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Ca’"-deficient hydroxyapatite (r-HAp) originated from cattle bones and stoichiometric
hydroxyapatite (s-HAp) derived from reagents were prepared by wet syntheses. The
adsorption characteristics of albumin (BSA) and lysozyme (LSZ) on the two HAp surfaces
were compared by changing the heating temperature of the powders at 273-1073K in

a stream of water vapour. The saturated amount of adsorption (Asa(B) for BSA and Asal(L)
for LSZ) on these HAp powders changed little at 273-673K (Region I), but at 673-1073K
(Region Il), clearly increased with crystallite size growth and transformation of crystal
morphology. As far as the surface proportions of HAp for P- and C-adsorption sites (the
ratios Asa(L)/Asa(B)) are concerned, r-HAp gave no change in Region | and decreased in
Region Il, whereas those for s-HAp were kept constant through all regions. The heats of LSZ
adsorption, Q,, for r-HAp and s-HAp, respectively, increased and decreased in Region Il.
These differences could be a result of the Ca?"-deficient structure of r-HAp with the
OH™-vacancy and loosening surface structure due to segregation of impurities in Region Il.
r-HAp exhibited a 157% higher heat of BSA adsorption, Qs, and a 60% lower Q. in Region |
than s-HAp. Conclusively, r-HAp can be used as an excellent adsorbent, rather than s-HAp,

because of its chromatographic characteristics for the separation of acidic and basic

proteins. © 7998 Chapman & Hall

1. Introduction
As is well known, hydroxyapatite [HAp, ie.
Cao(PO,4)s(OH),] has excellent bioaffinity or bio-
compatibility and characteristics for the adsorption of
proteins. The adsorption characteristics of HAp will
be governed by the physicochemical nature of the
solid surface, which is influenced by crystallite size,
pore structure and morphology of particles [1, 2].
The adsorption sites on the surface of hexagonal
HAp are classified into two groups [3] : first, a posit-
ively charged site (C-site) composed of two Ca**
(screw Ca II) ions located on a rectangle, 0.942 nm in
length on the a-axis and 0.344nm in length on the
c-axis. The other is a negatively charged site (P-site),
which is co-ordinated with six O*~ ions belonging to
three PO}~ ions and forms a hexagonal double-tri-
angular array. The C- and P-sites on HAp correspond
to the vacant positions of an hydroxyl group on the
a-face and the Ca?* (columnar Ca I) site on the c-face,
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respectively. Provided that the HAp crystals formed
are suspended in an aqueous solution with proteins, it
is deduced that the OH ™ and Ca I** ions on the HAp
surface dissolve minutely and the remaining sites con-
stitute the active C- and P-sites that are available for
adsorption of acidic or basic proteins [3].

Bovine serum albumin (BSA) with a terminal group
of -COO™ (which is an acidic one-chain protein [4])
and lysozyme from egg white (LSZ) with a terminal
group of -NH3 (which is a basic one-chain protein
[5]) are adsorbed on the C- and P-sites of HAp,
respectively [3].

In previous papers [6, 7], it was demonstrated that
r-HAp prepared from cattle bones had a larger
saturated amount of adsorption and a higher heat
of adsorption for BSA than s-HAp prepared from
reagents.

As r-HAp s a Ca?*-deficient HAp containing small
amounts of metal ions [7], it can be expected that the
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fine surface structure and the surface proportion of the
C- and P-sites are greatly influenced by the heat treat-
ment conditions. Accordingly the surface character-
istics derived thus should contribute to the selective
adsorption of BSA and LSZ on each of the active sites.

The first aim of this study is to elucidate heat
treatment effects on crystallite size and microstructure
of r-HAp and s-HAp. Evaluating the adsorbate ability
of the HAp powders prepared, BSA and LSZ were
chosen as the representative acidic and basic proteins,
respectively. The second aim is to investigate the con-
trolling parameters for the chromatographic separ-
ation characteristics of BSA and LSZ when the HAp
powders are used as a packing material for liquid
chromatography.

2. Experimental procedure

r-HAp was prepared by the following proce-
dure: calcination of cattle bones, dissolution to
a 0.2moldm™* HNO; solution and reprecipita-
tion at 298 K and pH 10.5 [7, 8]. s-HAp was prepared,
as a contrasting sample, using guaranteed grade
Ca(NOs3), 4H,0 and (NH,),HPO, reagents by the
wet method [7]. The two HAp powders were heated at
273-1473K for 24h in a stream of water vapour
balanced with a N, gas flow.

