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SUMMARY 

With the aim of reducing the uncertainties experienced in preparing hydroxy- 
apatite (HA) for column chromatography the properties of a number of prepara- 
tions, made according to published procedures or purchased commercially, have been 
measured. Data are presented for BET surface area, crystallite dimensions, calcium 
to phosphorus ratio, binding capacity for bovine serum albumin (BSA) tRNA and 
two-stranded DNA, fractionation behaviour for a mixture of tRNAs, flow-rate, and 
appearance in the scanning electron microscope. Of commercial materials sold as 
hydroxyapatite, one proved to be octacalcium phosphate and another was whitlockite. 
The binding properties of HA appear unrelated to the flow-rate and Ca/P ratio. 
Binding capacities for protein and tRNA are closely correlated, but bear no relation 
to the capacity for DNA. The binding capacity for tRNA and the binding strength 
(as measured by elution with a salt gradient) are also Iargely unrelated; the binding 
capacity on its own is therefore of Iimited use in assessing material for chromato- 
graphy. There is, however, some correlation between the binding strength and the 
crystallite size. Binding strength for tRNA levels off when crystallites reach about 
60 x 20 nm; the faces of a hexagonal prism would then have widths comparable to 
the length of a molecule. For DNA the binding capacity is highest for smooth extend- 
ed surfaces, and it is suggested that brushite, monetite and octacalcium phosphate 
merit further investigation as possible materials for separating long polynucleotides. 
For BSA and tRNA the higher surface area of HA gives it an advantage, though only 
up to 60% of the area measured by gas adsorption appears to be available. 

.- 
* Present address: Children’s Hospital Medical Center, 300 Longwood Avenue, Boston, Mass. 

02115, U.S.A. 
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INTRODUCTION 

Hydroxyapatite (HA) has been widely used for the fractionation of proteins 
and nucleic acids by column chromatography, and a number of different methods of 
preparing it have been published_ However, there is no agreement on the best method 
of preparation, and commercial materials vary widely in their properties_ Our early 
experience led us to concur with the verdict of Kothari and Shankar’ that “hydroxy- 
apatite is prepared under empirical conditions, which are often critical, and the whole 
procedure needs considerable familiarity. The preparation itself is laborious and not 
compIetely standardized and therefore it may not be possible to prepare the adsorbent 
repeatedly with comparable chromatographic characteristics.” 

With the aim of reducing these uncertainties we have measured the properties 
of a number of preparations, made according to published procedures or purchased 
commercially. In this paper we compare the properties listed in the Summary and 
examine what correlations exist between them. In Part II’ the effects of varying certain 
parameters in a given preparation are discussed, and new preparations are described 
which we believe to be superior to others. In Part III3 we describe their use in purify- 
ing single species of tRNA for crystallization. 

MATERIALS AND METHODS 

Chemicals 
Reagent grade chemicals were mostly supplied by British Drug Houses 

(Poole, Great Britain). Hydroxyapatite was made according to published methods 
fisted below, or purchased from Bio-Rad Labs. (Watford, Great Britain), British 
Drug Houses, Calbiochem (Bishops Stortford, Great Britain) and Clarkson (WiL 
liamsport, Pa., U.S.A.). 

Surface areas 
Surface areas were measured by nitrogen adsorption at 77 “K, using a Cahn 

microbaiance. SampIes were degassed either for 16 h at room temperature or 45 min 
at 200 “C. Data were interpreted by assuming the BET equation4 with a nitrogen 
cross-section of 0.162 nmz. Preliminary measurements showed that isotherms were of 
type I with a BET constant c of about 200. Subsequent areas were mostly calculated 
from single point measurements, assuming this value of c. 

Crysiallite sizes 
Powder X-ray diffraction profiles of the 002 and 130 reflections were recorded, 

using either a Hilger diffractometer with copper radiation, or a Philips instrument 
with cobah. Half-height widths were determined for 002 by computer smoothing, and 
for 130 by graphical subtraction of the overlapping 212 and 221 reflections. Instru- 
mental broadening (about 0.10” for 002 with Cu Ka, and 0.21” for 130 with Co Ka) 
was measured -with a powdered sample of mineral fiuorapatite. Crystallite sizes were 
then calculated using the Scherrer equation with K = 0.9 and either Gaussian or 
Cauchy corrections for instrumental broadenins; since observed profiles were inter- 
mediate between these forms, the mean of the Gauss and Cauchy values was taken as 
a measure of the crystallite dimension L oo2 or LIZ,-,, ignoring heterogeneity and strain 
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effects. The 130 data did not justify use of more sophisticated Fourier techniques, and 
we preferred to use the same method of caIcuIating both crystal dimensions. The un- 
certainty in the value obtained increased with the crystalhte size; it varied from about 
10% for size 10 nm to more than 40% above 100 mn. 

