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A B S T R A C T

Calcium-deficient hydroxyapatite (CDHA) is a widely studied calcium phosphate biomaterial due to its chemical 
similarity to bone mineral and its relevance as a bone graft substitute. This review presents a comprehensive 
analysis of CDHA's structure, composition, physico-chemical properties, synthesis methods, and biological per
formance. Attention is given to the material’s multiphasic nature, consisting of a crystalline core and an 
amorphous hydrated surface layer, and to how this structural-chemical duality governs CDHA's thermal stability, 
mechanical behavior, solubility, and ion exchange capacity. Various synthesis routes, including aqueous pre
cipitation, hydrolysis, and cementitious reactions, are examined with respect to their impact on particle 
morphology and clinical applicability. Biological performance is assessed through in vitro and in vivo studies, 
highlighting CDHA's biocompatibility, osteoconductivity, osteoinductivity, and resorption mechanisms. Chal
lenges such as precise compositional characterization and the dynamic behavior of the hydrated surface layer are 
addressed, underscoring the need for further research. Overall, CDHA stands out as a promising and versatile 
material for bone substitution, with significant potential for future developments in regenerative medicine and 
beyond.
Statement of Significance: Calcium-deficient hydroxyapatite (CDHA) is widely used as a bone graft substitute, yet 
its structure, composition, and biological behavior are often misunderstood or inconsistently described. This 
review provides a focused and chemically rigorous analysis of CDHA as a distinct material class within the 
Ca–P–O–H system, separating it from ion-substituted or loosely defined “biomimetic” apatites. By critically 
examining its crystalline core, hydrated surface layer, synthesis pathways, ion-exchange properties, and in vivo 
performance, we try to clarify long-standing ambiguities regarding its solubility, resorption, and osteoinductive 
potential. The review highlights the central role of the hydrated layer in governing reactivity and biological 
response, offering guidance for improved characterization, terminology harmonization, and rational design of 
next-generation bone graft substitutes.

1. Introduction

Bone defects resulting from trauma, disease, or surgery represent a 
significant clinical challenge, often necessitating the use of bone graft 
materials to support regeneration [1–5]. Among synthetic substitutes, 
calcium phosphate-based biomaterials have gained widespread 

attention due to their biocompatibility and chemical resemblance to 
natural bone mineral [6,7]. Within this family, calcium-deficient hy
droxyapatite (CDHA), generally represented in first approximation as 
Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2-x) occupies a unique position. Unlike 
stoichiometric hydroxyapatite (HA; Ca10(PO4)6(OH)2), CDHA exhibits a 
lower calcium-to-phosphorus molar ratio, which reduces its 
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thermodynamic stability and enhances its biological activity and 
resorption potential [8]. This superior resorption behavior stems from 
its higher solubility product and susceptibility to active osteoclastic 
resorption — collectively positioning CDHA as a substantially more 
resorbable alternative to HA.

Although several reviews have addressed biomimetic or nano
crystalline apatites [9–12], these studies sometimes included also 
ion-substituted and compositionally variable materials. Furthermore, all 
non-stoichiometric HA do not systematically share the bone-like struc
ture involving a non-apatitic amorphous surface layer. To our knowl
edge, no review has specifically analyzed CDHA, defined in the strict 
chemical sense (Ca–P–O–H system without foreign ionic substitutions), 
as a distinct bone-graft material class. This narrower focus is essential 
because CDHA exhibits structural and functional properties that differ 
from more heterogeneous biomimetic apatites. By isolating CDHA as a 
chemically constrained sub-family of materials, this review offers a 
focused analysis of the structural complexity, fabrication routes, and 
biological performance of this material family. It further highlights the 
challenges that remain in fully understanding and optimizing CDHA for 
targeted clinical use. Table 1 summarises the position of CDHA within 
the broader family of calcium phosphate materials used for bone repair 
and highlights how it differs from sintered HA, the tricalcium phos
phates, biphasic calcium phosphates, octacalcium phosphate, and the 
dicalcium phosphates. Table 2 lists the abbreviations and formulae of all 

calcium phosphate phases discussed in this review.
One of the major challenges in writing a review article on CDHA is 

the insufficient and often inconsistent characterization of the materials 
described in the literature, a difficulty rooted in the inherently complex 
structure and composition of CDHA. This lack of rigorous character
ization in some studies leaves considerable room for assumptions and 
limits the reliability of reported findings. For example, the Ca/P molar 
ratio of CDHA is frequently not measured at all, or not determined ac
cording to international standards, leaving uncertainty about the actual 
phase obtained. The same issue arises in studies that claim to investigate 
“HA” although the synthesis conditions used almost certainly yield 
CDHA instead. Moreover, key compositional features such as carbonate 
or sodium content, both of which strongly influence the structure of the 
crystalline core, are seldomly quantified. Furthermore, there is a 
discrepancy between the resolution of analytical techniques and the 
(nanocrystalline) size of CDHA particles which only allow the determi
nation of average properties. As a result, conclusions about CDHA 
composition and validity are often inferred solely from synthesis routes 
rather than validated by experimental data and a strong characterization 
analysis. Consequently, a significant portion of literature cannot be 
regarded as strictly focused on CDHA. In this review, we carefully 
selected and examined only those references that provide the most 
relevant and reliable information for a meaningful assessment of CDHA.

This review is organized as follows. Section 2 establishes the 

Table 1 
Positioning of CDHA within the family of calcium phosphate materials used for bone repair. Entries describe general trends reported in the literature for the nominal 
material rather than intrinsic material constants, and several rows are strongly modulated by the factors listed in footnote (a). CDHA (highlighted) is the subject of the 
present review. Details about the abreviations and compositions are given in Table 2.

Material Ca/P molar 
ratio

Thermodynamic 
stability at pH 7.4

Typical processing 
route

Resorbability Osteoclastic 
resorption

Comparative 
osteoconductivity (vs 
sintered HA)

Main clinical 
formats

CDHA (this 
review)

1.33–1.67 Intermediate Low-temperature: 
aqueous precipitation, 
hydrolysis, CPC 
setting

Intermediate–high Yes High Granules, 
injectable pastes, 
CPC-derived 
scaffolds (see 
Table 9)

Sintered HA 1.67 High High-temperature 
sintering

Low Limited Intermediate 
(reference)

Granules, dense/ 
porous ceramics, 
coatings

Carbonated 
apatite

Variable (B- 
type 
substitution)

Intermediate Low-temperature 
precipitation or 
conversion

Intermediate–high Yes High Granules

Sintered 
arbonated 
apatite

Variable (AB- 
type 
substitution)

Low to intermediate High-temperature 
sintering

Low to intermediate Yes High Granules, porous 
scaffolds

β-TCP 1.50 Intermediate High-temperature 
sintering (e.g. from 
CDHA precursor) 
Low-temperature: 
non-aqueous 
precipitation

Intermediate–high Yes Intermediate Granules, porous 
scaffolds

α-TCP 1.50 Low High-temperature 
synthesis

High — (converts 
to CDHA)

— (converts to CDHA) CPC precursor, 
granules

BCP (HA +
β-TCP)

1.50–1.67 Intermediate 
(tunable by 
composition)

High-temperature 
sintering; 
composition-tunable

Composition- 
dependent

Yes Intermediate–high Granules, porous 
scaffolds

OCP 1.33 Low Low-temperature 
precipitation

High; converts to 
CDHA in vivo

Yes High Granules, emerging 
products

DCPA 1.00 Low Low-temperature 
precipitation; Thermal 
conversion of DCPD

High Partially Low to intermediate Granules, porous 
scaffolds and 
blocks (emerging 
products)

DCPD 1.00 Low Low-temperature 
precipitation; CPC 
setting

Very high; converts 
to CDHA in vivo

Passive 
dissolution

Low CPC-derived 
scaffolds

(a) The entries above reflect trends in the literature for the nominal material; the clinical performance of any specific product is strongly modulated by macroporosity, 
pore-entry size, crystallite size, SSA, surface impurities (carbonate, sodium, magnesium, silicate, fluoride), residual precursor phases, and processing history. Two 
products labelled with the same material can differ more from one another than from a well-defined CDHA. A small chemical modification of α- and β-TCP granules, 
undetectable by XRD and barely detectable even by XPS, has been shown to produce quantitatively significant differences in the multinucleated giant-cell response, 
vascularisation, degradation, and new bone formation in vivo [346]. The table should therefore be read as a map of typical positions rather than as a ranking of 
products.
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structural and compositional foundations of CDHA, examining the 
models proposed to describe its non-stoichiometry, the crystallographic 
structure and composition of the apatitic core, the nature and organi
sation of the hydrated surface layer, and the broader question of 
compositional heterogeneity and phase assignement. Section 3 examines 
the intrinsic physicochemical properties that follow directly from this 
structure: thermal stability, mechanical behaviour, solubility, dissolu
tion, and ion exchange. Section 4 reviews the analytical methods 
required to characterise CDHA reliably, with particular attention to their 
mutual inconsistencies and the risk of misinterpretation. Section 5 de
scribes the synthesis routes through which CDHA powders, granules, 
and scaffolds are produced. Section 6 examines CDHA's behaviour as a 
bone substitute, first in vitro — covering the physicochemical in
teractions with cell culture media and the cellular responses relevant to 
bone regeneration — and then in vivo, covering biocompatibility, 
osteoconductivity, osteoinduction, and resorption, before turning to 
clinical use and CDHA's potential as a drug delivery platform. Section 7
discusses the principal remaining challenges and future directions, and 
Section 8 presents the conclusions and outlook.

2. Structure and composition of CDHA

A meaningful discussion of CDHA as a bone-graft material must 
begin with its chemistry, since every property examined in the subse
quent sections is ultimately governed by the compositional and struc
tural features established here. This section therefore focuses exclusively 
on structure and composition, leaving the physicochemical properties 
that follows from this structure — thermal stability, mechanical 
behavior, solubility, dissolution, and ion exchange — to Section 3. The 
section examines, in turn, the structural and compositional models 

proposed in the literature, the crystallographic structure and composi
tion of the apatitic core, the nature and organisation of the hydrated 
layer in five dedicated subsections, and the broader question of 
compositional heterogeneity and phase assignement.

The composition of CDHA is generally approximated by Ca(10- 

x)(HPO4)x(PO4)(6-x)(OH)(2-x) where x can vary between 0 and 2. The two 
extreme compositions correspond to a Ca/P molar ratio of 1.33 
(Ca8(HPO4)2(PO4)4) which is a composition very similar to that of 
octacalcium phosphate (OCP; Ca8(HPO4)2(PO4)4⋅5H2O) and of 1.67 
which is HA. This formula captures the basic concept of non- 
stoichiometry, in which electroneutrality is maintained by a dual 
mechanism: each calcium vacancy is compensated by a hydroxide va
cancy together with the protonation of one PO4

3- group into a 
HPO4

2-group. However, it does not account for the full complexity of 
CDHA. Three independent lines of experimental evidence reveal this 
complexity. Solid-state nuclear magnetic resonance (NMR) data suggest 
that CDHA is made of a crystalline apatitic core coated with a hydrated 
layer rich in calcium and hydrogenphosphate ions [13–16]. Powder 
X-ray diffraction (XRD) analysis indicates that the lattice parameters of 
the CDHA core vary systematically with the Ca/P molar ratio [17–21] 
consistent with a genuinely non-stoichiometric apatitic core. Fourier 
transform infrared (FTIR) spectroscopy suggests the presence of addi
tional, non-apatitic domains in CDHA [17]. The hydrated layer is 
generally considered to be amorphous even though the assumption of a 
completely amorphous nature has been challenged [11,22]. Taken 
together, these observations indicate that CDHA composition and 
structure are not reducible to a single formula and require a more in
tegrated description. This section therefore examines, in turn, the 
structural and compositional models proposed in the literature, the 
crystallographic structure and composition of the apatitic core, the na
ture and organisation of the hydrated layer in five dedicated subsections.

2.1. Structural and compositional models

Various models have been proposed to explain the apparent ability of 
CDHA lattices to form a continuous series of compositions from a Ca/P 
of 1.33 to 1.67 [23] (Table 3; Fig. 1). One model describes an epitaxial 
intergrowth structure comprising stoichiometric OCP and HA [24]. 
Another model suggests partial replacement of calcium ions by 
hydrogen ions, resulting in the general formula Ca(10-x)(H)2x(
PO4)6(OH)2 [25–27]. An expanded concept incorporates calcium and 
hydroxide defects, expressed as Ca(10-x)(H)x(PO4)6(OH)(2-x) which can 
also be written as Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2-x) [28,29]. The latter 
model of Ca²⁺ vacancies within a HA lattice, where charge balance is 
maintained via OH⁻ loss and/or proton addition, is considered by many 
to best align with experimental evidence [30–32]. Complementary to 
these lattice-based descriptions, other hypotheses emphasize composi
tional heterogeneity at the nanoscale, proposing that CDHA may consist 
of stoichiometric HA coated with surface-adsorbed phosphate groups or 

Table 2 
Abbreviations of calcium minerals.

Abbreviation Denomination Formula Ca/P 
Molar 
Ratio

ACP Amorphous calcium 
phosphate (“Posner’s 
clusters”)

Ca3(PO4)2⋅nH2O 1.50

CC Calcium carbonate CaCO3 ∞
CDHA Calcium-deficient 

hydroxyapatite
Simplified composition: 
Ca(10-x)(HPO4)x(PO4)(6- 

x)(OH)(2-x)

1.33- 
1.67

β-CPP β-Calcium 
pyrophosphate

β-Ca2P2O7 1.00

CSA Calcium sulfate 
anhydrous

CaSO4 ∞

CSH Calcium sulfate 
hemihydrate 
Plaster of Paris

CaSO4⋅½H2O ∞

CSD Calcium sulfate 
dihydrate 
Gypsum

CaSO4⋅2H2O ∞

DCPA Dicalcium phosphate 
(anhydrous) 
Monetite

CaHPO4 1.00

DCPD Dicalcium phosphate 
dihydrate 
Brushite

CaHPO4⋅2H2O 1.00

HA Hydroxyapatite Ca10(PO4)6(OH)2 1.67
MCPA Monocalcium 

phosphate anhydrous
Ca(H2PO4)2 0.50

MCPM Monocalcium 
phosphate 
monohydrate

Ca(H2PO4)2⋅H2O 0.50

OCP Octacalcium phosphate 
(triclinic form)

Ca8(HPO4)2(PO4)4⋅5H2O 1.33

α-TCP α-Tricalcium phosphate α-Ca3(PO4)2 1.50
β-TCP β-Tricalcium phosphate β-Ca3(PO4)2 1.50
TTCP Tetracalcium phosphate 

Hilgenstockite
Ca4(PO4)2O 2.00

Table 3 
Models of lattice substitutions in CDHA as listed by Elliott [347]. Some cells 
contain two equivalent formula. Please note that the only difference between 
row 2 and 4 is the range of the x value.

1. Ca(10-x)(HPO4)2x(PO4)(6-2x)(OH)2 0≤x≤2 [25–27]
2. Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2-x) 0≤x≤2 [28,29]
3. Ca(10-x-y)(HPO4)x(PO4)(6-x)(OH)(2-x- 

2y)

0≤x≤2 and y≤(1-x/ 
2)

[183,348]

4. Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2-x) 0≤x≤1 [23,349]
5. Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2- 

x)(H2O)x

0≤x≤1 [23,36,61,
349]

6. Ca(9-x)(HPO4)(1+2x)(PO4)(5-2x)(OH) 1.4 ≤ Ca/P molar 
ratio ≤ 1.5

[23,349,
350]

7. Ca(9+z)(HPO4)(5+y+z)(PO4)(1-y- 

z)(OH)(1-y+z)

- [351]

8. Ca(10-x+u)(PO4)(6-x)(PO4)x(OH)(2-x+u) 2-x+2u≤2 and 
0≤u≤x/2

[352]
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a mixtures with more acidic phases like dicalcium phosphate dihydrate 
(DCPD; CaHPO4⋅2H2O) or anhydrous dicalcium phosphate (DCPA; 
CaHPO4) [32]. A prevailing view is that CDHA comprises a crystalline 
CDHA core coated with a hydrated surface layer [11], sometimes 
referred to as a non-apatitic domain due to its different NMR/IR signa
ture compared to HA [33,34] or even an amorphous-calcium phosphate 
(ACP)-like layer mostly to highlight the amorphous character of this 
surface layer [13,14,35]. Nevertheless, despite broad recognition of 
CDHA as a multiphasic material, its composition is still often approxi
mated using Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2-x), a convention that can be 
misleading.

2.2. Crystallographic structure and composition of the apatitic core

CDHA exhibits notable structural variations compared to HA, 
particularly in relation to its crystallographic lattice parameters and 
structural organization, as influenced by the Ca/P molar ratio. The 
crystallographic structure of CDHA is closely related to that of stoi
chiometric HA, but key differences arise. HA has a hexagonal structure 
with space group P63/m (except in rare cases where ultrapure HA can 
crystallize in the monoclinic system). Its unit cell contains two formula 
units of Ca5(PO4)3OH with two types of calcium sites (Ca1 and Ca2), one 
phosphate site (PO4), and one hydroxyl site (OH) in the asymmetric unit. 
The structure can be visualized as PO4 tetrahedra linked by Ca ions, with 
columns of OH groups along the c-axis (Fig. 2). As the Ca/P molar ratio 
decreases from 1.67 to 1.33, systematic changes in the lattice parame
ters occur, characterized by an increase in the a-axis parameter and a 
decrease of the c-axis parameter, indicating anisotropic lattice distor
tions [17–21].

In the literature, several mechanisms have been proposed to account 
for the observed calcium deficiency and the associated charge 
compensation. The lack of calcium has been observed primarily at the 
Ca2 site [21,36], thus at the vicinity of the OH site, leading to calcium 

Fig. 1. XRD diffractograms of CDHA powders synthesized at different pH (6.0 to 9.0) showing (A) a typical diffraction pattern of poorly crystallized HA and (B) the 
absence of foreign phases, particularly OCP at low 2θ angle. After thermal treatment (C)(D), the different Ca/P molar ratios obtained with increasing synthesis pH led 
to the formation of β-TCP-β-CPP, pure β-TCP, and β-TCP-HA mixtures. The Ca/P molar ratio of these CDHA powders range from 1.44 to 1.56. (●) β-CPP; (*) β-TCP; 
(■) HA [135].

Fig. 2. Crystal structure of triclinic OCP, evidencing the six phosphate groups 
per unit cell (P1 to P6). The OCP (red) and HA (green) unit cells highlight the 
structural relationship between the two phases. Adapted from [404]. The lattice 
parameter “a” in HA (0.954 nm) is 1.6% shorter than the corresponding “b” 
parameter in OCP (0.97 nm). The “c” parameter of HA (~0.69 nm) corresponds 
approximately to the thickness of the apatite-like layers in OCP, rather than to 
the full OCP unit cell parameter. The OCP c-axis (not shown) is associated with 
the stacking direction of the layered structure and is inclined with respect to the 
plane of the figure due to the triclinic symmetry.
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vacancies that induce structural disorder within the lattice. This results 
in elongated Ca-O bond distances and a reduced coordination number of 
calcium atoms compared to stoichiometric HA [19,37,38]. To maintain 
charge neutrality, various compensatory mechanisms have been pro
posed, including the incorporation of protons (H+) from the surrounding 
aqueous solution. These protons can either be interstitial or substitute 
for Ca2+ ions [36–38]. Interstitial protons may attach to the OH group, 
forming H2O [36], or reside between oxygen atoms of adjacent PO4 
groups. Substitutional protons replace Ca ions and attach to neighboring 
oxygen, forming HPO4 groups [36–38]. The incorporation of HPO4²⁻ 
groups as charge compensators alters the local chemical environment 
and introduces further structural irregularities. Hydroxide (OH-) va
cancies also contribute to charge compensation, further modifying the 
structure of CDHA.

