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ABSTRACT: Naturally occurring hydroxyapatite, Ca5(PO4)3(OH)
(HAP), is the main inorganic component of bone matrix, with synthetic
analogues finding applications in bioceramics and catalysis. An
interesting and valuable property of both natural and synthetic HAP
is the ability to undergo cationic and anionic substitution. The
lanthanides are well-suited for substitution for the Ca2+ sites within
HAP, because of their similarities in ionic radii, donor atom
requirements, and coordination geometries. We have used isothermal
titration calorimetry (ITC) to investigate the thermodynamics of ion
exchange in HAP with a representative series of lanthanide ions, La3+,
Sm3+, Gd3+, Ho3+, Yb3+ and Lu3+, reporting the association constant
(Ka), ion-exchange thermodynamic parameters (ΔH, ΔS, ΔG), and
binding stoichiometry (n). We also probe the nature of the La3+:HAP interaction by solid-state nuclear magnetic resonance (31P
NMR), X-ray diffraction (XRD), and inductively coupled plasma−optical emission spectroscopy (ICP-OES), in support of the
ITC results.

■ INTRODUCTION
Hydroxyapatite (Ca5(PO4)3(OH), HAP) is of considerable
interest to many areas of science, as well as in the dental,
medical, and biomaterials industries.1 In biology, HAP is the
main mineral component of bone and dental tissues. It is a
porous structure that is constantly being remodeled, with the
process of bone formation by osteoblasts and bone resorption
by osteoclasts being tightly regulated under normal conditions.
An imbalance within the remodeling process can lead to bone
resorption diseases, such as osteoporosis. HAP ceramics are
able to conduct new bone formation on their surface.
Therefore, synthetic versions of HAP are important bio-
materials for use in dental and orthopedic procedures. They
share many structural and chemical similarities with biological
apatite, including the same bioactivity and osteoconductivity,
and have, consequently, become an important biomaterial for
medical devices, implants, and tissue engineering.2 In addition,
HAP and apatites are employed as industrial catalysts,3,4

adsorbents for removing toxic substances5,6 and stationary-
phase matrices for the chromatographic purification of
proteins.7

Biological and synthetic HAP both crystallize in the
hexagonal form, having the P63/m space group with two
formula units per cell, each with 44 atoms and a Ca/P ratio of
1.67.8,9 There are two crystallographically distinct Ca sites in
the HAP unit cell, as shown in Figure 1: Ca(1) and Ca(2). The
four Ca(1) atoms are coordinated by nine O atoms belonging
to six PO4

3− anions, whereas the six Ca(2) ions are seven-
coordinated with five PO4

3− groups and the hydroxide ion.
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Figure 1. Calcium hydroxyapatite crystal structure: (a) as viewed along
the c-axis and (b) indicating the coordination around the Ca(1) and
Ca(2) centers.24
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Generally, the OH lies parallel to the c-axis and shows some
disorder in the orientation in the hexagonal form of HAP.10,11

The bonding between the PO4
3− tetrahedra, the OH groups,

and the Ca ions are dominated by ionic interactions, whereas
predominantly covalent interactions are observed between
atoms within the PO4

3− groups and the O and H groups.12

Therefore, HAP can be viewed as repeating units of PO4
tetrahedra connected by ionic interactions with Ca and OH
groups.
An important and interesting property of biological and

synthetic HAP is its ability to undergo substitution of both
cations (Ca2+) and anions (PO4

3− and/or OH−).2,13−16 Both
Ca sites, Ca(1) and Ca(2), are available for cationic substitution
with some metals showing a preference for one Ca site over the
other.17 Ion exchange of Ca2+ by either bivalent or trivalent ions
can be expected to influence the biological, chemical, and
physical properties of HAP.18,19 For instance, in biological
hydroxyapatite, magnesium and sodium are readily substituted
for calcium, and the presence of magnesium in HAP improves
its bioactivity, including stimulated osteoblast activity.20,21

