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Whitlockite can be a substrate for apatite growth in simulated body fluid
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A B S T R A C T

Calcium phosphates are the predominant type of mineral in humans. They are essential for the formation of 
bones and teeth but can also deposit in diseased tissues. Whitlockite, a calcium phosphate mineral, is almost 
exclusively found in diseased calcified lesions. Despite its significance, the crystal growth mechanisms of 
whitlockite under physiological conditions are poorly understood. To investigate this, we conducted a constant 
composition experiment and applied a growth kinetics model to study the growth of whitlockite and hydroxy
apatite nanoparticles in simulated body fluid. Contrary to our expectations, whitlockite did not dissolve in the 
undersaturated simulated body fluid. Instead, whitlockite nanoparticles served as a substrate for the formation of 
poorly-crystalline apatite, resulting in increased particle size. Our findings may help explain the colocalisation of 
whitlockite particles and large poorly-crystalline apatite lesions in human diseases.

1. Introduction

Bones are hierarchical structures composed of calcium phosphate 
minerals enmeshed within and around collagen fibres [1]. The pre
dominant solid phase of calcium phosphate in bones is 
carbonate-substituted hydroxyapatite, also known as calcium-deficient 
hydroxyapatite, and is often simply referred to as bone apatite [1,2]. 
While bone apatite’s fundamental structure is related to that of stoi
chiometric hydroxyapatite, which has the chemical formula 
Ca5(PO4)3(OH) and a predominantly hexagonal unit cell [2,3], bone 
apatite differs in composition due to ionic substitutions. It generally 
contains impurities such as 3–6 wt % carbonate and ~0.5 wt % mag
nesium and sodium, among others, which contribute to its 
calcium-deficient nature [2].

Carbonate-substituted hydroxyapatite is also present in human dis
ease. When discovered it is known as pathological calcification and is a 
hallmark of several conditions, including cardiovascular calcification 
[4–6], breast cancer [7], macular degeneration [8], Alzheimer’s [9], and 
kidney stones [10].

Another notable calcium phosphate mineral is whitlockite. Whit
lockite is special because it is found in pathological calcification and not 
in bone [11], often with a particulate morphology [4,5,7,8]. 

Stoichiometric whitlockite has the chemical formula Ca9Mg(HPO4) 
(PO4)6 and has a rhombohedral unit cell which typically leads to 
cube-like morphology [12]. Due to its structural and compositional 
similarities to carbonate-substituted hydroxyapatite, early studies mis
identified its presence in healthy bone, leading to misinterpretations 
[11].

The formation of bone and pathological calcification is believed to 
occur via the agglomeration of vesicles loaded with calcium and phos
phate, followed by the release of their contents [13–17]. However, many 
details of this process remain unresolved, such as the role whitlockite 
particles play in the progression of pathological calcification.

To better understand calcification, the growth of these minerals is 
often analysed through acellular in vitro experiments and mathematical 
models. Simulated body fluid (SBF) is commonly used to mimic the 
physiological conditions relevant to calcification [18]. SBF replicates 
the ionic salt composition of human blood plasma [18]. Both SBF and 
blood serum are supersaturated with respect to hydroxyapatite [19,20], 
making SBF a metastable solution that typically precipitates 
carbonate-substituted hydroxyapatite [18].

In SBF, carbonate-substituted hydroxyapatite primarily forms 
through the conversion of amorphous calcium phosphate (ACP), which 
nucleates in the solution first [21,22]. Once formed, 
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carbonate-substituted hydroxyapatite continues growing through the 
deposition and crystallisation of ACP layers [22–25]. Hydroxyapatite 
growth is slow because it requires the incorporation of large growth 
units called Posner clusters (Ca9(PO4)6, ~0.8 nm) [21,22,26,27]. 
Consequently, the growth rate is limited by the incorporation rate of 
these molecules rather than ion diffusion to the crystal surface [27]. 
Growth mechanisms of whitlockite are comparatively poorly under
stood. To our knowledge, only one study has investigated the growth 
kinetics of whitlockite in aqueous solution, but this was not performed in 
a physiologically relevant solution [28]. Apatite formation on other 
calcium phosphate ceramics in SBF, such as tricalcium phosphate (TCP), 
has also been shown to depend on factors such as porosity and surface 
area [29,30].

Mean-field mathematical models of crystal growth, often used in 
materials science, typically assume concentration gradients occur only 
near the crystal surface [31]. Modelling hydroxyapatite crystal growth 
in SBF is challenging due to the complexity of SBF’s chemistry and hy
droxyapatite’s growth mechanism. Additionally, no models have been 
developed for whitlockite growth kinetics in aqueous solutions. Most 
mean-field models of hydroxyapatite growth assume that (i) diffusion, 
rather than incorporation at the interface, is rate-limiting [32] (ii) only 
two species are diffusing [27,33,34]. In contrast, SBF typically contains 
ten reagents that can dissociate and recombine into many diffusing 
species [20], making it a multicomponent solution. The diffusivities of 
species in multicomponent physiological solutions differ significantly 
from those in simpler solutions due to strong interactions between 
oppositely charged species [35].

