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Abstract

The surface properties of calcium-deficient hydroxyapatites (HAps) prepared under different synthesis conditions
(e.g. by precipitation at pH 10, or by hydrolysis of dicalcium phosphate at pH 6.5) were studied. All the products
tested were pure, well crystallized calcium-deficient HAps. The samples prepared under slightly acidic conditions
exhibit larger crystallite sizes and higher calcium deficiency compared with those prepared under alkaline conditions.

Electrophoretic mobilities were measured as a function of pH in 1.0 x 10> M KNO, aqueous solutions. The
isoelectric points (iep) of HAp appear to depend strongly on the synthesis conditions; iep values of 4 were found
for samples prepared under more acidic conditions, while values ranging from 5.5 to 7.2 were found for solids
precipitated from alkaline solutions.

The adsorption of hen egg-white lysozyme was measured at ambient temperature, in 1.0 x 1073 M KNO, aqueous
solutions buffered at pH 6.8 with 2.0 x 10~ M phosphate buffer. The parameters of the Langmuir-type adsorption
isotherms were found to depend significantly on the specific surface of the samples; the monolayer coverage goes
through a maximum of 40 x 10~° mol m~2 at Sgzr =80 m? g~', while the affinity constant culminates at 355 mM !
at the same value of Sypy. The decay of both monolayer coverage and affinity constant beyond Sgpr =80 m? g™!
can be ascribed partly to the lower accessibility of smaller pores to lysozyme molecules, particularly when
electrostatic repulsion exists between the lysozyme molecules and the HAp surface. It is thought that specific bonds
between lysozyme and the hydroxyapatite surface must exist, which are very sensitive to the nature and the relative

amounts of crystallographic planes exposed on the solid surface.

1. Introduction

Several electrochemical studies of the synthetic ap-
atite-aqueous solution interface have been undertaken
to throw light on the mechanisms governing their ad-
sorption properties and their flotability [1-4].

The influence of the composition of the adsorbing
solution on the surface charge and the adsorptive prop-
erties of various synthetic hydroxyapatites for hen egg-
white lysozyme has been reported [1]. The adsorption
mechanism is controlled by electrostatic interactions
between adsorbate and adsorbent, and is consistent
with a fast and reversible surface neutralization process.

The present contribution reports some effects of the
microstructural characteristics of synthetic calcium-defi-
cient hydroxyapatites on their electrokinetic and ad-
sorption properties.
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2. Experimental details

Hydroxyapatite HAP-1, referred to in a previous
work as HAP-IA [1] was prepared by the progressive
addition during 3 h of a calcium nitrate solution into an
ammonium phosphate solution at 80 °C at a pH close
to 10. Full details of the precipitation technique are
reported elsewhere [5]. Samples HAP-ITA and HAP-11B
were obtained by slow hydrolysis in the presence of
urea of anhydrous dicalcium phosphate at 90 °C, and
dicalcium phosphate dihydrate at 80 °C respectively.
The procedure is reported in full detail elsewhere [6, 7].
Sample HAP-III is a commercial material (Bio-Gel
HTP, Biorad Laboratories) sold as a support for liquid
phase chromatography. Its preparation process is re-
ported elsewhere [8]; it includes a controlled precipita-
tion under alkaline conditions.

The adsorbate used for this study was a commercial
hen egg-white lysozyme supplied by Sigma (N6876
Grade 1).
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The solid materials were characterized by X-ray
diffraction (Philips, Norelco diffractometer PW 1130,
Cu Ka radiation), temperature programmed reaction
[6]. IR spectroscopy (Beckman IR 12 spectrometer),
transmission electron microscopy (AEIL, type EM6G
microscope), mercury intrusion porosimetry (Carlo
Erba 200 porosimeter) and elemental analysis [9]. The
specific surfaces were determined by the BET method,
using nitrogen adsorption measurements at the boiling
temperature of nitrogen.

The electrophoretic mobilities of the samples were
determined with a Pen Kem 500 Laser-Zee meter,
equipped with a standard poly(methyl methacrylate)
cell. Aqueous KNO; 1.0 x 107* M solutions were used
as suspension media. The pH was adjusted to the
desired value using either HNO; or KOH 1.0 x 10-*M
solutions. 20 mg of the solid was mixed with 100 ml of
the solution and equilibrated for 24 h at ambient tem-
perature under continuous stirring.

Adsorption experiments were performed as follows.
The desired amount of adsorbent (100 mg, unless oth-
erwise stated) was suspended in 9ml of a KNO,
1.0 x 107 M solution buffered at pH 6.8 (2.0 x 107* M
phosphate buffer); a portion of the desired lysozyme
solution (1 ml) was then added to the adsorbent sus-
pension. Lysozyme concentrations were chosen in the
range 0.05-2.00 g1~'. The mixture was equilibrated for
3 h at ambient temperature under continuous stirring.
The residual lysozyme concentration was determined by
measuring the absorbance at 282 nm, using a UV -visi-
ble spectrophotometer (Beckman ACTA M 1V) [10].