Synthetic HAP doped with Zn2+, In3+, or Bi3+ was also shown
to be effective at enhancing osteoblast activity, including
osteoblast adhesion and osteoblast differentiation, which are
important properties for coatings on orthopedic or dental
implants.23

It is known that lanthanidesthe 14 4f-block elements, plus
lanthanumhave a high affinity for HAP.25,26 The lanthanide
ions, collectively designated Ln3+, share similar ionic radii to
Ca2+ ions (see Table 1), and have similar donor atom and

coordination geometry preferences. The lanthanide contraction
causes a decrease in the effective ionic radii with increasing
atomic number, in 6-coordination, from 103.2 pm for La3+ to
86.1 pm for Lu3+, which leads to greater charge density,
compared to that of Ca2+ ions.22 This higher charge density
translates into a high affinity of Ln3+ ions for Ca3+ sites. In
biological systems, the affinity of the radionuclide 153Sm for
Ca2+ sites in HAP is utilized for pain treatment associated with
terminal bone cancer, whereas complexes of gadolinium3+ and
terbium3+ are used as bone-targeting contrast agents.27,28 They
are also employed as novel scaffolds in various bone
applications such as bone tissue regeneration.23 Our interest
in this field lies with the use of lanthanide ions for the treatment
of bone resorption, because of its influence on the bone
remodeling cycle.29−31

The incorporation of lanthanide ions into HAP via Ca2+-ion
exchange is of considerable interest, because of the control it
gives over the bulk properties of HAP. However, there are few

in-depth studies showing what drives ion exchange between a
Ln3+-ion-containing solution and HAP particles. There has
been significant experimental and theoretical research done into
the structural modifications induced by ion exchange in the
HAP structure.32,33 While it is known that lanthanide ions can
replace calcium in the bone mineral hydroxyapatite, the
strength of this exchange reaction and the factors influencing
binding are not well-understood. Here, we report the direct
measurement of the interaction of a series of lanthanides with
HAP by isothermal titration calorimetry (ITC). ITC has been
successfully used to probe the binding mechanism of
bisphosphonates to HAP,34 the binding of small proteins to
HAP,35 and the binding of metals to protein.36−38 ITC is a
suitable method for measuring ion exchange in HAP, because it
is a sensitive and quantitative technique that does not require a
homogeneous solution or the labeling of analytes. From the
resulting data, we report, for the ion-exchange process, the
equilibrium constant (Ka) and thermodynamics (ΔH, ΔS, ΔG),
as well as the complex stoichiometry. We also investigate La3+-
ion exchange in HAP by solid-state 31P NMR, X-ray diffraction
(XRD), and inductively coupled plasma optical emission
spectroscopy (ICP-OES), in support of the ITC results.

■ EXPERIMENTAL SECTION
General. High-purity water (18.2 MΩ cm, ELGA Purelab Options

and ELGA Purelab Ultra) was used in all experiments. All glassware
was soaked overnight in HNO3 (5%) and thoroughly rinsed with
deionized water, followed by Milli-Q water (Millipore Corp.) to
remove any adventitious metal. Metal perchlorates as either the salts or
50% solutions were purchased from Alfa Aesar and used without
further purification. Piperazine and hydroxyapatite were purchased
from Sigma−Aldrich. All metal-ion solutions were prepared the day of
use. ICP-OES measurements were performed on a Varian Model
725ES optical emission spectrometer. Standards (La, Ca, and P, 1000
μg mL−1 in 2% HNO3) for ICP-OES were purchased from High
Purity Standards. The Ca2+ and PO4

3− contents (Ca/P molar ratio of
1.65) for the hydroxyapatite used in this study were determined by
ICP-OES. Solid-state 31P NMR data were acquired on a Bruker Model
Avance 400 MHz spectrometer running with XwinNMR 2.6 in a
simple one-pulse experiment. The magic-angle spinning (MAS) speed
was set at 6 kHz. The total number of scans was 256, with a recycle
delay of 5 s. The chemical shift of 31P was referenced to NH4H2PO4.
The NMR data were apodized with a 50 Hz Lorentzian broadening
function and zero-filled once prior to Fourier transform. Powder XRD
samples were run on a Bruker Model D8 Avance powder X-ray
diffractometer in Bragg−Brentano configuration equipped with a
LynxEye silicon strip detector. A copper source was used with a Ni
filter to strip out the Cu Kβ radiation. The X-ray generator was set to
40 kV and 40 mA, and data were collected over the range of 5°−75°
2θ. The samples were rotated during data collection.

