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Cluster Growth Model for Hydroxyapatite
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An intensity-enhanced dynamic light scattering technique revealed the presence of calcium
phosphate clusters from 0.7 to 1.0 nm in size in a simulated body fluid. The clusters were
also present in fluids undersaturated with respect to octacalcium and amorphous calcium
phosphates and supersaturated with respect only to hydroxyapatite. These clusters are the
growth unit of hydroxyapatite judging from the fact that hydroxyapatite grows by step flow
0.8 or 1.6 nm in height and that the probability of incorporation of the growth unit into the
crystal is extremely low, as revealed previously. We propose a cluster growth model where
hydroxyapatite grows by selective hexagonal packing of left- and right-handed chiral Ca,-
(POy)s clusters 0.8 nm in size. Theoretically, stacking faults of clusters create a reflection-
twin crystal, edge dislocations with a Burgers vector of C/2 and screw dislocations. An
example of the reflection-twin is the merohedry twin which is frequently found in cadmium
chlorapatite. An atomic image corresponding to the edge dislocations with a Burgers vector
of C/2 was actually obtained on the surface of synthetic single-crystal hydroxyapatite.

Introduction

Crystal growth of hydroxyapatite (Cai0(PO4)s(OH)>)
makes an important contribution to ossification,!?2
calculus formation,® arterial calcification,* and bioma-
terial performances.>® A majority of information about
crystal growth of hydroxyapatite has been obtained by
the constant composition experiments using powdered
hydroxyapatite as seeds. In a solution supersaturated
as highly as a physiological solution, growth of hy-
droxyapatite is reported to proceed through the forma-
tion of a precursor with a Ca/P molar ratio of 1.45 +
0.05 with the rate-determining process being a reaction
at the surface.”® In a less supersaturated solution, there
is general agreement that the growth rates are too slow
to be transport-controlled, although it is unclear which
surface mechanism is rate-determining.®1° Both spiral
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growth and polynuclear models can explain the results
of constant composition experiments and seeding ex-
periments. Proposed rate-determining processes in-
clude dehydration of a calcium ion with diffusion jump,®
migration of surface calcium and hydrogen phosphate
groups,’® and the building of hydroxyl ions.!!

On the other hand, recent observations seem to
require some new mechanism for hydroxyapatite crystal
growth. An X-ray small angle scattering experiment or
transmission electron microscopy suggest that growth
proceeds with stacking of a unit as large as the size of
unit cell of apatite (ca. 1 nm in size) in dental enamel
and a biomimetic material.1?>~1* Negatively charged
substrates accelerated the nucleation and growth of
hydroxyapatite compared with positively charged sub-
strates.!®

The ambiguity in the growth mechanism of hydroxya-
patite arises from the difficulties in in situ observations
of the growth process due to (a) limited availability of
large single crystal seeds and (b) extremely slow growth
rate. Nevertheless, in situ observation is the best way
to investigate the essential growth mechanism. When
powdered hydroxyapatite is used as seeds, measured
growth rates are an average of the growth rate of each
particle and in each crystallographical direction.