In this study, we investigate the growth of hydroxyapatite and 
whitlockite seed nanoparticles with physiologically relevant morphol
ogies in SBF. We also apply a multicomponent growth model, that 
considers both diffusion rates and incorporation rates at the interface, to 
gain a better understanding of the growth processes.

2. Materials and methods

2.1. Nanoparticles

2.1.1. Whitlockite nanoparticles
We synthesised whitlockite nanoparticles following an established 

protocol [12]. A capped, jacketed beaker containing 500 ml of deionised 
water was heated to 80 ◦C. To this, 3.79 g of magnesium hydroxide (Mg 
(OH)2) and 13.71 g of calcium hydroxide (Ca(OH)2) were added. Sub
sequently, 500 ml of 0.5 mol dm− 3 phosphoric acid was introduced into 
the mixture at a controlled rate of 12.5 ml min− 1 while being vigorously 
stirred using a magnetic stirrer. The reaction mixture was maintained for 
24 h from the initial addition of phosphoric acid. Following this period, 
the mixture was allowed to cool to room temperature over 4 h. The 
resulting mixture was then filtered through 0.22 μm filter paper and 
washed with deionised water. The agglomerated wet powder left on the 
filter paper was dried at 37 ◦C for 3 days.

2.1.2. Hydroxyapatite nanoparticles
Hydroxyapatite particles were purchased from Sigma-Aldrich 

(catalogue no. 677418). These particles are polycrystalline [36] and 
have spherulitic morphologies resembling calcified particles found in 
the body [5].

2.2. XRD

To confirm our seed crystals were whitlockite we used X-ray 
diffraction (Stoe STADI-P, Germany). The X-ray radiation used for the 
analysis was Cu Kα1, operating at 40 kV and 30 mA, with a wavelength 
of 1.5406 Å. The scanning range for the 2θ angles was set from 5 ◦ to 
60.44 ◦, with a step size of 0.495 ◦ Each step was measured for a duration 
of 10 s. A baseline intensity profile was defined using a spline poly
nomial to correct the raw intensity data.

2.3. Laser nanoparticle tracking

Whitlockite nanoparticles were thoroughly mixed with water and the 
resulting mixture was ultrasonicated for 6 min. Following ultra
sonication, the mixture was introduced into a laser nanoparticle tracking 
system (NanoSight, UK) for analysis. The frame rate was maintained at 
25 frames per second, capturing a total of 1499 frames. The liquid 
temperature was 22 ◦C, with an assumed water viscosity of 1.0 cP. The 
concentration of particles was 7.89×109 particles ml− 1.

2.4. Constant composition crystal growth experiment

We designed an experiment to grow seed crystals under constant 
composition conditions (Fig. 1). We thoroughly mixed 2 mg of nano
particles into 100 µl of deionised water, then pipetted 0.25 µl of this 
mixture into a dialysis pot (Thermo-Fisher catalogue no. 69590) con
taining 100 µl of SBF made according to ISO 23317:2014. This yielded 5 
µg of seed nanoparticles in the pot. The dialysis pot had a semipermeable 
membrane at its base, designed to prevent molecules greater than 20 
kDa (~1.78 nm [37]) from passing through it. Most pertinent diffusing 
species in ISO SBF (Table 1) are much smaller than this [32,38] and the 
largest, the TRIS buffer molecule, is <0.8 nm [26]. Previous studies on 
hydroxyapatite precipitation involving membranes with pore sizes 
significantly larger than the diffusing species indicate that the mem
branes do not affect the precipitation process [38].

The dialysis pot was suspended with parafilm inside a 50 ml plastic 
container holding 42 ml of ISO SBF. Parafilm did not cover the entire 
container top, and the lid was only partially on to allow for CO2 equil
ibration with the atmosphere. The base of the pot was submerged in ISO 
SBF in the container. If the seed crystals grew or dissolved, they would 
alter the ion concentration of the liquid around them. Since species can 
diffuse across the membrane between the liquid in the pot and the larger 
volume of SBF in the container, a constant composition could be 
maintained. The mixtures were incubated at 37 ◦C on an orbital shaker 
table.