Despite these supporting observations, conclusions from XRD studies 
remain inconclusive. Rietveld refinement often lacks the sensitivity 
required to accurately resolve the positions of H⁺ ions. In addition, 
pronounced peak overlap in diffraction patterns of nanocrystalline ap
atites further restricts its suitability for detailed structural refinement. 
Indeed, inconsistencies between chemically determined compositions 
and refinement-derived occupancies have been reported [18]. For 
example, [18] found that Ca/P molar ratios derived from Rietveld oc
cupancies were only slightly lower than the stoichiometric value and 
significantly higher than chemically determined values. This discrep
ancy was dismissed as the result of “an incorrect model in the structure 
refinement.” Detailed crystallographic characterization of CDHA is 
further impeded by its nanometric crystallite size, which limits the 
resolution of XRD data and precludes the use of single-crystal XRD 
analysis. Also, internal strains, arising for example from interfacial 
stresses induced by the hydrated layer, can significantly affect the 
apparent lattice parameters. Furthermore, the absence of an internal 
standard in most studies prevents proper calibration of the refined lat
tice parameters, resulting in correlations with sample-height displace
ment errors and significantly inflated uncertainties. Consequently, 
lattice parameter changes observed by XRD cannot be unambiguously 
attributed to Ca deficiency alone. Beside technical aspects, several XRD 
studies have omitted chemical composition data, even though carbonate 
ions, which are common impurities in apatites, can induce calcium va
cancies [21] and accordingly modify the lattice parameters [39]. 
Interestingly, the incorporation of carbonate ions into the HA structure 
leads to a decrease of the a-axis and increase of c-axis [39], which can 
confound lattice parameter trends attributed to Ca deficiency [17–21]. 
In this context, one study reported the presence of ⁓6 wt% carbonate 
groups [21], whereas others did not assess carbonate content [17–20]. 
The presence of sodium ions in CDHA crystals produced in sodium-rich 
solutions is also often ignored even though it could lead to 
non-negligible monovalent sodium content in CDHA.

A central and still unresolved question concerns the precise location 
of HPO4

2- groups: within the crystalline core and/or confined to the 
hydrated surface layer. Indeed, solid-state NMR studies have sometimes 
yielded contradictory findings. One study claimed that all hydro
genphosphate ions in a well-crystallized, HPO4-substituted hydroxyap
atite were incorporated into the apatitic lattice [15]. Yet, no evidence 
was provided to substantiate either the alleged calcium deficiency or the 
crystalline, non-amorphous nature of the material. Another study re
ported a spectral signature attributed to defective hydrogenphosphate 
ions in the crystal bulk, but again without demonstrating chemical pu
rity or calcium deficiency [40]. In contrast, Jäger et al. [16] only took 
into account in their approximate model the presence of hydro
genphosphate ions on the surface layer while disregarding the copre
sence of these ions in the core. To add confusion, one study reported that 
HPO4²⁻ groups were located exclusively in the non-apatitic, amorphous 
surface layer of the carbonated apatite and bone mineral [15]. These 
contradictions have direct quantitative consequences: XRD-based 
methods quantify the amorphous content without any assumption 
about its chemistry, whereas the solid-state NMR estimates commonly 

reported for bone and carbonated apatites rely on the attribution of the 
hydrogenphosphate NMR signal to a non-apatitic, amorphous environ
ment. If a fraction of the HPO₄²⁻ groups is in fact located within the 
crystalline CDHA core, solid-state NMR would systematically over
estimate the amorphous content relative to XRD. The large gap between 
XRD values (4–11 wt%) and NMR values (30–70 wt%), which is sum
marised in Table 4 and discussed in greater detail in Section 4, is 
therefore consistent with a crystalline core that itself incorporates 
HPO₄²⁻ groups, rather than being solely attributable to genuine differ
ences between the materials investigated. This point reinforces the need 
for the careful characterisation advocated in section 4.

2.3. Hydrated layer: structural model

Several structural models have been proposed to describe the spatial 
arrangement of the hydrated layer (Fig. 3). In the core–shell model, the 
entire crystal is coated with a hydrated layer; in the core–crown model, 
only the narrow edges of the crystal plates are coated; and in the cor
e–surface model, only the flat surfaces of the crystal plates are coated. To 
date, no firm consensus has been reached within the research commu
nity. Some authors favor the core-crown configuration [41], others 
support the core-surface model [15], while some suggest a core-shell 
structure [14,42]. One study even concluded that the best-fitting 
model depends on the synthesis conditions [41]. It further suggested 
that both the position and thickness of the hydrated layer may vary 
depending on the level of calcium deficiency and 

Table 4 
Quantitative values reported in the literature for the amorphous phase content 
and the thickness of the hydrated layer. Most studies are devoted to carbonated 
or bone apatites. Except for high-resolution transmission electron microscopy 
(HRTEM), all methods used to determine the thickness of the hydrated layer are 
indirect.

Quantity Method Ref. Note

Amorphous 
phase 
content

4.0 ± 0.5 wt 
% 
5.5 ± 2.9 wt 
% 
6.5 ± 0.5 wt 
%

XRD – G 
method

[138] Similar values were 
reported in 2 articles if 
one considers that the 
ACP content includes 
water: 42-44 wt% ACP 
incl. 40 wt% water in 
[353] and 35 wt% ACP 
for 33 wt% water in 
[354]

​ 7.1 wt% 
11.2 wt%

XRD – 
Al2O3 

internal 
standard

[139] ​

​ 20 wt% to 
40 wt%

Solid-state 
NMR

[199] Carbonated apatites

​ 30-65 wt% Solid-state 
NMR

[145] Carbonated apatites

​ 50 wt% Solid-state 
NMR

[15] 2-year sheep bone 
mineral

​ 45 wt% Solid-state 
NMR

[14] 2-year sheep bone 
mineral

​ 55 wt% Solid-state 
NMR

[16] ​

​ 23.3 wt% 
31.5 wt%

SAXS and 
WAXS

[41] 2 carbonated apatites

Thickness 0.8 nm Solid-state 
NMR

[15] 2-year sheep bone. 
Estimate based on the 
fraction of HPO4

2- ions.
​ 1.2 nm 

(crown) 
0.4 and 0.6 
nm (base 
and crown)

SAXS and 
WAXS

[41] 2 carbonated apatites

​ 1 nm HRTEM [14] 2-year sheep bone 
mineral

​ 1-2 nm HRTEM [45] ​
​ 1 nm Solid-state 

NMR
[16] Carbonated apatite
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maturing/crystallization [41]. Specifically, longer maturation times 
were associated with thicker platelets and reduced hydrated layer con
tent, thereby highlighting the structural heterogeneity inherent in these 
biomimetic apatite systems.

2.4. Hydrated layer: thickness and volume fraction

Multiple studies have examined the thickness of the hydrated layer, 
which is probably variable depending on the precipitation conditions. 
For platelet-shaped bone mineral particles, it was estimated to be around 
0.8 nm on particles 4 nm thick, indicating that nearly half of the inor
ganic phosphate ions reside in this layer [14–16] (Fig. 3; Table 4). This 
value (⁓50%) corresponds to the estimated content of amorphous 
component, historically considered as ACP in bone [43,44], while this 
amorphous component is now understood as being essentially due to the 
hydrated layer itself. Small- and wide-angle X-ray scattering (small-/
wide-angle x-ray scattering, resp. SAXS/WAXS) analyses confirmed that 
the crystalline plates are coated with a 0.4–1.2 nm thick layer [41], 
while high resolution transmission electron microscopy (HR-TEM) 
revealed a thickness of 1–2 nm [45]. Studies on the maturation of the 
hydrated layer pointed out that its volume fraction, and accordingly its 
thickness, decreases with increasing maturation time, temperature, and 
pH [17]. At the same time, the Ca/P molar ratio increased, possibly 
culminating in the complete disappearance of the hydrated layer in 
samples produced in hydrothermal conditions.

Taken together, these experimental measurements provide a 
consistent, if approximate, picture of the hydrated layer's dimensions. A 
simple order-of-magnitude estimate further illustrates how its thickness 
relates to the amorphous content and the specific surface area (SSA) of a 
CDHA sample, and helps place the scattered experimental values into a 
coherent quantitative framework. For CDHA produced by α-TCP hy
drolysis, the SSA is typically 25-30 m2/g [46]. Assuming platelet-shaped 
crystals are much longer and wider than they are thick, the surface to 
volume ratio is approximately 2/h were h is the crystal thickness. 
Combined with an assumed density of 3’000 kg/m3 for both the apatitic 
core and the hydrated layer (most calcium phosphates have a density 
around that value), a SSA of 30’000 m2/kg corresponds to h = 2/(30’000 
× 3’000) m ≈ 22 nm. If the hydrated layer, is treated as an amorphous 

coating covering both flat faces of the platelet, its thickness δ on each 
face is simply δ = (amorphous fraction) × h / 2. For an amorphous 
content of 5 wt%, this yields δ ≈ 0.55 nm; for 11 wt%, δ ≈ 1.21 nm. Even 
though these values represent crude approximations and would increase 
slighthly if the density of the hydrated layer were lower than that of the 
apatitic core, they fall within the 0.4–1.2 nm range derived from SAX
S/WAXS [41] and the 1–2 nm range reported by HR-TEM [45]. This 
agreement lends internal consistency to the current structural picture of 
the hydrated layer. It also illustrates that the 4–11 wt% amorphous 
content reported for CDHA (Section 4) is not a residual impurity but 
corresponds, at this scale, to a substantial fraction of the total volume. 
The available quantitative estimates of the hydrated layer are summa
rized in Table 4. These values should be interpreted with caution, as the 
hydrated layer is intrinsically fragile/metastable. Even simple washing 
can induce chemical alterations in the resulting crystals [47]. More 
generally, many analytical methods used to investigate the hydrated 
layer may themselves alter or even destroy it due to its intrinsic fragility. 
For example, HR-TEM observations and similar techniques performed 
under high vacuum (unless conducted in cryogenic mode) can signifi
cantly modify nano-sized calcium phosphate particles under the electron 
beam.

2.5. Hydrated layer: formation and stability

This fragility and sensitivity to experimental conditions raises a more 
fundamental question: how does the hydrated layer form in the first 
place, and what mechanisms account for its persistence? While its 
presence is widely reported, the underlying mechanisms remain 
incompletely understood. During maturation, this layer tends to 
diminish [17], suggesting that it may originate as a remnant of meta
stable phases formed before CDHA crystallization. As time spent in so
lution increases, the apatitic core grows by incorporating ions from the 
hydrated layer, which itself progressively deprotonates and dehydrates 
[22]. A detailed thermodynamic study quantified the direct role of these 
maturation conditions – i.e. controlling the amount of hydrated layer 
through the non-apatitic ionic content – on the enthalpy and thus Gibbs 
free energy of formation of CDHA samples, and thus their metastability 
[48].

Christoffersen et al. speculated that the hydrated layer in CDHA 
could derive from the hydrated layer present in OCP crystals [49]. 
However, CDHA is not always produced via OCP hydrolysis, indicating 
that other pathways must exist. One alternative route involves ACP, a 
known precursor of CDHA. Early studies revealed that freshly synthe
sized ACP is associated with “relatively labile particles of a calcium acid 
phosphate-rich (CaHPO4⋅xH2O-like) amorphous phase” located at its 
surface [47]. This phase decreased as the precipitation reaction pro
gressed. In a purely kinetically driven process, such metastable surface 
phases would be expected to vanish over time. Yet, the hydrated layer 
persists, at least partially [17]. This could indicate a diffusion limitation 
or that the hydrated layer is stabilizing thermodynamically the 
solid-water interface.

2.6. Hydrated layer: surface charge and interfacial models

Surface complexation frameworks provide a useful conceptual basis 
for describing interactions between the hydrated layer and the sur
rounding solution. Such stabilization can be rationalized within this 
framework [50,51], an extension of the electric double layer (EDL =
Stern layer + diffuse layer) model. Such complexation models are 
commonly used to replicate observed acid-base and ion binding be
haviors of mineral surfaces [52]. In this approach, the total charge of a 
mineral is described as the sum of an intrinsic (permanent) charge, 
arising mainly from lattice substitutions, and a variable (pH-dependent) 
surface charge. The latter originates from protonation/deprotonation 
reactions and the specific adsorption of ions forming inner-sphere 
complexes with surface sites such as phosphate groups [53,54]. 

Fig. 3. A diagram illustrating the typical platelet-like structure of CDHA (a) 
core-surface model. (b) core-crown model; (c) core-shell model. Adapted from 
[15,42].
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Several authors argue, however, that the hydrated layer of CDHA should 
not be equated with a classical Stern electrical double layer [55,56], 
since it represents an integral part of the crystal structure rather than a 
feature of the surrounding solution. Also, a thickness of about 1 nano
meter was reported in the literature for moderately-matured samples 
[14–16,41,45], which is beyond the scale of the Stern layer, i.e. the 
compact interfacial layer comprising the inner and outer Helmholtz 
planes. Together, these interfacial models highlight that the hydrated 
layer occupies a structurally and chemically intermediate position — 
strongly bound to the crystal yet in dynamic exchange with the solution. 
Understanding its precise composition and internal ionic organization is 
therefore essential to account for its reactivity.

2.7. Hydrated layer: composition and ionic organization

The precise nature of the hydrated layer, typically in terms of local 
ions organization, and the role of the water molecules is still the subject 
of debate. It is structurally distinct from the apatite lattice, being hy
drated, disordered, and chemically labile [17,49]. In particular, it can 
incorporate acidic phosphate groups and other ions, making it compo
sitionally closer to CDHA precursor phases such as ACP or OCP [47], 
although its chemical composition may approach more that of brushite, 
CaHPO4⋅nH2O (with n = 2 for brushite). The FTIR signature of CDHA 
shows similarities to that of another hydrated calcium phosphate, 
namely OCP, suggesting that the Ca/P molar ratio of the hydrated layer 
is low, potentially close to 1.0-1.3 [57]. However, 31P NMR data pointed 
to clear differences between OCP and CDHA. The authors thus empha
sized that the hydrated layer is distinct from these well-crystallized 
phases, representing instead a transient, non-apatitic, hydrated 
domain at the crystal surface. Given that this layer is composed of 
relatively mobile and exchangeable ions, its Ca/P molar ratio is likely 
dynamic and sensitive to the local ionic environment [58,59]. Variations 
in the HPO4²⁻/H2PO4⁻ ratio of the surrounding solution due to pH 
change can influence the corresponding ratio within the hydrated layer 
[58,59]. However, H2PO4

- ions are generally considered to be absent 
from the hydrated layer due to their lower attraction to surface calcium 
ions and the high solubility of all monocalcium phosphate salts. The 
possibility of proton hopping was suggested to explain the dynamic 
behavior of biomimetic apatites in solution, e.g. after drying [60]. To 
maintain electroneutrality, any compositional shift in the solution 
would necessitate adjustments in the Ca²⁺ content of the layer, thereby 
altering its overall Ca/P molar ratio. This dynamic behavior of the hy
drated layer offers a plausible explanation for the observed dependence 
of CDHA's Ca/P molar ratio on the synthesis pH, without requiring 
changes to the intrinsic composition of the core itself. Indeed, when the 
Ca/P molar ratio decreases, the surface of CDHA particles becomes 
increasingly acidic [61,62].

Surface and calorimetry analyses confirmed that the hydrated layer 
contains water with varying degrees of binding, as well as exchangeable 
ions, which confer a high reactivity compared to the underlying crys
talline core [50,51]. This hydrated layer can be seen as an interphase 
belonging to the nanocrystals, separating its core from the surrounding 
solution. It is thus probable that some gradient of physical and chemical 
properties could exist within this layer. In this view, DSC analyses [22] 
pointed out the existence of at least two populations of water molecules, 
with H2O molecules simply “physisorbed” (and thermodynamically 
close to liquid water) and H2O more tightly bound, leaving the surface 
upon heating at higher temperatures, and corresponding to the “struc
tural” water of the hydrated ionic surface layer. The labile character of 
the ions in this layer explains for instance its critical role in miner
al–solution interactions, including ion exchange, dissolution, and 
re-precipitation phenomena [53,54,57,63].

These compositional features are not merely static: the exchangeable 
nature of the ions and the heterogeneity of water binding reflect a layer 
that is structurally continuous with the crystal yet dynamically coupled 
to the solution. This dual character, structural yet dynamic, accounts for 

its central role in determining surface reactivity and bioactivity in both 
biological apatites and biomimetic apatite-based biomaterials [55,56]. 
In this context, it is noteworthy that several precursor phases to CDHA 
also exhibit such intermediate features. In particular, recent studies 
identified pre-nucleation and ACP species that contain negatively 
charged complexes with Ca/P molar ratios well below 1.50 [64,65]. 
These findings support the view that the hydrated layer may be part of a 
broader spectrum of metastable, ion-rich structures bridging solution 
chemistry and crystalline apatite.

The ionic organization within this interphase domain is difficult to 
assess directly, as little structural information is available at that scale. 
Nevertheless, FTIR and NMR studies suggest the existence of a local 
ordering rather than a totally erratic ion organization [11,22]. In this 
view, a recent computational ab initio work based on density functional 
theory (DFT) and molecular dynamics [66] examined in detail several 
possible scenarios of ionic organization of the layer with the objective to 
explain the large set of experimental data available to-date. A plausible 
scenario, fitting well with experimental results including FTIR addi
tional non-apatitic features, was found when considering an organiza
tion close (but not identical) to the hydrated layer found in triclinic OCP, 
with however some addition of water molecules and allowing the system 
to relax.

2.8. Compositional heterogeneity and phase assignment

The approximate formula Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2-x), in 
which x may vary from 0 to 2, formally permits any Ca/P molar ratio 
between 1.67 and 1.33, suggesting a wide compositional continuum. 
Nevertheless, several authors—based on both experimental observa
tions and theoretical considerations—have argued that CDHA with a 
Ca/P molar ratio of 1.50 is more stable than compositions with slightly 
lower or higher values [67–71]. More broadly, the literature consis
tently shows that calcium phosphates tend to crystallize or precipitate as 
crystalline or amorphous phases with characteristic Ca/P molar ratios, 
such as 0.5, 1.0, 1.33, 1.50, and 1.67. This raises the possibility that the 
apparent continuum of compositions implied by the formula 
Ca(10-x)(HPO4)x(PO4)(6-x)(OH)(2-x) may in practice consist of mixtures of 
a limited number of discrete crystalline or amorphous phases, for 
example those with Ca/P molar ratios of 1.00, 1.33, 1.50, and 1.67, in 
which each phase with a Ca/P molar ratio inferior to 1.67 could be a 
transient phase towards HA. In this scheme, current analytical tools and 
characterization methods would have great difficulty distinguishing 
between, for example, (i) a mixture of ACP and nanocrystalline CDHA, 
(ii) a homogeneous CDHA phase, or (iii) a core-shell CDHA particle 
comprising a homogeneous core and a hydrated surface 
layer—particularly when all exhibit the same overall Ca/P molar ratio 
(Fig. 4). Even if such differences could be detected, their interpretation 
would remain challenging. This interpretive ambiguity underscores the 
need for the careful and systematic characterization as advocated in 
section 4.

Together, the structural and compositional picture developed in this 
section provides the foundation for understanding the physicochemical 
properties of CDHA examined in Section 3, where thermal stability, 
mechanical behavior, solubility, dissolution, and ion exchange are dis
cussed in turn.

3. Physico-chemical properties of CDHA

The structural complexity established in Section 2, in particular the 
coexistence of a non-stoichiometric apatitic core and a labile hydrated 
surface layer, directly governs the physicochemical behavior of CDHA. 
This section examines the properties that are intrinsic to the material 
itself, independent of biological context: its thermal stability and the 
transformations it undergoes upon heating; its mechanical behavior as a 
macroscopic solid; and its aqueous properties — solubility, dissolution 
kinetics, and ion exchange capacity — which determine how CDHA 
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interacts with its surrounding ionic environment. These properties 
provide the essential physicochemical grounding for interpreting 
CDHA's biological performance, which is taken up in Section 6.

