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ABSTRACT 

The utilisation of organosilanes to introduce active chemical groups onto zirconia surfaces, suitable for the subsequent 
immobilisation of proteins or other biomimetic ligands, is described. Two different types of porous zirconia-based particles with 
nominal pore diameters of 160 and 1000 8, pore size were modified with two different affinity ligands. In the first case, methods to 
immobilise iminodiacetic acid-Cu(I1) and its application in Cu(I1) immobilised metal ion affinity chromatography (IMAC) were 
established. In the second series of experiments, concanavalin A was immobilised and the interaction of this lectin with the 
enzyme horseradish peroxidase examined. For both systems, adsorption isotherms were recorded as batch experiments. In each 
case, the experimental results could be fitted to langmuirean type adsorption isotherms, indicating that under the chosen 
conditions only one type of interaction is present, with nonspecific interactions with the support surface playing an insignificant 
role. These studies document the potential of surface modified zirconia particles for the immobilisation of chemical ligands or 
proteins for use in biospecific afflnity chromatography and immobilised enzyme bioreactors. 

INTRODUCTION 

In recent years, research has increasingly been 
undertaken with metal oxides other than silica as 
support materials for use in the development of 
HPLC sorbents [l-4]. Of the various materials 
now available zirconia has attracted considerable 
interest because of its unique characteristics. 
Zirconia can now be manufactured in a range of 
particle and pore sizes and exhibits a high 
chemical stability from low to high pH values 
(e.g. pH 1-14). Furthermore, zirconia particles 
combine these favourable characteristics of 
chemical stability with a physical strength equal 
or superior to silica [5]. Therefore, microparticu- 
late zirconia offers the benefits of an advanced 
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support material for chromatographic sorbents. 
In previous studies we have documented that 
zirconia-based materials can be readily modified 
with a vafiety of ligands by using silane chemis- 
try to introduce reactive groups onto the surface 
[6]. Additionally, pH stability tests have shown 
that these chemically modified adsorbents are 
stable up to pH 12. Another interesting feature 
of zirconia particles is their high density which 
makes them ideal for utilisation in expanded or 
fluidised bed systems as specific adsorbents, as 
immobilised enzyme bioreactors and in various 
other biotechnological applications. In order to 
document this potential, we have modified zir- 
conia particles as bioaffinity systems to investi- 
gate the compatability of these adsorbents with 
proteins. In this paper, the synthesis of metal 
chelate- and concanavalin A-modified sorbents 
are described and the systems characterised by 
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batch adsorption experiments. The adsorption 
isotherms were evaluated in terms of Langmuir- 
type behaviour. 

MATERIALS AND METHODS 

Chemicals and support material 
Two types of ceramic particles based on zir- 

conia were used in these investigations. One type 
of zirconia (referred to as PDZ in the text) was 
prepared as part of ongoing investigations on 
new bioceramics within the Centre for Biopro- 
cess Technology, Monash University. PDZ zir- 
conia was available in two particle forms with an 
average size of 7 pm, a pore size of 1000 A and 
specific surface areas of either 1.0 or 4.2 m*/g 
(measured by BET). The other type of particle 
was donated by the 3M company, St. Paul, MN, 
USA and used as a comparison to the PDZ 
materials. These particles had an average par- 
ticle size of 15 pm, a pore size of 160 8, and a 
surface area of 32 m*/g. 

Iminodiacetic acid, concanavalin A (Type IV, 
from Jack Bean), horseradish peroxidase (E.C. 
1.11.1.7, Type II) and myoglobin (Type III, 
from horse heart) were purchased from Sigma, 
St. Louis, MO, USA; 3-glycidoxipropyl-tri- 
methoxysilane and 3-isothiocyanatopropyl- 
triethoxysilane were purchased from Fluka, Ger- 
many. All other chemicals were purchased from 
BDH, Melbourne, Australia and were of ana- 
lytical grade. 

Pretreatment of the rirconia particles 
In a previous paper the optimum pretreatment 

of zirconia particles was investigated [6]. Accord- 
ingly, all particles were hydrothermal treated for 
6 h at 150°C prior to chemical modification. 

Modification with iminodiacetic acid 
The preparation of the iminodiacetic acid 

(IDA) silane was based on a procedure de- 
veloped by Anspach [7]. In brief, iminodiacetic 
acid (1 g) and NaOH (1 S30 g) were dissolved in 
18 ml water and the solution was cooled in an ice 
bath. 3-Glycidoxypropyltrimethoxysilane (1.776 
g) was then added dropwise. The stirred solution 

was allowed to warm to room temperature and 
then heated at 60°C overnight. 