The crystalline phases of the powders obtained thus
were identified by powder X-ray diffraction (XRD).
The crystallite sizes were calculated by Scherrer’s
equation using the (002) or (200) plane of HAp
[8]. Field emission—scanning electron microscopic
(FE-SEM) photographs of the samples were taken to
observe the morphology and microstructural crystal-
lites formed. The compositional ratio of Ca** to
PO;~ ion (Ca/P) was determined by electron
probe microanalysis (EPMA) and chemical analysis
methods, such as the chelate titration method [9] and
the Mo acid calorimetric method [10]. HAp powders
(0.1g) were added to solutions (10cm?®) containing
0.3-3.0mgcm~® BSA or LSZ, which were adjusted at
pH 6.9-7.1 using a mixed solution of 20 mmoldm ~?
KH,PO, and K,HPO,. The mixtures were agitated
at 282 and 295K for 80-100 h. After centrifuging the
mixtures, the absorbance of the solutions at 280 nm
for BSA or LSZ [6, 7] was measured by ultraviolet
spectroscopy. The amounts of BSA or LSZ adsorption
on the HAp powders were calculated from the absorb-
ance. The heat of adsorption for each protein was
determined from the two adsorption isotherms at 282
and 295K using the Clausius—Clapeyron equation

[11].

3. Results and discussion
3.1. Surface modification of HAp derived
after heating

The XRD patterns of the two HAps showed that
single phase r-HAp was obtained by heat treatment
at 273-1073K for 24 h in a stream of water vapour,
and that stoichiometric s-HAp with the composition
ratio of Ca/P =1.67 was formed and its apatite
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Figure 1 Crystallite sizes calculated from each crystal plane using
the Scherrer equation for the HAp powders (O) (200) of r-HAp, (®)
(002) of r-HApD, (A) (200) of s-HAp, (A) (002) of s-HAp.

structure was maintained at a wide temperature range
of 273-1473 K. At temperatures > 1073 K, r-HAp de-
composed partially to B-Caz(PO,), and CaO phases
because it was a Ca**-deficient HAp that consisted of
Ca/P = 1.65 and contained small amounts of Mg?™,
Si**, Na*, Ba?* and Sr*" ions as impurities [7].

Evaluating the surface characteristics of the heat-
treated HAps, the crystallite size, Cs, was calculated
from the XRD patterns using the Scherrer equation
and the results are shown in Fig. 1 as a function of
heating temperature. According to anisotropic growth
of an hexagonal crystal, Cs is separately expressed as
Cs, for the (200) plane and Cg, for the (00 2) plane of
the HAp structure. The results clearly show two tem-
perature regions in Cgs for r-HAp, that little change
at 273-673K (Region I) and gradually grow at
673-1073K (Region II). For s-HAp, on the other
hand, Cg, increases from about 20 to 40nm at
873-1073K, but Cs. falls in the narrow range of
35-40nm through the entire temperature range.

The FE-SEM photographs in Fig. 2 show the
microstructure of the two HAp powders heated at 673
and 1073 K for 24 h. One can recognize a clear differ-
ence in the morphology of the two HAps. r-HAp
transformed significantly from crystallites about
20nm in length in Region I to sphere-like aggregates
50-100nm in width showing a sintering effect in
Region II. This transformation may be caused by the
crystal habit of Ca®"-deficient apatite structure with
vacant Ca I and OH " sites that interfere with growth
along the c-axis. Hence, stoichiometric apatite (s-
HAp) can grow along the c-axis giving needle-like
particles with 5-10 aspect ratios in Region I and form
prismatic crystals with aspect ratios of 3-5 in Region
II. This difference in the microstructure of the two
HAps should affect the adsorption behaviour of the
proteins. Based on these results, one may presume that
r-HAp yields a less anisotropic crystal than s-HAp in
Regions I and 11, as will be discussed further in the
following sections.

3.2. Surface proportions of HAp active sites
for BSA and LSZ adsorption

The adsorption of BSA or LSZ on all HAp powders

obeyed the Langmuir isothermal equation in the



Figure 2 FE-SEM photographs of the HAp powders heat-treated for 24 h in a stream of water vapour: (a) r-HAp (673), (b) r-HAp (1073),

(c) s-HAp (673), and (d) s-HAp (1073).

phosphate buffer solutions. Using the equation, the
saturated amount of adsorption (designated as Ags(B)
for BSA and Aga(L) for LSZ) per surface area of HAp
can be calculated and the results are shown in Fig. 3 as
a function of heating temperature. Ags(L) for the two
HAp powders became three—six times larger than
Aga(B) depending on the temperature, indicating that
the number of P-sites for LSZ adsorption on the
surface of the HAp surface is greater than those of
C-sites for BSA adsorption. This phenomenon may be
explained by two factors.