3.1. Thermal stability

The thermal stability of CDHA has been extensively investigated, 
with a focus on the influence of temperature, time, heating rate, and Ca/ 
P molar ratio [72–81]. As mentioned previously, two endothermic peaks 
associated with the release of water were identified at 63 ◦C and 113 ◦C 
using differential scanning calorimetry (DSC) [22]. The first peak was 
attributed to physisorbed liquid-like water, whereas the second peak 
was attributed to “structural” water bound in the hydrated layer. 
Interestingly, a rehydrated sample presented almost the same endo
thermic peaks demonstrating the reversibility of the reaction. No effect 
of CDHA maturation was observed under the conditions investigated. 
The amount of liquid water was estimated to be slightly below 2 mol
ecules per unit formula and that of bound water close to 1.5, thus 

corresponding to about 5% of the total CDHA mass [22]. In contrast, a 

Fig. 4. Schematic representation of possible CDHA particle structures based on the literature. CDHA is generally considered to adopt a core-shell structure with a 
crystalline core that has a Ca/P molar ratio in the range of 1.50 to 1.67 and a shell made of a hydrated layer with a Ca/P molar ratio below 1.50 (here represented 
with a ratio close to 1). Accordingly, the latter particles can consist of a mixture of 2 (= binary), 3 (= ternary) or more (= multiple) compositions. However, ho
mogeneous CDHA particles have also been proposed, for example following a hydrothermal process [405–407]. Four Ca/P molar ratios of the CDHA particles are 
represented. Values of 1.33 and 1.50 are taken because they correspond to an x value of 2 and 1 in the CDHA formula, respectively. The other two values (1.43 and 
1.58) are taken arbitrarily. These 4 values correspond to the overall Ca/P molar ratio of the particle. When a Ca/P molar ratio is indicated (e.g. 1.43 or 1.67), it means 
that the whole “crystal” is homogeneous and has that Ca/P molar ratio. The label “1.50-1.67” refers to a core that contains a mixture of crystals with a Ca/P molar 
ratio varying between 1.50 and 1.67. For representation purposes, it is assumed that (i) the CDHA particles are prismatic; (ii) the CDHA shell only covers the bottom 
and top part of the core; (iii) the c-axis is perpendicular to the schemes; (iv) the hydrated layer has a Ca/P molar ratio close to 1.00; (v) when the core is made of more 
than one composition, the edges have a higher Ca/P molar ratio and the thickness of the central part has an arbitrary thickness; (vi) the density of each phase is 
identical so that the Ca/P molar ratio of the particle can be inferred from the surface of each respective composition. Here, the hydrated layer thickness decreases 
with an increase of the Ca/P molar ratio. This effect would be smaller if the Ca/P molar ratio of the hydrated layer increased with increasing Ca/P molar ratio of 
the core.

Fig. 5. TG/DTA in air of CDHA raw powder (Ca/P = 1.500). There is a 2 wt% 
loss close to 100 ◦C (evaporation of water) and a 13 wt% loss close to 220 ◦C 
(removal of bound water). Adapted from [80] and [408].
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thermogravimetric analysis revealed a 2 wt% loss close to 100 ◦C and a 
13 wt% loss close to 220 ◦C (Fig. 5) [80], which happens to be close to 
the 15 wt% water content of ACP (Ca3(PO4)2⋅nH2O) [82].

Observations show that the condensation of hydrogenphosphate ions 
occurs within the temperature range of 250–700 ◦C when samples are 
heated at a rate of 10 ◦C/min [73]. This leads to the transient formation 
of pyrophosphate groups in the 375-600 ◦C window [73,77,83,84]. 
Studies on CDHA with a Ca/P molar ratio of 1.50, heated at a slow rate of 
2.5 ◦C/min, detected – as may be expected from the CaO-P2O5 phase 
diagram – the transformation of CDHA into β-tricalcium phosphate 
(β-TCP; β-Ca3(PO4)2) between 720 ◦C and 730 ◦C using XRD, with FTIR 
spectroscopy confirming the disappearance of the OH stretching band at 
3569 cm⁻¹ between 700 ◦C and 750 ◦C [74]. Using a faster heating rate 
of 5 ◦C/min and a 10-minute dwell time, the onset of β-TCP formation 
was observed as early as 700 ◦C, although most of the transformation 
occurred between 700 ◦C and 750 ◦C [75,80,81]. An earlier onset of 
transformation, with β-TCP forming around 650 ◦C during calcination 
with a 2-hour dwell time, highlights the significant influence of dwell 
time on the thermal transformation of CDHA [77]. Reports indicate the 
growth of a Ca-rich metastable phase during CDHA annealing at 750 
◦C–800 ◦C, but its chemical nature was not identified [78,79]. These 
thermal changes can be summarized as follows:

60-200 
◦C:

Loss of liquid-like water and initiation of the loss of the bound water 
from the hydrated layer

200-250 
◦C:

Residual loss of bound water from the hydrated layer

250-700 
◦C:

Condensation of hydrogenphosphate into pyrophosphate ions (2HPO4
2- 

→ P2O7
4- + H2O)

700-750 
◦C:

Loss of water upon interaction between the formed pyrophosphate and 
the present OH- (P2O7

4- + 2OH- → 2PO4
3- + H2O) and recrystallization of 

β-TCP / β-CPP / HA depending on the initial CDHA composition

As previously noted, the hydrated layer is fragile and can be 
destroyed by drying [57]. However, its ion exchange capacity remains 
detectable in powders dried at 150 ◦C [85] and 200 ◦C [14]. A study on 
HA suggests that the hydrated layer begins to degrade just above 200 ◦C 
[86]. However, a more progressive loss of structural water may be ex
pected and starting below this fixed point. In another study, an irre
versible change in conductivity and activation energy was observed 
from 400 ◦C, a temperature at the bottom of the formation window of 
pyrophosphates (375-600 ◦C) [73,77,83,84]. The authors concluded 
that these changes were due to “strong microstructural and chemical 
changes” [87]. While thermal behaviour is governed primarily by the 
chemistry of the hydrated layer and the HPO4²⁻ content of the core, the 
mechanical properties of CDHA macroscopic solids are determined 
largely by their processing history and macroscopic architecture.

3.2. Mechanical properties

CDHA macroscopic solids, which are generally obtained from cal
cium phosphate cements (CPCs), exhibit mechanical properties that are 
strongly influenced by its intrinsic porosity and microstructure. Due to 
the dissolution–precipitation setting reaction, CDHA typically forms a 
nanocrystalline, highly porous network with limited control over pore 
size, shape, and interconnectivity. Therefore, the mechanical properties 
reported in the literature show a wide scatter and depend sensitively on 
processing parameters, initial cement composition, and porosity [88]. 
Reported compressive strength values for CPC-derived CDHA materials 
range from below 1 MPa for highly porous foams up to several tens of 
MPa for dense formulations [88]. This variability reflects not only dif
ferences in formulation but also the dominant role of porosity, which is 
often intentionally introduced to promote tissue ingrowth. Comparable 
scatter is observed for other calcium phosphates such as β-TCP, HA, and 
biphasic calcium phosphate (BCP), though reported values are perhaps 
slightly higher [89]. Importantly, CDHA and related CPC-based mate
rials are inherently brittle, which precludes their use in load-bearing 

applications. An exception exists when the mechanical load is trans
ferred to an osteosynthesis plate rather than borne by the cement itself, 
as in certain craniofacial or maxillofacial reconstructions. In the absence 
of such fixation, their clinical use is restricted to non-load-bearing sit
uations, where they function as osteoconductive bone graft substitutes. 
In this context, classical mechanical parameters such as compressive 
strength or elastic modulus are of secondary importance. Instead, the 
key practical requirement is sufficient cohesion and integrity of the 
material to allow handling and implantation without fragmentation or 
crumbling. Overall, while the mechanical properties of CDHA can be 
tailored within certain limits through processing and formulation stra
tegies, they remain governed by porosity and brittleness, and must be 
considered in relation to the intended clinical use, typically 
non-load-bearing or supported by fixation systems.

3.3. Solubility

The solubility product of CDHA with a molar ratio of 1.50 (i.e. with a 
global formula of Ca9(PO4)5(HPO4)OH) has been estimated at -85.1 [71,
90]. The authors underline the homogeneous nature of the material. 
This value is considerably higher than the solubility product of stoi
chiometric HA, reported at –117.2, but still significantly lower than the 
ionic product found in physiological fluids at pH 7.4 [71,90] (Fig. 6). In 
practical terms, this implies that a homogeneous CDHA crystal is 
insoluble under physiological conditions such as those found in serum, 
cell culture media, or simulated body fluids (SBF) and thus CDHA cannot 
transform into the thermodynamically stable mixture of HA and DCPA 
under undersaturated aqueous conditions [91], described by the 
following reaction: 

4Ca9(PO4)5(HPO4)OH + 2H2O ↔ 3Ca10(PO4)6(OH)2 + 6CaHPO4     (1)

Nevertheless, experimental data from cell culture media show that 
CDHA induces a simultaneous decrease in calcium concentration and pH 
[92–98], along with an increase in phosphate concentration [92–95,98]. 
Whereas the uptake of calcium could be explained by the precipitation 
of a calcium-rich mineral or the adsorption of calcium ions on the ma
terial surface, the release of phosphate is more difficult to explain. An 
explanation is based on the assumption that CDHA hydrated layer is 
more soluble than OCP or DCPA, the phases that are in equilibrium with 
body fluids [99,100]. The experimental data could then be explained by 
the dissolution of the hydrated layer and re-precipitation of a more 
stable, more alkaline phase like CDHA or carbonated apatite. Assuming 
that the hydrated layer has a composition close to that of amorphous 

Fig. 6. Solubility isotherms of calcium phosphates in the system Ca(OH)2 – 
H3PO4 – H2O at 25 ◦C. The calcium phosphates include DCPA, DCPD, OCP, 
CDHA (Ca/P = 1.5), β-TCP and HA. The vertical lines show the position of the 
equilibrium between DCPA and HA (close to pH 4.6), and the physiological pH 
value (7.4). The horizontal line shows the physiological extracellular calcium 
level. Experts generally agree that physiological fluids are in equilibrium with 
OCP or DCPA (red circle). The hypothetical solubility curve of the hydrated 
layer is expected to be parallel but higher than that of DCPD, consistent with 
the preferential dissolution of this layer observed experimentally and its role in 
driving CDHA's faster initial in vitro dissolution rates relative to HA.
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DCPD [47], the hydrolysis reaction into e.g. CDHA can be tentatively 
written: 

(10-x) CaHPO4⋅nH2O ↔ Ca(10-x)(PO4)(6-x)(HPO4)x(OH)(2-x) + (4-x) 
H3PO4 + (10n - 2 + x(1-n)) H2O                                                    (2)

A similar reaction could also be written in the presence of carbonate 
ions, for the precipitation of carbonated apatite. Measuring a solubility 
constant for CDHA is therefore questionable since CDHA is typically 
heterogeneous and only partially crystalline; however, such measure
ments were justified at the time by the prevailing assumption (without 
clear experimental evidence) that a homogeneous CDHA phase existed 
[71]. The problems related to the determination of the solubility of 
calcium phosphates due to incongruent dissolution are discussed in 
more details here [101].

3.4. Dissolution

As already pointed out, CDHA dissolves incongruently, meaning that 
the Ca/P molar ratio in solution differs from that in the solid bulk phase 
[47,101,102]. In acidic conditions (pH < 4-5), the incongruency was 
associated with the precipitation of DCPD on the surface of the particles 
[59,103]. At higher pH value, the observed incongruency is due to the 
presence of the calcium phosphate hydrated layer, which is rich in 
hydrogenphosphate ions and characterized by a Ca/P molar ratio well 
below 1.67 [13–16]. This labile surface layer is expected to dissolve 
prior to the thermodynamically more stable crystalline core. Consid
ering the chemical similarity of the hydrated layer to other hydrated 
phases such as DCPD and OCP [57], one can assume in first approxi
mation that the hydrated layer consists of an amorphous DCPD-like 
layer and dissolves according to a reaction such as: 

CaHPO4⋅nH2O ↔ Ca2+ + HPO4
2- + nH2O                                         (3)

In this view, the Ca/P molar ratio in the solution should be close to 
the Ca/P molar ratio of the hydrated layer at early dissolution times. At 
long dissolution times, when the whole hydrated layer is dissolved, the 
apatitic core is then expected to start dissolving, thereby raising the Ca/ 
P molar ratio in the solution. Once the crystals are fully dissolved, the 
Ca/P molar ratio of the solution should match the Ca/P molar ratio of 
the solid prior to dissolution. If the amount of liquid is too limited to 
reach full dissolution, the high solubility of the hydrated layer compared 
to HA solubility may lead to the precipitation of a thermodynamically 
more stable phase like CDHA and HA (Eq. [2]; Fig. 6). The precipitation 
would acidify the solution [60] and decrease its Ca/P molar ratio, 
typically between 0.5 and 1 [104].

The interactions between the CDHA hydrated layer and the solution 
are expected to be dynamic, meaning that the Ca/P molar ratio observed 
in suspensions at equilibrium is a function of pH, solid-to-solution ratio, 
ionic strength, eventual co-presence of circulating ions or molecular 
species, and finally the history of the CDHA powder [59]. Maturation 
tests at neutral pH and 37 ◦C suggest that any change of the maturation 
solution leads to very long equilibration times [105]. This is particularly 
true for CDHA porous solids, e.g. produced using a cementitious reac
tion, which present a nanosized network of pores [106] and accordingly 
limited ionic diffusion rates within the porous network.

In a closed system, there is not only a decrease in the Ca/P molar 
ratio of the aqueous solution but also a decrease of pH during maturation 
(see e.g. Eq. [2]). For example, in a model system where 37.5 g of 
α-tricalcium phosphate (α-TCP; α-Ca3(PO4)2) reacted with 375 mL of 
deionized water at 37.4 ◦C, the calcium and phosphate concentrations in 
the solution increased continuously even after full conversion of α-TCP 
into CDHA, reaching approximately 2.5 mM and 5.8 mM after 28 days 
respectively and thus a Ca/P molar ratio of 0.43 [107]. Concurrently, 
the pH of the solution decreased, with values around 5.6 after 36 hours 
and 5.0 after 28 days. Similarly, in a system involving a 70 g tetracal
cium phosphate (TTCP; Ca4(PO4)2O)-DCPA mixture with 350 mL of 

deionized water at 25 ◦C, the Ca/P molar ratio of the solution after full 
conversion to CDHA (24 hours) decreased from 1 to approximately 0.5 
after 6 months of reaction [105]. Over the same period, the pH dropped 
from 6.7 to 4.9. At 37.4 ◦C, the Ca/P molar ratio and pH values were 
even lower, reaching approximately 0.29 and 4.5, respectively. These 
pH values and Ca/P molar ratios are close to the values expected in 
concentrated systems, at the equilibrium pH between HA and DCPA (or 
possibly DCPD) [108]. The reason why the Ca/P molar ratio in the so
lution is close to 0.5, i.e. much lower than the Ca/P molar ratio of HA 
and DCPA, can be understood considering that there must be a charge 
balance between the two main anionic and cationic species present in 
the solution at that pH value namely H2PO4

- and Ca2+ [60].
As a side note, numerous models have been developed to describe HA 

dissolution kinetics, though most have achieved only limited predictive 
success [109]. A common shortcoming is their inability to explain the 
rapid initial dissolution followed by a near-complete cessation, even 
under undersaturated conditions [110]. A better understanding of the 
structure and composition of the hydrated layer, for example using 
computed models [66], could possibly improve predictions.

3.5. Ion exchange

Beyond its structural role, the hydrated layer plays a crucial function 
in ionic exchange processes with aqueous solutions, displaying varying 
degrees of reversibility depending on the exchanged cations [47,
111–116]. The exchange is completely reversible for calcium ions (Ca²⁺) 
[58,112], partially reversible for strontium (Sr²⁺) and magnesium ions 
(Mg²⁺) [114,117], but irreversible for other cations such as zinc (Zn²⁺) 
and cadmium (Cd²⁺) due to their stronger affinity for the apatite struc
ture [115]. No exchange is generally observed with monovalent cations 
[118], though exchange with hydronium ions is possible [58] and 
adsorption of sodium ions (Na+) has been reported [111]. This selective 
ion-exchange capability which appears to follow a Langmuir-type 
isotherm in the case of Sr2+ [56] makes biomimetic apatites effective 
inorganic cation-exchangers, particularly in applications for recovering 
valuable cations or removing toxic metals from wastewater [115,
118–121]. CDHA can also adsorb anions such as carbonate [122] or 
sulfate ions [111], but the exchange appears at least in some instances 
irreversible.

Ion-exchange studies report that the affinity of the hydrated layer for 
cations such as Mg²⁺, Sr²⁺, and Ca²⁺ increases as the Ca/P molar ratio 
decreases [85] while others show that these exchange capacities are not 
related to this ratio [95]. Beyond the Ca/P molar ratio, the extent and 
reversibility of ion exchange in apatites particles appear to be strongly 
influenced by their progressive maturation [22]. As maturation ad
vances, increases in particle size [123], crystallinity and structural 
ordering [118] reduce the number of exchangeable sites within the 
hydrated layer, thereby decreasing the overall ion exchange capacity. In 
media simulating the extracellular fluid of bone, the exchange of cal
cium and phosphate ions has been shown to significantly modulate the 
zeta potential [116]. This suggests that these ions are, at least in part, 
specifically adsorbed onto the mineral surface, likely at the Stern layer 
(near the shear plane), either before or after undergoing hydrolysis 
[124]. Additionally, ions such as Sr²⁺ [11,114], CO3

2- [57,125] or toxic 
metals (as discussed above) may become incorporated into the growing 
apatitic domains, further limiting their mobility.

The kinetics of calcium exchange at the surface of apatites have long 
raised questions regarding the underlying incorporation mechanism. In 
particular, the slow fixation of calcium observed in isotopic exchange 
experiments cannot be readily explained by a simple solid-state diffusion 
process within the apatite lattice. Two main hypotheses have histori
cally been proposed to explain the slow fixation of radioactive calcium 
isotopes (⁴⁵Ca) in apatite materials. The first, initially proposed by 
Weikel et al. [126] and subsequently adopted by several authors [112,
127], attributes the slow kinetics to the intracrystalline diffusion of 
calcium ions within the apatite lattice. However, this interpretation was 
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challenged early on by Neuman et al. [128], who demonstrated that 
bone mineral crystals can recrystallize rapidly and spontaneously in 
aqueous media, suggesting that a recrystallization process is more 
appropriate than simple diffusion. On the basis of the kinetic data re
ported by Weikel et al. [126], Edgington [129] concluded that the 
characteristic time constants associated with the slow reaction are 
incompatible with the laws governing intracrystalline diffusion, and 
instead support an incorporation of calcium through a dis
solution–reprecipitation mechanism. Similar conclusions were later 
reached by Misra [130] in a reinterpretation of Avnimelech’s data 
[131]. In this framework, calcium “exchange” is not a solid-state sub
stitution process but rather reflects a surface-mediated recrystallization 
phenomenon. Such recrystallization implies precipitation or coprecipi
tation processes governed by thermodynamic equilibria, notably the 
solubility product (KSP), and proceeds through successive steps of 
nucleation and crystal growth. In the case of heterogeneous systems 
such as CDHA, these processes are expected to occur preferentially at the 
crystal–solution interface, i.e. within or through the hydrated surface 
layer. In this view, the apparent ion-exchange behavior of CDHA 
emerges from a dynamic interplay between surface dissolution, ion 
incorporation, and re-precipitation, rather than from bulk diffusion 
within the apatitic core.

Taken together, these physicochemical properties — governed by the 
structural duality described in Section 2 — must be reliably measured 
before any meaningful biological interpretation can be attempted. 
Section 4 therefore reviews the analytical methods available for char
acterising CDHA, with particular attention to their limitations and 
mutual inconsistencies.

4. CDHA characterization

Because the structural and compositional features of CDHA (Section 
2) and its intrinsic physicochemical properties (Section 3) cannot be 
inferred from a single technique, reliable identification of CDHA re
quires a coordinated set of analytical methods whose strengths, limita
tions, and mutual inconsistencies must be understood before any 
biological interpretation (Section 6) can be made — and, as discussed 
below, many reported controversies in the CDHA literature can be 
traced to the inappropriate use or over-interpretation of these methods.

The methods used to identify CDHA have evolved significantly over 
the years. This evolution is evident when comparing the approaches 
employed in 1987 by a team of experts—who conducted an “interna
tional multimethod analysis” of a HA powder precipitated from an 
aqueous solution [132]—with the more recent techniques discussed 
below. Nevertheless, given the complex composition of CDHA, there 
remains a need to define new approaches that can fully characterize 
CDHA scaffolds intended for biomedical applications. This section pro
vides an overview of the characterization methods most relevant for 
identifying CDHA. Some of the methods are summarized in Table 5. The 
focus is not on cataloguing all analytical techniques that can be applied 
to CDHA, but rather on those that specifically enable its reliable iden
tification [10,132–134]. This section reviews also methods to charac
terize the 3D structure of CDHA-based scaffolds.

4.1. Determination of chemical purity/identity

A two-step procedure is recommended for the identification of CDHA 
by X-ray diffraction (XRD) analysis. Initially, the XRD pattern of a CDHA 
sample should reveal the presence of an HA-like phase without any 
detectable secondary crystalline phases [135]. Particular attention 
should be paid to performing a full scan starting at a diffraction angle of 
4 ◦ (2θ) to identify potential OCP remnants. Following firing at 1000 ◦C 
in air, a Rietveld refinement of the XRD diffractogram enables estima
tion of the β-CPP, β-TCP, and HA contents, and thereby calculation of the 
Ca/P molar ratio [136]. It is important to note that ISO 13779 recom
mends a long calcination period, specifically 15 hours at 1000 ◦C, to 

eliminate all amorphous species, particularly amorphous calcium py
rophosphate species, and allow sufficient time for all species to diffuse 
adequately as dictated by thermodynamics. Extended firing may also 
result in phosphate group evaporation, but the effect primarily affects 
pyrophosphate phases. Orthophosphate phases are less affected [137].