If 5 µg of hydroxyapatite seed crystals grew in mass by 500 % (typical 
increases observed in hydroxyapatite seed particle growth are 100–250 
% [25]), 10 µg of calcium would be required from the SBF. The total 
mass of calcium in 42 ml of ISO SBF is 4.21 mg. A reduction of 10 µg 
would yield a calcium concentration change of ~6 × 10− 6 mol dm− 3 in 
the SBF. This is equivalent to the accuracy that traditional constant 
composition studies employing calcium ion probes achieve [39]. Hence, 
we consider our experimental system to be at constant composition.

2.5. Growth kinetics model

We applied a recently derived model of spherulitic crystal growth in 
multicomponent solutions [40], used in the popular materials equilib
rium software Thermo-Calc [41]. The radial growth rate dr

dt is given by 

Fig. 1. Schematic of the constant composition study undertaken to study seed 
particle growth in SBF.
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Eq. (1) [40]. 
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Where r is the current radius of the crystal (m), Vm is the molar volume 
of the crystal phase (m3 mol− 1), σ is the interfacial energy between the 
crystal and solution phases (J m− 2), Mint is interfacial mobility [42] (m4 

J− 1 s− 1), Δx is a column vector of the difference in component mole 
fraction between solution and crystal phases (dimensionless) [43], ΔxT 

is its transpose, rc is the critical radius at which point the crystal is 
energetically stable and is expected to grow (m), and L is the symmet
rical Onsager phenomenological coefficients matrix [44] (m2 mol J− 1 

s− 1).

2.5.1. Diffusing components
In diffusing aqueous solutions, components are often taken to be the 

added neutral salts, such as NaCl [35,45,46]. However, stoichiometric 
hydroxyapatite and whitlockite are conveniently expressed according to 
their constituent ions. Hence, we consider the diffusing components to 
be ions. Previous work shows that phase transformations of calcium 
phosphate minerals in solutions can be modelled assuming growth units 
are individual ions [32]. Using Visual MINTEQ [47], we determined the 
possible reactions in the system and the concentrations and activities of 
the aqueous species. Inputs included the nominal concentrations of ions 
of ISO SBF, atmospheric CO2 partial pressure, a fixed pH of 7.4, and 
equilibrium constants from the software database. This yielded a list of 
56 aqueous species.

Ions with concentrations <5 × 10− 4 mol dm− 3 have a negligible 
impact on diffusion in aqueous phosphate solutions and can be ignored, 
except any species required to balance the first dissociation reactions of 
solutes [46]. Since whitlockite contains PO4

3− , we included this ion 
despite its negligible concentration, resulting in 12 ions (Table 1).

2.5.2. Onsager phenomenological matrix
SBF is a dilute solution, so we assume that the ion Onsager 

phenomenological matrix is diagonal [45,46,48]. The diagonal co
efficients are found using Eq. (2) [45,46,48]. 

Lii =
xiD0

i
RT

(2) 

Where xi is the mole fraction of the species in the solution (dimension
less), D0

i is the limiting diffusivity of that species (m2 s− 1), R is the 
universal gas constant (J mol− 1 K− 1), and T is temperature (K). The 
limiting diffusivity D0

i (m2 s− 1) is calculated using the molar conduc
tance relation (Eq. (3)) [45,46]. 

D0
i =

RT
F2

λ0
i

zi
2 (3) 

Where F is Faraday’s constant (C mol− 1), λ0
i is the limiting molar 

conductance of the species (S m2 mol− 1) and zi is its charge (dimen
sionless). Using limiting molar conductance values [49–53] and charges, 
we calculated the limiting diffusivities and diagonal coefficients of the 
Onsager matrix (Table 1).

2.5.3. Crystal growth parameters
We calculated the difference in component mole fractions between 

solution and crystal phases for hydroxyapatite and whitlockite (Table 1). 
Molar volumes were derived from the molar mass and density of the 
crystal phase. The calculated molar volumes for hydroxyapatite and 
whitlockite were 3.25×10− 4 and 6.71×10− 4 m3 mol− 1, respectively. 
Interfacial energy, difficult to measure experimentally, was estimated to 
be between 10–120 mJ m− 2 for both minerals [54]. As in previous 
studies of interface-limited crystal growth, we treated the interfacial 
mobility as an adjustable parameter found by fitting the model to 
experimental growth data [33,34].

2.5.4. Critical radius and supersaturation
The critical radius for hydroxyapatite and whitlockite was calculated 

using Eq. (4) [31]. 

rc =
2σvat

kTln(S)
(4) 

Where vat is the atomic or molecular volume of the crystal phase (m3) 
[54], k is Boltzmann’s constant (J K− 1), and S is supersaturation of the 
crystal phase with respect to the solution (dimensionless). Atomic vol
ume of the crystal phase was determined by dividing the molar volume 
by Avogadro’s number. The calculated atomic volumes for hydroxyap
atite and whitlockite were 5.4 × 10− 28 and 1.12×10− 27 m3, 
respectively.

Supersaturation was determined using Eq. (5) [55]. 