Using in situ atomic force microscopy (AFM) and a
large hydroxyapatite single-crystal seed synthesized
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hydrothermally,6 we succeeded in observing the growth
process of hydroxyapatite in a simulated body fluid (
2.5 mM CaCl;, 1 mM Ky;HPO4-3H,0, 140 mM NacCl
buffered at pH 7.4 by HCI and tris(hydroxymethyl)-
aminomethane).1”*® The growth on the c-face proceeded
by a polynuclear mechanism.’® The growth on a-face
proceeded by step flow with step heights of 0.8 and 1.6
nm as well as by two-dimensional nucleation. Although
these phenomena are qualitatively similar to those of
other inorganic crystals, the step velocity on hydroxya-
patite a-face showed two extraordinary features: (a) the
step velocity was independent of the step height, and
(b) step—step interaction was not observed even at
interstep distances as low as 5 nm.’® The former
indicates that neither volume nor surface diffusion is
the rate-determining process.!” The latter means that
the mean diffusion distance of an adsorbed growth unit
is less than 2.5 nm on the surface. The mean diffusion
distance should be 6.8—94 nm, i.e., a value 10—100
times longer than the lattice parameter of hydroxyapa-
tite if dehydration of a growth unit entering the surface
layer determines the growth rate.?>2! Therefore, the
dehydration process of a growth unit is not the rate-
determining process. A remaining possibility for the
rate-determining process was the incorporation process
of a growth unit into bulk crystal. The step kinetic
coefficient, 3, the reciprocal of relative resistance of
incorporation, was calculated to be 0.4 x 104 cm/s for
the growth of the hydroxyapatite a-face.’® This value
was surprising because it was 100—1000 times lower
than that of other inorganic crystals, being comparable
to those of protein and virus crystals.?223 This means
that the probability of incorporation of growth units into
the bulk crystal is extremely low in the case of hy-
droxyapatite, which is similar to the case of protein
crystals growing by the unit of a macromolecule having
great anisotropy in shape and binding sites. Therefore,
the growth unit of hydroxyapatite that determines the
growth rate should not be simple spherical ions but
should be some large cluster or ionic group with ani-
sotropy that reduces incorporation probability. If the
hydroxyapatite crystal grows by cluster units, some
calcium phosphate cluster must be preformed in the
solution. We report here the discovery of the presence
of calcium phosphate clusters from 0.7 to 1.0 nm in size
in a simulated body fluid found by an intensity-
enhanced dynamic light scattering technique and pro-
pose a cluster growth model for hydroxyapatite.

Experimental Section

1. Dynamic Light Scattering. The theory of dynamic
light scattering is as follows.?* Fluctuation of light scattered
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by particles in a solution is analyzed by a photon correlation
method under the concept of Rayleigh scattering. An auto-
correlation function, g(z), for photon count of scattered light
is expressed as g?(r) = 1 + a|g(7)|?, where a is a constant, 7 is
a correlation time, g*(z) is the first-order correlation function,
and g?(r) is the second-order correlation function. The gi(z) is
related to the diffusion coefficient of particles, D, as g'(z) =
exp(—T7), I' = ¢?D, g = 4an/A sin(0/2), where T, n, A, and 6 are
an attenuation constant, the refractive index of the solution,
the wavelength of the light, and a scattered angle, respectively.
From Stokes—Einstein’s equation, the diameter of particles,
d, is expressed as d = kT/(37yD), where k, T, and 5 are
Boltzmann’s constant, an absolute temperature, and the
viscosity of the solution, respectively. Therefore, we can obtain
the particle diameter, d, from the attenuation constant, I', of
the autocorrelation function, g*(z).

When the particles have various sizes, gi(z) is expressed as
a weighted sum of each g*(z) for the each particle size, where
the weights should be calculated from a distribution function
of ' as a function of particle size. A histogram method uses
values in a distribution histogram of finite numbers of I'j as
weights instead of using the distribution function of I, and
g(7) is approximately expressed as g"(r) = > T exp(—Tizi). Each
T is calculated by a nonlinear least-squares method. The
nonlinear least-squares method in the histogram method
involves two different fitting analyses, i.e., a NNLS analysis
and a Marquadt analysis. The former fits the data of g(7)
assuming that each kind of particle has no or little scatter in
size. The size values can be calculated within a small
deviation. However, the size values can be separated only
when the size differences are more than twice or three times
the particle size. On the other hand, the Marquadt analysis
fits the data when assuming there is a scatter in the particle
size.