3. Results and discussion

All the samples presented below exhibit the X-ray
diffraction patterns and IR spectra characteristic of
pure and well crystallized hydroxyapatites. The chemi-
cal analyses (Table 1) show that the samples are cal-
cium deficient hydroxyapatites ([Ca]/[P] atomic ratio
less than 1.67). In addition to the characteristic bands
of OH~ (3560 cm~') and PO3~ groups (bands at 1010—
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Fig. 1. IR spectra of hydroxyapatites: (1) HAP-I, (2) HAP-III
and (3) HAP-TIA.

1110 cm™"), the IR spectra show (Fig. 1) the presence
of HPO3~ groups (bands at 875 and 1180-1200 cm™"),
and traces of carbonates (bands at 1410 and
1450 cm '), pointing to non-stoichiometric compounds
[11]. The samples prepared under slightly acidic condi-
tions (HAP-ITA and HAP-IIB) exhibit much stronger
HPO}~ bands compared with those precipitated under
alkaline conditions (HAP-I and HAP-III).

Figure 2 shows how the morphology of the precipi-
tated crystals is affected by the synthesis conditions.
Thus, slow hydrolysis (HAP-IIA and HAP-IIB) results
in the formation of acicular crystals, 0.2-17 pm in
length, very similar to those obtained through the hy-
drolysis of tricalcium phosphate [12]. Specimens ob-
tained by fast precipitation (HAP-I and HAP-III)
consist of agglomerates of small crystallites, 0.1-0.2 pm
in length. The specific surface area of the specimens
ranges from 5 up to 123 m? g~' (Table 1), well within
the 25-200m?g~' range reported previously by
Holmes et al. [13]. The pore radii Ry, corresponding to
a cumulated pore surface of 50% of the total specific

TABLE 1. Chemical analysis and microstructural characteristics of hydroxyapatite samples

Sample [Ca]/[P] BET surface Ryy? Particle size
atomic ratio (m?2g") (nm) (um)
HAP-I 1.58 123 18 0.1-0.2
HAP-ITA 1.55 S 500 04-17
HAP-IIB 1.56 43 30 0.2-1.6
HAP-III 1.50 80 8 0.1-0.2

The general formula of calcium-deficient hydroxyapatite is Ca,,_ . (HPO,), (PO4),_ . (OH),, where x is related to the [Ca]/[P] atomic

ratio by x = 10 — 6({CA]/[P]).

4The cumulated surface of pores with radii less than R, corresponds to 50% of the total surface area.
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Fig. 2. Transmission electron microscopy of synthetic hydroxyap-
atite samples: (a) HAP-1, (b) HAP-III, (c¢) HAP-IIB and (d)
HAP-IIA.

surface area of the samples, were deduced from pore
size distribution measurements, assuming open cylindri-
cal pores. All the samples exhibit Ry, lower than 30 nm,
except sample HAP-IIA for which Ry, = 500 nm.
Figure 3 presents the effect of pH on the elec-
trophoretic mobility of the samples, in 1.0x
10~ M KNO, aqueous solutions. The isoelectric points
(iep) are presented in Table 2. The samples prepared
under alkaline conditions (HAP-I and HAP-III) exhibit
the highest iep values (7.2 and 5.5 respectively), while
those prepared under more acidic conditions (HAP-IIA
and HAP-II-B) have significantly lower iep values (3.8-
4.0). These observations agree well with literature data:
Arends [14] reports that the Bio—~Gel HTP apatite is
negatively charged beyond pH 5.5-6.0, and more nega-
tively charged under similar conditions than another
commercial stoichiometric apatite ([Ca]/[P] = 1.63,
Merck HTP); other authors [2, 4] report iep values of
6.5 and 7.4 for hydroxyapatites with [CA]/[P] = 1.61
and 1.59 respectively. Lowering of the iep of synthetic
hydroxyapatites from 8.5 to 6.8 in the presence of Na*

TABLE 2. Isoelectric points and parameters of the Langmuir
adsorption isotherms of lysozyme on hydroxyapatite samples

Sample Isoelectric N® K
point (nmol m~2) (mM~1h)
HAP-I 7.2 223+1.5 228 +40
HAP-IIA® 3.8 <17 —
HAP-IIB 4.0 350+£9.0 29+ 16
HAP-III 5.5 41.0+20 356 + 45

2Maximum adsorbable amount N and affinity constant K 1+ 95%
confidence interval.
575 g 17! in suspension.

or F~ ions has also been reported [15]. The compara-
tively lower tep found in this study for the samples
prepared at lower pH cannot be explained by composi-
tional differences of the contact solutions. Indeed, all
the solutions used here presented identical concentra-
tions in calcium and phosphate ions, which are known
to be the main potential determining ions [1]. Summa-
rizing these results, although uncontrolled effects of
impurities cannot be completely discarded, higher [Cal/
[P] ratios and higher pH of the mother solutions are
thought to be the main factors contributing to the
increased iep of hydroxyapatites.