To modify the zirconia particles, five times the 
amount of IDA-silane required to achieve a 
theoretical surface coverage of 4 pmol/m* was 
employed in 20 ml of an aqueous solution 
adjusted to pH 3.0 with HCl for each g of 
zirconia particles suspended in this solution. The 
suspension was then heated to 90°C for 3 h. 

The chemically modified particles were then 
washed with 100 ml of each 0.1 M hydrochloric 
acid, water and 2-propanol. The particles were 
air-dried and then suspended in a solution of 
copper sulphate (5 g/l) to saturate the IDA- 
chelate groups with Cu(I1) ions. 

Sodium phosphate (20 mM, pH 7.0) was 
employed in the equilibration and regeneration 
solution resulting in interactions between the 
phosphate ion and Lewis acid sites on the zir- 
conia surface [8,9]. However, the stability con- 
stant for the copper-iminodiacetic acid complex 
is cu. 4 - lOlo compared to cu. 20 and 2 - lo3 for 
the copper-dihydrogenphosphate and copper- 
hydrogenphosphate complexes, respectively [lo]. 
The higher stability by lo7 of the Cu(II)-IDA 
complex would suggest that a possible phos- 
phate-copper ion layer at the zirconia surface 
will play an insignificant role in the adsorption 
behaviour with proteins. Moreover, 20 mM 
phosphate was also included in the adsorption 
buffer, so it is very likely that any Cu*+ ions 
which inadvertently leach from the sorbent will 
be complexed in the bulk solution. 

Modification with Concanavalin A (Con A) 
Modification of the zirconia particles with Con 

A involved two steps [ll]. Firstly, the support 
material was chemically modified with 3-iso- 
thiocyanatopropyltriethoxysilane (ITCPS) to in- 
troduce reactive groups onto the zirconia sur- 
face. Con A was attached via the NCS groups 
using the free amino groups accessible on the 
protein surface. 

To modify the zirconia support with the silane, 
the particles were dried at 180°C under vacuum. 
Toluene was dried over sodium metal and freshly 
distilled. The particles were suspended in the 
toluene and the ITCPS silane was added. The 
amount of silane used per gram zirconia was 
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calculated on the basis to achieve a ligand 
density of 8 ~mollm2 support surface area, e.g. 
twice the amount of silane that can theoretically 
be immobilised based on steric considerations. A 
small amount of imidazole (about 1%) w/w) was 
added as a catalyst. The suspension was soni- 
cated for five minutes to remove air trapped 
inside the pores. The mixture was then heated 
under reflux for 24 h and then washed with 100 
ml each of toluene, 2-propanol and water. 

To attach the Con A, the modified particles 
were suspended in 50 mM NaOAc buffer pH 6.5 
containing 10 mM of each of MnCl,, MgCl, and 
CaCl,. The suspension was gently agitated by 
inverse shaking at room temperature for 48 h 
and then washed with the same buffer. The 
particles were not dried. To block any unreacted 
NCS groups, the Con A-modified particles were 
treated with a 1% solution of ethanolamine in 
the modification buffer described above at pH 
7 .O overnight. 

Batch adsorption experiments with metal 
chelate-modified zirconia 

The batch experiments were carried out with 
the instrumental system described by Anspach et 
al. [12] with modifications [ 13,141. The equip- 
ment layout of this system is shown in Fig. 1. 

6 

Fig. 1. Experimental setup for the recording of batch adsorp- 
tion isotherms. 1= Adsorption vessel; 2 = 1.5~pm filter; 3 = 
overhead stirrer; 4 = thermostat; 5 = peristaltic pump; 6 = 
UV detector; 7=chart recorder; 8= A/D converter; 9= 
Atari ST-1040 computer. 

In brief, the IDA-modified zirconias saturated 
with CL? were suspended in 20 ml of 20 mM 
sodium phosphate buffer pH 7.0 containing 0.2 
M NaCl. Due to the differences in the specific 
surface areas between the two types of zirconia 
particles, typically l-g aliquots of the sorbent 
derived from the 3M material and 2-g aliquots of 
the sorbent derived from the PDZ materials 
were used for each of the adsorption experi- 
ments. Horse heart myoglobin was dissolved in 
the same buffer used to suspend the IMAC 
sorbents at a concentration of 1 mg/ml and 
added successively to the metal chelate sorbents 
suspended in the recycling adsorption chamber. 
During the experiments the temperature of the 
suspension was thermostated at 7°C. The rate of 
adsorption was monitored at 280 nm and re- 
corded until equilibrium was reached. The 
equilibrium concentrations were used to calcu- 
late the adsorption isotherms which were 
evaluated using three different linearisation ap- 
proaches, namely the double reciprocal plot, 
semi reciprocal plot and Scatchard plot [15-201. 