S =

∏
i=1ai

vi

Ksp
(5) 

Where ai is the activity of an ion in the solution (dimensionless), vi is its 
stoichiometric number in the crystal’s full unit cell formula (dimen
sionless), and Ksp is the solubility product of the crystal phase 
(dimensionless).

If SBF experiments are conducted in the presence of atmospheric 
partial pressure CO2, carbonate-substituted calcium hydroxyapatite is 
precipitated [56]. In ISO SBF, the carbonate substitution is approxi
mately 3 wt % [56]. The solubility product of carbonate-substituted 
hydroxyapatite is lower than that of stoichiometric hydroxyapatite 
[57,58].

Some precipitation models incorporate these solubility products in 
their calculations of supersaturation [27]. Others, which identified 
carbonate substitution in the hydroxyapatite that formed [25] or could 
not eliminate CO2 from the solution [33,34,59], used values for 

Table 1 
Computed parameters used for the growth kinetics model.

Species xi,solution ai,solution D0
i (m2 s− 1) Δxi,hydroxyapatite Δxi,whitlockite Lii (m2 mol J− 1 s− 1)

Cl− 1.42E-01 1.07E-01 2.55E-09 − 1.42E-01 − 1.42E-01 1.41E-13
Na+ 1.36E-01 1.02E-01 1.70E-09 − 1.36E-01 − 1.36E-01 9.01E-14
TRIS− 3.09E-02 3.21E-02 8.23E-10 − 3.09E-02 − 3.09E-02 9.87E-15
K+ 4.81E-03 3.62E-03 2.44E-09 − 4.81E-03 − 4.81E-03 4.56E-15
Ca2+ 2.10E-03 6.70E-04 5.07E-10 5.53E-01 5.27E-01 4.13E-16
Mg2+ 1.19E-03 3.78E-04 4.40E-10 − 1.19E-03 5.76E-02 2.02E-16
HPO4

2− 4.50E-04 1.44E-04 4.90E-10 − 4.50E-04 5.84E-02 8.55E-17
SO4

2− 3.75E-04 1.20E-04 5.54E-10 − 3.75E-04 − 3.75E-04 8.06E-17
HCO3

− 1.59E-04 1.19E-04 1.28E-09 − 1.59E-04 − 1.59E-04 7.85E-17
OH− 7.99E-07 6.01E-07 6.45E-09 1.11E-01 − 7.99E-07 2.00E-18
H+ 5.30E-08 3.98E-08 1.10E-08 − 5.30E-08 − 5.30E-08 2.26E-19
PO4

3− 2.51E-08 1.92E-09 7.70E-09 3.33E-01 3.53E-01 7.49E-20
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stoichiometric hydroxyapatite. Formulas for calculating the solubility 
product of carbonate-substituted hydroxyapatite are available [57], but 
the accuracy of the experimental techniques they were derived from has 
been questioned [58,60]. Moreover, empirical corrections are not 
available for the potentially significant cofactor effects of other 
substituted ions [19,61] and the size of the nucleated crystal could also 
affect supersaturation [19]. Given these complications, we followed 
previous works [25,33,34,59] and used parameters for bulk stoichio
metric hydroxyapatite.

Ion activities were calculated by Visual MINTEQ (Table 1). Solubility 
products of hydroxyapatite and whitlockite were taken from experi
mental measurements [60,62,63] and adjusted for 37 ◦C using Eq. (6)
[64]. 

ΔGΘ = − RTln
(
Ksp

)
(6) 

The calculated Ksp values for hydroxyapatite and whitlockite were 
7.5 × 10− 122 and 4.48×10− 110, respectively. Calculated supersatura
tions were 4.42×1024 for hydroxyapatite and 1.24×10− 67 for 
whitlockite.

Once the initial particle sizes and parameters were found, numeri
cally solving Eqn. (1) yielded the expected particle radius over time.

2.6. TEM, SAED, and EDX

Nanoparticles were immersed in either SBF or deionised water for 
varying durations. Two independent samples were prepared for each 
immersion time point. After submersion, nanoparticles were extracted, 
triple washed with deionised water, and deposited on transmission 
electron microscope (TEM) grids. Sodium chloride precipitates in SBF 
upon drying and has a similar crystal morphology to whitlockite [65]. 
Washing redissolves sodium chloride and removes it from the sample 
[65]. A 2 nm carbon coating was applied to the samples prior to imaging 
(Leica EM ACE600, Germany). We used a JEM-2100Plus (Joel, Japan) 

TEM for obtaining images and selected area electron diffraction (SAED) 
patterns, and an X-max 80T (Oxford Instruments, UK) for 
energy-dispersive X-ray (EDX) spectra. Imaging was done at 200 kV and 
108 μA. To further ensure that imaged particles were not sodium chlo
ride, EDX was performed to identify elements present in regions of in
terest before imaging and SAED. No sodium chloride was detected in any 
sample. Elemental ratio measurements were calibrated using dry stoi
chiometric hydroxyapatite and whitlockite seed particles. When re
ported, elemental ratios were measured from a single representative 
immersed sample, with three surface points per sample averaged. 
Maximum deviations between measurements were <5 %.