A type DLS-7000 dynamic light scattering photometer
(Ohtsuka Electric Co., Ltd.) was remodeled in three points to
improve the detection limit of a particle size from its specifica-
tion value of 3.0 nm down to less than 1.0 nm. First, a high-
powered Ar ion laser (Spectra-Physics Co., Ltd.; multiline 4
and 1.2 W max. for 488 nm) was used to enhance the absolute
scattered intensity. Second, an optically polished quartz
cylindrical cell of 30 mm i.d. was used instead of a borosilicate
glass cell of 15—20 mm i.d. to remove stray light from the cell
wall, severely inhibiting stable measurement at a low scat-
tering angle to detect subnanometer particles. Third, to
remove dust, a pore size 40 nm filter was connected with a
tube to the cell, and the filtration was performed using a
peristaltic pump for 10 min at a flow rate of 15 mL/min without
opening or removing the cell from the photometer. A simu-
lated body fluid (2.5 mM CaCl,, 1 mM K;HPO,4:3H;0, 140 mM
NaCl buffered at pH 7.4 by HCI and tris(hydroxymethyl)-
aminomethane) without seed crystals was investigated under
conditions of a 10° scattered angle, 256 channels, a 4 us clock
rate, and accumulation of 500 data acquisitions. Measured
data were analyzed by the Marquadt method.

2. Atomic Force Microscopy (AFM). Lattice defects on
an a-face of hydrothermally synthetic hydroxyapatite single
crystals were observed by a type NanoScope I11-a atomic force
microscope (Digital Instruments) in the contact mode using a
Si3N4 cantilever with a spring constant of 0.58 N/m.

Results

1. Particle Size Measurement for Reference
Samples. For an accuracy check of the present dy-
namic light scattering system, molecular sizes of a-cy-
clodextrin and dehydrocholic acid sodium salt in solu-
tions were measured as the size references. The former
is toric in molecular shape in an aqueous solution and
1.46 x 0.8 nm in size.?® The latter forms a stable
dimmer of 1.2 nm in diameter (Murata, Y., personal
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Figure 1. Particle size distributions for o-cyclodextrin (a) and
dehydrocholic acid sodium salt (b) in solutions.

communication). The measured data are presented in
Figure 1. The average sizes are found to be 1.40 £+ 0.10
nm for a-cyclodextrin (Figure 1a) and 1.18 + 0.12 nm
for dehydrocholic acid sodium salt (Figure 1b), which
shows good agreement with the reported values. There-
fore, the present system is sufficiently accurate to
measure particles at around 1 nm in size.

2. Particle Size Measurement for the Simulated
Body Fluid. The raw data of the autocorrelation
function for the simulated body fluid decreased quickly
to 1.0 within 400 us (Figure 2a). The size of particles
in the fluid is from 0.4 to 1.0 nm with a peak at 0.7 nm,
and a size fraction from 0.7 to 1.0 nm occupied 35—40%
of total particles (Figure 2b). However, fluid containing
only NaCl, tris(hydroxymethyl)aminomethane, and HCI,
excluding calcium and phosphate ions, showed only a
peak at 0.5 nm without having the fraction from 0.7 to
1.0 nm (Figure 2c). The peak at 0.5 nm corresponds to
the size of a tris(hydroxymethyl)aminomethane mol-
ecule ((CH,OH)3CNH;) because the sizes along the
minor and major molecular axis of tris(hydroxymethyl)-
aminomethane are calculated to be 0.49 and 0.62 nm,
respectively, based on the atomic radii and bond length
and angles for C, O, and N. Fluid containing NaCl, K-
HPO4-3H,0, tris(hydroxymethyl)aminomethane, and
HCI, excluding calcium ions, also showed a similar
result, having a peak at 0.5 nm, although the size
distribution becomes slightly wider (Figure 2d). Simi-
larly, fluid containing NaCl, CacCl,, tris(hydroxymethyl)-
aminomethane, and HCI, excluding phosphate ions,
showed a peak at 0.5 nm and no fraction from 0.7 to
1.0 nm (Figure 2e). Judging from these results, the size
fraction from 0.7 to 1.0 nm observed in Figure 2b is
ascribable to a calcium phosphate cluster. This fraction
is not ascribable to a calcium phosphate complex,2®
CaHPO,°, because the size of the complex is estimated
as 0.5—0.6 nm.
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To confirm the presence of calcium phosphate clusters
from strong solubility dependence of calcium phosphates
upon pH of a solution, 1 N HCI was added to the
simulated body fluid to decrease pH, and the change of
the amount of clusters was monitored. The amount of
0.7—1.0 nm size fraction decreased with the decrease
in pH and almost disappeared at least below pH 3.0
(Figure 2f). Values of ionic products at each pH value
were calculated for hydroxyapatite and octacalcium and
amorphous calcium phosphates as listed in Table 1
using the constants described elsewhere.?” The simu-
lated body fluid at pH 7.4 was found to be nearly
saturated with respect to amorphous calcium phos-
phates and supersaturated with respect to octacalcium
phosphate and hydroxyapatite. The simulated body
fluid at pH 6.0 was supersaturated with respect only to
hydroxyapatite. The simulated body fluid at pH 5.3 was
nearly saturated with respect to hydroxyapatite. It is
noted that the 0.7—1.0 nm size fraction still remains in
the fluids at pH 6.0 and 5.3 (Figure 2f).