Batch adsorption experiments with concanavalin 
A-modified zirconia 

For the adsorption of horseradish peroxidase 
to Con A-modified zirconia at 20 mM sodium 
hydrogenphosphate-dihydrogenphosphate buf- 
fer containing 0.2 M NaCl, pH 6.5, was used. 
The buffer also contained 1 mM of each CaCl,, 
MnCl, and MgCl, to maintain the biological 
activity of the Con A. The buffer was filtered 
prior to use to remove undissolved manganese or 
calcium phosphate precipitates. As before, either 
1 g of the 3M zirconia- or 2 g of the PDZ 
zirconia-based sorbents were used for each ex- 
periment. The particles were suspended in 25 ml 
of the buffer and the suspension was thermos- 
tated at 7°C. Horseradish peroxidase was dis- 
solved in the same buffer at a concentration of 1 
mg/ml. To examine whether the binding was due 
to specific interaction, the adsorbate was eluted 
with methyl cr-D-mannopyranoside and a second 
adsorbtion isotherm recorded. Evaluation of the 
experimental adsorption data utilised the same 
numerical approaches as in case of the metal 
chelate-modified supports. 
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Fig. 2. Modification of zirconia with iminodiacetic acid. 

RESULTS AND DISCUSSION 

Porous, amorphous silica is the most common- 
ly used of all the inorganic support materials in 
HPLC applications, although in recent years 
porous active aluminas, containing y-alumina as 
the major component, have also attracted atten- 
tion [21-241. Although the surface chemistry of 
porous silica and y-alumina are distinctly differ- 
ent in terms of the character and distribution of 
their Lewis acid and Lewis base sites [25], both 
inorganic oxides can be surface derivatised via 
isolated Bronsted hydroxyl groups with mono- 
functional reagents. With regard to the other 
inorganic oxides (magnesia, titania, ceria and 
zirconia) these oxides find very widespread appli- 
cations as pigments, industrial adsorbents, dis- 
persants and carriers, and in various (but lim- 
ited) applications in TLC and GLC. These 
support materials have yet to find general appli- 
cation in HPLC. In fact, as recently as 1990, 
Unger stated in a detailed review [26] on adsor- 
bents in column liquid chromatography, that no 

application of zirconia or seria had yet been 
reported on their use in high-resolution liquid 
chromatography. 

Over the past several years, methods for the 
preparation of porous zirconias with defined 
particle size from hydrolysis of zirconyl chloride 
or zirconium alkoxides by thermal decomposi- 
tion of zirconyl chloride [27] or by a thermal 
processes from zircon powder have been de- 
veloped and the properties of these zirconia- 
based materials as high-performance chromato- 
graphic sorbents are now starting to undergo 
evaluation. 

In this investigation we describe the facile 
derivatisation of porous zirconia using silane 
chemistry and describe some of their properties 
as high performance IMAC and biospecific af- 
finity chromatographic (BAC) sorbents. 

The synthetic routes to the IDA-Cu(II)-zir- 
conia and the Con A-zirconia are shown as 
schemata in Figs. 2 and 3. In the case of the 
immobilisation of the iminodiacetic acid ligand a 
5-fold excess (calculated for a maximum possible 
ligand density of 4 pmol/m* surface area) of the 
silylation reagent, prepared from a reaction of 
iminodiacetic acid and 3-glycidoxypropyl- 
trimethoxysilane was employed with a sub- 
sequent chelation with Cu(I1) ions. In the case of 
Con A-zirconia sorbents, a 2-fold excess of 3- 
isothiocyanatopropyltriethoxysilane was used to 
introduce reactive isothiocyanate groups onto 
the zirconia surface followed by the immobilisa- 
tion of Con A, primarily via E-amino groups on 
accessible lysine residues. 