Isothermal Titration Calorimetry (ITC). All ITC experiments
were performed on a MicroCal MCS-ITC microcalorimeter (Malvern,
U.K.). Reference and sample solutions were degassed 8 min with
stirring at room temperature before loading in the ITC. ITC
experiments of metal-ion exchange reactions in HAP were carried
out at pH 5.00 (±0.05) (100 mM piperazine buffer) and, therefore,
the equilibrium constants obtained are, by definition, condition-
dependent values. The reactions were analyzed in terms of Ca2+ for
Ln3+ ion exchange within a formula unit of HAP in the absence of
metal hydroxides that form at higher pH (e.g., see Figure S1 in the
Supporting Information shows speciation of La3+ with pH; all La3+

exists as the free metal ion [La(H2O)6]
3+ at pH 5).39 Titrations were

performed by injecting consecutive 10-μL aliquots of a Ln3+-ion
solution (0.4−4 mM) into an ITC cell (volume = 1.4 mL) containing
HAP (0.02−0.2 mM HAP formula unit). Control experiments (heats
of dilution) were performed by titrating a Ln3+-ion solution into a
piperazine buffer containing no HAP. Each ITC experiment was

Table 1. Lanthanide Ions, and Their Ionic Radii, for a
Coordination Number of 6a

lanthanide ion,
Ln3+

ionic radii
(pm)

lanthanide ion,
Ln3+

ionic radii
(pm)

Ca2+ 100 Gd3+ 93.8
La3+ 103.2 Tb3+ 92.3
Ce3+ 101 Dy3+ 91.2
Pr3+ 99 Ho3+ 90.1
Nd3+ 98.3 Er3+ 89
Pm3+ 97 Tm3+ 88.8
Sm3+ 95.8 Yb3+ 86.8
Eu3+ 94.7 Lu3+ 86.1

aData taken from ref 22.
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performed on three or more independent runs. The data were fitted to
a bimolecular-bimolecular exchange model to obtain a site-averaged Ka
and ΔH (the enthalpy change for the exchange reaction, in kcal/mol),
as well as an estimate of n (number of Ln3+ binding sites per HAP
formula unit). Standard deviations were regressed from the cumulative
results for the set of ITC runs.
Ion Exchange with Lanthanum. HAP particles were suspended

in piperazine buffer pH 5.0 (100 mM) and stirred for 1 h to
equilibrate. Solutions containing the appropriate amount of La3+ were
added to the HAP suspension and stirred an additional 2 h in order to
reach equilibrium for the ion exchange. The HAP particles were
separated from the solution by centrifugation for 25 min and washed
with buffer (three times). Samples were then freeze-dried prior to
analysis via 31P NMR or XRD, or digested for ICP-OES.
Acid Digestion for ICP-OES Analysis. All samples (particles,

supernatants, and washes) were freeze-dried and then dissolved in 4
mL of concentrated nitric acid (Optima), transferred to test tubes and
placed in a heating block with Teflon boiling chips. Samples were
heated at 105 °C for 24 h prior to the addition of 4 mL of 30%
hydrogen peroxide. Samples were heated a further 24 h at 140 °C and
then evaporated to dryness by heating at 150 °C. For ICP-OES,
samples were redissolved in 10 mL of 10% nitric acid (Optima) with
europium as the internal standard. All experiments were performed in
triplicate.