3. Surface Observation by AFM. An atomic image
was obtained indicating the presence of many edge
dislocations on the a-face of single-crystal hydroxyapa-
tite (Figure 3). All the Burgers vectors of the disloca-
tions were C/2, meaning that they were partial dislo-
cations.

Discussion

The present dynamic light scattering study on the
simulated body fluid demonstrated the presence of
calcium phosphate clusters from 0.7 to 1.0 nm in size
in the fluid. The simulated body fluid is a clear fluid.
No spontaneous precipitation occurred from the fluid,
even after the fluid had been kept at room temperature
for, at least, 5 months. Nevertheless, the calcium
phosphate clusters were present in the fluid. The
clusters were present even when the fluid was under-
saturated with respect to amorphous calcium and oc-
tacalcium phosphates and was supersaturated with
respect only to hydroxyapatite. Theoretically, clusters
with a size smaller than that of the critical nucleus can
exist stably in solutions when a size-dependency of
surface tension is taken into account in the theory of
homogeneous nucleation.®435 Therefore, formation of
calcium phosphate clusters does not necessarily mean
the commencement of precipitation of amorphous cal-
cium phosphate.

The involvement of “Posner cluster” (Cag(POa)s) in the
growth process of hydroxyapatite®® is strongly suggested
by the present findings as well as the previous results
that hydroxyapatite a-face grows by step flow with a
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Table 1. lonic Activity Products for the Fluids for
Hydroxyapatite and Octacalcium and Amorphous
Calcium Phosphates at the pH Values Shown in

Figure 2f
negative logarithms of ionic activity products®
phase? pH 7.40 pH 6.00 pH 5.28
HAP 93.5 £ 0.2*¢ 109.3 £ 0.3* 119.0 £ 0.3
OCP 451 + 0.1* 50.4+0.1 53.8 £ 0.1F
ACP 25.7+£0.1 29.9 £ 0.1F 32.7 +£0.1F
ACP1 109+ 0.1 12.2 +0.11 13.1+0.1f

aHAP, OCP, and ACP denote hydroxyapatite, octacalcium
phosphate, and amorphous calcium phosphate, respectively. ® The
ionicactivity productsarecalculatedfollowing IPHAP=(Ca)'%(PO,)’(OH)?,
IPOCP = (Ca)*(H)(PO4)3, IPACP = (Ca)3(PO4)1®"(P0O,)°2, and
IPACP1 = (Ca)(P04)%74(H)%22, The negative logarithms of solubil-
ity products for HAP, OCP, ACP and ACP1 are 115.0—118.7,27-2°
46.9—49.6,3031 24.8,32 and 10.6.33 respectively. ¢ * and T indicate
supersaturation and undersaturation, respectively, with respect
to the corresponding phases.

