate microspheres to be
used as potential scaffolds for bone reconstruction [32].

4.7. Bone Bioelectricity

The endogenous bioelectrical properties of bone originate from the interaction of
osteocyte, osteoblast, and osteoclast cells with the surrounding extracellular matrix (ECM),
triggered by biomechanical stimuli arising from routine physical activities [33]. They can
be described as a complex overlap of dielectric, piezoelectric, pyroelectric, and ferroelectric
effects, together with streaming potential, the osmotic movement of ions separated by
cell membranes, and the presence and action of voltage-gated ion channels. Bioelectric
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signals arising from the action of these ion channels regulate cell behaviour in terms of
numbers (proliferation and apoptosis), positions (orientation and migration), and identities
(differentiation) [34]. The activity of ion channels establishes a resting membrane potential,
as well as other electric signals.

There is a close interdependence and interaction between the various electroactive and
electrosensitive components of bone tissue, including cell membrane potential, voltage-
gated ion channels, intracellular signalling pathways, and cell surface receptors, together
with various matrix components such as tropocollagen, hydroxylapatite, proteoglycans,
and glycosaminoglycans [33]. This interactive crosstalk between the organic and inorganic
components of bone controls their electrophysiological properties. Based on the physiologi-
cal importance of these effects, there is a growing interest in the application of electroactive
scaffolds in bone tissue engineering, designed to simulate the natural electrophysiological
microenvironment of healthy bone tissue to repair various bone defects [35].

4.8. Acceleration of Bone Growth in the Presence of an Electric Field

Given the plethora of these bone defects, historically there have been many more or
less effective medical treatments, going back thousands of years [36]. The growth rate of
bone is affected by the presence of materials with different dielectric properties subject
to the so-called ‘bioelectric phenomenon’ [37]. Mechanically triggered electrical charge
separation acts as the principal mechanism that drives the remodelling of a broken bone,
since the structure and function of growing bone cells and extracellular structures will be
influenced by piezoelectric and streaming potentials [38].

Clinical studies have shown that the electrical stimulation of bone with electric fields
aligned parallel to the axis of a long bone reduces the time required for endosteal callus
remodelling and hence, the healing process [39]. However, since improved bone healing
at the negative electrode is accompanied by resorption of bone (osteolysis) at the positive
electrode, the concept of the electrical stimulation of bone healing must be approached
judiciously to balance these two antagonistic effects. Unfortunately, despite much research
performed during the past decades, the origin and function of bioelectric potentials are
not known with certainty as yet. Presumably, diffusion gradients, i.e., ionic currents,
are established that are able to concentrate polarisable molecules, collagenous proteins,
non-collagenous polyanionic proteins, and electrolytes at the trauma site. There is some
indication that the concentration of Ca2+ ions at the negative electrode is higher than
in a non-stimulated bone fracture. Ca2+ cations originate from the depolymerisation of
mucopolysaccharides and PO4

3− anions from the glycogenolysis of phosphate esters by
the action of alkaline phosphatase (ALP). The ions initially stored in the mitochondria are
released by a change in the potential of the mitochondrial membrane via the cytoplasm
and the cell membrane into the extracellular matrix (ECM) [40].

The notion of the acceleration of bone growth by a poled electrical field is strongly
supported by more recent research findings that the growth of hydroxylapatite crystals
from simulated body fluid is being drastically quickened on negatively polarised dielectric
and ferroelectric substrates such as calcium and barium titanates [41]. These experiments
suggest that a uniform electric field, rather than localised charges, is the stimulating factor
of bone remodelling during the healing process [42]. Although the exact mechanism is still
unclear, there is evidence that the growth of bone-like hydroxylapatite in an electric field
is accelerated by the reorientation of the dipole moments between O2− and H+ of lattice
OH− ions in response to the electric polarisation conditions.

Whereas the orientation of the OH− groups of hydroxylapatite requires an outside
electric field, it is suggested that CaTiZr3(PO4)6 behaves differently, in that spontaneous
polarisation may occur owing to charge imbalances within the TiO6

8− octahedral groups.
This, however, would impart ferroelectric behaviour, which, however, has not been reported
hitherto for the NaSICon structure family [12].