Particle measurements were performed using Fiji [66], calculating 
equivalent radii from projected areas. Size distributions were pooled 
across both replicates, with at least 15 measurements collected in each 
condition prior to particle coalescence. Diffraction intensities and 
interplanar spacing were determined from SAED patterns using a radial 
average of pixel intensity away from the beam centre. Intensities were 
corrected in the same way as XRD data with crystallinity assessed via the 
full width half max (FWHM) peaks of the [2 1 1] and [1 2 1] planes in 
hydroxyapatite samples and the [2 2 6] plane in whitlockite samples.

3. Results

3.1. Whitlockite powder synthesis

A representative TEM image of freshly synthesised whitlockite 
powder particles is shown in Fig. 2A. The particles exhibit polyhedral 
morphologies, likely due to whitlockite’s rhombohedral crystal unit cell 
[12]. The particle size distribution, measured using the nanoparticle 
tracking system, is presented in Fig. 2B The mode equivalent spherical 
radius of our whitlockite particles was found to be 24 nm, which is 
consistent with the 25 nm radius reported in previous work [12].

The X-ray diffractogram is shown in Fig. 2C. The peaks between 29.5 

Fig. 2. Characteristics of synthesised whitlockite powder. (A) Representative TEM image of whitlockite powder particles. (B) Particle size distribution measured 
using the nanoparticle tracking system. (C) Measured XRD diffraction pattern of the powder sample. (D) Comparison of the measured XRD diffraction pattern be
tween 29.5 and 33 ◦ to those obtained for whitlockite, tricalcium phosphate (TCP), and tricalcium magnesium phosphate (TCMP) samples from a previous study [12].
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and 33 ◦ were compared to prior XRD data for whitlockite particles 
previously synthesised [12] and two similar calcium phosphate min
erals: TCP and tricalcium magnesium phosphate (TCMP) [12] (Fig. 2D). 
The peak positions and intensities of the synthesised whitlockite are very 
similar to those of the previously produced whitlockite.

3.2. Particle size change after immersion

The particle sizes measured using TEM images of recovered seed 
particles after immersion in SBF are shown in Fig. 3A and 3B The 
equivalent radius of hydroxyapatite and whitlockite seed particles 
increased over time. The initial mean equivalent radius of hydroxyap
atite and whitlockite seeds was 24 nm and 26 nm, respectively. After 19 
days of immersion in SBF, the mean equivalent radius of hydroxyapatite 
and whitlockite seeds increased to 1773 nm and 40 nm, respectively. 
Hydroxyapatite seed particles were significantly larger than whitlockite 
seed particles by day 19, and the boundaries between the original seed 

particles were no longer discernible even by day 12. By this time, par
ticles (Fig. 3C) had coalesced into much larger particles (Fig. 3D). 
Coalescence of whitlockite particles was not observed at any time.

3.3. Particle crystallinity and chemical composition after immersion

The diffraction intensities and corresponding interplanar spacing of 
samples immersed in SBF are shown in Fig. 4A and 4B Typical SAED 
patterns observed are shown in Fig. S1. The expected most intense 
peaks, hydroxyapatite [2 1 1] and [1 2 1] planes at 2.8135 Å (RRUFF ID: 
R060180 [67]) and whitlockite [0 2 10] plane at 2.8582 Å (RRUFF ID: 
R080052 [67]), were visible. The FWHM of the analysed peaks 
increased over time in both hydroxyapatite and whitlockite samples. At 
day 0, 5, and 12, the FWHM for hydroxyapatite samples was 0.1707, 
0.3668, and 0.3099 a.u., respectively. By day 19, a peak could not be 
uniquely identified. At day 0 and 5, the FWHM for whitlockite samples 
was 0.082 and 0.24 a.u., respectively, and by day 19, a peak could not be 