■ RESULTS
ITC experiments were used to quantify the thermodynamics of
ion exchange in HAP for a representative set of metal ions
ranging across the lanthanide series. Figure 2 shows a typical

ITC titration (in this case, for La3+, the largest of the lanthanide
ions) into a HAP suspension at pH 5.0. ITC titrations of Sm3+,
Gd3+, Ho3+, Yb3+, and Lu3+ into HAP are shown in Figures S2−
S6 in the Supporting Information. The exchange is exothermic
and rapid for molar ratios of <1.5 La3+/(HAP formula unit). At
molar ratios between 1.5 and 3, broader peaks are observed,

indicating a slower binding event. Table 2 and Figure 3
summarize the exchange thermodynamics for all metal ions

studied. Generally, 2−3 lanthanide ions exchange per formula
unit of HAP. Incomplete replacement of Ca ions for La ions
was observed, possibly related to the charge imbalance in the
matrix that arises from the higher valence of La(III) vs Ca(II).
More interestingly is the finding that the exchange of Ca2+ for
Ln3+ in HAP is driven in part by entropy, which likely reflects
the gain in entropy associated with proton release as Ca2+ is
displaced by La3+.
In order to determine the composition of the HAP particles

following treatment with various La3+ concentrations, the La3+

and Ca2+ contents in the particles and solutions were analyzed
by ICP-OES. Figure 4 shows the amount of La3+ and Ca2+ in
the equilibrated HAP pellet (in millimoles) against the initial
amount of La3+ in solution, given as the atomic ratio Xmetal (=
La3+/(Ca2+ + La3+)). The amount of La3+ in the pellet increases
as the concentration of La3+ increases in the initial solution, and
a concomitant decrease in the amount of Ca2+ in the pellet is
also observed. Loading of La3+ into HAP through displacement
of Ca2+ increases up to an initial La3+/(Ca2+ + La3+) molar ratio
between ca. 0.2−0.4, above which no further change in either
La3+ or Ca2+ loading is observed. At this point, we see that the
molar ratio of La3+ to HAP is ∼2:1, which is consistent with the
stoichiometry estimated from the ITC titration of La3+ into
HAP.

Figure 2. ITC analysis of La3+-hydroxyapatite titration at 37 °C:
(Top) raw titration data for 10-μL injections of 3.15 mM La3+ into the
ITC cell containing 0.1 mM formula units of hydroxyapatite in 100
mM piperazine pH 5.0, and (bottom) integrated heat data (points)
and best fit (line) to a one-site bimolecular−bimolecular binding
model.

Table 2. Summary of Ln3+ into Hydroxyapatite Ion-
Exchange Thermodynamics at 37 °C, as Determined by
ITCa

metal n
Ka (×
106)

ΔG
(kcal/mol)

ΔH
(kcal/mol)

TΔS
(kcal/mol)

La3+ 2.4(1) 2.4(2) −9.06 −6.61(8) 2.45
Sm3+ 2.0(3) 3(1) −9.1 −7.0(9) 2.2
Gd3+ 2.9(3) 3(1) −9.2 −5.60(6) 3.6
Ho3+ 1.9(1) 1.5(7) −8.7 −5.4(1) 3.4
Yb3+ 3.5(5) 6(3) −9.5 −2.7(4) 6.9
Lu3+ 2.9(3) 8(4) −9.7 −2.8(3) 6.9

an represents the average number of Ln3+ binding sites per HAP
formula unit, and ΔG, ΔH, and TΔS values are expressed per mole of
Ln3+ bound. The HAP formula unit is Ca5(PO4)3(OH).

Figure 3. Thermodynamic changes (ΔG, ΔH, and TΔS) for exchange
of representative ions in the lanthanide series into a formula unit of
hydroxyapatite (HAP). The enthalpic contribution to the exchange
reaction decreases, while the favorable entropic contribution increases
as one moves across the series.
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Having established ion exchange between La3+ and the Ca2+

in hydroxyapatite, we used NMR to probe the effect of the
exchange on the structure of HAP. The solid-state 31P NMR
spectrum used to characterize the structure of the HAP
particles following treatment with La3+ solutions is shown in
Figure 5. For comparison purposes, the 31P NMR spectra of

HAP (untreated), and HAP (untreated) mixed with
commercially available LaPO4, are also presented. We included
the LaPO4 study to ensure that the reaction between the metal
ion and HAP involves the incorporation of La3+ into HAP and
not the formation of insoluble LaPO4.