1. the high probability of occurrence of the c-face on
crystal growth, judging from the high Cs. in all the
samples; and

2. the crystal habit originating from lattice para-
meters (a = 0.942 nm and ¢ = 0.688 nm) of HAp [12].

Moreover, one can recognize again two temper-
ature regions, I (273-673 K) and II (673-1073 K), for
the values of Agx(B) and Aga(L). In Region I, no
appreciable change is shown. However, in Region I,
Asa(B) for the two HAp powders gradually increase
and the Aga(B) of r-HAp is 22-44% larger than that
of s-HAp, whereas Aga(L) increased from 6.7 to
102x 10" % ymolm ™2 for r-HAp and from 6.6 to
12.7x 10~ % pmolm ™2 for s-HAp. Based on these re-
sults, it can be suggested that the HAp in Region II
give different C- and P-site compositions that are
respectively available for BSA and LSZ adsorption,
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Figure 3 Saturated amounts of adsorption for the two proteins as
a function of heating temperature of the HAp powders: (O) BSA on
r-HAp, (@) LSZ on r-HAp, (A) BSA on s-HAp, (A) LSZ on s-HAp.

because they exhibit the different Cs-growth and mor-
phological variation (see Figs 1 and 2).

Fig. 4 shows the ratios of Aga(L) to Ags(B) cal-
culated (designated by Rg,) indicating the proportion
of P-sites available for LSZ and C-sites for BSA on the
HAp surface as a function of heating temperature. The
Rga of -HAp was reduced from 4.88 to 2.41 in Region II,
whereas those of s-HAp gave 4.34 + 0.01 through
Regions I and II. To explain the different behaviour of
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Figure 4 Surface proportions of the saturated amounts of adsorp-
tion for LSZ and BSA as a function of heating temperature of the
HAp powders: (O) r-HAp, (@) s-HAp.

Rgy for r-HAp and s-HAp, two possibilities can be
considered:

1. a molecular size difference between BSA and
LSZ, which contributes to a difference in the saturated
amount of adsorbed molecules derived from the differ-
ent pore size distributions of the HAp powders, and

2. an active site proportional difference on the HAp
powders for the adsorption of BSA and LSZ.

For Case 1, the Rgy values in all the HAp powders
are not a reflection of the molecular size difference of
the two proteins, because the molecular size ratios of
LSZ (3x3x4.5nm) to BSA (4 x4 x 14nm) are less
than 3.1 in any side-on or end-on adsorption form.
Case 1 can thus be rejected. The reduction in Rgy is
followed by a decrease in the proportion of P- and
C-sites, which can be related to an increase in the
OH ™ -vacancy and a loosening effect on the surface
structure due to segregation of the metal ions. Case
2 is therefore acceptable.

3.3. Discrimination of surface active sites
evaluated by the heats of BSA and LSZ
adsorption

To characterize the surface active sites of HAp crys-

tals, the heat of adsorption for BSA, (Qg), and LSZ,

(Q1), can conveniently be used. Fig. 5 shows Qg and

01, which were calculated by the Clausius—Clapeyron

equation as a function of heating temperature for the

two HAp powders. The two temperature regions,

I and II, are still available for variation of Qg and Qj.

In Region I, Qy and Q; for r-HAp gave constant

values of about 55 and 19 kJmol !, respectively; but

in Region II, these values varied from 55 to

20 kJ mol ! and from 19 to 36 kI mol ™, respectively.

For s-HAp, on the other hand, Qp and Q; in Region

I were consistently about 35 and 50 kJ mol ™', whereas

the two values in Region II decreased from 35 to

20 kJmol ™! and from 50 to 20kJ mol !, respectively.

Qg and Qy for r-HAp in Region I was 157% higher

and 60% lower than the respective values for s-HAp.

In Region II, Qp for r-HAp was very close to the

equivalent value for s-HAp. The reduction of Qg in

Region II for the two HAp powders is reasonably
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Figure 5 Heats of BSA or LSZ adsorption for the HAp samples as
a function of heating temperature: (O) Q, for r-HAp, (@) Q; for
r-HAp, (A) Q, for s-HAp, (A) Qy. for s-HAp.

explained by Cs,-growth [7]. The adsorption orienta-
tion of BSA molecules gradually transform a mixed
form of side-on and end-on, to an end-on-rich form on
HAp powders. However, the changes in Q; cannot be
interpreted by transformation of the adsorption form.