height of 0.8 or 1.6 nm'” and that the incorporation
probability of a growth unit is extremely low.1718 We
propose a following cluster growth model. The size of
“Posner cluster” is 0.815 and 0.87 nm in the a- and
c-directions, respectively, being consistent with the step
height!” and the cluster size found in the present study
(Figure 4). It is pointed out first that the hydroxyapa-
tite structure contains two distinct Cag(PO4)s cluster
units with different chirality: one is that centering on
the Ca(1) site at the z = 0 level, namely Cy, while the
other is that centering on the Ca(l) site at the z = 1/,
level, namely Csp, sharing half of their volume in each
other (Figure 4). They have a noncentrosymmetric Cs
symmetry resulting from a 3-fold rotation axis parallel
to the c-axis and are mirror images with respect to the
mirror planes at z = 1/, and %/,. Therefore, they are
right- and left-handed chiral clusters and never super-
impose each other. Statistical deficiency in calcium
never affects the chirality of clusters because the
chirality arises from phosphate arrangements as well.
Bonding between clusters could be firmer in the c-

Figure 3. Atomic image of the a-face of hydroxyapatite crystal
indicating the presence of partial dislocations with a Burgers
vector of C/2 (arrow).

direction than in the a-direction because the clusters
interlock in the c-direction using two O(3) triangles with
different sizes and orientations being present on the top
and bottom of the cluster (Figure 4b).

Hexagonal packing of the clusters automatically leads
to a framework of a hydroxyapatite structure (Figure
5) whether the clusters have the stoichiometric compo-
sition or a slight calcium deficiency. However, to grow
hydroxyapatite, the clusters must be arranged in either
of two ways: one is that clusters of one of Cy and Csp
types are selectively arranged forming two-dimension-
ally a closed packing layer that is stacked, forming a-
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Figure 4. Cag(PO.)s cluster units, Co and Csg, projected on
the ab plane (a) and ac plane (b) of the hydroxyapatite
structure. Because both cluster units have only C; symmetry
(noncentrosymmetric) and are related by mirror planes at z
= 1, and %/,, they are chiral.

Figure 5. Two distinct packing of clusters to form hydroxya-
patite structure. Open and dotted circles correspond to the first
and second layer of stacking, respectively. (a) Hexagonal
packing of either Co or Cso type clusters forming a primitive
lattice. (b) Hexagonal closed packing with Co and Cso layers
stacking alternatively.

hexagonal primitive lattice (Figure 5a); and the other
is that the two-dimensionally closed packing layers of
Co and Csg are stacked alternately, forming hexagonal
closed packing (Figure 5b). In both cases, a process of
chirality selection is required to grow hydroxyapatite.

The rest of the atoms, two OH groups and one Ca(1),
are incorporated in the voids among the clusters. The
OH groups and the Ca(l) atom have pyramidal and
triangular coordination with three clusters, respectively,
in the actual structure. The average radial ratio of OH

Onuma and Ito

Table 2. The Types of Stacking Faults of Clusters

orientation
clusters of the
involved in of the interface vs

type? the domains clusters the c-axis results
1 Co & Cyo parallel parallel a reflection
twin

2 Cp&Cs parallel perpendicular

3 Co&Cx antiparallel perpendicular an edge
dislocation

4 Cp&Csx antiparallel parallel a screw
dislocation
5 (Co&Cp)or antiparallel parallel a reflection

(Cso & Csp) twin
6 (Co&Cyp)or antiparallel perpendicular
(Cs0 & Cso)

a Stacking faults are expressed based on the hexagonal primitive
lattice stacking (Figure 5a). The final results are unchanged when
expressed as hexagonal closed packing as well (Figure 5b).

(r =0.14 nm) and Ca (r = 0.099 nm) to the cluster (r =
0.4212 nm) is 0.3323 and 0.235, respectively. These
values closely coincide to the theoretical radial ratio for
pyramidal coordination (0.414—0.225) and triangular
coordination (0.225—0.155) for ions, respectively. There-
fore, the cluster growth model is adequate from the
viewpoint of crystal chemistry.