The crystallite dimensions for each sample were also used to calculate a surface 
area per unit mass for comparison with the BET value; it was assumed that each 
crystahite was a cylinder of height Loor, diameter Lr3,, and specific gravity 3.2. 

CajP ratios - 
Calcium was determined by dissolving material in dilute HCI, adding excess 

EDTA, adding ammonia to pH 10.5 and back-titrating with magnesium acetate solu- 
tion in the presence of Eriochrome Black T6. Calibration with standard solutions 
showed slight interference from phosphorus, which was allowed for. Phosphorus was 
determined by the molybdenum blue reaction’ using differential spectrophotometry 
against a standard phosphate solution. Sample and reference solutions were incubated 
together for 30 min and measured at 600 nm. Using about 0.1 g of sample for each 
determination, values of CajP agreed with those obtained gravimetrically within 
& 0.03. 

Binding capacities 
Binding capacities were measured for bovine serum albumin fraction V (BSA) 

(Sigma, Kingston upon Thames, Great Britain), tRNA from E. coli K12 CA265 
(Microbiological Research Establishment, Porton, Great Britain), and high mole- 
cular weight double-stranded DNA (gift of Dr. L. D. Hamilton). HA samples of 25 
mg or more were dispersed in 5 ml 0.05 M sodium cacodylate buffer adjusted to pH 
6.8 f 0.1. Concentrated stock solutions were then added to give values of 0.4 %, 
0.2% and 0.01% for BSA, tRNA and DNA, respectively. The mixtures were gently 
agitated for 30 min at room temperature and then pelleted. Solute bound was 
estimated from the optical density of the supematant, subtracting any absorbance 
measured in a blank containing no solute. Extinction coefficients (J!Z~%~) were 
assumed to be 6.6 for BSA 280 nm and 200 for tRNA and DNA at 260 nm. The 
amount of HA added was adjusted in successive experiments until the ratio of free to 
bound solute lay between 1.5 and 5.0; below 1.5 the binding decreased, while above 
5.0 the accuracy deteriorated_ With suitable precautions against volumetric errors 
(particularly necessary with cold, viscous stock solutions) a reproducibility of f 10 % 
was obtained. 

Fractionation of tRNA 

A column of bore 9 mm and length 150 mm was packed with HA and tested 
for uniformity with a methyl orange marker. A total of 2 mg tRNA was then applied 
and eluted at 5 “C with a linear gradient of o-O.2 M sodium phosphate buffer (pH 7.0), 
total volume 120 ml. The hydrostatic head was about 1 m, reduced in some cases of 
high flow-rate. Ultraviolet absorbance and conductivity were recorded continuously, 
and the molarity of phosphate corresponding to the principal peak in absorbance’ was 
noted. The value appeared to be independent of flow-rate over the range used. which 
was up to 50 ml h-l. 
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Flow-rate 
A method similar to that of Main, Wilkins and Cole’ was used: material was 

packed in a column of bore 9 mm to a height of 75 mm, and the flow-rate measured 
at room temperature with a pressure head of 250 mm. 

Scanning electron microscopy 
Gold-coated specimens were examined in a JEOL model JXA-SOA at a magni- 

fication factor of 10’. 

RESULTS AND DISCUSSION 

Table I summarizes the numerical data. Brushite (preparation No. 1) was 
studied because it is the type of starting material used in the well-known Tiselius prep- 

aration of HA’-“. Our brush&e2 was prepared by adding CaCl, slowly to a phos- 
phate solution adjusted to pH 6.7*, and monetite (No. 2) was prepared by boiling a 
sample of brushite’. Both these preparations differ from the HAS listed below them in 
having much smaller surface areas and binding capacities. This is to be expected 
because the conversion involves a transition from relatively large brushite plates of 
approximately 30/1m length to compacted masses of submicroscopic HA needles. 
What is striking, however, is that the area-specific binding capacities are quite com- 
parable; indeed, for DNA both brushite and monetite give exceptionally high values 
(we shall return to this point later). Furthermore for our monetite, which is more 
finely divided than the brushite, the elution molarity for tRNA is as high as for the 
poorer preparations of HA. Our first conclusion is, therefore, that it might be useful 
to explore further the chromatographic properties of these materials, particularly for 
DNA and other large polynucleotides. For proteins and tRNA the higher capacity of 
HA probably ensures that it will remain preferable. 