Fig. 3. Seed particle sizes after immersion in SBF. (A) Measured particle sizes after immersion in SBF of recovered hydroxyapatite seed particles. (B) Measured 
particle sizes after immersion in SBF of recovered whitlockite seed particles. The colour map illustrates the transition between growth and coalescence of hy
droxyapatite particles observed. Particle size increase predicted using our crystal growth model is also shown. (C) Representative TEM image of fresh hydroxyapatite 
seed particles. (D) Representative TEM image of coalesced hydroxyapatite particles after 12 days of immersion in SBF. (E) Representative TEM image of hy
droxyapatite seed particles after 5 days immersed in SBF. (F) Representative TEM image of whitlockite seed particles after 5 days immersed in SBF.
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uniquely identified.
The ratio of calcium atoms to phosphorus atoms in hydroxyapatite 

and whitlockite samples immersed in SBF decreased over time (Fig. 4C). 
At day 0, the Ca/P ratio for hydroxyapatite and whitlockite was 1.66 and 
1.28, respectively. By day 19, these ratios had decreased to 1.55 and 
1.21, respectively. In contrast, the ratio of calcium to magnesium in 
whitlockite samples immersed in SBF increased over time (Fig. 4C). At 
day 0, the Ca/Mg ratio in whitlockite was 8.98, which increased to 11.6 
by day 19. At days 12 and 19, hydroxyapatite samples immersed in SBF 
had detectable amounts of magnesium, yielding a Ca/Mg ratio of ~115.

4. Discussion

Hydroxyapatite and whitlockite particles maintained their approxi
mately spherical shape before and after immersion in SBF, as shown in 
Figs. 2A, 3C, and 3E-F. At days 12 and 19, the hydroxyapatite particle 
size distribution significantly increased (Figs. 3A and D). Boundaries 
between individual particles were indistinguishable at these times, 
hence equivalent radii were taken of the large spherical structures 
visible (Fig. 3D). Two mechanisms are likely responsible for this particle 
size increase: (i) growth of individual seed particles and (ii) coalescence 
of growing seed particles.

Our calculations show that SBF is supersaturated with respect to 
hydroxyapatite, as shown previously [20]. Introducing seed particles 
into a supersaturated solution typically results in their growth, as 
observed in constant composition studies with hydroxyapatite seed 
particles [23–25]. Coalescence occurs due to high surface charge affin
ities of seed nanoparticles, leading to agglomeration and eventual for
mation of large, single particles [68]. This coalescence mechanism is a 
significant contributor to particle size increase over time [68]. We 
calculated that whitlockite has negative supersaturation in SBF and 
hence SBF is undersaturated with respect to whitlockite. This suggests 
that the seed particles would dissolve. Surprisingly, whitlockite particles 
increased in size over time.

The FWHM of characteristic peaks from electron diffraction are a 
comparative measure of nanoparticle crystallinity, with higher FWHM 
values indicating lower crystallinity [5]. By day 19, the expected posi
tions of the characteristic peaks for both hydroxyapatite and whitlockite 
samples were too broad to discern (Fig. 4A-B), indicating a loss of 
long-range atomic order [5]. Crystallinity decreased over time for both 
hydroxyapatite and whitlockite particles in SBF. This has been observed 
in previous work and attributed to the growth of low-crystallinity car
bonate-substituted hydroxyapatite on seed particle surfaces [23–25]. 
More recent studies without seed crystals showed that ACP forms first 
[21], crystallising slowly via several mechanisms [22]. In our 

experiment, crystallisation may be slower than the rate of deposition of 
additional ACP and may be exacerbated by the presence of TRIS buffer 
in ISO SBF which inhibits hydroxyapatite precipitation [25,69]. If ACP 
formation is faster than its crystallisation, measured crystallinity would 
decrease over time.

The Ca/P ratio of hydroxyapatite and whitlockite particles decreased 
over time, consistent with previous observations during hydroxyapatite 
seed growth in SBF [23–25]. This decrease was attributed to the growth 
of carbonate-substituted hydroxyapatite [23–25], which has a lower 
Ca/P ratio (1.3–1.5) [2]. ACP, which has a similar range of Ca/P ratios, 
is likely forming on particle surfaces, followed by a slow transformation 
to poorly crystalline carbonate-substituted hydroxyapatite. The detect
able magnesium in hydroxyapatite samples at days 12 and 19 suggests 
magnesium incorporation by the crystal lattice. Carbonate-substituted 
hydroxyapatite and ACP can accommodate magnesium impurities [2] 
and have been observed in previous work with SBF [70]. The similar 
reduction in Ca/P ratios for whitlockite and hydroxyapatite indicates a 
similar growth process for both minerals. The increase in Ca/Mg ratio in 
whitlockite corroborates this as ACP and carbonate-substituted hy
droxyapatite have a far lower magnesium content than whitlockite [2]. 
TEM images after 5 days of SBF immersion show growth morphologies 
and densities in whitlockite particles similar to those in hydroxyapatite 
particles (Figs. 3E and F), supporting our suggestion of ACP growth and 
slow crystallisation.