Recent XRD studies have demonstrated the presence of approxi
mately 4–11 wt% amorphous phase in CDHA [138,139] (Table 4). As 
these values are biologically relevant, accurate quantification of the 
amorphous content is essential. This can be done by adding an internal 
standard such as corundum [140] or by applying the G method [138,
139]. However, neither approach can distinguish between ACP, a known 
precursor to CDHA [141–143] and the hydrated layer. Bone and 
carbonated apatites are reported to contain substantially larger amor
phous fractions, ranging from 30–70% [43,44] (Table 4), but it remains 
unclear whether CDHA can accommodate amorphous contents 
exceeding the 4–11 wt% reported here. As discussed in Section 2, part of 
the apparent discrepancy between XRD and solid-state NMR estimates of 
the amorphous fraction may be methodological rather than 
material-related, reflecting the assumption (implicit in the NMR-based 
quantification) that all HPO₄²⁻ groups reside in a non-apatitic 
environment.

A complementary approach is to quantify the hydrogenphosphate 
content using alternative analytical methods, since HPO₄²⁻ groups are 
expected to be enriched in the hydrated surface layer. This quantifica
tion is not without pitfalls either, as ACP itself may contain acidic 
phosphate species depending on its synthesis conditions [47], which can 
subsequently undergo partial internal hydrolysis. Several analytical 
methods have been described [132], including thermal analysis, the 
Gee-Deitz method [83,144], radioactive and kinetic methods, as well as 
FTIR spectroscopy [10,144]. Reported values for one specific CDHA 
powder ranged from 0.6 to 3.5 wt%, depending on the technique 
employed [132]. In one study, results obtained using the Gee-Deitz and 
FTIR methods showed good correlation [144]. However, FTIR consis
tently yielded higher values than the Gee-Deitz method. Moreover, the 
relative difference between the two techniques increased as the hydro
genphosphate content decreased, approaching a factor of two for pow
ders with the lowest hydrogenphosphate levels. Solid-state NMR 
provides a more direct quantification of hydrogenphosphate [13,15,35,
145]. Quantitative ³¹P MAS NMR allows the separation and integration 
of HPO4²⁻ and PO4³⁻ signals, yielding reliable bulk values. Comple
mentary ¹H–³¹P correlation experiments further confirm assignments 
through the characteristic interaction of HPO4²⁻ groups with P–OH 

Table 5 
Non-exhaustive list of methods used to identify the purity and composition of 
CDHA. It is advised to refer to [10,132–134] for an in-depth description of 
analytical techniques of calcium phosphates.

Item Method Ref.

Identity XRD [148,149,355]
SS-NMR [356]

Ca/P molar ratio ICP [135,146]
XRF [148]
XRD [75,135,136,146]
Ion chromatography [148,149]

Amorphous content XRD [138,139]
FTIR [43,357]

Trace elements ICP [148,149]
Atomic absorption [148,149]

Acid phosphate (HPO4
2-) SS-NMR [15]

FTIR [10,17,144]
TGA [132]
Gee-Deitz [83]

Hydroxyl (OH-) FTIR [10,132]
SS-NMR [151]

Carbonates (CO3
2-) Thermal combustion [132,150]

SS-NMR [358]
Nitrates (NO3

- ) FTIR [132]
Leachables ICP [154,155,359]
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protons.
Because ion substitution can occur within the CDHA structure, it is 

essential to complement crystallographic analysis with chemical char
acterization to ensure both structural and chemical purity. These include 
inductively coupled plasma – optical emission spectroscopy (ICP-OES) 
or ICP-mass spectrometry (ICP-MS) [135,146], X-ray fluorescence (XRF) 
[147,148], and ion-chromatography [148,149]. A strong correlation (r2 

> 0.99) is generally observed between the Ca/P molar ratios determined 
via chemical analysis and those calculated from Rietveld refinement 
[135,136] (Fig. 7). Energy-dispersive X-ray spectroscopy (EDX) is a 
valuable tool for the detection of contaminants, in particular particulate 
contaminants, but is too inaccurate for the determination of the Ca/P 
molar ratio [134]. Cationic impurities can be identified using techniques 
such as ICP-MS or X-ray fluorescence (XRF). Carbonate ions can be 
detected either by measuring the total inorganic carbon content, typi
cally using a thermal combustion method [150], NMR [151], Raman 
Spectroscopy [97], or FTIR [22,132,150]. Raman and FTIR offer also a 
convenient method for identifying other polyatomic ions, such as nitrate 
[132], fluoride [152], and hydroxyde groups [10]. Notably, Raman 
spectroscopy has less water vibrations compared to IR spectroscopy, 
which is an advantage when studying biological or hydrated samples 
(although fine details observable by FTIR due to the higher intensity of 
bands in the ν4PO4 domain may be more difficult to detect by Raman). 
An indirect indication of CDHA purity can be obtained by verifying the 
positions of XRD diffraction peaks by adding a suitable line position 
standard. However, the interpretation of the results may be difficult 
considering the effect of the Ca/P molar ratio on the lattice parameters. 
Bound and adsorbed water contents can be determined through gravi
metric analysis, which can also provide an indirect estimate of hydro
genphosphate content [132]. Finally, solid-state NMR and FTIR (e.g. for 
carbonate and silicate ions) can be used to determine ionic substitutions 
[13,15].

A recently proposed mechanism for osteoinduction [153] suggests 
that the presence of ionic species in the environment surrounding CDHA 
implants may significantly influence their osteoinductive potential. Two 
recent in vitro studies [154,155] have shown that calcium phosphate 
bone granules can substantially alter the ionic composition of the sur
rounding incubation medium. In some cases, the medium was found to 
be nearly depleted of all calcium or phosphate ions [154]. Consequently, 
conducting a leachable and extractable analysis in accordance with ISO 
10993-18:2020 is essential to better understand the biological behavior 
of CDHA-based materials.

4.2. 3D structural analysis

A range of analytical techniques is available to characterize the 
three-dimensional structure of CDHA scaffolds. Among these, micro- 
computed tomography (µCT) is a valuable tool for evaluating the ar
chitecture of these structures; however, its use in ex vivo analysis pre
sents certain challenges, particularly due to the similar radiopacity of 
CDHA to that of bone mineral [156]. Scanning electron microscopy 
(SEM) offers higher resolution imaging of structural features. SEM 
analysis can be conducted on fractured surfaces (e.g., [106,157]) or on 
polished cross-sections (e.g., [158,159] (Fig. 8). In addition to 
morphological evaluation, polished sections provide insights into the 
homogeneity and porosity of the CPC matrix. For a more quantitative 
and in-depth analysis of porosity, however, mercury intrusion poros
imetry remains the gold standard [106,157].

Nitrogen adsorption is widely used to assess the nanoscale textural 
properties of CDHA, offering valuable information not only on SSA, 
which reflects crystal fineness, but also on the pore size distribution. 
These parameters are indeed directly related to the pore network, which 
governs molecular transport within the materials. Although pores are 
generally largely interconnected, both pore diameters and pore size 
distribution are highly dependent on the synthesis conditions. This 
variability significantly influences the accessibility of the porous struc
ture to biological molecules. Notably, a threshold pore size of approxi
mately 1 µm appears to exist, below which bovine serum albumin (BSA) 
is unable to penetrate the pore network [106] (Fig. 9). This limitation is 
likely attributable to pore-entry constrictions as well as adsorption and 
tortuosity effects. However, particular caution is required when per
forming nitrogen sorption measurements to determine the SSA, given 
the thermal and vacuum sensitivity of the hydrated ionic layer covering 
the nanocrystals. At present, no clear consensus has been established 
regarding the most appropriate initial outgassing conditions. To pre
serve the structural integrity of this surface layer, it is advisable to limit 
the maximum temperature to no more than 100 ◦C, extend the pre
treatment duration if necessary, and apply only primary (mild) vacuum 
conditions.

5. Synthesis of CDHA powders, granules, and scaffolds

The structural complexity established in Section 2, in particular the 
coexistence of a non-stoichiometric apatitic core and a hydrated surface 
layer, directly constrains how CDHA can be produced. Any high- 
temperature processing route would destroy the very features that 
define the material; this section therefore focuses on the low- 
temperature pathways that preserve CDHA's characteristic chemistry. 
The physicochemical properties reviewed in Section 3 — in particular 
the thermal instability of the hydrated layer and the solubility re
lationships governing dissolution and reprecipitation — provide the 
mechanistic rationale for the synthesis strategies described here.

CDHA powders are typically synthesized through aqueous precipi
tation [80], but this route alone does not enable the fabrication of the 
granules, scaffolds, and macroscopic constructs commonly used as bone 
graft substitutes (Fig. 10). Because CDHA is thermally unstable and 
transforms into other calcium phosphate phases upon conventional 
firing, its processing differs fundamentally from that of sintered ce
ramics. Macroscopic CDHA constructs are generally produced through 
alternative low-temperature pathways that rely on dis
solution–precipitation processes under aqueous or near-aqueous condi
tions. This section reviews these production routes in the order in which 
they are typically considered. It first describes the aqueous precipitation 
of CDHA powders, including the role of transient phases such as ACP and 
OCP, before discussing the morphology of the resulting particles in 
dilute and in concentrated systems. The synthesis of macroscopic solids 
is then examined through three complementary families of reactions — 
hydrolysis of calcium phosphate precursors, hydraulic cement reactions, 
and solid–solid conversion routes — followed by the specific strategies 

Fig. 7. Correlation between Ca/P molar ratios measured by two independent 
techniques: XRD (x) and ICP-MS (y). Black dashed curve represents the equa
tion y = x while the blue point dashed curve represents the correlation between 
XRD and ICP-MS (y = 0.994 x; R2 = 0.948). The 99% confidence interval (CI) is 
indicated in orange. Error bars for ICP-MS Ca/P molar ratios correspond to 
Uk=2 values and those for XRD Ca/P molar ratios to repeatability (2.77* 
estimated standard deviation). (For interpretation of the references to colour in 
this legend, the reader is referred to the web version of this article). 
Figure taken from [135].
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used to introduce macroporosity into granules and scaffolds (gas, liquid, and solid pore-forming agents; 3D printing; intergranular templating). 

Fig. 8. Diverse CDHA crystal morphologies obtained from α-TCP hydraulic reactions; (a, b) polished sample; (c, d) surface of a pore; Mixing liquid rich in (a-c) 
phosphate ions and (d) calcium ions. SEM images taken from (a-c) [159] and (d) [202]. ; black = porosity; white = material.

Fig. 9. Comparison of the protein adsorption properties of the biomimetic and hydrothermally treated CDHA samples incubated in two different BSA concentrations. 
Fluorescent confocal microscopy images of the strand’s cross-sections illustrating the penetration of BSA (in green) at different incubation times. Main images ac
quired with normalised settings for a better comparison between conditions. Scalebar = 200 μm. Inserts showing a close-up view of the surface penetration with 
optimised settings individually adjusted for each image. Scalebar = 50 μm. Taken from [139];.
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Recent low-temperature densification approaches, most notably 
spark-plasma sintering and cold-sintering, are then introduced. These 
methods open new opportunities for consolidating CDHA while avoiding 
the phase instability associated with traditional sintering [160,161]. The 
section concludes with an overview of the main CDHA formats derived 
from these processing strategies and their implications for clinical use.

5.1. CDHA precipitation

Various raw materials can be used to produce CDHA through 
aqueous precipitation. The calcium source is typically a chloride or ni
trate, while the phosphate source is commonly ammonium, potassium, 
or sodium hydrogenphosphate (Table 6). A key advantage of using 
calcium nitrate and ammonium hydrogenphosphate is that nitrate and 
ammonium ions are not included in the CDHA lattice and remain 
spectator ions. Also, these compounds are eliminated during thermal 
treatment, enabling the formation of pure α-TCP or β-TCP phases 
without the incorporation of foreign ions, such as Na [17]. However, this 
method has drawbacks, including the hazardous nature of raw materials 
and the corrosive effects of ammonia. Particular attention must be given 

to the purity of the calcium source, because it often contains divalent 
cations like Mg2+ or sometimes Sr2+ [135]. Precautions should also be 
taken to prevent the incorporation of carbonate ions in alkaline condi
tions, for example by bubbling nitrogen in the reactor or performing the 
synthesis in a protected environment [31,58,59]. Although most authors 
add the phosphate solution to the calcium solution [13,50,61,62,162,
163], some leading groups follow the reverse order to use the buffering 
capacity of phosphate solutions [17,65,117]. Only a few studies have 
explicitly examined the influence of reagent-addition order on CDHA 
synthesis [164–166] and even fewer report any measurable effect [164]. 
This limited attention may reflect the fact that, in many cases, changing 
the order of addition does not significantly affect the final product [47].

CDHA aqueous precipitation is generally performed at a pH value of 
6 to 9 [17,30,79,80,135,167,168]. A lower pH may lead to DCPD or OCP 
formation [47,59,103,167,169]. The higher the pH and temperature are, 
the higher the chance of approaching the stoichiometry of HA. Kinetics 
play an important role since the first formed phase may depend on the 
reagent addition rate [169,170]. Also, the initial phase formed is typi
cally not CDHA but a metastable phase like ACP [141–143]. ACP par
ticles are often spherical, close to 50-100 nm in diameter, and made of 

Fig. 10. Some examples of CDHA bone graft substitutes: (a) granule without macroporosity; (b) macroporous scaffold; (c) injectable aqueous paste containing CDHA 
nanorods [409]; (d) macroporous scaffold obtained by robocasting (scale bar: 5 mm; courtesy of S. Heinemann, InnoTERE GmbH, Germany); taken from [410].

Table 6 
Approaches used for the synthesis of CDHA with two liquid precursors, one calcium rich, one phosphate rich. For the sake of simplicity, the table does not 
differentiate between dehydrated and hydrated salts, e.g. Ca(NO3)2⋅4H2O instead of Ca(NO3)2, or between the protonation of the phosphate salt (Na2HPO4 vs 
NaH2PO4).

Ca source P source Ref

CaCl2 (NH4)2HPO4 [142,175–179,196,360]
​ K2HPO4 [361,362]
​ KH2PO4 [65]
​ Na2HPO4 [171,193,360,361,363,364]
Ca(NO3)2 (NH4)2HPO4 [17,21–23,72,80,87,95,104,135,136,168,178,179,194,241,282,321,333,365–373]
​ K2HPO4 [30,31,132,174,180,181,321]
​ Na2HPO4 [172,189]
Ca(OH)2 H3PO4 [32,45,61,136,167,208,374–376]
​ Ca(H2PO4)2 [58,59,103,377]
Ca(CH3COO)2 H3PO4 [70,378]

(NH4)2HPO4 [331]
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smaller entities such as Posner’s clusters [49,143,171]. Notably, the 
formation of ACP can be prevented by seeding the supersaturated cal
cium phosphate solution with apatite crystals [172]. The conversion of 
ACP to CDHA has been claimed to be an autocatalytic process [173]. 
CDHA crystals typically form on the ACP surface [143,171,172], but an 
internal hydrolysis process between PO4

3- ions and neighboring H2O 
molecules had also been proposed [68]. The conversion proceeds more 
rapidly by lowering the pH value from alkaline to neutral, at lower Ca/P 
molar ratios (due to shortened induction times), and in the presence of 
seed crystals, which eliminate the nucleation barrier [142,173,174]. 
Conversely, it can be delayed or inhibited by crystallization inhibitors, 
such as pyrophosphate or magnesium ions [142,175–177].

Some authors have reported that this ACP-to-CDHA transformation 
follows a 2-stage maturation process [47,80,173,178–180]. However, 
the definition of a “stage” varies from authors to authors. In some 
studies, the two stages were related to the change of slope of the Ca/P 
molar ratio during maturation [80]. In other studies, the two stages were 
associated with the changes of phases, namely the formation of OCP as 
another intermediate phase, followed by its conversion to CDHA [49,
174,180–184]. The analysis of the chemical species which are present 
during the conversion of ACP to OCP and then from OCP to CDHA 
suggests that OCP crystallization is kinetically favorable, but only in 
slightly acidic conditions, close to neutral pH values (Fig. 11). There is 
also a report that the ACP to CDHA transformation follows a 3-stage 
maturation process: a first ACP phase is transformed into a second 
ACP phase, which eventually convert to OCP and CDHA [49]. In alkaline 
conditions, ACP is directly converted to CDHA [174,182]. In contrast to 
Mg2+, the presence of fluoride ions F- in the solution favors this direct 
conversion [185,186], possibly due to the greater thermodynamic sta
bility of fluorapatite compared to HA [187].

As the structure of (triclinic) OCP involves a stacking of apatite and 
hydrated layers (Fig. 2), CDHA could conceptually form by hydrolysis of 
OCP without the need for new crystal nucleation [24,188–190]. In other 
words, the OCP-to-CDHA conversion would be a solid-state (i.e. top
otactic) reaction during which the phosphate groups of OCP are relo
cated [189,191]. Various models for the hydrolysis of OCP to an HA 
structure have been discussed such as an interlayered structure of OCP 
and HA domains [24,188] (Fig. 12). Experimental evidence favors, 
however, a core-shell or core-surface model (Fig. 3) with an apatitic 
crystalline core surrounded by a hydrated layer. The hydrated layer 
could be a remnant of the OCP hydrated layer [49] and lower the 
interfacial energy between the crystalline core and an aqueous solution. 

Considering the large consumption of calcium vs phosphate during the 
conversion, it is more likely that the hydrated layer in OCP converts to 
an HA layer through the release of phosphate (conceptually Eq. [2]: 
hydrated layer → HA + phosphoric acid) rather than through the uptake 
of calcium (conceptually: hydrated layer + Ca2+ ions → HA + H+ ions) 
[189,192].

As maturation progresses, the Ca/P molar ratio increases and stabi
lizes after 1–2 days in calcium phosphate solutions [17,80,180], or after 
several weeks in cell culture medium [95,97] (Fig. 13). Zeta potential 
measurements also indicate that full maturation may take several weeks 
[124]. If the pH of the mother solution is not regulated, a drop of more 
than one unit can occur during maturation [95]. The final Ca/P molar 
ratio of the precipitate tends to increase with higher pH values [17,80], 
and elevated temperatures further enhance this ratio [17,80,168]. The 
mechanism underlying the increase in the Ca/P molar ratio remains 
unclear, although it is often hypothesized to arise from a reduction in the 
size of the hydrated layer rather than to an increase in the Ca/P molar 
ratio of the CDHA crystalline core [17].

5.2. Morphology of precipitated CDHA particles in diluted and 
concentrated systems

In the literature, CDHA particles exhibit markedly different mor
phologies. In some studies [80,135,193–195], they appear as roughly 
spherical particles with diameters of about 20–50 nm in diameter 
(Fig. 14). In others [61,70,193–196], they present acicular, needle- or 

Fig. 11. During the spontaneous precipitation of HA in solution, OCP is 
sometimes formed as intermediate phase. This can be seen by looking at the 
evolution of solution saturation towards OCP. At pH 7, the solution is in 
metastable equilibrium with OCP during roughly 200 minutes (line C is hori
zontal close to ΔGOCP = 0). At pH 8 (line B), this range is much shorter. At pH 9, 
there is no inflection of the saturation curve close to ΔGOCP = 0 suggesting that 
ACP is directly transformed into HA. “S.P.” indicates the start of the precipi
tation. Adapted from [182].

Fig. 12. Schematic transformation of (A) OCP into (D) HA. (B) and (C) 
represent interlayered mixtures of OCP and HA. Brown et al [188] postulated 
that the structure shown in (C) could split in the middle (dashed line) due to 
internal strains provoked by the transformation. Tseng et al [189] proposed 
that the OCP-HA transformation starts at both ends of the OCP crystal and move 
towards the center, potentially leaving a “central dark line” in the middle of the 
crystal (situation shown in C).

Fig. 13. Ca/P molar ratio of CDHA precipitates vs. the ripening time for 
different synthesis conditions. Taken from [80].
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rod-like shapes, with thicknesses below 50 nm and lengths exceeding 
this value (Fig. 15).