Comparison of chromatographic properties for HA 
Preparation No. 3 was made on a small scale according to Tiselius et aL9 

except that the brushite crystals were prepared as above. Nos. 4-6 are commercial 
products made by the Tiselius method. The binding properties are all very similar, 
but there are wide variations in the flow-rate. For Bio-Rad materials the properties 
are within the manufacturers’ specification for these batches; the “DNA grade” has a 
much lower flow-rate but the resolution between peaks in the tRNA profile is greater. 
(This point is not illustrated here but will be discussed in Part I12). 

it was dissatisfaction with the unpredictable flow-rate of the Tiselius productlL 
that led some workers to use the later method of Main et af.8s’3 and this has been 
developed for use on a large scale I4 Nos. 7 and 8 of Table I are small-scale prepara- _ 
tions made from brushite crystallized as above*, while No. 9 is a commercial sample. 
Again the flow-rates cover a wide range, although the best value is greater than for 
any of the Tiselius preparations. Atkinson et al. I4 obtained a flow-rate of 25 ml h-l in 
a test similar to ours, while MuenchX3 obtained 21 ml h-’ in a 10 x 40 mm column. 
under 300 mm head (equivalent to about 8 ml h-’ in our test). 

Nos. 10 and 11 of Table I were made by alkaline conversion of brushite at room 
temperature; this method” is claimed to avoid the problems inherent in boiling 
during conversion, which is a feature of both methods discussed above. We again 
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used pH 6.7 brushite’. The binding capacities are comparable to those found in samples 
discussed above, being relatively high for DNA, but the elution molarities for tRNA 
are low and the resolution of peaks poor. These differences, and the reasons for them, 
are discussed more fully in Part II’; it is sufficient for now to point out that both Nos. 
10 and 11 have unusually small crystallite dimensions, and the surface areas computed 
from them are appreciably greater than those measured by nitrogen adsorption_ This 
implies that in material of this type the crystallites are closely compacted together so 
that not all their surfaces are exposed, whereas in other preparations there is reason- 
able agreement bet\veen the two values for surface area. 

Preparations 12-14 are typical of the new methods described in Part II’, which 
are designed to combine the best features of earlier methods; they include the heat 
treatment which seems to be essential, but avoid repeated washing or boiling and are 
correspondingly quicker to carry out. 

Nos. 15 and 16 are samples of HA prepared by direct precipitation; the ma- 
terials were not intended for chromatography, being of the kind used in the study of 
tooth and bone growth16, but we include them for comparative purposes (supplied by 
I&. D. J. Langdon, London Hospital Medical College)_ As expected they have low 
f&-rates and the Ca/P ratios are higher. The other data, apart from a somewhat high 
capacity for DNA in No. 16 and a large crystallite size for both, lie within the range 
covered by other samples. 

Other calcium phosphates 
The last group of Table I, Nos. 17-19, contains samples which powder X-ray 

diffraction showed not to be hydroxyapatite, but some related calcium phosphate_ No. 
17 (Hypatite C; Clarkson) showed a remarkably high flow-rate. However, it gave the 
diffraction pattern of octacalcium phosphate (OCP), Ca,HZ(PO,), - 5HL0 (JCPDS 
file No. 26-1056), a result confirmed by its Ca/P ratio, and the resolution of a mixture 
of tRNAs was rather poor. The manufacturers do not describe how this material is 
made, but we obtained OCP ourselves when conversion was carried out slowly with 
insufficient alkali’; No. 18 is a sample of such material. Both Nos. 17 and 18 show 
binding capacities comparable to those of HA, and No. IS has a DNA capacity higher 
than for any other sample, despite having a very small surface area. This point is 
discussed in connection with the electron microscopy. Although the peak elution 
molarity for tRNA is lower than with HA, this might be useful for those proteins that 
bind very strongly. As lvith brushite and monetite, the chromatographic properties of 
OCP appear to merit more investigation. 