The adsorption of solutes onto the sorbent 
surface was evaluated in terms of langmuirean 
type adsorption behaviour. The Langmuir model 

L GH,_O, 
Zr-OH + G~~O;3i-(CI&),-N-C-S L ?-W-k 

r 
Zr-0-+$H,),N=C-S 

I 

0-GH, 

Fig. 3. Modification of zirconia with Co&m&alin A. 
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Fig. 5. Adsorption isotherm of myoglobin adsorbed onto 
IDA-Cu(II)-modified PDZ zirconia particles, where c* is the 
adsorbate concentration in solution and q* is the amount of 
adsorbate on the particles. (a) Double reciprocal plot 
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makes three assumptions to simplify the adsorp- 
tion behaviour: (a) All binding sites are of equal 
energy, (b) any binding site adsorbs only one 
solute molecule, and (c) a molecule adsorbed 
onto one binding site does not influence the 
adsorption of another molecule on the neigh- 
bouring binding site. Since deviations from the 
ideal binding behaviour are often difficult to 
detect, different methods of linearisation were 
employed, each putting emphasis on a different 
part of the isotherm. A combined use of these 
linearisation methods therefore guarantees an 
optimum evaluation of the adsorption behaviour. 

The results of the adsorption of myoglobin 
with the different IDA-Cu(II)-modified zir- 
conias are shown in Figs. 4 and 5, respectively. 
As evident from the three different approaches 
used to evaluate the adsorption isotherm data 
(double reciprocal, semi reciprocal and Scat- 
chard plot) differences in the calculated values 
for the capacity and the association constant 
arise, depending on which method is employed. 
These differences are due to the different contri- 
butions which the experimental data make in the 
determination of the respective regression co- 
efficients for the three different linearisation 
approaches. The semireciprocal plot exhibited 
the best fit of the experimental data because the 
adsorption values for the proteins at the higher 
concentrations contribute more significantly to 
the regression analysis than the lower concen- 

TABLE I 

tration values. In comparison, the double re- 
ciprocal plot showed the lowest correlation for a 
linearised Langmuir-like adsorption because this 
plot emphasises more heavily the very low con- 
centration value range where the systematic 
signal-to-noise ratio is much lower. Thus, in the 
early stages of the adsorption experiments, when 
only comparatively small amounts of protein 
were added to the system and the IDA-Cu(II)- 
zirconia and the Con A-zirconia were far from 
saturation, almost all protein in the recycling 
fluid was adsorbed and the free concentration of 
the protein was very close to the detection limit 
of the UV monitor. For example the detector 
readout after the first injection of myoglobin was 
0.15 mV with a noise background of 20.05 mV 
while at the same time the value for q* was 13.45 
mV. 

The linear nature of both the double recip- 
rocal and the semireciprocal plot however is 
indicative that the adsorption behaviour can be 
described in terms of langmuirean-type adsorp- 
tion. The results for q, and Kd derived from 
these plots are listed in Table I. The dissociation 
constant of the Cu(II)-myoglobin complex of 
the 3M material appeared to be consistently 
higher than the constant for the PDZ zirconia 
showing the influence of the restricted pore 
diffusion inside the 160 8, pores of the 3M 
zirconia. 

As expected, the utilisation of a zirconia with 

VALUES OF THE DISSOCIATION CONSTANTS (KJ AND CAPACITY VALUES (q, [mol/g 
ADSORPTION ON IDA-Cu(II)-MODIFIED ZIRCONIA 

rwconia 1) FOR MYOGLOBIN 

3M zirconia 
All data used 

-5 smallest 
concentrations 

PDZ zirconia 
All data used 

Data neglected as 
indicated in figures 

Double reciprocal plot 

q, = 0.0736 
Kd = 5.09. 1O-4 

q, = 7.06.10-5 
Kd = 3.27. lo-’ 

q, = 8.92 ’ 10-6 
K., = 4.65.10-* 

q, = 1.21. w5 
Kd = 1.12. lo-’ 

Semi-reciprocal plot 

q, = 6.38. lo-’ 
Kd = 2.83. lo-’ 

q, = 6.36. lo-’ 
Kd = 2.49. lo-’ 

q, = 1.53.10-5 
Kd = 1.76. lo-’ 

q, = 1.55. 1o-5 
Kd = 2.12. lo-’ 