TEM images of seed particles after 5 days in SBF showed small dark 
spots on hydroxyapatite and whitlockite particles (Figs. 3E and F), ab
sent in particles immersed in deionised water (Fig. S2). The appearance 
of these spots on particle surfaces in SBF suggests they are crystals of 
carbonate-substituted hydroxyapatite. This is consistent with previous 
studies where dark spots represented carbonate-substituted hydroxy
apatite crystals nucleating on ACP seed particles [22,71]. These crystals 
appeared dark due to density-dependent contrast of the TEM (hy
droxyapatite: 3.08 g cm− 3, whitlockite 3.13 g cm− 3, and ACP ~1.75 g 
cm− 3 [22,72]) and mass-thickness effects, where these surface deposits 
add additional mass along the electron beam path. The size of these 
spots (mean size ~3 nm) is larger than the expected range of critical 
nuclei sizes (0.3–1.6 nm, see Supplementary Information) and consistent 
with previous observations of carbonate-substituted hydroxyapatite 
crystals (~5 nm) [68]. Additionally, TRIS molecules, which may adsorb 
onto the growing surfaces [24], are <0.8 nm [26]. Thus, we suggest that 
these spots are indeed crystals of carbonate-substituted hydroxyapatite 
that appear dark due to mass-thickness contrast.

Our crystal growth kinetics model assumes a spherical particle 
morphology, which is reasonable given the observed particle shape over 
time. We noted that whitlockite seed particles increased in size through 

Fig. 4. Crystallinity and chemical composition of hydroxyapatite and whitlockite nanoparticles after immersion in SBF. (A) Measured diffraction pattern obtained 
from SAED of nanoparticle samples immersed in SBF for hydroxyapatite. (B) Measured diffraction pattern obtained from SAED of nanoparticle samples immersed in 
SBF for whitlockite. (C) Calcium to phosphorus ratios of hydroxyapatite and whitlockite samples, and calcium to magnesium ratio of whitlockite samples immersed in 
SBF with linear lines of best fit.
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the growth of ACP and slow crystallisation to carbonate-substituted 
hydroxyapatite, in the same way as hydroxyapatite seed particles prior 
to coalescence. Therefore, we used hydroxyapatite parameters in our 
whitlockite growth model.

Figs. 3A and B show the predicted sizes of our hydroxyapatite and 
whitlockite seed particles, with Mint used as a fitting parameter. We only 
considered growth data from hydroxyapatite particles prior to coales
cence, as our model does not account for this mechanism of size in
crease. Our model predicts that seed particle size increases linearly with 
time, consistent with previous studies of hydroxyapatite seed crystal 
growth in SBF [23,25]. The particle radial growth rate was determined 
to be 6.7 × 10− 6 nm s− 1 for both hydroxyapatite and whitlockite seed 
particles immersed in SBF.

Previous work indicates that the prism face of a hydroxyapatite 
crystal grows at ~10− 4 nm s− 1 and its basal face at ~10− 2 nm s− 1 in SBF 
[23,26]. These rates are several orders of magnitude higher than our 
measured growth rate, which may be attributed to the effects of TRIS 
buffer in our SBF, as previous work used less TRIS than ISO SBF [23,26]. 
TRIS inhibits the precipitation of hydroxyapatite in SBF [69] and can 
adsorb onto the growing faces of hydroxyapatite, mitigating growth 
[26].

Our model showed a good fit to both hydroxyapatite and whitlockite 
particle size increases using an Mint of 1.5 × 10− 23 m4 J− 1 s− 1. Adjusting 
the range of σ values from 10–120 mJ m− 2 significantly impacted rc but 
had a negligible impact on the predicted crystal size. We found that Mint 
had a more substantial effect: an order of magnitude increase in Mint 
approximately doubled the predicted crystal size. This parameter is 
directly proportional to the velocity of a crystal boundary if growth is 
purely interface-limited and thus serves as an intrinsic measure of the 
ease of growth unit incorporation at the interface [42].

To our knowledge, few investigations of precipitation in aqueous 
solutions have considered the Mint parameter. An investigation of hy
droxyapatite precipitation that included Mint in their model could not 
determine its value from their data [33,34]. For comparison, Mint values 
between certain crystalline phases in steels are typically 10− 12–10− 17 m4 

J− 1 s− 1 from 300–1000 ◦C [42], and in some aluminium alloys, 
10− 15–10− 26 m4 J− 1 s− 1 from 100–400 ◦C [73].

Our model only considers growth and not coalescence of the mineral. 
Coalescence significantly contributes to observed particle size increase 
at later times [68] and highlights the importance of accounting for 
crystal boundary collision [33,34], depletion of available space for 
growth [33,34], and particle surface charge leading to agglomeration.