In conclusion, electrical (and electromagnetic) fields are thought to play an important
role in bone healing by mechanisms similar to mechanical stress application. When a
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mechanical load is applied to bone, a strain gradient develops. Subsequent pressure
gradients in the interstitial fluid drive fluid through the bone from regions of high to
low pressure and thus, expose osteocyte membranes to a flow-related shear stress that
generates an endogenous electrical potential. This so-called streaming potential develops
when interstitial fluid is driven by a pressure gradient through the lacuno-canalicular
network (LCN) of bone [43]. Many details of this effect are still shrouded in mystery, but
the application of electrical or electromagnetic fields to the fracture site have been found
to mimic the effect of mechanical stress on bone, leading to enhanced bone growth and
hence, healing [44]. However, there is a caveat. Although the idea of fixing bone defects
by electrical stimulation has a long and colourful pedigree, it still elicits scepticism within
the medical community owing to the lack of homogeneity in the trial design, dosage,
and consistency of reporting of results [35]. State-of-the-art information on EBGS can be
extracted from Refs. [45–47].

4.9. A Proposed Bone Growth Stimulator

Electrical bone growth stimulation (EBGS) is used to promote bone growth and the
healing of fractures, including the treatment of nonunion (pseudoarthrosis) or spinal
fusions. This can be done by applying an electrical current to the fracture or fusion site.

The positive effect on the well-being of the patient, as well as on the economy of
governmental health provision, could be substantial if the recovery time, for example after
a total hip arthroplasty (THA) operation, could be reduced by the accelerated healing of the
operational trauma site. Speeding up the healing process might be achieved using electric
or electromagnetic fields to accelerate bone growth. Such innovative technology could also
be applied to construct novel osteosynthetic devices, i.e., surgical fixtures that stabilise and
join the ends of fractured bones, such as metal plates, pins, or screws.

Electrical stimulation can be applied either from the outside (non-invasive) or from
the inside (invasive) of the body. Invasive electrical bone growth stimulators apply direct
currents to the fracture or bone fusion site. However, this solution may not be ideal as it
requires an additional surgical operation and may involve the risk of nosocomial infec-
tion. Although multiple randomised trials exist to support a variety of bone stimulation
modalities, all are limited to primarily radiologic endpoints. Hence, there remains a need
to conduct large and definitive trials using patient-oriented outcomes before the universal
acceptance of such modalities will occur [44].

Designing and applying a Ti6Al4V/TiO2/CaTiZr3(PO4)6 layered system (Figure 7)
could eventually lead to a device with the equivalent circuit of a capacitor, which, by proper
poling, could store negative electrical charges close to the interface with the growing bone,
thus enhancing the bone apposition rate and presumably, bone density [4].
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Figure 7. Two possible configurations of invasive electric bone growth stimulation (EBGS) devices
based on ion-conducting CaTiZr3(PO4)6. (Top) without a hydroxylapatite coating, (bottom) in the
presence of a hydroxylapatite coating. The thin TiO2 layer acts as a dielectric able to store negative
charges close to the interface with bone.

Advanced osseoconductive implant coatings based on transition metal-substituted cal-
cium hexaorthophosphates with solid-state ionic conductivity may be utilised to construct
a capacity-coupled invasive electric bone growth stimulator (EBGS) with configurations
shown in Figure 7. The advantage of such devices over already existing bone growth
stimulators may be seen in providing the intimate contact of a capacity-coupled electric
field with the growing bone tissue, as opposed to an externally applied inductivity-coupled
electromagnetic field that suffers substantial attenuation when transmitted through the
soft tissue that covers the locus of bone growth. To achieve a higher ionic conductivity in
Ca(Ti,Zr) hexaorthophosphates, aliovalent doping with highly mobile Na+ or Li+ ions will
provide a suitable route.