The rate-determining process proposed previously can
be interpreted by the cluster growth model. It was
proposed that the rate-determining process of hydroxya-
patite growing under a condition similar to that in the
present study was the conversion of the amorphous Cas-
(PO4)2 phase into hydroxyapatite, which occurred on the
surface of hydroxyapatite seeds.”® It was also reported
that the conversion could involve an epitaxial matching
between the depositing phase and hydroxyapatite sub-
strate.® From the viewpoint of the present cluster
growth model, the conversion with epitaxial matching
means a process of rearrangement of stacked Caz(PO,),
clusters and incorporation or migration of OH groups
and Ca(1) into the voids among the clusters. Incorpora-
tion of OH groups was also proposed as the rate-
determining process.!® However, another possibility
arises as the rate-determining process: chirality selec-
tion and orientation arrangement of clusters when the
clusters incorporate into the hydroxyapatite lattice.

Stacking faults of the clusters to form domains having
different cluster types or orientation result in a twin
crystal or the creation of dislocations. There are six
types of stacking faults depending on whether the
cluster types involved are heterogeneous or homoge-
neous, whether the c¢* directions (Figure 4b) of two
domains are parallel or antiparallel, and whether the
interface between the domains is perpendicular or
parallel to the c-axis (Table 2). Any stacking fault
belongs to one of these six types or their combination.
The type 1 and 5 stacking faults result in a reflection
twin crystal with twin mirror planes parallel to the
c-axis. An example of this kind of twin is the merohedry
twin. The merohedry twin is frequently found in
cadmium chlorapatite (Cds(PO4)sCl>), corresponding to
the type 5 stacking fault.3” The type 3 and 4 stacking
faults result in a discrepancy by 1/, in z coordinates for
all the atoms in one domain with respect to those in

(37) Donnay, J. D. H.; Sudarsanan, K.; Young, R. A. Acta Crystallgr.
1973, B29, 814.
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the other domain. Therefore, an edge dislocation with
a Burgers vector of C/2 is formed when the domain
interface is perpendicular to the c-axis (type 3). An
atomic image corresponding to the edge dislocation with
a Burgers vector of C/2 was actually obtained on the
surface of single crystal hydroxyapatite grown hydro-
thermally (Figure 3). In the type 4 stacking fault, screw
dislocations are formed when a transition zone is
present at the interface (Figure 6). Therefore, the
cluster growth model well explains the formation of twin
crystals and dislocations.

The spiral growth mechanism of hydroxyapatite has
not been established yet by direct evidences. Direct
evidence has only established the contribution of spiral
dislocations to the dissolution of apatite.383° It is noted
that the spiral dislocations can be introduced by the
stacking fault of clusters even when hydroxyapatite does
not grow by the spiral growth mechanism.

Finally, the Cag(POg)s cluster exists in the structure
of octacalcium phosphate and amorphous calcium phos-
phate, both of which are the precursors of hydroxyapa-
tite.3540 Therefore, the Cag(PO4)s cluster could be an
ultimate growth unit of hydroxyapatite, and correct
arrangement of the Cag(PO4)s clusters could mean the
growth of hydroxyapatite. The following things remain
to be clarified: the real chemical composition and
concentration of the cluster in the fluid, whether the
cluster mechanism is involved in heterogeneous nucle-
ation processes, and whether the present growth model
is applicable to an in vivo situation or in the presence
of proteins and polysugars.

(38) Jongebloed, W. L.; van den Berg, P. J.; Arends, J. Calcif. Tissue
Res. 1974, 15, 1.

(39) Jongebloed, W. L.; Molenaar, I.; Arends, J. Caries Res. 1973,
7, 154,

(40) Brown, W. E.; Smith, J. P.; Lehr, J. R.; Frazier, A. W. Nature
1962, 196, 1048.
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Figure 6. A screw dislocation formed by the type 4 stacking
fault. In the transition zone, clusters slightly shift either
upward or downward along the c-direction. The positional shift
in z coordinate, ¢, is expressed as ¢ = 100R/3T, where R and
T are the cluster diameter in ab plane and the width of
transition zone, respectively. The figure represents the mini-
mum width of transition zone (T = 2R).
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