Scatchard plot 

q, = 7.16 * 1O-5 
Kd = 3.61. lo-’ 

q, = 6.68. 1o-5 
Kd = 2.89. lo-’ 

q, = 1.37.10-S 
Kd = 1.16. lo-’ 

q, = 1.40.10-5 
Kd = 1.55. lo-’ 
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a narrow pore size (e.g. the 3M zirconia) for 
bioaffinity adsorption of horseradish peroxidase 
on immobilised Con A appears to have limited 
practical use due to a significant reduction of the 
pore size by the ligand and the resulting very 
restricted pore diffusion of the adsorbate. This 
effect is particularly noticeable when the adsorp- 
tion kinetics for the adsorption of myoglobin 
onto IDA-Cu(II)-zirconia is compared with the 
adsorption of horseradish peroxidase onto Con 
A-modified PDZ particles (Fig. 6). Investigation 
of the adsorption behaviour of horseradish 
peroxidase with Con A-modified 3M zirconia 
gave limited experimental results again due to 
the small pore size of this sorbent. 

An increase in temperature from 7 to 25°C in 
order to significantly increase the diffusion kinet- 
ics had little effect on the shape of the isotherm. 
The adsorption isotherm for the PDZ zirconia 
modified with Con A are shown in Fig. 7 and the 
results for q,,, and Kd are listed in Table II. The 
good concordance between the first experiment 
on the adsorption of horseradish peroxidase to 
Con A-modified PDZ zirconia and subsequent 
experiments after specific elution indicates that 
the binding of the horseradish peroxidase to the 
Con A sorbent is due to specific interactions 
between the carbohydrate binding site of Con A 
and the polysaccharide chains of the glycosylated 
horse radish peroxidase. Moreover, the equiva- 
lence of the capacity in these subsequent experi- 
ments indicates that the elution step completely 
regenerates the original capacity. 

In the above experiments, phosphate-based 
buffers were used for adsorption and elution of 
the proteins. The strong interaction between 
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Fig. 7. Adsorption isotherm of myoglobin adsorbed onto 
Con A-modified PDZ zirconia particles. (a) double reciprocal 
plot (Benesi-Hildebrandt plot), (b) semi-reciprocal plot 
(Scott plot), (c) Scatchard plot, (d) direct plot of the 
isotherm. 
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VALUES OF THE DISSOCIATION CONSTANTS (K,,) AND CAPACITY VALUES (q, [mol/g,i,,,,i,]) FOR HORSERAD- 
ISH PEROXIDASE ADSORPTION ON Con A-MODIFIED ZIRCONIA 

Double reciprocal plot 

PDZ zirconia modified with Con A, first adsorption experiment 
All data used q, = 3.52. 1O-5 

Kd = 5.16.10+’ 

-smallest concentration q, = 9.32. 1O-6 
Kd = 1.08 - lo+ 

Second adsorption after e&ion with cY+nethylmannose 
All data used q, = 2.64.10-* 

K,, = 6.35. 1O-6 

Semi-reciprocal plot Scatchard plot 

q, = 1.13. w 
Kd = 1.48. 1O-6 

q,= 1.12*10-5 
Kd = 1.43.10+ 

q, = l.ll~lo-s 
Kd = 1.42 * lo+’ 

q, = 1.08. 1O-5 
Kd = 1.33.10+ 

q, = 9.84. 1o-6 
Kd = 1.97.10+ 

q, = 1.26 * lo-’ 
K,, = 2.70. 1O-6 

zirconia Lewis acid sites and phosphate ions was 

used to suppress non-specific interactions be- 
tween the support surface and proteins. In par- 
ticular, this interaction will suppress Lewis/ 
Brtinsted acid sites which could lead to non- 
specific interactions between the IDA-Cu(II)- 
or the Con A-zirconia surface and the test 
proteins. As the value of the association constant 
for the Con A-horse radish peroxidase complex 
is very similar to that obtained from bulk solu- 
tion measurements [28], the conclusion can be 
drawn that these surface-modified zirconias in- 
teract specifically. Similar conclusions can be 
drawn from the myoglobin IDA-Cu(II)-zirconia 
interactions, where again the association con- 
stant is similar to values obtained with other 
IDA-Cu( II) sorbents [29]. 

CONCLUSIONS 

The experimental results described in this 
paper show that the modification chemistries 
developed in our associated studies for various 
other zirconia-based sorbents [6] can also be 
applied to synthesise biomimetic and biospecific 
affinity supports. Immobilised Con A retains its 
biological activity as shown by the specific elu- 
tion of horseradish peroxidase with methyl (Y-D- 

mannopyranoside. Both the specific and com- 
plete elution of horseradish peroxidase and the 
Langmuir type adsorption isotherms obtained 
with this system as well as the IDA-Cu(II)- 

myoglobin system indicate a single type of inter- 
action. Elsewhere, the application of these new 
support materials with other immobilised en- 
zymes will be described. 