A large body of work has focused on ACP-mediated formation 
pathways. ACP generally forms as spherules with diameters of 30–100 
nm [47,142,172], and its subsequent conversion to crystalline apatite 
can proceed with or without significant changes in particle morphology 
[47,171,178] (Fig. 16), as schematically outlined by [42]. Both dis
solution–reprecipitation [197] and hydrolysis [198] mechanisms have 
been proposed to explain the crystallization of amorphous phosphate 
into apatite, even in cases where morphology is largely preserved. The 
presence of mixed-phase particles, consisting of a crystalline core inti
mately associated with a variably thick amorphous surface layer, has 
been interpreted as evidence for such hydrolysis-driven transformations 
and could account for the results obtained in several studies [80,135,
193,199]. Besides ACP, OCP is another well-established precursor of 
CDHA, and its transformation pathway also influences the resulting 
morphology. When CDHA forms through the hydrolytic conversion of 
OCP, the product frequently adopts a platelet-like morphology rather 
than a needle- or rod-like shape, reflecting the layered structure of OCP 
and its progressive rearrangement into an apatite lattice during hydro
lysis [190]. After the initial crystallization step, irrespective of whether 
ACP or OCP is involved, an Ostwald ripening process, describing the 
growth of larger crystals at the expense of smaller ones [200,201], has 
occasionally been proposed to explain the continued growth of apatite 
crystals during the post-conversion phase, i.e., the maturation of the 
crystallites [179,180]. Finally, slight variations in the morphology of 
CDHA crystals may result from changes in the solution pH; specifically, 
CDHA particles tend to become less spherical at lower pH values 
(Fig. 11).

In concentrated systems, such as in CPCs, the shape and size of the 
CDHA crystals vary according to the presence of additives, liquid-to- 
powder ratio, and the SSA of precursors such as α-TCP powder. 
Increasing the SSA of α-TCP transforms a platelet-like structure into a 
needle-like structure [106] and leads to finer crystals [157]. The pres
ence of calcium chloride in the mixing liquid favors a needle-like 
structure (Fig. 8) [202]. This ability to finely tailor the morphology of 
CDHA crystals, particularly to produce structures with a high aspect 

ratio, enables significant improvements in several key properties of 
CDHA materials, including molecular adsorption, ion exchange capac
ity, catalytic activity, and even the mitigation of the inherent brittleness 
of ceramics [203]. This has sparked growing interest in a range of 
application areas, including catalysis, energy storage, and the design of 
surfaces with antimicrobial properties [204,205].

5.3. CDHA production by calcium phosphate hydrolysis

Instead of starting from solution-precursors, CDHA can be produced 
by hydrolyzing calcium phosphate powders such as DCPA, DCPD, OCP, 
α-TCP, and ACP (Table 7). The reaction relies on the dissolution of the 
calcium phosphate raw material, which is influenced by its solubility. 
Since the solubility of most calcium phosphates decreases with 
increasing pH, higher pH levels may inhibit the conversion of the raw 
material into CDHA [206]. When sodium hydroxide is used to maintain 
a constant pH, sodium ions may be incorporated into the CDHA particles 
[207], thereby contaminating CDHA. CDHA can also be obtained from 
the hydrolysis of other calcium salts, such as calcium oxide or hydroxide 
[136,208], calcium carbonate [76,165,209–211], and calcium sulfate 
[212–218], but in the latter case with the risk of incorporating carbonate 
and sulfate ions.

5.4. CDHA production using hydraulic cement reactions

Different hydraulic cement reactions can be employed to obtain 
CDHA macroscopic solids. These reactions typically involve either the 
hydrolysis of ACP, α-TCP, or acid-base reactions (Table 8), like mixtures 
of TTCP and DCPA powders [219,220]. The concentrated 
powder-aqueous solution mixtures harden through the entanglement of 
the precipitating crystals, thereby creating a cohesive macroscopic solid. 
Examples of hydraulic reactions leading to CDHA formation are as 
follows: 

3 Ca3(PO4)2⋅nH2O → Ca9(HPO4)(PO4)5OH + (3n-1) H2O                 (4)

3 α-Ca3(PO4)2 + H2O → Ca9(HPO4)(PO4)5OH                                 (5)

Fig. 14. Morphology of CDHA particles produced by precipitation of calcium nitrate and ammonium phosphate at a pH ranging from (a) 6.0 to (d) 9.0. Taken 
from [135].
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3 Ca4(PO4)2O + 6 CaHPO4 → 2 Ca9(HPO4)(PO4)5OH + H2O           (6)

Among these, the hydrolysis of α-TCP is the most used approach to 
producing CDHA granules and scaffolds, as α-TCP is relatively easier to 
produce and has a better shelf-life stability compared to ACP and TTCP.

The handling properties of CPCs such as injectability [221,222], 
cohesion [223], and setting time [224] play a crucial role in their clin
ical application. However, these aspects are beyond the scope of the 
present review. In contrast to CDHA powders which are often spherical 
(Fig. 11), CDHA solids are generally composed of thin needle- or 
plate-like structures, possibly because CDHA solids are synthesized for 
several days, leaving time for crystal maturation. SSA values of CDHA 
scaffolds produced from α-TCP are typically in the range of 15 to 40 
m2/g [106,157,202,225], but values close to 200 m2/g can be obtained 
using other raw materials such as ACP [226].

During the aqueous precipitation of CDHA, the formation of inter
mediate phases commonly precedes its crystallization. Similar 

phenomena have been observed in CPCs. TEM studies revealed that 
α-TCP surfaces are initially covered with an amorphous layer [227,228] 
(Fig. 17). This layer subsequently serves as a substrate for the nucleation 
of HA crystals, which grow into fine, needle-like structures [228]. The 
presence of this amorphous phase has been proposed to explain findings 
from a study investigating the evolution of crystalline phases during the 
hydraulic setting of α-TCP-based cements [138]. In this context, the ACP 
content was estimated at approximately 5% in one study [138] and 
about 10% in another [139].

In a related investigation employing isothermal calorimetry, a 
delayed endothermic event was attributed to the crystallization of an 
initially amorphous phase [229]. Furthermore, several authors have 
speculated on the possible formation of OCP during α-TCP hydrolysis. 
While OCP is generally not detected [227,230], it may form under 
near-neutral pH conditions during mixing [231–233]. Beside ACP and 
OCP, monoclinic HA is the third phase that has been discussed as a 

Fig. 15. Cryo-FEG-SEM observations of nanocrystalline apatites matured at 25 ◦C between 1 min and 1 week and directly analyzed (initial magnification: 150’000x), 
and schematic representation of the evolutional change of morphology. Taken from [22].
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potential transient phase occurring during α-TCP hydrolysis into CDHA 
[230]. However, distinguishing monoclinic from hexagonal HA in 
nano-crystalline samples is extremely difficult due to severe peak 
overlap in XRD patterns. Nonetheless, obtaining the monoclinic HA 
phase is highly improbable, as this structure requires a perfectly ordered 
antiparallel arrangement of the OH⁻ ions in adjacent apatitic channels. 
For HA to appear monoclinic in XRD, the material must be nearly 
defect-free and within the appropriate temperature range. In all other 
situations, the structure will almost certainly appear hexagonal.

The hydrolysis of α-TCP is often characterized by an initial pH in
crease of the solution and/or an alkaline pH range [107,234,235], fol
lowed by acidification of the solution down to pH 4-4.5 and a 

simultaneous decrease in the Ca/P molar ratio, which can drop to as low 
as 0.5 [107,234,235]. As previously discussed, these drops are probably 
associated with equilibrium between HA and DCPA or DCPD [108].

5.5. CDHA production using solid-solid conversion reactions

One approach to produce CDHA scaffolds is to first produce a cal
cium phosphate, sulfate or carbonate scaffold and then transform it into 
a CDHA scaffold. Numerous calcium salts can be converted to CDHA 
(Table 7), including monocalcium phosphate monohydrate (MCPM; Ca 
(H2PO4)2⋅H2O) [236], DCPD/brushite [206,207,237], DCPA/monetite 
[206,237], OCP [238–240], ACP [226,241], α-TCP [242–244], β-TCP 
[245,246], calcium carbonate (CaCO3; CC) [209,210], and calcium 

Fig. 16. Schematic of bone mineral crystallization and detection of the conversion of amorphous calcium phosphate (ACP) into apatite. The conversion of ACP into 
apatite may involve different stages, in which atoms in the center of amorphous particles rearrange into a crystalline core where apatite is nucleated. As the mineral 
crystallizes, atoms from the ACP component are progressively incorporated into the crystal lattice, leading to the growth of the apatite domain and reduction of the 
amorphous shell. Taken from [42].

Table 7 
Approaches used for the synthesis of CDHA with one solid precursor and one 
liquid precursor. Calcium phosphates are hydrolyzed in alkaline conditions. 
Calcium carbonate is combined with phosphoric acid. Calcium sulfates (CaSO4, 
CaSO4⋅0.5H2O, CaSO4⋅2H2O) are combined with ammonium phosphate solu
tions. It is likely that apatites produced from calcium carbonates and calcium 
sulfates contain carbonate and sulfate impurities.

Solid 
precursor

Ref

MCP [59,377]
MCPM [103,236]
DCPA [206,237,320,321]
DCPD [85,206,207,237,379,380]
OCP [238–240,381–383]
ACP [17,22,30,31,47,80,132,135,142,171–180,226,229,241,360,361,

363,364,384,385]
α-TCP [107,138,228,234,235,242,243,259–261,386–392]
β-TCP [386]
CaCO3 [76,165,209–211]
CaSO4 [212–218]

Table 8 
Approaches used for the synthesis of CDHA with two solid precursors and an 
aqueous solution. TetCP (Ca/P = 2.0) is combined with a calcium phosphate 
with a Ca/P molar ratio inferior to 1.50 such as MCPM, DCPA, DCPD and OCP.

Solid 1 Solid 2 Ref

MCPM TetCP [393]
DCPA TetCP [91,394–399]
DCPD TetCP [105]
OCP TetCP [400]

Fig. 17. TEM images of the sintered α-TCP thin film (a) before and after hy
drolysis (b) for 2 h and (c) 4 h. Images taken from [228].
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sulfate dihydrate (CaSO4⋅2H2O; CSD) [212]. The conversion generally 
involves a hydrothermal treatment, for example with porite corals 
[209], α-TCP [242,243] or β-TCP [245,246]. The Ca/P molar ratio can 
be adjusted by the pH of the reaction [206], i.e. a higher pH value leads 
to a higher Ca/P value. The templating effect is not always perfect since 
some of the CDHA crystals are sometimes formed on top of the initial 
calcium phosphate crystals (Fig. 18).

5.6. Production of macroporous scaffolds and granules

To enhance bone ingrowth, the presence of macropores, defined as 
pores larger than 50–100 µm, is essential. These macropores are typi
cally introduced into CPC pastes by incorporating gases, immiscible 
liquids, or solid particles [88]. While the pore size and shape can be 
influenced by the characteristics of the space fillers, the main challenge 
lies in controlling the size and morphology of these fillers. When using 
gas or liquid fillers, pore dimensions are largely governed by the 
quantity of emulsifier. However, foams and emulsions tend to lack 
mechanical stability, making it difficult to harden them without altering 
the size, shape, or distribution of the fillers. In the case of solid fillers, the 
key limitation is the availability of particles with well-controlled di
mensions and shapes.

One example with solid fillers involves the use of water-soluble 
crystals with defined sizes, added to a hydraulic cement paste 
composed of TTCP-DCPA mixtures [247]. After the setting reaction 
between the two calcium phosphates, the resulting CDHA solid was 
immersed in distilled water to dissolve the filler crystals and form 
macropores. However, complete removal of the crystals is difficult, 
leaving behind residues within the scaffold. This issue was addressed in 
a subsequent approach, where TTCP powder, DCPA powder, and ice 
particles were pressed together [248]. Upon heating, the ice melted, 
allowing the hydraulic reaction to proceed and creating a porous CDHA 
scaffold. Since ice fully sublimates or melts away, this method avoided 
the problem of residual fillers. Macropores can also be introduced using 
hydrophobic liquids. For instance, an α-TCP aqueous paste can be mixed 
with a hydrophobic liquid and an emulsifier to create an oil-in-water 

emulsion [249–251]. After α-TCP transforms into CDHA and the hy
drophobic phase is removed, a porous scaffold remains. Pore size can be 
tuned by adjusting the emulsifier concentration. A third approach in
volves the generation of gas within the paste. In [252], an α-TCP-based 
paste was combined with a gas-releasing agent (e.g., hydrogen peroxide) 
to form pores. However, achieving a uniform pore structure and size 
distribution proved challenging. This limitation was overcome by 
incorporating an emulsifier to stabilize the gas bubbles, resulting in a 
more homogeneous foam [253,254]. As with emulsions, pore size con
trol is achieved by varying the emulsifier content. To address the pres
ence of organic residues, a thermal treatment at 700 ◦C has been shown 
to effectively oxidize organic remnants while limiting the conversion of 
CDHA into other calcium phosphate phases such as β-TCP, β-calcium 
pyrophosphate (β-CPP; β-Ca2P2O7) or HA [255].

Macroporosity can also be achieved without the use of pore-forming 
agents. For instance, CDHA scaffolds are often fabricated via 3D printing 
techniques such as robocasting (see [256–258]. These scaffolds consist 
of an array of cylindrical CDHA filaments. By modifying the extruder 
geometry, it is possible to introduce concave pores into the printed 
structure [258]. Printing can be done with a CPC or with a calcium 
sulfate cement. In the latter case, the cement must be converted in 
ammonium phosphate solution into CDHA [214]. Another spacer-free 
approach involves the hydrothermal conversion of α-TCP granules 
with controlled geometries into macroporous CDHA scaffolds 
[259–261]. In this case, macroporosity arises from the intergranular 
voids between the individual granules. However, the handling of these 
scaffolds is limited by the poor mechanical properties.

Various methods have been developed to produce CDHA granules, 
most of which involve fragmentation of a solid precursor followed by 
size selection via sieving [215,216,262,263]. While the core approach 
remains similar, notable differences exist in the specifics of each 
method. One common strategy is the direct crushing of pre-formed 
CDHA solids. For instance, in one study, a slurry containing CDHA 
particles was dried, and the resulting solid was gently ground into 
granules. Based on the description, these granules were likely very 
fragile due to the soft nature of the starting material. More robust 

Fig. 18. Production of CDHA scaffold from α-TCP scaffold using hydrothermal treatment. (a) at 125 ◦C: micropores of α-TCP scaffolds are filled with CDHA crystals 
after α-TCP conversion; (b) at 175 ◦C: most micropores of α-TCP scaffolds are free of CDHA crystals after α-TCP conversion; (c) almost perfect templating effect with a 
smooth surface. Only one needle protrudes into the pore space (shown with a star). The fractured structure shows some aligned CDHA crystals; (d) large zones of 
identically oriented CDHA crystals. The arrows show some DCPA crystals. Image (a) taken from [411].
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granules can be obtained by crushing CDHA solids derived from CPC 
reactions. Utilizing a macroporous CPC as the starting material offers the 
advantage of improved biological performance of the resulting granules. 
However, this approach comes with a trade-off: the production yield 
tends to decrease due to the lower mechanical strength of the macro
porous CPC, which makes it more prone to fragmentation during pro
cessing. Another widely used method involves converting pre-formed 
non-CDHA granules into CDHA. The most straightforward approach is to 
fabricate α-TCP granules and then convert them into CDHA granules by 
immersion in an aqueous solution [242,263]. An alternative and less 
conventional route involves starting from a non-calcium phosphate 
precursor. For example, calcium sulfate granules, either formed via a 
cement reaction [215] or by sintering [216], can be crushed, sieved, and 
then chemically converted into CDHA granules. This conversion is 
typically performed using an ammonium phosphate solution.

5.7. Spark-plasma sintering and cold sintering

Beyond these aqueous-based processing routes, recent work has 
explored low-temperature densification strategies to consolidate CDHA 
and related calcium phosphate phases while minimizing the structural 
alterations associated with conventional high-temperature sintering. 
Approaches include spark plasma sintering (SPS) and “cold-sintering” 
routes [160,161,264]. Even though SPS at low temperature is per se a 
“cold-sintering” approach, “cold-sintering” typically refers to uniaxially 
pressing powder-liquid mixtures at temperatures below 200 ◦C. The 
latter approaches have enabled the compaction of nanocrystalline apa
tites with substantial retention of their hydrated, partially non-apatitic 
surface domains [161]. Similar low-temperature consolidation has 
also been demonstrated for ACP, both by cold SPS and high-pressure 
room-temperature compaction, where the metastable character of the 
precursor can be largely preserved [265,266]. Although ACP and CDHA 
differ structurally, these results underline a broader principle: calcium 
phosphates possessing hydrated or metastable domains can undergo 
substantial densification under mild thermal and mechanical conditions. 
Such emerging low-temperature processing techniques expand the 
range of feasible CDHA architectures and may provide new pathways for 
producing consolidated constructs without compromising the reactivity 
inherent to nanocrystalline apatites.

5.8. Clinical applicability

The clinical applicability of CDHA strongly depends on its physical 
form, as different formats provide distinct handling properties, me
chanical behavior, and biological responses [267]. Granules, cements, 
pastes / putties, and porous scaffolds are the most commonly used 
configurations, each being suited for specific defect types and surgical 
indications. CDHA granules are widely used due to their ease of handling 
and ability to conform to irregular defect geometries. Their high SSA 
promotes rapid interaction with the biological environment and sup
ports bone ingrowth. However, their lack of mechanical cohesion and 
the potential for particle migration limit their use to contained defects. 
Injectable CDHA pastes, typically obtained from CPC formulations, offer 
the advantage of minimally invasive application and excellent defect 
conformability. These materials can be delivered as a moldable paste 
that sets in situ, allowing for precise filling of complex geometries [223,
268]. Nevertheless, their macroporosity is often limited unless specif
ically engineered, and their mechanical properties remain insufficient 
for load-bearing applications unless mechanical stability is ensured by 
fixation systems. Porous CDHA scaffolds and foams are designed to 
maximize bone ingrowth through interconnected macroporosity and 
high surface area. These structures can enhance osteoconduction and, in 
some cases, osteoinductive responses [251,256]. However, their high 
porosity further compromises mechanical strength and results in brittle 
behavior, which restricts their use to situations where structural support 
is not required and careful handling is possible. Overall, these 

differences illustrate that the choice of CDHA format is primarily 
dictated by defect geometry, surgical approach, and handling re
quirements rather than by intrinsic material composition alone. In all 
cases, the biological performance of these formats, which ultimately 
determines their clinical value, is examined in section 6.

6. CDHA as bone substitute

The biological and clinical behavior of CDHA cannot be read directly 
from its structure and composition alone (Sections 2, 3 and 4) as it re
sults from the dynamic interaction between the hydrated surface 
established in Section 2 and the biological environment. This section 
interprets the available in vitro and in vivo evidence in light of those 
intrinsic material features. It is organised in two parts. The first exam
ines in vitro behavior, beginning with the physicochemical interactions 
between CDHA and cell culture media — which set the ionic context for 
all subsequent cell studies — and then reviewing the cellular responses 
relevant to bone regeneration across the main cell populations involved. 
The second part examines in vivo performance, covering biocompati
bility, osteoconductivity, osteoinduction, and resorption, before turning 
to clinical use and CDHA's potential as a drug delivery platform.

6.1. In vitro behavior

CDHA is one of the most intensively studied calcium phosphate 
biomaterials for bone repair. Its physicochemical resemblance to native 
bone mineral, versatility across formats — from granules and 3D scaf
folds to injectable pastes — and its capacity for ion exchange and 
therapeutic loading have stimulated broad interest in both basic and 
translational research. Its biological performance is strongly influenced 
by its nanocrystalline structure and hydrated surface layer, which 
govern ion exchange, protein adsorption, and cell–material interactions. 
Translating these laboratory findings into safe and effective clinical 
products demands a clear understanding of CDHA's behavior in bio
logical environments, beginning with the in vitro context examined here. 
A prerequisite for interpreting any cell-based study of CDHA is an un
derstanding of how the material modifies the physicochemical compo
sition of its surrounding medium — a process driven by the ion-reactive 
hydrated surface layer described in Section 2. Particular attention is 
therefore given to the limitations of static in vitro assays, especially those 
arising from CDHA-induced shifts in medium composition, before 
reviewing the cellular responses across the main populations involved in 
bone regeneration: osteoblasts and their precursors, cells of the innate 
immune system, osteoclasts, and vascular-related cells. This is addressed 
first, before turning to the cellular responses themselves.