40 A single peak at 2.81
ppm is observed for untreated HAP (cf. 2.85 ± 0.05).41 There
is no appreciable difference in the 31P NMR spectrum for HAP
particles treated with a solution of an excess of La3+ with a
single peak observed. Two peaks are observed in the 31P NMR
spectrum from a mixture of untreated HAP and LaPO4. The
first, at ∼2.81 ppm, can be assigned to HAP, whereas the
LaPO4 peak appears at −4.38 ppm. 31P NMR showed that
there is no difference between the spectrum for HAP and that
for HAP particles immersed in a solution containing an excess

of La3+. In order to verify the incorporation of lanthanides into
HAP, we also performed a similar 31P NMR experiment using
the paramagnetic ion Yb3+ as a probe. The solid-state 31P NMR
spectrum obtained as shown in Figure S8 in the Supporting
Information clearly shows that the lanthanide is incorporated
into the HAP pallet.
Further evidence that a La3+/Ca2+ ion-exchange process is

occurring, and not merely dissolution of HAP accompanied by
formation of insoluble LaPO4, was obtained from additional
ITC experiments. In Figure S7 in the Supporting Information,
raw ITC titrations of either La3+ into HAP or La3+ into varying
concentrations of phosphate are compared. It is clear that the
two processes are not the same as those indicated by both the
shape and size of the peaks.
Finally, the incorporation of La3+ into HAP does not

significantly alter the HAP structure, as evidenced by the
powder XRD patterns of untreated HAP, La3+-treated HAP,
and HAP mixed with LaPO4 reported in Figure 6. The patterns
of untreated and La3+-treated HAP are characteristic of HAP
and are both well-fitted to the HAP model (JCPDS File Card
No. 9-432).

■ DISCUSSION
Substitution of Ca2+ with trivalent ions requires charge balance.
This can occur through either (i) the generation of vacant
cation site(s) or (ii) the loss of a proton from OH− to give an
O2− ion. Evidence from previous studies seems to indicate the
latter is the case for synthetic La-doped HAP produced by
precipitation.42 It has also been shown that La3+ prefers to
exchange at Ca(2) sites. Each OH− anion has ionic interactions
with Ca(2) but not Ca(1); therefore, preferred substitution at
Ca(2) sites with a trivalent metal is electrostatically driven, as
evidenced by short La3+···O2− interatomic distances.43

Some trends are observed in the thermodynamic data for the
ion-exchange reaction as one moves across the lanthanide series
(down Table 2) and, thus, the associated decreasing size and
increasing charge density of the lanthanide ion. These trends
are clearly seen in Figure 3. The binding affinity of a given
lanthanide for HAP increases modestly as the ion size

Figure 4. Amount of La3+ and Ca2+ in the HAP pellet, following the
immersion of HAP particles in La3+ solution (pH 5, 100 mM
piperazine).

Figure 5. Comparison of the 31P NMR spectra obtained for HAP
(lower spectrum), HAP particles obtained from immersion of HAP in
a solution containing an excess of La3+ (middle spectrum), and HAP
mixed with LaPO4 (upper spectrum).

Figure 6. Powder XRD patterns obtained for HAP (lower spectrum),
HAP particles obtained from immersion in a solution with an excess of
La3+ (middle spectrum), and HAP mixed with LaPO4 (upper
spectrum).
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decreases. For larger ions in the series, the exchange reaction is
largely driven by enthalpy, as expected for ion pairing, but also
by a modest positive change in entropy. While both remain
favorable across the series, the enthalpic contribution
diminishes and TΔS becomes dominant as the size of the
lanthanide ion decreases. As noted above, the incorporation of
Ln3+ into HAP at the Ca(2) site is accompanied by the
transformation of OH− to O2−.42 However, in our system, the
freed proton is taken up by the buffer anion, and, thus, the
entropy of the proton released from HAP will not change
appreciably. Therefore, the observed favorable change in
entropy is most likely related to differences in the solvation
of calcium and lanthanide ions in water.
Lanthanide ions are kosmotropes, serving to increase the