In the past, many EBGS devices have been experimentally explored [47], including in-
vasive direct current electric stimulators (DCESs), non-invasive inductively coupled pulsed
electromagnetic field (PEMF) devices, and non-invasive capacitively coupled (CC) devices.
Electric power can be delivered by conventional batteries or self-powered piezoelectric
(PENG) or triboelectric (TENG) nanogenerators [48–50] that are capable of converting
mechanical into electrical energy. Other self-powered energy sources such as photovoltaics
and pyroelectrics could potentially be applied in constructing alternate EBGSs.

5. Other Potential Biomedical Applications

Based on their multifunctional advantageous properties, transition metal-substituted
calcium hexaorthophosphates may be considered the ‘Sleeping Beauty’ of osseoconductive
coatings for endoprosthetic implants, osteosynthetic fixation devices, and electroactive
scaffolds in bone tissue engineering.
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The advantageous properties of these novel bioceramics include the following:

• Low solubility;
• Low coefficient of thermal expansion;
• Intrinsic ionic conductivity;
• Tight adhesion to titanium alloy implant surfaces with a continuous interface;
• High osseoconductive potential;
• Enhanced expression of non-collagenous proteins and cytokines;
• High cell proliferation, spreading, and vitality;
• Enhanced osseointegration by strong bone apposition.

However, there are some potential disadvantages that render the application of these novel
compounds in need of close scrutiny and further in-depth studies. They include the following:

• Thermal instability owing to incongruent melting;
• Presence of decomposition phases such as ZrO2 that may be distributed by the lym-

phatic system throughout the body and may trigger ‘particle disease’;
• Presence of phosphate-depleted phases with enhanced solubility;
• Presence of Zr4+ ions that may negatively influence the development of matrix vesicles

and their function.

Since the thermal decomposition of transition metal-substituted calcium hexaorthophos-
phates is the root cause of all these disadvantages, this impediment could largely be
alleviated by non-thermal coating deposition techniques such as sol–gel deposition, pulsed
laser deposition, or radio-frequency magnetron sputtering [13]. The deposition of thin
CaTi4(PO4)6 coatings on Ti alloy substrates by micro arc oxidation (MAO) was reported by
Zhao and Wen [51].

In addition, calcium (titanium, zirconium) hexaorthophosphate ceramics with a com-
paratively low solubility in ECF may potentially be used to coat arthroplastic endoprosthetic
implants. Such coatings may be required when, during a total hip arthroplasty (THA)
operation involving a replacement of the implant, the adjacent cortical bone matter was
previously damaged. This leads frequently to an undesirable geometric configuration
of the surrounding cortical bone bed. In this situation, a thin, less resorption-resistant
hydroxylapatite coating may not be able to sustain a large-scale bone regeneration process
that would exceed the residence time of a thin coating [23]. Consequently, coatings con-
sisting of bioceramics with a higher resorption resistance and potentially better adhesion
to the implant surface, such as transition metal-substituted calcium hexaorthophosphates,
constitute a novel approach to arthroplastic remedial operations [2,3,31].

6. Concluding Remarks

Transition metal-substituted calcium hexaorthophosphates were found to provide mod-
erately porous and reasonably well-adhering coatings with excellent biocompatibility and
osseoconductivity, as well as a low solubility in vivo compared to hydroxylapatite, with its
comparatively high solubility. In addition, such compounds attain substantial ionic conductiv-
ity when doped with highly mobile ions such as Na+ or Li+ that are able to move in response to
an outside electric field within the cavities of the crystalline structure. This suggests interesting
options to design so-called fourth-generation biomaterials that utilise bioelectric properties
for theragnostic purposes [24,52] to manipulate the cellular bioelectric signals required for
bone tissue regeneration and to monitor cellular responses to external stimuli, allowing future
remote communication with the host tissues. In addition, electrically stimulated bone growth
may be achieved, able to successfully treat conditions such as nonunion (pseudoarthrosis) and
osteoporosis and support spinal stabilisation by vertebrae fusion. Based on their advantageous
properties determined in vitro and the reasonable biomedical performance observed in vivo,
osseoconductive CaTi4-zZrz(PO4)6 bioceramics may be rightly considered the ‘Sleeping Beauty’
of materials for medical applications.
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