6.1.1. Interactions with cell culture media
The incubation of CDHA in a medium supersaturated with respect to 

HA, such as SBF or cell culture medium, triggers specific physico
chemical processes, including changes in pH, ionic composition, in
crease in maturation, ion exchange, and surface mineralization. Under 
these conditions, surface mineralization is likely to occur already during 
incubation in cell culture media, and the formation of a carbonated 
apatite layer at the CDHA surface is therefore expected [57,269,270]. 
According to [271], incubation in Dulbecco’s Modified Eagle Medium 
(DMEM) and McCoy media initially caused a drop in pH due to the 
interaction between the CDHA surface and the medium. During the 
process, sodium (Na⁺), potassium (K⁺), calcium (Ca²⁺), and phosphate 
(PO₄³⁻) ions were sorbed onto the CDHA surface. However, exchanging 
the medium every 2 days over a period of 20 days revealed distinct 
trends for each ion. Sodium and potassium sorption occurred rapidly 
and ceased early in the experiment. Phosphate ion sorption not only 
ceased but shifted into a release phase toward the end of the incubation 
period, indicating a change in equilibrium conditions and suggesting 
dissolution of a calcium phosphate phase or ionic exchange between 
phosphate and carbonate groups, as discussed in the solubility section. 
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Interestingly, the initial acidification observed in the cell culture me
dium no longer occurred after prolonged incubation, likely due to the 
equilibration of the new CDHA surface with the surrounding medium, 
minimizing further ion exchange and buffering pH changes. These 
findings underscore the dynamic nature of ion interactions at the CDHA 
surface, particularly during prolonged exposure to supersaturated en
vironments [116]. When cells were present in indirect contact with 
CDHA materials, not only the material but also the cells modified the 
ionic levels in the McCoy medium [272]. The authors concluded that 
“the chemical environment determined by CDHA made minimal damage 
to the cells but may reduce or delay certain osteoblast-like cellular 
functions”. Additional studies have confirmed that CDHA consumes 
calcium ions [92–98]. They have also shown that CDHA materials may 
adsorb [95,96] or release [92–95,98] phosphate ions. Interestingly, a 
study investigating the in vitro evolution of CDHA in physiological fluid 
over 50 days reported an increase in the Ca/P molar ratio, carbonate 
content, and crystallinity without any evidence for “the precipitation of 
new crystalline phase” [97]. The authors suggested that “the changes (of 
CDHA) occurred in the crystal lattice or in the hydrated layer”. Never
theless, the precise location of the incorporated ions could not be 
identified from the available data [97], which is not that astonishing 
considering the nanoscale size of the crystals. Surprisingly, the increase 
in crystallite size occurring during the incubation period was not dis
cussed in greater detail, a phenomenon that has already been frequently 
reported [17,47,273,274]. Two distinct growth modes can be envisaged 
at the CDHA surface: heteroepitaxy (the growth of a new crystal phase 
with a structure different from the substrate) and homoepitaxy (the 
growth of the same phase, or of a closely related solid solution, on the 
substrate). The results argue against heteroepitaxy. Homoepitaxial 
growth of a carbonated apatite solid solution on the CDHA crystallite, 
via the hydrated layer, could by contrast explain the enrichment of CO₃²⁻ 
ions in the apatite lattice, the growth of crystalline domains, and the 
ion-exchange equilibrium observed after a few days. Finally, it is also 
worth noting that the nanoscale dimensions of CDHA particles make any 
direct observation of morphological changes particularly challenging.

6.1.2. In vitro biocompatibility
According to the latest ISO 10993 guidance, every biocompatibility 

evaluation should begin with a comprehensive physico-chemical char
acterization of the medical device, including extractables and leachables 
studies. Once the chemical profile has been established (ISO 10993- 
1:2018, ISO 10993:18:2020), a toxicological risk assessment of the 
identified substances is performed (ISO 10993-17:2023). Routine cell- 
culture assays, which were prescribed in earlier editions of the stan
dard, are no longer mandatory. Instead, biological testing should be 
selected based on a risk-based approach, as correlations between static 
in-vitro assays and in-vivo performance have been shown to be limited 
[275].

6.1.3. Cytocompatibility
Under static culture conditions, CDHA-based bone‑graft substitutes 

are frequently associated with low proliferation rates or even material- 
related toxicity (i.e. cell death) [92,97,98,276,277]. These adverse ef
fects are driven by ionic exchanges at the material–medium interface 
which can drastically modify the composition of the cell culture medium 
[272]. They can be mitigated by enlarging the medium‑to‑biomaterial 
volume ratio and buffering the medium with (4-(2-hydrox
yethyl)-1-piperazineethanesulfonic acid) (HEPES) to prevent pH shifts 
such as the acidification that can occur during CDHA maturation [94], 
or by pre-incubating CDHA in cell culture medium before cell seeding 
[97].

Despite these in vitro challenges, the cellular response to CDHA has 
been studied extensively to elucidate the fundamental mechanisms of 
interaction throughout the critical stages of bone regeneration. This 
process involves a complex interplay between diverse cell populations; 
consequently, research has addressed the impact of CDHA not only on 

the osteogenic lineage, including osteoblasts and their precursors, but 
also on immune cells, osteoclasts, and vascular-related cells, among 
others

6.1.4. Osteogenic potential
Collectively, the in vitro investigations indicate that CDHA enhances 

osteogenic activity: human BMSCs proliferated readily on CDHA with 
elevated total protein and alkaline phosphatase activity [278–280], and 
upregulation of bone-related genes like bone morphogenetic protein-2, 
osteonectin, osteopontin, and osteocalcin was observed in rat bone 
marrow stromal cells (BMSCs) cultured on CDHA [94,256]. Moreover, 
CDHA consistently out‑performed β‑TCP and other sintered calcium 
phosphates in osteogenic assays [94,96,98,278,281]. Mouse BMSCs also 
maintained high proliferation rates on CDHA powders with differing 
Ca/P molar ratios [95], while primary osteoblasts displayed robust 
metabolic activity on CDHA pellets, surpassing performance on stoi
chiometric HA [282]. Comparative studies between bare sintered HA or 
BCP scaffolds and those coated with hydrothermally derived CDHA 
nanorods demonstrated that the CDHA-coated variants significantly 
accelerated cell proliferation and osteogenic differentiation in mouse 
osteoblast precursor cells (MC3T3-E1) and rabbit BMSCs [281,283]. 
This enhanced osteogenic outcome was attributed to a combination of 
ion exchange and surface topography acting through 
mechanotransduction-related signaling pathways.

6.1.5. Osteoimmunomodulation and osteoclastogenesis
The clinical success of bone substitutes depends not only on their 

osteoconductive properties but also on their ability to modulate the local 
immune environment. Investigating the interaction between implanted 
biomaterials and immune cells is critical, as the host early inflammatory 
response dictates the subsequent recruitment and differentiation of 
osteoprogenitor cells, a process termed osteoimmunomodulation. 
Regarding the innate immune response, RAW246.7 macrophages were 
shown to adopt morphological patterns indicative of a pro-healing M2 
polarization when seeded on 3D CDHA scaffolds, accompanied by the 
downregulation of pro-inflammatory cytokines [284], and this effect 
was more pronounced in dynamic on-chip culture conditions [285]. 
While sintered β-TCP demonstrated a greater reduction in inflammatory 
cytokine release than biomimetic CDHA, the latter generated a more 
potent osteogenic microenvironment [96]. Specifically, conditioned 
media from macrophages cultured on CDHA substrates fostered superior 
osteogenic differentiation in both BMSCs and preosteoblastic SaOS-2 
cells, characterized by higher collagen type I production and upregu
lated expression of key osteogenic markers such as Runx2 and Bone 
sialoprotein. This pro-osteogenic effect was particularly pronounced 
when the CDHA possessed a needle-like microstructure [93,96]. 
Furthermore, a similar trend towards osteogenic differentiation was 
observed through osteoclastogenic-osteogenic coupling; specifically, the 
supernatants from osteoclasts cultured on CDHA discs effectively pro
moted the differentiation of C2C12 osteoblast precursors [243].

The assessment of osteoclastogenesis is essential, as osteoclasts not 
only drive bone resorption but also communicate with osteoblasts to 
coordinate new bone deposition [286]. In this context, biomimetic 
CDHA surfaces have been shown to successfully support the attachment 
and survival of blood-derived osteoclast precursors [287,288]. Howev
er, reports regarding their differentiation and functional maturation are 
divergent. While certain studies observed higher tartrate-resistant acid 
phosphatase (TRAP) activity on CDHA compared to sintered HA [242], 
others reported reduced osteoclastic differentiation on CDHA relative to 
smoother sintered calcium phosphates, such as β-TCP [288] or HA 
[287]. Specifically, while osteoclast-like cells on CDHA expressed TRAP, 
they failed to exhibit functional resorption. Comparative analysis sug
gest that this inhibition is likely driven by both the micro-topography 
and the ionic fluctuations inherent to CDHA [287]. Furthermore, it is 
important to note that the high roughness and intrinsic porosity of 
CDHA present significant challenges for establishing proper in vitro 
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models of osteoclastic resorption, as these features hinder the formation 
of the stable sealing zones required to create resorption pits, con
founding the interpretation of the material’s true resorptive profile 
[289].

6.1.6. Angiogenesis
Angiogenesis, i.e., the formation of new blood vessels, is vital for the 

survival of large bone grafts, and CDHA showed promising properties in 
this respect. Specifically, the needle-like nanostructure of CDHA was 
found to upregulate key angiogenic genes, such as VEGFA, in endothelial 
progenitor cells (EPCs) [92]. Furthermore, in BMSC/EPC co-culture 
models, the CDHA nanoroughness established a synergistic microenvi
ronment that triggered the release of pro-vascularization signals, sug
gesting that textural properties exert a more profound influence on the 
angiogenic response than surface chemistry alone [92].

Taken together, although care is needed when interpreting static 
in‑vitro data, the accumulated evidence positions CDHA as a biologi
cally favourable bone‑graft material with potential advantages over 
conventional calcium phosphates when culture conditions are properly 
controlled.

6.2. In vivo behavior

The in vitro evidence reviewed in Section 6.1 provides mechanistic 
insights into how CDHA interacts with cells and ionic environments 
under controlled conditions. Translating these findings to the in vivo 
context remains challenging because static in vitro assays do not repro
duce key biological processes such as immune responses, vascular 
ingrowth, mechanical loading, and osteoclastic resorption. The 
following subsections examine CDHA's in vivo biocompatibility, osteo
conductivity, osteoinductive potential, and resorption behaviour, 
drawing on orthotopic and ectopic animal models, before turning to the 
current clinical landscape and CDHA's potential as a local drug-delivery 
platform.

6.2.1. In vivo biocompatibility
Owing to its strong resemblance to native bone mineral, CDHA 

consistently demonstrates outstanding in vivo behavior [8,139,
290–292]. For example, Raymond et al. reported “no evidence of fibrous 
enCAPsulation nor foreign‑body reaction … in any of the samples,” 
highlighting the material’s excellent tissue compatibility [139]. In 
another study, the authors mentioned “no inflammatory signs or adverse 
tissue reactions” [290]. In a soft-tissue response study [292], an “almost 
complete absence of inflammatory cells” was observed after 8 weeks of 
implantation. Small signs of inflammation were only observed in zones 
of dispersed particles near the cement-soft tissue interface [292].

Bone apposition on CDHA is typically extensive (Fig. 19, Fig. 20) and 
develops rapidly. In one study using a carbonated-apatite CPC, which is 
chemically similar to, though not identical with CDHA, nearly the entire 
cement surface was covered by bone within just two weeks of implan
tation [290]. The rate of bone apposition seems to depend on porosity: a 
connective‑tissue gap persisted around the non‑macroporous cement at 
two weeks, whereas the macroporous version fostered callus formation 
at the interface, signalling a more advanced healing response [293]. 
Given this consistently favorable osteoconductivity, it is unsurprising 
that macroporous CDHA reliably promotes bone ingrowth [280]

CDHA is frequently reported to exhibit superior osteoconductivity 
compared to conventional calcium phosphate phases, including BCP, 
β-TCP, sintered HA and xenograft. For example, in an orthotopic rabbit 
model, CDHA granules promoted greater bone ingrowth than BCP 
granules [263]. Similarly, in a sheep interbody fusion model using ti
tanium cages, histological evaluation revealed significantly better fusion 
outcomes in cages pre-filled with CDHA granules compared to those 
filled with β-TCP granules [251]. Additional support for CDHA's 
enhanced osteoconductive properties comes from rabbit studies in 
femoral and tibial condyle defect models, where a higher amount of new 

bone was observed in CDHA granule-treated sites compared to those 
treated with HA granules [242,243]. Based on a series of in vitro and in 
vivo studies conducted in both orthotopic and ectopic models [278,279,

Fig. 19. Illustration of bone apposition on CDHA in contrasting implantation 
sites. Top: bone apposition on Norian Skeletal Repair System cement. The 
asterisk and the arrows indicate the position of the material and bone, 
respectively. Courtesy of A. Gisep, AO Research Foundation, Davos. Bottom: 
ectopic bone formation in CDHA macroporous granules implanted in Friend 
leukemia virus B (FVB) mice. The bone areas are delineated by thin green lines. 
The asterix and the white arrows show the position of the material and osteo
cytes, respectively.

Fig. 20. Backscattered scanning electron micrographs of (A) CDHA and (B) 
BCP Foams after 12 weeks ectopic implantation in beagle dogs, showing distinct 
patterns of bone formation. In BCP foams, bone grew appositionally on the 
scaffold surface, progressively filling the macropores, whereas in CDHA foams, 
scaffold resorption preceded bone deposition. Images taken from [256].
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294], CDHA was found to possess more favorable properties for bone 
regeneration than β-TCP. In one of these studies [279], CDHA scaffolds 
also demonstrated superior performance compared to HA scaffolds, 
further highlighting the material's enhanced osteoconductive potential. 
Finally, CDHA granules were found to have significantly more bone 
coverage than an apatite xenograft (Bio-Oss) [295].

Beyond the well‑established formats of granules, scaffolds, and ce
ments, CDHA injectable pastes have emerged as promising candidates 
for bone regeneration [296–300]. These pastes contain nanocrystalline 
HA particles produced by precipitation (and therefore classified as 
CDHA) dispersed in an aqueous carrier. While their developers report 
good biocompatibility, the supporting evidence is still limited. This is 
particularly true given clinical observations of aseptic paste leakage 
through the skin after tibial‑plateau augmentation [301], something 
that is also observed with calcium sulfate use [302]. Particle release is a 
recognised concern: debris from calcium‑phosphate bone‑graft sub
stitutes has previously provoked adverse tissue responses [292,303]. To 
mitigate such effects, viscous additives are often incorporated into CPC 
pastes, reducing direct blood–cement interactions and thereby 
improving biocompatibility [303].

Despite or perhaps because of the widespread use of CDHA and HA 
particles in the pharmaceutical, food, and cosmetic industries (in food 
applications, calcium phosphates are designated as “E341”, including 
“tricalcium phosphate”), their nanoscale size has raised concerns about 
potential safety risks. However, hydroxyapatite is phagocytosed by cells, 
and its degradation products, calcium and phosphate ions, are naturally 
abundant in the human body. A recent expert assessment [304] 
concluded that nano-hydroxyapatite is safe for use in toothpaste and 
mouthwash at the assessed concentrations.

6.2.2. Osteoinduction
CDHA was first shown to be osteoinductive in 2000 [291]. Later 

investigations could not reproduce this finding [305,306]: Gosain et al. 
attributed their minimal bone formation to the absence of macro
porosity [305], whereas Bodde et al. speculated that complete failure 
was caused by loss of implant integrity [306]. A more recent study 
confirmed not only the osteoinductive potency of CDHA compared to 
β-TCP and BCP, but also the importance of architecture [256] (Fig. 19). 
CDHA foams also exhibited improved bone bridging in a femoral dog 
model compared to robocast CDHA-based scaffolds [257], a difference 
that may be attributed to the osteoinductive properties of the foam 
scaffolds [256].

The mechanism behind osteoinduction remains contentious. Some 
authors emphasize protein adsorption [307]; others focus on surface 
topography, particularly needle‑like features [308]; still others point to 
the surrounding ionic medium [309]. Uniquely, CDHA satisfies all three 
conditions: its large specific surface favours protein adsorption, its plate‑ 
or needle‑like micro‑roughness offers topographical cues, and its labile 
hydrated layer modifies local calcium and phosphate levels (see sections 
2, 4 and 6.1). Together, these attributes make CDHA one of the most 
promising osteoinductive bone‑graft substitutes.

A question that naturally arises concerns whether CDHA's well- 
documented sequestration of calcium from the biological environment 
(demonstrated so far in vitro) might attenuate CaSR-mediated osteogenic 
signalling and thereby diminish osteogenic potential. However, no 
published study has demonstrated such a negative effect, and the 
experimental record consistently shows that CDHA outperforms more 
chemically inert calcium phosphates in osteogenic assays. A mechanistic 
framework that may explain this is suggested by the convergence of 
three lines of evidence. First, as described in Sections 2 and 5, CDHA not 
only depletes local calcium but also releases phosphate and generates 
local acidification through the dissolution and maturation reactions of 
its hydrated surface layer [22]. Second, both sub-physiological calcium 
and local acidification are established activators of osteoclasts: low 
extracellular calcium stimulates CaSR-expressing osteoclasts through 
well-characterized signaling pathways [153,310], while acidosis is a 

potent promoter of osteoclastogenesis and osteoclast resorptive activity 
[311]. Consistent with this, a recent study identified the acidic, 
phosphate-rich interfacial microenvironment (precisely the signature 
created by CDHA) as the strongest predictor of osteoinduction, and 
explicitly attributed this effect to osteoclastogenesis [312]. The study 
quantitatively correlated the physicochemical properties of a range of 
calcium phosphate bone graft substitutes with their ectopic 
bone-forming capacity in a standardized mouse model. Third, osteo
clasts have recently been shown to be sufficient on their own to initiate 
de novo bone formation ectopically with 100% incidence, through 
paracrine secretion of osteogenic factors including (BMP-2, clastokines, 
and extracellular vesicles [313]. Together, these observations suggest a 
coherent mechanism in which CDHA's ionic reactivity (calcium deple
tion and local acidification) activates osteoclasts, which then drive the 
osteogenic cascade. In this view, the local calcium depletion created by 
CDHA is not a liability that reduces osteogenic potential but a potential 
physicochemical trigger of osteoclast-mediated bone formation, 
consistent with CDHA's consistently superior osteogenic performance 
relative to more chemically inert calcium phosphates. This mechanistic 
interpretation remains to be directly verified for CDHA specifically and 
represents a compelling avenue for future investigation.

6.2.3. Resorption
Comparative animal studies demonstrate that CDHA resorption is 

not a passive physicochemical process but is governed by osteoclastic 
activity [242,243,256,257,263,288,291,314]. Relative to stoichio
metric HA, CDHA granules recruit significantly more osteoclasts and 
undergo more pronounced resorption, while simultaneously stimulating 
greater new bone formation [242,243] — a property that HA, owing to 
its near-insolubility, largely lacks. A causal link between osteoclastic 
activity and subsequent bone regeneration has been proposed [242,243] 
and further supported by independent findings [255]. This mechanism is 
also consistent with the observations of Barba et al. [256,257], who 
reported that CDHA scaffolds, which exhibited higher resorption than 
sintered BCP scaffolds, also stimulated more intensive bone formation. 
Importantly, several studies have noted the absence of a connective 
tissue layer between CDHA and bone [291], which further supports the 
interpretation that scaffold degradation is directly coupled to new bone 
deposition: rather than simply being filled around, CDHA is progres
sively resorbed and replaced by newly formed bone.

From a thermodynamic perspective, if CDHA has the composition 
Ca₉(HPO₄)(PO₄)₅OH and adopting the solubility constant calculated by 
Driessens [71,90], its solubility isotherm can be derived accordingly. 
This isotherm closely matches that of β-TCP (Fig. 6), suggesting that the 
in vivo behavior of CDHA may be comparable to that of β-TCP. However, 
caution should be exercised because CDHA is generally considered to be 
heterogeneous: two CDHA materials with the same nominal Ca/P molar 
ratio may nonetheless differ in their true chemical composition and 
structural characteristics (Fig. 4), with consequences for both solubility 
and biological performance.