Finally, No. 19 proved to be whitlockite, /3-Ca,(PO,), (JCPDS file No. g-169). 
This material, which was purchased from British Drug Houses as “spheroidal 
hydroxylapatite”, is made by high-temperature fusion into larger particles from HA 
similar to preparation No. 9 of Table I. The process seems (at least for the batch 
tested by us> to have greatly reduced the surface area and hence the binding capacities, 
although the flow-rate has improved. The binding strength for tRNA appears negli- 
gible. 

Scanning electron microscopy of bnrshite and HA 
Figs. la and lb show the appearance of brushite before conversion to HA. 

With the crystallization method used’ it forms stellate clusters of plates up to 40,~lm 
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Fig. 1. Scanning electron micrographs. (a) and (b) brushite (similar to No. 1 of Table I); (c) 

Tiselius HA9 (No. 3 of Table I); (d) Main er uf. HA8 (No. 7 of Table 1); (e) cold KOH HAI (NO. 
10 of Table I); (f) new method HA’ (similar to No. 12 of Table I). 

in length and of thickness 1 [cm, giving a calculated surface area of about I mZ g-l_ 
On conversion the surface is changed into a finely divided structure which varies con- 
siderably with the method used (Figs. lc-If). In no case is it possible to resolve in- 
dividual crystallites of the sizes deduced from diffraction; the fine structure seen must 
represent aggregates of crystals, which are sintered together so as to retain the gross 
outline of the brushite plates. This suggests that a sizeable fraction of the surface area 
of the HA is likely to be unavailable for interaction with macromolecules, a conclu- 
sion supported by the binding data of Table I: one can estimate that a monolayer of 
tRNA” would give a theoretical binding capacity of about 1.6 mg m-‘, whereas the 
HA samples of Table I show values not exceedin g 60% of this. The directly precipi- 
tated HA samples are no different in this respect, ahd an earlier study’* of the binding 
of amino acids to directly precipitated HA gave 3072 of theoretical coverage. The 
higher capacity of HA for BSA compared with tRNA (Table I) can be explained by 
the greater mass per unit area in a monolayer of BSA. 
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Fig. 2. scanning electron micrographs of octacakiuru phosphate. (a) Preparation No. 18 of Table 
I, DNA capacity 3.9 mgg-‘, 0.36 mg mmz. (b) Hypatite-C (No. I7 of Table I), DNA capacity 
0.5 mg g-l, 0.008 mg m-‘. 

Surface topography and the DNA binding process 
Fig. 2 sheds some light on the question of why certain non-HA samples show 

high binding capacities, particularly for DNA, and why the DNA capacity of all 
samples is so much smaller than for BSA or tRNA, when the theoretical values are 
of the same order. Fig. 2a (OCP) shows extended thin plates, in contrast with Fig. 2b 
and the examples in Fig. lc-lf. This OCP has an exceptional capacity for DNA, and 
the area-specific capacity is an order of magnitude greater than that of HA. The same 
is true of brushite and monetite (Table I). The high capacity of the Fig. 2a material is 
not due to its being OCP; the sample shown in FI,. ‘0. 2b is also OCP but it is much more 
finely divided, and its DNA capacity is exceptionally low. Now the length of an ex- 
tended double-stranded DNA molecule of molecular weight 10’ is about 5 pm. Such 
molecules could adsorb without distortion onto surfaces such as that of Fig. 2a, but 
it may well be imagined that they could fail to penetrate the interstices of more irregu- 
Iar structures_ This raises the interesting question of whether the discrimination 
between ordered and disordered polynucleotides, which is such a useful property of 
HAlI, is also to be expected with the other calcium phosphates discussed here. If 
Martinson1g is correct- in concluding that variations in cotigurational entropy loss 
on adsorption are responsible, then brushite and some forms of OCP might even be 
superior to HA. 

Correlations between properties 
As discussed above, there is evidence that only a certain fraction of crystallite 

surface area is availabie for adsorption of BSA and tRNA, and the fraction is much 
smaller for DNA. It is not therefore surprising that binding properties show only a 
rough correlation with surface area, since the fraction available may vary with the 
method of preparation. The high area-specific capacity for all solutes of No. 18 of 
Table I could arise from a free availability of more of the surface (Fig. 2a). 