Based on these results, one can recognize that r-
HAp and s-HAp adsorb BSA molecules in similar
adsorption form, but have a different LSZ adsorption
behaviour which may result from reconstruction of
the r-HAp surface structure due to increasing heating
temperature.

To clarify the effects of the crystallite morphology of
HAp on the adsorption behaviour of BSA and LSZ,
Qg and Q; are represented in Fig. 6 as a function of Cs.
With regard to BSA adsorption on HAp, 4s,(B) and
Qs, respectively, increased and decreased with Cg,-
growth, regardless of Regions I and II. For LSZ ad-
sorption, Q; for r-HAp increased anomalously but
Q. of s-HAp decreased with Cg.-growth, although
Asa(L) of the HAp samples increased. A possible ex-
planation for the characteristic reverse tendency be-
tween Qp and Q; may be that the acid strength of the
P-sites and the basic strength of the C-sites changed
on the HAp surface, as well as the variation in the total
number and surface proportion of the C- and P-sites.
Especially, on the surface structure of r-HAp with
30-40 nm in Cg, the acid strength on the P-sites for
LSZ would be stronger than the basic strength on the
C-sites for BSA. This high acid strength can be at-
tributed to the Ca®*-deficient HAp structure because
of the ion impurities originating from cattle bones. As
the crystallites of r-HAp grow isotropically with heat
treatment, they can grow on the c-face and give differ-
ent acid strength of the P-sites compared with s-HAp.
Moreover, the P-sites on r-HAp are partially sub-
stituted by impurities such as Mg?* and Na™. If the
r-HAp powders heated at higher temperatures are
suspended in the LSZ aqueous solution, the impurities
segregated on the HAp surface will dissolve minutely
because of the loosening structure, so that the remain-
ing sites constitute the active P-sites having high acid
strength for LSZ adsorption.

Taking into account these results one may conclude
that the two HAp samples originated exhibit different
adsorption characteristics of BSA and LSZ and that



5K - 50
TE: 4 - — 40 T%
£ £
3 3 - 30
<\|1 vy
2 =
- 2 - 20 ©
m
F
< 1F - 10

) | | 1 )

20 30 40

(a Cszoo) (NM)

14
12
E —
2 2
3 g £
a9 -
o 2
3 ° N
<
< 4

5 | | | 10

20 30 40

(b) Csi0oz (nM)

Figure 6 Saturated amounts and heats of (a) BSA and (b) LSZ adsorption for the HAp powders as a function of crystallite size: (O) A, for

r-HAp, (@) Q for r-HAp, (A) Ay, for s-HAp, (A) Q for s-HAp.

the adsorption on r-HAp is strongly influenced by the
basic strength of the C-sites or the acid strength of the
P-sites, and by the proportions of the two sites, which
are reflected by the crystallite size and morphology of
HAp depending on the heating temperature. Conclus-
ively, the heating temperature of HAp can be used as
a controlling parameter to design a separation column
of liquid chromatography for acidic and basic
proteins.

4. Conclusions
Ca’*-deficient r-HAp originated from cattle bones
and stoichiometric s-HAp derived from reagents by
wet methods have different surface structures, such as
crystallite size and morphology, depending on the
heating temperature experienced, 273—673 K (Region I)
and 673-1073 K (Region II). The microstructure in
Region 1 comprised 20nm length crystallites for
r-HAp and needle-like particles with an aspect ratio
of 5-10 for s-HAp. In Region II, r-HAp transformed
to sphere-like aggregates, 50-100 nm in width;
s-HAp formed prismatic particles with aspect ratios of
3-5 and showed a gradual growth in crystallite size.
The saturated amount of adsorption and the heat of
adsorption for BSA or LSZ on these HAp powders
sensitively varied with Cg growth and the transforma-
tion of crystallite morphology, because the acid
strength of the P-sites for LSZ and the basic strength
of the C-sites for BSA drastically changed on the HAp
surface, as well as the total number and surface pro-
portion of the two sites. r-HAp exhibited higher basic
strength and lower acid strength than s-HAp in Re-
gion I, whereas the strength relation between the two
HAp samples was reversed in Region II. These differ-
ences in acid or basic strength can be attributed to
Ca®*-deficiency of the HAp structure and the metal
ions impurities originating from cattle bones. In

designing high separation efficiency of liquid chro-
matography for acidic and basic proteins, r-HAp can
effectively be used as an adsorbent by selecting the
heating temperature.
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