Beyond its intrinsic material properties, the resorption of CDHA is 
also shaped by scaffold architecture, implantation site, biological envi
ronment, and observation time. In vitro, CDHA scaffolds with high 
specific surface area (SSA) showed the highest degradation rates among 
β-TCP, HA, and CDHA [150], though these differences cannot be 
attributed to surface area alone, as CDHA also differs from sintered 
calcium phosphate ceramics in surface chemistry. In vivo, the picture is 
equally complex: an ectopic implantation study reported higher 
resorption rates for CDHA than for β-TCP foamed scaffolds at 6 weeks, 
with similar levels reached by 12 weeks [256], while a calvarial defect 
study found a slightly higher resorption rate for β-TCP than for CDHA 
[288]. Scaffold architecture adds a further layer of variability — robo
cast CDHA scaffolds degraded significantly more slowly than foamed 
counterparts, regardless of ceramic composition [256,257], suggesting 
that architecture can exert a greater influence on degradation behavior 
than material composition itself.
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6.2.4. Clinical use
Assessing the clinical performance of CDHA is currently difficult 

because no commercial product consists strictly of CDHA as defined in 
this review. Nevertheless, a number of marketed bone graft substitutes 
are chemically closely related, including self-setting CPCs that yield 
nanocrystalline apatite after in situ hydrolysis, pre-mixed non-setting 
pastes based on precipitated HA/CDHA particles dispersed in an 
aqueous or hydrogel carrier, and granules obtained by autoclaving or 
low-temperature conversion of calcium phosphate precursors (Table 9). 
Several limitations complicate the translation of such products into a 

reliable clinical evidence base. First, the composition of these materials 
is often poorly documented. FDA 510(k) clearance relies on demon
strating substantial equivalence to a legally marketed predicate device, 
rather than on disclosing the full formulation or proving comparative 
efficacy. As a result, publicly available information rarely specifies key 
parameters such as the Ca/P molar ratio, the residual amounts of pre
cursor phases (e.g., α-TCP, ACP, DCPA), or the carbonate and sodium 
content. As a result, materials grouped under umbrella terms such as 
"nanocrystalline HA" or "biomimetic apatite" may differ substantially 
from one another and from the CDHA materials characterized in the 

Table 9 
List of commercial products composed predominantly of synthetic nanocrystalline apatite / unsintered apatite. Most of the products listed below were identified in the 
U.S. Food and Drug Administration (FDA) 510(k) Premarket Notification database with a classification code “MQV” (“https://www.accessdata.fda.gov/scripts/cdrh/ 
cfdocs/cfpmn/pmn.cfm”). The commercial availability of the products was then checked in the “GUDID” website of the NIH National Library of Medicine (“https 
://accessgudid.nlm.nih.gov/”). Product types are differentiated between hardening pastes (“Cement”), non-hardening pastes (“Paste”), scaffolds, and granules. 
Some of the non-hardening pastes are pre-mixed, whereas others need to be mixed during the surgery. The FDA website provides limited information about the 
composition of the products. For each product, interventional and observational studies were identified on ClinicalTrials.gov (query on product trade name, April 20, 
2026).

Type Name Producer Composition Clinical trial No / Note

CEMENTS Tactoset® Annika 
Therapeutics

Powder: α-TCP, calcium carbonate, monocalcium phosphate. 
Liquid: sodium phosphate dibasic, citric acid, hyaluronic acid 
and water.

​

Arthrex® Quickset Arthrex® Powder: calcium phosphate salts and hydroxypropylmethyl 
cellulose (HPMC); Liquid: di-sodium phosphate aqueous 
solution

​

Cerasorb® CPC Curasan Pre-mixed paste made of a reactive calcium phosphate powder 
+ non-aqueous liquid carrier

​

Norian® SRS Fast 
Set Putty 
Norian® CRS Fast 
Set Putty

DePuy Synthes Likely close to Norian® SRS composition: Powder: α-TCP 
(85%), CaCO3 (12%) MCPM (3%); Solution: H2O, Na2HPO4

​

Norian® Drillable DePuy Synthes Composition: calcium phosphate powder, bioresorbable fibers 
and sodium hyaluronate solution

NCT01132508

ColoSSIS™ DSM Biomed Calcium phosphate powder with bovine collagen mixed with 
saline, patient’s blood or patient’s bone marrow to form 
hydroxyapatite

​

Graftys® Quickset Graftys Composition: calcium phosphate salts, 
hydroxypropylmethylcellulose (HPMC), and phosphate-based 
aqueous solution

NCT02575352

Heracure One Heraeus Medical Powder: 60 wt.% α-TCP, 26 wt.% DCPA, 10 wt.% CC, and 4 wt. 
% precipitated 
HA [401]

Ready-to-use paste

Biopex®-R HOYA 
Technosurgical

Powder: α-TCP, TetCP, DCPD, HA, Mg3(PO4)2, NaHSO3 [402] 
Solution: H2O, Sodium succinate, sodium chondroitin sulfate

Four product types are listed: Biopex R “Advance”, 
“Quick”, “Excellent” and “Long”

Callos™ 
Skaffold™ 
OsteoVation® EX

Skeletal Kinetics Composition: α-TCP, CaCO3, MCPM; Solution: sodium silicate ​

HydroSet™ Stryker Powder: TetCP, DCPD, trisodium citrate; Solution: H2O, 
polyvynilpyrrolidone, sodium phosphate [403]

NCT02918344

Mimix™ 
Mimix™ QS

Zimmer Biomet Powder: TetCP, α-TCP, trisodium citrate (C6H5O7Na3⋅2H2O); 
Solution: H2O, citric acid (C6H8O7)

The “quick set” (“QS”) version has a faster setting time

AccuFill® 
β-BSM 
γ-BSM 
CarriGen® 
CalciGen™

Zimmer Biomet Probably ACP as main components AccuFill and β-BSM are injectable; γ-BSM is moldable 
Clinical trials for AccuFill®: NCT03494660, 
NCT03110224, NCT06027697

Equivabone Zimmer Biomet Probably ACP as main component Contains Demineralized Bone Matrix (DBM)
PASTES NanoBone® SBX 

Putty 
NanoBone® QD

Biocomposite Nanoparticles + aqueous gel NCT04439032, NCT04503759, NCT06256458, 
NCT04615260, NCT04559841, NCT03331159, 
NCT02836678, NCT03536260, NCT02613663

SintLife® Fin-Ceramica Mg-doped HA + aqueous solution NCT03407560
nanoXIM HAp Fluidinova HA (5, 15, 30, or 40%) and water Two consistencies: nanoXIM HAp102 (more liquid) and 

nanoXIM HAp103 (more pasty). Also a paste with Sr- 
substituted HA (nanoXIM SrHAp102)

Nanostim™ Medtronic Nanocrystalline HA and water ​
OssDsign® 
Catalyst

OssDsign 5.8 wt% Si-substituted nanoapatite NCT05329129

Nanogel Teknimed Nanocrystalline HA (100-200nm) (30%) and water (70%) NCT06374342
nanOss® Xtant medical Nano-structured HA granules with a collagen carrier NCT01829997, NCT01968993

GRANULES OsteoGen® (HA 
Resorb)®

Impladent >90% HA Obtained by autoclaving.

Cytrans® GC Biomaterials Non-sintered carbonated apatite ​
Creos™ Syntogain Nobel Biocare 80% HA and 20% β-TCP Obtained by autoclaving an α-TCP-based paste; 

NCT03374813, NCT04773847
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laboratory studies cited in this review. Second, only a limited number of 
these products have been evaluated in prospective clinical trials, and the 
available studies are typically small, single-arm, industry-sponsored, 
and heterogeneous in indication (spine fusion, trauma, craniomax
illofacial, dental), which hinders pooled analyses and head-to-head 
comparisons with autograft, the clinical gold standard. Third, in 
contrast to total hip and knee arthroplasty, for which national and in
ternational implant registries (e.g., National Joint Registry, Australian 
Orthopaedic Association National Joint Replacement Registry, Swedish 
Arthroplasty Register) enable long-term post-market surveillance, no 
comparable registry exists for bone graft substitutes. Post-market evi
dence is therefore fragmented across case series, retrospective cohorts, 
and adverse-event databases such as the “Manufacturer and User Fa
cility Device Experience” (MAUDE), which are ill-suited to bench
marking comparative efficacy or resorption behavior across products. 
Overall, these gaps underscore the need for more transparent composi
tional reporting, standardized pre-clinical characterization aligned with 
the CDHA definition proposed here, and coordinated clinical data 
collection to allow an evidence-based appraisal of CDHA-based bone 
graft substitutes.

6.2.5. Drug carrier for bone applications
CDHA has emerged as a promising carrier for therapeutic proteins 

and drugs because it combines an interconnected porous network, a high 
SSA, and a strong affinity for organic molecules [315–321]. Proteins 
such as Transforming Growth Factor β1 (TGF‑β1) and BMP‑2 have for 
example been succesfully incorporated into CPC pastes [317,322–324]. 
Due to their size, HA and CDHA micro and nanoparticles have been 
considered for a broad range of applications, such as gene delivery and 
vaccines [325,326], cancer treatment [327,328], and dental applica
tions [329].

The mechanisms by which CDHA sequesters proteins and growth 
factors are multiple and interrelated. At the most basic level, CDHA's 
surface presents an array of functional sites (phosphate groups, hydroxyl 
groups, and exposed calcium ions) that interact with charged domains 
on proteins through electrostatic attraction, hydrogen bonding, and 

coordinative binding [315–321]. The hydrated, ion-rich surface layer 
plays a particularly important role in this regard: owing to its compo
sitional lability and high surface reactivity, it provides a dynamic 
interface at which protein adsorption can occur rapidly and with high 
capacity [56,57]. Release kinetics are governed by a combination of 
factors: the solubility and resorption rate of the CDHA carrier itself, the 
depth of protein penetration into the pore network, the strength of the 
protein–surface interaction, and the local ionic environment in vivo. 
Materials with larger pore-entry diameters allow deeper protein pene
tration and consequently more sustained release, while finer pore net
works retain proteins near the surface and may favor a more rapid initial 
burst [106,139]. This tunability, which is achievable through control of 
synthesis conditions, liquid-to-powder ratio, and scaffold architecture, 
positions CDHA as a versatile platform for the controlled local delivery 
of growth factors in bone regeneration applications.

Because osteoinduction is thought to depend at least in part on the 
adsorption of circulating proteins, several studies have examined how 
CDHA microstructure influences protein uptake. In particular, 
increasing the pore‑entry diameter enhances protein adsorption and 
allows deeper penetration into the pore network [106,139] (Fig. 21). 
Such enlargement can be achieved by using a higher liquid‑to‑powder 
ratio during paste preparation [106] or by adopting a hydrothermal 
rather than a biomimetic synthesis route [139]. A complementary 
strategy relies on templated synthesis, in which elongated CSD micro
crystals are converted into highly porous CDHA scaffolds optimized for 
protein loading [216].

7. Challenges and future directions

CDHA remains a complex and evolving field of study, with several 
unresolved challenges that continue to limit a unified understanding of 
its structure and properties. This section outlines key issues and per
spectives for future research, focusing in particular on reproducibility, 
the still uncertain composition of both the crystalline core and the hy
drated surface layer, the propensity of CDHA to incorporate contami
nants, and the ambiguities associated with current terminology. The 

Fig. 21. CDHA microstructure made from anhydrous calcium sulfate template. Courtesy of A. de Gasparo, RMS Foundation; bottom: “standard” CDHA structure 
obtained from an α-TCP-based hydraulic cement. Black = porosity; white = material. Produced in the study [159].
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following discussion is not exhaustive but highlights areas where further 
clarification is essential to advance the field.

7.1. Reproducibility

A major challenge in the study of CDHA materials lies in the limited 
reproducibility and comparability between studies. Reported structural, 
compositional, and interfacial properties are highly sensitive to syn
thesis parameters, including pH, temperature, reactant concentrations, 
maturation time, and post-synthesis treatments such as drying or aging. 
In addition, the metastable nature of these materials and the presence of 
a hydrated surface layer further complicate their characterization, as 
measurements may depend strongly on the hydration state and the 
analytical technique employed. As a result, discrepancies between 
studies are common and may not necessarily reflect intrinsic material 
differences but rather variations in preparation. A closely related issue 
concerns the analytical methods used to identify and characterise CDHA, 
which are themselves subject to important methodological caveats that 
can confound the interpretation of reported data; these are discussed in 
detail in Section 4.

To improve reproducibility and facilitate meaningful comparisons 
between studies, it is essential that a minimum set of parameters be 
systematically reported. These include the synthesis conditions (such as 
pH, temperature, precursor concentrations, and addition rate), as well as 
maturation and aging conditions, and any drying and storage procedures 
applied. In addition, the overall Ca/P ratio should be provided together 
with the method used for its determination, along with information on 
crystallinity and crystallite size (e.g., from XRD). Whenever possible, the 
characteristics of the hydrated surface layer should also be described. 
Finally, particular attention should be paid to the reporting of mea
surement conditions, especially the hydration state during analysis, 
given its strong influence on the observed properties. Without such in
formation, the term “CDHA” remains difficult to interpret and to 
compare across different studies.

7.2. Composition of the CDHA core

To date, the precise composition of the CDHA crystal core remains 
uncertain, although available evidence places its Ca/P molar ratio be
tween 1.50 and 1.67. Indeed, during prolonged α-TCP hydrolysis, low 
pH values and Ca/P molar ratios near 0.5 have been measured in solu
tion [107,234,235]. These observations indicate that α-TCP transforms 
into a more alkaline phase than itself, namely an apatitic phase with a 
Ca/P molar ratio higher than that of α-TCP (1.50). This transformation 
can be represented as: 

(10-x) α-Ca3(PO4)2 + (6-3x) H2O → 3Ca(10-x)(PO4)(6-x)(HPO4)x(OH)(2- 

x)+ (2-2x) H3PO4                                                                           (7)

In reaction (7), phosphoric acid is released, and the resulting CDHA 
has a Ca/P molar ratio of (10-x)/6, which is greater than 9/6 = 1.50 
since 0 < x < 1. However, in this type of reaction, only an overall 
composition is given for the formed CDHA where the distinction be
tween the core and surface layer compositions is not visible. If the 
crystalline core is calcium-deficient, an important question is whether it 
follows a fixed stoichiometry, or whether the crystal core can accom
modate a range of compositions. TEM imaging has revealed the presence 
of central dark lines [186,189,330,331] and axial zones [70] in CDHA 
crystals, which may be related to the incorporation of OCP remnants 
during CDHA formation [189,330]. However, whether these remnants 
are the sole cause of any observed calcium deficiency is unclear. 
Furthermore, OCP is only a transient intermediate in the formation of 
CDHA under near-neutral pH conditions [231–233], with most CDHA 
crystals forming directly from ACP. Another study [332] has proposed 
that the dark lines observed in TEM images may be due to bend contours 
within the crystals, rather than actual voids or structural defects. Taken 

together, these uncertainties surrounding the composition and structure 
of the crystalline core create substantial interpretive flexibility within 
the literature, permitting a wide array of structural models to be 
attributed to CDHA (Fig. 4).

7.3. Composition of the hydrated layer

Characterizing the hydrated layer is as complex as determining the 
composition of the CDHA crystal core itself, and it remains a subject of 
active investigation for over 60 years. Theoretical frameworks, such as 
surface complexation models, have been proposed to capture its 
behavior [66]. A central question concerns its (meta)stability. Some 
authors suggested that the layer may readily dissolve, especially in 
carbonate-free environments. Yet experimental evidence suggests that it 
never disappears entirely, even after extended maturation [22,239]. 
Efforts to eliminate it, for example chemically in alkaline solution or 
thermally at 200 ◦C, only reduced its thickness without removing it 
completely [14]. Such persistence suggests a role in thermodynamic 
stabilization of the underlying crystal lattice in aqueous media.

Recent work further highlights that the hydrated layer may not be 
unique to CDHA but part of a broader spectrum of metastable surface 
structures. For instance, as soon as apatite particles are immersed in 
aqueous media, surface modifications occur and a labile layer having a 
Ca/P molar ratio inferior to 1.67 forms at their surface [102,333]. As 
discussed in section 2, this places the hydrated layer within a broad 
continuum of metastable, ion-rich interfacial structures common to 
several calcium-phosphate systems. Within this framework, the hy
drated layer can be understood as a dynamic interfacial zone: it may 
grow in supersaturated solutions and shrink under undersaturated 
conditions, while maintaining a characteristic equilibrium thickness 
that reflects the balance between surface reactivity and thermodynamic 
stabilization. Three open questions are particularly pressing: the dy
namic balance between growth and dissolution of the layer, its struc
tural nature, and its contribution to thermodynamic stabilization. 
Whether the apparent dissolution in undersaturated media is genuine or 
corresponds instead to a destabilization of the hydrogen-bond network 
that structures the hydrated layer [334] is itself not yet resolved. 
Answering these questions will be essential for understanding not only 
biomimetic apatites but also mineralization processes in biological sys
tems. This need is underscored by experimental evidence showing that 
the hydrated layer accounts for ~4–11 wt% of CDHA [16,138,139] 
where it forms the interface between the crystalline core and the 
external environment. The actual weight fraction of the hydrated layer 
in CDHA remains uncertain, as neither the precise composition of the 
crystalline core nor that of the hydrated layer is fully established. 
Moreover, only a few studies have attempted to quantify the amorphous 
fraction in CDHA. Considering that related materials such as bone and 
calcium phosphate cements can contain substantially higher amorphous 
contents (30–70%) [15,35,43,44,145,199], it is plausible that CDHA, 
under certain synthesis conditions, may also incorporate significantly 
larger fractions than the 4–11 wt% reported so far (Table 4). This may 
especially be the case when apatite growth inhibitors such as Mg2+ and 
CO3

2- are also present in the medium.
Given its solubility in physiological fluids, the hydrated layer likely 

plays a central role in modulating the local ionic milieu around CDHA 
implants in vivo. For example, several static in vitro studies have reported 
that calcium concentrations in the culture medium can decrease by more 
than 50% in the presence of CDHA [92–98]. Such fluctuations are bio
logically consequential because extracellular Ca2+ acts as a 
hormone-like signal through the calcium-sensing receptor (CaSR), 
which is expressed in numerous tissues and regulates the function of the 
parathyroid and thyroid glands, kidney, and bone cells [335]. Under
standing local fluctuations in extracellular calcium and phosphate con
centrations is therefore a challenging yet essential step in elucidating the 
biological response to CDHA implants. This challenge is further com
pounded by the dynamic nature of the hydrated layer, which, as 
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explained previously, can evolve over time or in response to environ
mental conditions [58,59]. This aspect is particularly relevant in the 
context of osteoinduction, as the local ionic environment is widely 
considered a critical factor in the osteoinductive potential of bio
materials [153,309,310]. In view of the above, not only experimental 
but also theoretical modeling (typically through DFT and molecular 
dynamic approaches) and their cross-validation may help to progress on 
the fine structuration of this hydrated layer and better understand its 
dynamic character with its environment.

7.4. Contaminants

Determining the exact composition of both the hydrated layer and 
the CDHA core is complicated by the fact that a variety of ions can be 
incorporated into CDHA particles, either within the hydrated layer or 
the crystal core itself. Among these, carbonate ions are particularly 
relevant, as they are readily incorporated into HA structures, particu
larly in alkaline conditions. Their inclusion can be minimized by con
ducting the synthesis in a controlled atmosphere [31,58,59], yet the 
majority of studies are performed in unprotected environments. More
over, most reports do not quantify the levels of impurities present in the 
resulting CDHA crystals, and only a few addresses carbonate content 
specifically. Nevertheless, carbonate levels tend to remain low in ma
terials synthesized at room temperature. For example, carbonate ions 
were detected at levels of only 0.03–0.05 wt% in a CPC sample based on 
α-TCP [150,336]. Although such considerations were considered in 
preparing this review, some studies were still included under the um
brella of CDHA research despite the presence of contaminants. Notably, 
many CPCs contain additives such as carbonate ions [219,268,337] or 
other calcium phosphates, including DCPA [168,338,339] and DCPD 
[340,341].