organization of solvating water molecules and increase the
overall density of hydrogen bonding in solution (beyond the
hydration shell of the ion).44 This kosmotropic effect is
enhanced as the lanthanide ion becomes smaller; thus, at an
equivalent molar concentration, a binary aqueous solution
containing a Yb3+-ion salt will have a lower entropy than one
containing the corresponding La3+-ion salt. While Ca ions are
also considered to be “structure makers”, their effect on the
hydrogen-bond structure is weaker than that observed for ions
in the lanthanide series.44 When a lanthanide ion displaces a Ca
ion in HAP, and therefore a Ca ion replaces a lanthanide ion in
solution, the net effect on the system will therefore be to
increase solvent disorder, thus explaining, in part, the positive
ΔS for the exchange reaction and its increasing favorability with
increasing lanthanide-ion charge density. It is also consistent
with the observed reduction in the favorability of ΔH for the
exchange reaction. As the Ln-ion size decreases, the net change
in solvent hydrogen-bond density increases in the exchange
reaction, as does the Ln3+−O2− interatomic distance.
ITC results for each Ln3+ metal ion show two distinct kinetic

phases, with peaks in the early part of the titration rapidly
returning to baseline, and a slower binding process emerging as
saturation is approached. The rapid binding event is consistent
with ion exchange at solvent-accessible binding sites, with the
slower kinetic process likely indicative of exchange reactions
involving slower ion mass transfer to and from less-accessible
sites that become occupied at intermediate and higher molar
ratios.
Using ICP-OES, we have established that the reaction

between La3+ and HAP involves incorporation of the lanthanide
ions into the HAP structure, as opposed to nonspecific surface
interactions (Figure 4). ICP-OES, 31P solid-state NMR, and
powder XRD data indicate that the metal-ion exchange process
does not alter the crystallinity of HAP. Moreover, solid-state
31P NMR spectroscopy data clearly show that La3+ incorpo-
ration does not significantly alter the chemical environment of
the PO4

3− (see Figure 5). Previous studies have suggested that
the reaction of La3+ with HAP leads to the dissolution of the
HAP and the production of insoluble LaPO4.

40,45 We have
compared the solid-state 31P NMR spectra of HAP, La3+-
treated HAP, and untreated HAP in the presence of LaPO4 and
do not observe evidence for the formation of LaPO4 when La3+

is reacted with HAP. If this were the case, we would expect to
see two peaks in the HAP-treated spectra; but only one peak is
observed, which corresponds, in shape and chemical shift, to
the single peak observed in the spectra for untreated HAP.
These results were confirmed through powder XRD studies
that show that the crystalline structure is not significantly
altered upon the incorporation of La3+ into HAP. Moreover,

ITC results for La3+ titrations into PO4
3− solutions show very

small exothermic peaks when compared to the titration of La3+

into HAP solution (see Figure S7 in the Supporting
Information). Thus, we are confident that we are observing
the incorporation of La3+ into HAP and not the formation of
LaPO4.

■ CONCLUSIONS
We have employed isothermal titration calorimetry (ITC) to
study the thermodynamics of ion exchange in hydroxyapatite
(HAP) with six representative metal ions from the lanthanide-
(III) series. The binding constant (Ka) for the exchange of
lanthanides into HAP increases as the ion size decreases and is
driven, in part, by enthalpy, as expected for ion pairing, and by
entropy, as expected for exchange of ions having different
solvation properties in water. We have shown the interaction to
involve ion exchange between the lanthanide ion and the Ca
ion within the HAP. For lanthanum, the ion exchange does not
significantly alter the structure of HAP, according to both
powder XRD and 31P solid-state NMR data.
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