Lysozyme adsorption isotherms on apatites are of the
Langmuir type. The parameters of the isotherms were
determined by linear regression, using the following
linearized equation [1]:

0 =N - QIKC

where Q (mol m~2) is the amount of adsorbed protein per
unit surface of adsorbent, C (mol 17') is the equilibrium
adsorbate concentration, N (mol m~?) is the maximum
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Fig. 3. Electrophoretic mobility vs. pH of hydroxyapatites sus-
pended in 1.0 x 103 M KNO; solutions: (@) HAP-1, () HAP-
ITA, (O) HAP-IIB and (A) HAP-1IL
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adsorbable amount of protein and K (1 mol~') is the
affinity constant of the protein for the adsorbing surface.
The results are summarized in Table 2.

A plot of the Langmuir parameters vs. the BET
surface of the samples is shown in Fig. 4. The largest
amount of lysozyme is adsorbed by sample HAP-III,
which also exhibits the highest affinity constant, fol-
lowed by samples HAP-IIB and HAP-I. Sample HAP-
ITA exhibits no measurable affinity for lysozyme. Figure
4 shows that the maximum adsorbable amount N and
the affinity of lysozyme K initially increase with the
BET surface of the adsorbents, going through a maxi-
mum at Sger = 80 m? g~'. With the exception of sample
HAP-I, which is discussed later separately, a systematic
trend thus appears: higher N and K values are associ-
ated with higher specific surfaces and smaller pore radii.
This observation suggests that higher surface concen-
trations of more energetic adsorption sites exist on
smaller HAp crystals, or inside narrower pores. How-
ever, inspection of Fig. 3 shows that lower negative
surface charges at the adsorption pH (6.8) are found
for samples having higher affinities for lysozyme; this is
the opposite of what would be anticipated if the ad-
sorption process were governed by electrostatic interac-
tions alone, for more negative surfaces would then be
expected to attract more strongly the positively charged
lysozyme molecules. This points to a specific adsorption
mechanism, in which electrostatic interactions only play
a minor role. This is not to say that electrostatic
interactions do not play any role at all, and this is
probably well illustrated by the case of HAP-I, for
which values of N and K are markedly lower than
expected on the basis of the general trends discussed
above. Figure 3 shows that sample HAP-I is positively
charged at the adsorption pH (6.8). Hence, the posi-
tively charged lysozyme molecules must jump over an
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Fig. 4. Influence of the BET specific surface of hydroxyapatites
on the parameters of their Langmuir adsorption isotherms.

electrostatic activation barrier before they can adsorb
onto the HAp surface. Owing to higher space charge
concentrations, electrostatic repulsion is likely to be
stronger in the pores, the more 3o as the pore radius
becomes smaller. As a consequence, the smallest pores
can become compietely inaccessible to the lysozyme
molecules. The surface fraction available for adsorption
will decrease accordingly, resulting in a decreased aver-
age monolayer coverage.

4. Conclusions

This work has shown that lysozyme adsorbs on hy-
droxyapatite according to a mechanism involving spe-
cific adsorption sites, by which surface concentration
and affinity seem to increase together with the specific
surface of the adsorbent. Electrostatic interactions are
of minor importance, except when HAp is positively
charged. In that case, electrostatic repulsion can pre-
vent positively charged lysozyme molecules from ac-
cessing the HAp surface exposed in the smallest pores.
The synthesis conditions, including pH, temperature
and time, clearly play a crucial role in determining not
only the degree of calcium deficiency and the iep, but
also the microstructural characteristics of the hydroxya-
patite such as crystal morphology and size, the latter
affecting globally the specific surface and pore size
distribution of the samples.

It can be anticipated that, if lysozyme is to adsorb on
specific sites at the surface of hydroxyapatite, the extent
of adsorption must be sensitive to the nature and
relative amounts of crystal facets exposed by the ad-
sorbing solid. Systematic work on a larger variety of
carefully prepared hydroxyapatites should be under-
taken in order to elucidate the nature of the crystallo-
graphic planes favourable to lysozyme adsorption.
Observations of the extent of lysozyme adsorption on
different facets of hydroxyapatite monocrystals, synthe-
sized under hydrothermal conditions, are already in
progress [16].
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