7.5. CDHA terminology

Although the term "CDHA" is widely used to describe the material's 
overall composition, it can be misleading if interpreted as referring to a 
single, structurally homogeneous phase. In practice, such CDHA mate
rials are heterogeneous, comprising distinct structural and chemical 
regions, and are frequently associated with biological apatites. This as
sociation further contributes to ambiguity, particularly because biolog
ical apatites commonly contain carbonate ions and other substitutions 
that induce calcium deficiency and structural disorder within the apatite 
lattice. To address this complexity, alternative terminology has been 
proposed in the literature, including “biomimetic apatite” [11,41], 
“biomimetic hydroxyapatite” [97,342,343], and in some cases “precip
itated hydroxyapatite” [249,344,345]. Within this terminology, the 
qualifier “biomimetic” is used with different emphases across the field. 
In some studies, it refers primarily to chemical similarity to biological 
apatites, including ionic substitutions such as carbonate, while in others 
it denotes a broader resemblance to biological apatites, encompassing 
features such as nanocrystal size, platelet- or needle-like morphology, 
low crystallinity, and surface chemistry conducive to biological in
teractions. In this context, particular attention must also be paid to the 
use of the term “hydroxyapatite”. From a strict crystallographic and 
compositional perspective, the term hydroxyapatite does not fully cap
ture materials that may exhibit significant structural defects (e.g. lattice 
vacancies) or pronounced chemical heterogeneity. In fact, given the 
many open questions surrounding the composition and structure of 
CDHA, it may be prudent to defer adopting new terminology until more 
precise characterizations of both the crystalline core and the hydrated 
layer become available. Such insights may ultimately clarify whether 
materials currently grouped under the term CDHA represent a single 
compound or several distinct phases. If the latter proves true, a differ
entiated nomenclature would likely be necessary to avoid further con
ceptual ambiguity. This distinction could also account for the broad and 
sometimes contradictory range of reported observations.

In the absence of a definitive structural model, it is useful to adopt a 
minimal operational definition of CDHA. In this review, the term 
“CDHA” is used to describe calcium phosphate materials belonging to 
the Ca–P–O–H system, with an overall Ca/P molar ratio lower than 1.67, 
and exhibiting an apatite-like structure, irrespective of whether this 
structure corresponds to a single phase, a multiphasic assembly, or a 
core–shell organization involving a hydrated surface layer. Under this 
definition, “CDHA” should be regarded as a compositional and structural 
descriptor rather than as a well-defined compound. Whenever possible, 
additional information on composition, crystallinity, and presence of 
secondary phases should be provided to avoid ambiguity. This definition 
intentionally avoids assuming the existence of a continuous solid solu
tion or a unique crystallographic phase, as current evidence does not 
allow such a conclusion.

8. Conclusion and outlook

CDHA has been extensively investigated as a bone graft substitute 
due to its compositional resemblance to natural bone mineral and its 
versatility in biomedical applications. This review highlighted the 
structural complexity of CDHA, emphasizing its dual nature: a crystal
line apatite core enveloped by a hydrated, ion-rich surface layer. While 
the core often mirrors stoichiometric HA, debates persist regarding po
tential calcium vacancies and the influence of carbonate (as well as 
sodium) incorporation, which together complicate any precise deter
mination of its composition. The hydrated layer, although amorphous to 
the X-rays and dynamic in aqueous media, plays a crucial role in 
modulating ion exchange as well as molecular sorption processes at 
physiological interfaces, thereby influencing CDHA’s apparent solubil
ity, surface reactivity, and interaction with biological systems.

A deliberate feature of this review is its restriction of the term 
"CDHA" to materials belonging to the Ca–P–O–H system, with an overall 
Ca/P molar ratio below 1.67 and an apatite-like structure. This opera
tional definition, intentionally narrower than the one most commonly 
used in the literature, allowed us to isolate a chemically coherent family 
of materials and to avoid the analytical ambiguities introduced by ionic 
substitutions, while acknowledging that the resulting corpus may 
correspond to a single phase, a multiphasic asSEMbly, or a core–shell 
organisation.

The structural duality of CDHA — a non-stoichiometric core and a 
labile hydrated surface layer — directly governs its physicochemical 
properties, including thermal instability, incongruent dissolution, and 
ion exchange capacity, which in turn constrain the synthesis routes by 
which macroscopic constructs can be produced.

The synthesis of CDHA can be achieved through diverse pathways 
including aqueous precipitation, hydrolysis of calcium phosphates, hy
draulic cement reactions, solid–solid conversion, and, more recently, 
low-temperature densification approaches such as cold-sintering, each 
offering unique advantages depending on the intended application. 
These routes do not simply differ in processing convenience: they often 
follow complex formation mechanisms involving transient phases such 
as ACP and, under certain conditions, OCP.

A consistent finding across the review is that the three-dimensional 
architecture of CDHA constructs often exerts a stronger influence on 
biological performance than the intrinsic composition of the apatite it
self. In particular, macroporosity, pore interconnectivity, and pore-entry 
size shape resorption dynamics, protein transport, and bone ingrowth at 
least as much as the Ca/P ratio or the hydrated-layer content. The 
rational design of CDHA-based biomaterials must therefore integrate 
architectural control as a central parameter rather than as a secondary 
refinement.

Biologically, CDHA consistently demonstrates biocompatibility and 
osteoconductivity outperforming sintered HA, β-TCP, and biphasic cal
cium phosphates. Its resorption is mediated by osteoclastic activity 
rather than by passive dissolution, aligning its degradation with natural 
bone remodeling. Building on this observation, the review proposes a 
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mechanistic framework in which the ionic microenvironment created by 
the hydrated surface layer, characterized by local calcium depletion, 
phosphate release, and mild acidification, activates osteoclasts, which in 
turn drive de novo bone formation through paracrine factors. This hy
pothesis, which directly connects the chemistry developed in Section 2
to the biological behaviour reviewed in Section 6, offers a coherent 
explanation for CDHA's consistently superior osteogenic performance 
relative to more chemically inert calcium phosphates, and identifies an 
avenue for targeted experimental verification. CDHA's high SSA and 
tailored microstructure further make it an effective carrier for thera
peutic agents, opening additional avenues for combined drug-delivery 
and bone-regeneration strategies.

In this biological context, it is essential to note that current ISO 
10993 guidance places chemical and physical characterization (together 
with a leachable–extractable assessment) at the foundation of biocom
patibility evaluation, while deemphasizing the routine use of static 
cytotoxicity assays. This evolution is particularly relevant for CDHA, 
whose hydrated surface layer can profoundly alter the ionic composition 
and pH of culture media and drive misleading in vitro results that do not 
reflect in vivo performance. A chemistry-first approach is therefore 
indispensable for interpreting the biological behavior of CDHA and for 
designing meaningful in-vitro systems that properly account for its 
strong ion-exchange reactivity. This point is developed in detail section 
4 of this review, which argues that no single technique is sufficient and 
that a coordinated combination of XRD, solid-state NMR, FTIR, and 
chemical analysis represents the minimum necessary toolkit for reliable 
compositional identification.

The translation of CDHA from the laboratory to the clinic remains 
more partial than the volume of preclinical work would suggest. No 
commercial product consists strictly of CDHA as defined here. The 
chemically related products currently on the market (self-setting ce
ments, non-setting nanocrystalline apatite pastes, and converted gran
ules) are poorly characterised in the public domain, predominantly 
cleared through substantial-equivalence pathways, and studied in small, 
single-arm, indication-heterogeneous trials. The absence of a bone-graft- 
substitute registry analogous to those used in arthroplasty leaves post- 
market evidence fragmented and ill-suited to comparative bench
marking. Closing this translational gap will require more transparent 
compositional reporting by manufacturers, standardised pre-clinical 
characterisation aligned with the definition proposed here, and coor
dinated clinical data collection.

Several structural and mechanistic questions therefore remain open. 
The precise composition and structural organization of both the crys
talline core and the hydrated layer warrant further investigation by 
advanced characterization techniques and computational chemistry. 
Additionally, the dynamic interactions between the hydrated surface 
and the biological environment require direct experimental probing 
under physiological conditions; and the proposed osteoclast-mediated 
osteogenic mechanism requires targeted in vivo verification with well- 
characterised CDHA. Addressing these challenges is vital both for 
refining CDHA’s clinical performance and for developing a next- 
generation of bone graft substitutes that fully exploit its distinctive 
reactivity.

A final limitation highlighted by this review concerns the inconsis
tent and often conceptually ambiguous terminology used across the 
literature. Terms such as “CDHA”, “biomimetic apatite”, “biomimetic 
hydroxyapatite”, “precipitated hydroxyapatite”, “nanoapatite”, “nano
hydroxyapatite”, or even “tricalcium phosphates” are frequently applied 
to materials that are chemically similar, and in some cases, indistin
guishable, yet these labels are used interchangeably without a clear 
structural or compositional rationale. This inconsistency stems partly 
from the unresolved composition of the CDHA, including its hydrated 
surface layer, and partly from the difficulty in distinguishing CDHA from 
precursor or coexisting phases such as ACP or OCP with current char
acterization methods. As a result, studies may refer to different materials 
using the same term, or conversely, to essentially the same material 

using different terms. Meaningful harmonization of the nomenclature 
will require not only precise definitions, but also rigorous and stan
dardized characterization capable of unambiguously establishing the 
phases actually present. Only with such clarity can future studies ensure 
reproducibility and enable consistent comparisons across the field.

CDHA already holds a prominent place among calcium phosphate 
biomaterials for bone regeneration. Its future depends less on incre
mental formulation work than on three concrete advances: a resolved 
compositional model of the crystalline core and its hydrated surface 
layer, experimental verification of the osteoclast-mediated osteogenic 
mechanism proposed here, and a clinical evidence base commensurate 
with the volume of preclinical data. Delivering these is well within the 
reach of the field, and doing so would convert CDHA from a promising 
biomimetic apatite into the first fully rationalised bioactive bone graft 
substitute.
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[379] A. Tiselius, S. Hjertén, Ö. Levin, Protein chromatography on calcium phosphate 
columns, Arch. Biochem. Biophys. 65 (1956) 132–155, https://doi.org/10.1016/ 
0003-9861(56)90183-7.

[380] M.T. Fulmer, P.W. Brown, Hydrolysis of dicalcium phosphate dihydrate to 
hydroxyapatite, J. Mater. Sci.-Mater. Med. 9 (1998) 197–202, https://doi.org/ 
10.1023/A:1008832006277.

[381] K. Kobayashi, T. Anada, T. Handa, N. Kanda, M. Yoshinari, T. Takahashi, 
O. Suzuki, Osteoconductive property of a mechanical mixture of octacalcium 
phosphate and amorphous calcium phosphate, ACS Appl. Mater. Interfaces 6 
(2014) 22602–22611, https://doi.org/10.1021/am5067139.

[382] S. Saito, R. Hamai, Y. Shiwaku, T. Hasegawa, S. Sakai, K. Tsuchiya, Y. Sai, 
R. Iwama, N. Amizuka, T. Takahashi, O. Suzuki, Involvement of distant 
octacalcium phosphate scaffolds in enhancing early differentiation of osteocytes 
during bone regeneration, Acta Biomater. 129 (2021) 309–322, https://doi.org/ 
10.1016/j.actbio.2021.05.017.

[383] K. Okuyama, Y. Shiwaku, R. Hamai, T. Mizoguchi, K. Tsuchiya, T. Takahashi, 
O. Suzuki, Differentiation of committed osteoblast progenitors by octacalcium 
phosphate compared to calcium-deficient hydroxyapatite in LEPR-CRE/tomato 
mouse tibia, Acta Biomater. 142 (2022) 332–344, https://doi.org/10.1016/j. 
actbio.2022.02.016.

[384] N.C. Blumenthal, F. Betts, A.S. Posner, Formation and structure of Ca-deficient 
hydroxyapatite, Calcif. Tissue Int. 33 (1981) 111–117, https://doi.org/10.1007/ 
BF02409422.

[385] J. Yun, B. Holmes, A. Fok, Y. Wang, A kinetic model for hydroxyapatite 
precipitation in mineralizing solutions, Cryst. Growth Des. 18 (2018) 2717–2725, 
https://doi.org/10.1021/acs.cgd.7b01330.

[386] T. Goto, I.Y. Kim, K. Kikuta, C. Ohtsuki, Comparative study of hydroxyapatite 
formation from α- and β-tricalcium phosphates under hydrothermal conditions, 
J. Ceram. Soc. Jpn. 120 (2012) 131–137, https://doi.org/10.2109/ 
jcersj2.120.131.

[387] H. Monma, Wet-process formation of non-stoichiometric hydroxyapatite from 
tricalcium phosphate, Yogyo-Kyokai-Shi 86 (1978) 72–76, https://doi.org/ 
10.2109/jcersj1950.86.990_72.

[388] H. Monma, M. Goto, T. Kohmura, Effects of additives on hydration and hardening 
of tricalcium phosphate, Gypsum Lime 188 (1984) 11–16, https://doi.org/ 
10.11451/mukimate1953.1984.11.

[389] K.S. TenHuisen, P.W. Brown, Hydrolysis of alpha-tricalcium phosphate in NAF 
solutions, Biomaterials 20 (1999) 427–434, https://doi.org/10.1016/s0142-9612 
(98)00186-0.

[390] C. Durucan, P.W. Brown, α-Tricalcium phosphate hydrolysis to hydroxyapatite at 
and near physiological temperature, J. Mater. Sci. Mater. Med. 11 (2000) 
365–371, https://doi.org/10.1023/A:1008934024440.

[391] C. Durucan, P.W. Brown, Reactivity of alpha-tricalcium phosphate, J. Mater. Sci. 
37 (2002) 963–969, https://doi.org/10.1023/A:1014347814241.

[392] L. Vecbiskena, K.A. Gross, U. Riekstina, T.C.K. Yang, Crystallized nano-sized 
alpha-tricalcium phosphate from amorphous calcium phosphate: microstructure, 

M. Bohner et al.                                                                                                                                                                                                                                 Acta Biomaterialia xxx (xxxx) xxx 

36 

https://doi.org/10.1097/00003086-199910001-00038
https://doi.org/10.1097/00003086-199910001-00038
https://doi.org/10.1111/j.1151-2916.2002.tb00126.x
https://doi.org/10.1007/s10570-012-9767-4
https://doi.org/10.1002/(sici)1097-4636(199807)41:1&percnt;3C79::aid-jbm10&percnt;3E3.0.co;2-c
https://doi.org/10.1002/(sici)1097-4636(199807)41:1&percnt;3C79::aid-jbm10&percnt;3E3.0.co;2-c
http://refhub.elsevier.com/S1742-7061(26)00372-7/sbref0345
http://refhub.elsevier.com/S1742-7061(26)00372-7/sbref0345
https://doi.org/10.1016/j.actbio.2020.11.034
https://doi.org/10.1016/j.actbio.2020.11.034
https://doi.org/10.1016/B978-0-444-81582-8.50006-7
https://doi.org/10.1002/zaac.19633240513
https://doi.org/10.1021/j100689a025
https://doi.org/10.1021/j100689a025
https://doi.org/10.1016/0022-1902(67)80200-8
https://doi.org/10.1016/0022-1902(67)80200-8
http://refhub.elsevier.com/S1742-7061(26)00372-7/sbref0351
http://refhub.elsevier.com/S1742-7061(26)00372-7/sbref0351
http://refhub.elsevier.com/S1742-7061(26)00372-7/sbref0352
http://refhub.elsevier.com/S1742-7061(26)00372-7/sbref0352
http://refhub.elsevier.com/S1742-7061(26)00372-7/sbref0352
https://doi.org/10.1002/adem.202300789
https://doi.org/10.1016/j.actbio.2025.08.051
https://doi.org/10.1016/0166-6622(90)80041-2
https://doi.org/10.1016/0166-6622(90)80041-2
https://doi.org/10.1038/211268a0
https://doi.org/10.1038/211268a0
https://doi.org/10.1038/ncomms14104
https://doi.org/10.1038/ncomms14104
https://doi.org/10.1016/0025-5408(72)90097-9
https://doi.org/10.1016/0003-9861(70)90072-x
https://doi.org/10.1016/0003-9861(70)90072-x
https://doi.org/10.1016/0003-9861(70)90071-8
https://doi.org/10.1007/BF02509540
https://doi.org/10.1007/BF02509540
https://doi.org/10.1021/cg801069t
https://doi.org/10.1021/cg801069t
https://doi.org/10.1039/B210900J
https://doi.org/10.1039/B210900J
https://doi.org/10.1002/jctb.5030320206
https://doi.org/10.1177/00220345840630061201
https://doi.org/10.1177/00220345840630061201
https://doi.org/10.1016/0168-7336(86)80071-7
https://doi.org/10.1007/BF00298791
https://doi.org/10.1016/s0142-9612(00)00166-6
https://doi.org/10.1016/s0142-9612(00)00166-6
https://doi.org/10.1016/j.ceramint.2013.09.094
https://doi.org/10.1016/j.ceramint.2013.09.094
https://doi.org/10.1016/j.msec.2018.12.071
https://doi.org/10.1016/j.inoche.2023.111301
https://doi.org/10.1016/j.inoche.2023.111301
https://doi.org/10.1016/j.matchemphys.2019.121862
https://doi.org/10.1016/j.matchemphys.2019.121862
https://doi.org/10.1016/j.ceramint.2020.09.020
https://doi.org/10.1016/j.ceramint.2020.09.020
https://doi.org/10.1016/j.impact.2022.100422
https://doi.org/10.1016/0003-9969(78)90089-4
https://doi.org/10.1016/0003-9969(78)90089-4
https://doi.org/10.1016/j.jconrel.2005.05.025
https://doi.org/10.1016/0003-9861(56)90183-7
https://doi.org/10.1016/0003-9861(56)90183-7
https://doi.org/10.1023/A:1008832006277
https://doi.org/10.1023/A:1008832006277
https://doi.org/10.1021/am5067139
https://doi.org/10.1016/j.actbio.2021.05.017
https://doi.org/10.1016/j.actbio.2021.05.017
https://doi.org/10.1016/j.actbio.2022.02.016
https://doi.org/10.1016/j.actbio.2022.02.016
https://doi.org/10.1007/BF02409422
https://doi.org/10.1007/BF02409422
https://doi.org/10.1021/acs.cgd.7b01330
https://doi.org/10.2109/jcersj2.120.131
https://doi.org/10.2109/jcersj2.120.131
https://doi.org/10.2109/jcersj1950.86.990_72
https://doi.org/10.2109/jcersj1950.86.990_72
https://doi.org/10.11451/mukimate1953.1984.11
https://doi.org/10.11451/mukimate1953.1984.11
https://doi.org/10.1016/s0142-9612(98)00186-0
https://doi.org/10.1016/s0142-9612(98)00186-0
https://doi.org/10.1023/A:1008934024440
https://doi.org/10.1023/A:1014347814241


cementation and cell response, Biomed. Mater. Bristol 10 (2015) 025009, https:// 
doi.org/10.1088/1748-6041/10/2/025009.

[393] M. Fulmer, R.I. Martin, P.W. Brown, Formation of calcium deficient 
hydroxyapatite at near-physiological temperature, J. Mater. Sci. Mater. Med. 3 
(1992) 299–305, https://doi.org/10.1007/BF00705297.

[394] Y.E. Greish, P.W. Brown, Phase evolution during the formation of stoichiometric 
hydroxyapatite at 37.4 degrees C, J. Biomed. Mater. Res. 67B (2003) 632–637, 
https://doi.org/10.1002/jbm.b.10056.

[395] Y. Fukase, E.D. Eanes, S. Takagi, L.C. Chow, W.E. Brown, Setting reactions and 
compressive strengths of calcium phosphate cements, J. Dent. Res. 69 (1990) 
1852–1856, https://doi.org/10.1177/00220345900690121201.

[396] M. Fulmer, P.W. Brown, The effects of particle size and solution chemistry on the 
formation of hydroxyapatite, Mat. Res. Soc. Symp. Proc. 3 (1992) 299–305, 
https://doi.org/10.1007/BF00705297.

[397] P.W. Brown, D. Sample, N. Hocker, The low temperature formation of synthetic 
bone, Mat. Res. Soc. Symp. Proc. 179 (1989) 41–48, https://doi.org/10.1557/ 
PROC-179-41.

[398] P.W. Brown, N. Hocker, S. Hoyle, Variations in solution chemistry during the low- 
temperature formation of hydroxyapatite, J. Am. Ceram. Soc. 74 (1991) 
1848–1854, https://doi.org/10.1111/j.1151-2916.1991.tb07798.x.

[399] P.W. Brown, M. Fulmer, The effects of electrolytes on the rates of hydroxyapatite 
formation at 25 and 38 degrees C, J. Biomed. Mater. Res. 31 (1996) 395–400, 
https://doi.org/10.1002/(SICI)1097-4636(199607)31:3%3C395::AID-JBM14% 
3E3.0.CO;2-I.

[400] E.A. De Maeyer, R.M. Verbeeck, C.W. Vercruysse, Conversion of octacalcium 
phosphate in calcium phosphate cements, J. Biomed. Mater. Res. 52 (2000) 
95–106, https://doi.org/10.1002/1097-4636(200010)52:1%3C95::aid-jbm12% 
3E3.0.co;2-x.
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