ACKNOWLEDGEMENTS 

Support was provided under the Generic 
Technology component of the Industrial Re- 
search and Development Act 1986 together with 
ICI (Operations) Pty Ltd, Australia. The authors 
want to thank Dr. M. Gani and Mr. H. Cheng 
for their extensive assistance with the prepara- 
tion of the PDZ zirconia. 

REFERENCES 

U. Triidinger, G. Miiller and K.K. Unger, J. Chroma- 
togr., 535 (1990) 111-125. 
M. Kawahara, H. Nakamura and T. Nakajima, Anal. 
Sci., 5 (1989) 763-764. 
M.P. Rigney, T.P. Weber and P.W. Carr, J. Chromatogr., 
484 (1989) 273-291. 
M. Kawahara, H. Nakamura and T. Nakajima, J. Chro- 
matogr., 515 (1990) 149-158. 
M.P. Rigney, E.F. Funkenbusch and P.W. Carr, J. Chro- 
matogr., 499 (1990) 291-304. 
H.-J. Wirth, K.O. Eriksson, P. Holt, M. Aquilar and 
M.T.W. Heam, J. Chromatogr., 646 (1993) 129. 
F.B. Anspach, patent pending, German Pat., P4217101.6 
(1992). 
W.A. Schafer, P.W. Carr, E.F. Funkenbusch and K.A. 
Parson, J. Chromatogr., 587 (1991) 137-147. 



H.-J. Wirth and M.T.W. Hearn I J. Chromatogr. 646 (1993) 143-151 151 

9 W.A. Schafer and P.W. Can, J. Chromatogr., 587 (1991) 21 R.M. Chicz, Z. Shi and F.E. Regnier, J. Chromatogr., 
149-160. 359 (1986) 121-130. 

10 A.E. Martell and R.M. Smith, Critical Stability Constants, 
Plenum Press, New York, 1974. 

11 D. Renauer, F. Oesch, J. Kinkel, K.K. Unger and R.J. 
Wieser, Anal. Biochem., 151 (1985) 424-427. 

12 F.B. Anspach, H.-J. Wirth, K.K. Unger, P. Stanton, J.R. 
Davies and M.T.W. Hearn, Anal. Biochem., 179 (1989) 
171-181. 

22 M.T. Kelly, M.R. Smyth and D. Dadgar, J. Chromatogr., 
473 (1989) 53-62. 

23 J.E. Haky, S. Vemulapalh and L.F. Wieserman, J. Chro- 
matogr., 505 (1990) 307-318. 

24 J.E. Haky, A. Raghani and B.M. Dunn, J. Chromatogr., 
541 (1991) 303-315. 

13 H.-J. Wirth, K.K. Unger and M.T.W. Hearn, Anal. 
Biochem., 208 (1993) 16-25. 

14 M. Zachariou, H.-J. Wirth and M.T.W. Heam, unpub- 
lished results. 

25 B.H. Kita, N. Henmi, K. Shimazu, H. Hattori and K. 
Tanabe, J. Chem. Sot., Faraday Trans. 1, 77 (1981) 
2451-2463. 

15 I. Langmuir, J. Chem. Sot., (1940) 511-543. 
16 S. Brunauer, P.H. Emmett und E. Teller, J. Am. Chem. 

Sot., 60 (1938) 309. 
17 H.A. Benesi and J.A. Hildebrand, J. Am. Chem. Sot., 

71 (1949) 2703. 

26 K.K. Unger, in K.K. Unger (Editor), Packings and 
Stationary Phases in Chromatographic Techniques (Chro- 
matographic Science Series,Vol. 47), Marcel Dekker, New 
York, Basle, 1990, pp. 331-470. 

27 B.E. Yoldas, J. Material Sci., 12 (1977) 1203. 
28 D.J. Anderson and R.R. Walters, J. Chromatogr., 376 

(1986) 69-85. 
18 D.A. Derenleau, J. Am. Chem. Sot., 91 (1969) 4044. 
19 R.L. Scott, Rec. Trav. Chim., 75 (1956) 787. 
20 G. Scatchard, Ann. N.Y. Acad. Sci., 51 (1949) 660. 

29 S.S. Suh and F.H. Arnold, Biotechnol. Bioeng., 35 (1990) 
682-690. 