The Ca/P ratio (Table I) varies from 1.47 to 1.62 for HA ; as found by others, 
al1 preparations are cakium-deficient. There is no obvious correlation with any of the 
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other properties: it seems, therefore, that the binding process is not related to that of 
catalytic activity, which depends strongly on Ca/P”. 

Binding capacities for diKerent solutes are plotted against each other in Fig. 3. 
For BSA and tRNA, which have molecular weights of the same order of magnitude, 
there is close correlation between the different binding capacities of a given sample of 
HA (Fig. 3a). The capacity for DNA is, however, quite unrelated to that for tRNA 
(Fig. 3b). This is consistent with the conclusion drawn from microscopy, that DNA 
adsorption is critically dependent on the larger-scale topography of the surface. 

The binding capacity for tRNA is not closely correlated with the binding 
strength, as measured by the elution molarity (Fig. 4a). The same is true when area. 
specific capacity is plotted (not shown)_ This is not too surprising when we recall tha- 
in the classical Langmuir theory of adsorption” the two parameters are independentt 
The results show that binding capacity, which is al1 that some manufacturers quote in 
the specification, is not on its own sufficient as a guide to chromatographic behaviour. 

tRNA capacity, mg g-’ 

b . 

. . 

20 tRNA 30 40 -5p capacity, mg g 

Fig. 3. tRNA binding capacity plotted against capacity for (a) BSA, (b) DNA. The data plotted 
cover all samples in Table I, together with some from intermediate stages in the preparations’. 0, 
Chromatographic HA; 0, directly precipitated HA; 0, OCP; & other calcium phosphates. For 
details of measurements see Materials aad Methods. 
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There is, however, some degree of correlation between the tRNA elution 
molarity and the crystallite size (Fig. 4b). We have furthermore found2 that crystallite 
size and elution molarity increase together durin g the formation of HA by standard 
methods. There seems to be an upper limit to the binding strength, reached when L,, 
exceeds about 60 mu, beyond which a further increase in crystallite size has no effect. 
The data of Table I show that for most samples the smaller dimension L130 is about 
one-third of Loot, so the plateau region corresponds to an L,,, of about 20 run. Now 
LrJO is an average thickness measured at right angles to the long axis of the crystals, 
and the width of crystal faces could be smaller than this; if, for instance, the crystals 
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- 0.03 - . 

0.02 - 

0.01 . 

o,ooA 10 20 30 40 50 
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0.09 . I. 
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- 0.03 
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'-"O 10 20 30 40 50 60 70 80 90 100 110 

crystallite size L,oz. nm 

Fig. 4. tRNA elution molarity plotted against (a) tRNA binding capacity, (b) crystallite size (HA 
only). Same samples as in Fig. 3; 0, chromatographic HA; 0, directly precipitated HA; q , OCP; 
0, other calcium phosphates_ Samples containing a proportion of brushite or OCP have kn 
omitted from (b)_ 
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were needles of* hexagonal-cross-section”, each face would be of width 11 mn. Since 
the longest dimension of tRNAg:>,,i (one of the smaller species) is about 9 nml’, this 
suggests that for optimum binding the smallest dimension of the crystallite faces needs 
to exceed the size of the molecule. This is entirely consistent with the usual concept of 
binding to HA by maximised apposition of charged groups. 

We suggest, therefore, that a generally useful test of HA for chromatography of 
proteins and small nucleic acids would be to measure L0,,2; for maximum affinity this 
should then be about one order of magnitude greater than the expected size of the 
molecules to be fractionated. It is possible, of course, that where there are size differ- 
ences between molecules it might be best to choose HA of an inter-mediate crystallite 
size, so as to weaken the binding of the larger species: this argument may also apply in 
the case of large polynucleotides, but in that case the structure of crystal aggregates is 
more relevant. It is clear that there is unlikely to be a “best” preparation of HA for all 
purposes. 

CONCLUSION 

Above a certain minimum standard, the binding capacity of HA is of less 
interest than its binding strength, because columns are usually operated well below 
their maximum capacity. Our experiments with tRNA2p3 confirm that for optimum 
separation of a mixture of similar molecules it is best to use material having a high 
affinity for all of them. We have su ggested above that crystallite size is a useful cri- 
terion in such applications_ In Part IF we shall go on to describe how this and other 
parameters change in the course of a preparation, and how variability in the end-prod- 
uct can greatIy be reduced through an understanding of the processes involved. 
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