It is interesting that partially crystalline layers of apatite grew on 
whitlockite. Given that SBF is undersaturated with respect to whit
lockite, we would expect whitlockite to dissolve, releasing magnesium 
ions. Indeed at pH 7.4, the physiological pH to which SBF is buffered, 
and at body temperature (37 ◦C), hydroxyapatite is the thermodynam
ically favoured calcium phosphate phase over whitlockite [62]. Disso
lution of magnesium from the whitlockite surface could locally elevate 
magnesium concentrations, which can slow, though not completely 
inhibit, the conversion of ACP to hydroxyapatite in SBF [2,70]. How
ever, we observed that whitlockite acts as a substrate for apatite growth. 
The similarities to hydroxyapatite seed growth in crystallinity change, 
chemical composition, morphology, and particle size prediction over 
time suggest that if magnesium is being released, its inhibitory effect is 
negligible. The persistence of whitlockite under these conditions likely 
reflects stabilisation by a surface layer of partially crystalline apatite, 
preventing its dissolution.

An alternative scenario to consider is whether whitlockite seed 
particles first grew larger before the eventual formation of carbonate- 
substituted hydroxyapatite. While whitlockite growth in SBF is unex
pected due to undersaturation, transient local changes in ionic compo
sition or kinetic effects could theoretically stabilise its growth 
temporarily. However, our diffraction and chemical composition data 
(Fig. 4) show a progressive decrease in crystallinity and Ca/P ratio over 
time, which is consistent with the formation of ACP that eventually 

transforms to carbonate-substituted hydroxyapatite rather than 
continued whitlockite crystallisation. Hydroxyapatite and whitlockite 
seed particles also exhibited similar growth rates, and our growth 
model, which closely matches experimental observations, does not 
predict conditions that would support whitlockite particle growth. 
Although we cannot completely rule out transient whitlockite growth, 
the combined evidence strongly suggests that particle enlargement and 
morphological changes are driven by ACP deposition, followed by slow 
crystallisation into carbonate-substituted hydroxyapatite.

The possibility of a co-precipitated magnesium phosphate phase, 
such as newberyite [74], contributing to the increasing Ca/Mg ratio of 
whitlockite particles (Fig. 4C) also requires consideration. However, the 
very similar growth rates of hydroxyapatite and whitlockite particles in 
SBF suggest a common growth mechanism, supporting ACP-mediated 
whitlockite particle size increase. Additionally, the observed increase 
in peak broadening over time is indicative of decreasing crystallinity 
(Fig. 4B), consistent with ACP formation rather than the emergence of a 
crystalline magnesium phosphate phase. Further, such phases typically 
require phosphate and magnesium concentrations over 100 times 
greater than those present in SBF at pH 7.4 [74]. While the formation of 
a minor, amorphous magnesium phosphate phase cannot be entirely 
excluded, the data better support ACP formation as the main factor 
driving the observed increase in the Ca/Mg ratio of whitlockite seed 
particles.

Notably, no particle formation was observed in a pot immersed in 
SBF for 19 days without seed particles. This confirms that our system 
retains the crucial property of SBF test systems, where nucleation does 
not occur in the absence of apatite-specific substrates until after four 
weeks [18].

Our work shows that whitlockite can act as a substrate for the growth 
of poorly crystalline carbonate-substituted hydroxyapatite in an 
aqueous solution with a composition similar to human blood. Although 
simulated body fluid is metastable, with ACP and carbonate-substituted 
hydroxyapatite expected to form either homogeneously in solution or 
heterogeneously at interfaces [20], partial dissolution of whitlockite 
could release magnesium, which might theoretically inhibit nucleation. 
However, our results show that this dissolution does not prevent ACP or 
carbonate-substituted hydroxyapatite from nucleating on whitlockite 
seed surfaces. Whitlockite particles are found colocalised with bulk 
calcification, which is poorly crystalline carbonate-substituted hy
droxyapatite [5], in calcifying heart valves [4,5], eyes [8], and some 
breast tumours [7]. These whitlockite particles may therefore act as a 
substrate for the growth of poorly crystalline carbonate-substituted 
hydroxyapatite in the body.

5. Conclusion

We investigated the growth of whitlockite and hydroxyapatite 
nanoparticles in SBF using a constant composition experiment and a 
multicomponent growth kinetics model. Contrary to our expectations, 
whitlockite nanoparticles did not dissolve in the undersaturated SBF but 
instead acted as a substrate for the formation of poorly-crystalline 
apatite. This growth resulted in an increase in particle size and a 
decrease in crystallinity over time. This may help explain the observed 
colocalisation of whitlockite particles with poorly-crystalline apatite in 
calcified lesions of the heart, eyes, and some breast tumours. This work 
provides evidence supporting a mechanism by which whitlockite par
ticles could contribute to pathological calcification. Additional factors in 
vivo, such as cellular processes and organic components, likely play 
crucial roles in modulating this mechanism. Future research should 
explore whether the growth mechanisms observed here occur in vivo too.
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