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Abstract

Non-porous silica with an average diameter of 1.4 wm was synthesized and derivatized for the high-performance
affinity chromatography of proteins. The elution behaviour of proteins on a non-porous silica-based adsorbent was
investigated both theoretically and experimentally using human immunoglobulin G (IgG) and immobilized protein
A as the affinity pair. An equation used to predict the elution peak profiles was obtained. A comparison was also
made between predicted and experimental elution peaks from chromatography of IgG on immobilized protein A.
Experimental data indicated that samples with IgG contents up to 360 ug could be analysed chromatographically
using a column packed with the non-porous silica-based affinity adsorbent. Alternation of the mobile phase pH is
one of the conventional techniques employed to perform the elution of bound proteins from the column. Using this
technique, the desorption rate constant and equilibrium association constant under elution conditions were found
to have substantial effects on the elution time and the shape of the elution peak. The influence of sample load on

the peak height was also examined.

1. Introduction

Non-porous adsorbents of small particle diam-
eter have been employed for protein chromatog-
raphy in recent years. These non-porous ma-
trices are prepared from silica [1-9], agarose
[10,11], poly(styrene—divinylbenzene) [12,13],
TSK gel [14-17] and Bio-Rad MAT7P (poly-
methacrylate coated with polyethyleneimine)
[18-21]. Most of the adsorbents are used in the
reversed-phase, ion-exchange and hydrophobic
interaction chromatography of proteins. Cross-
linked poly(styrene—divinylbenzene) microbeads
have been surface coated with dinitrophenyl-
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amino acid for affinity chromatography of im-
munoglobulin E [22]. In a recent study [23],
polystyrene microbeads were coated with poly-
(vinyl alcohol) and coupled with the reactive dye
Cibacron Blue F3G-A for albumin adsorption.
Among these non-porous matrices, only silica
beads having an average size ranging from 1.5 to
2.1 pm were coupled with ligands via covalently
binding to prepare affinity adsorbents [1-4]. In
those investigations, using the immobilized lig-
ands including triazine dyes and monoclonal
antibody mouse immunoglobulin G (IgG), ex-
perimental breakthrough curves and adsorption
isotherm of proteins on non-porous silica-based
affinity matrices were determined in batch and
frontal experiments. A mathematical model was
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also proposed to predict the breakthrough curves
from the affinity columns packed with non-
porous particles [24]. For affinity chromatog-
raphy operated in the HPLC mode [high-per-
formance affinity chromatography (HPAC)], sil-
ica has advantages of good mechanical properties
and hydrophilicity. In this work, protein A was
immobilized on non-porous silica to provide an
adsorbent for the HPAC of protein mixtures.
The main objective was to study experimentally
and theoretically the performance of HPAC
employing non-porous silica beads, especially the
behaviours of pH elution.

2. Experimental
2.1. Materials

Protein A from Staphylococcus aureus and
human IgG (protein content 90% by mass;
E % = 14) were obtained from Sigma (St. Louis,
MO, USA), amyl alcohol and glutaraldehyde
(25% in water) from E. Merck (Germany),
silicon tetrachloride (technical grade) from
Reidel-de Haén (Seelze, Hannover, Germany)
and y-aminopropyltriethoxysilane from Aldrich
(Milwaukee, WI, USA).

2.2. Preparation of non-porous silica-based
adsorbents

Non-porous silica was made by following the
procedure of Stober et al. [25] by reacting 16 ml
of tetraamyl orthosilicate with 100 ml of an
ammonia-saturated alcohol solution. The alcohol
solution was prepared by passing ammonia
through water-methanol-2-propanol (1:2:6).
The synthesis reaction was carried out with
stirring at 300 rpm for 24 h. The resulting silica
was washed to neutrality with water and metha-
nol, then dried in a vacuum oven at 150°C for 24
h. Tetraamyl orthosilicate was prepared by add-
ing 120 ml of amyl alcohol dropwise to 25 ml of
silicon tetrachloride in a 1-1 flask with stirring
and cooling in ice, followed by a 2-day reflux and
fractionation. Modification of silica with 6% -
aminopropyltriethoxysilane was carried out

under anhydrous conditions [26]. The resulting
aminopropylsilica was then activated with 5%
glutaraldehyde in 0.05 M pyrophosphate buffer
(pH 8.6) and shaken at room temperature for 12
h with protein A (1 mg/ml) in 0.1 M phosphate
buffer (pH 7). The immobilized protein A was
washed successively with phosphate buffer, 2 M
NaCl and 0.1 M glycine.

2.3. HPAC procedure

Protein A-silica was slurry-packed into a 5.0
cm X 4.6 mm [.D. stainless-steel column using a
column packer (Model CPP-085; Chemco). Dur-
ing the column packing, a 35-ml slurry reservoir
containing 3 g of adsorbents was placed in front
of the column to be packed. The buffer em-
ployed for column packing was phosphate buffer
(pH 7). The HPAC equipment consists of a
Gilson Model 305 high-pressure pump, a Gilson
115 UV detector and a sample injector with a
20-ul loop. The starting buffer for sample appli-
cation and elution of non-retained components
was 0.1 M potassium phosphate buffer (pH 7)
prepared from K,HPO, and KOH, whereas the
retained components were ecluted by stepwise
changes to 0.1 M potassium phosphate buffer
(pH 3) prepared from H,PO, and KOH. The
column was re-equilibrated with starting buffer
for successive injections. Elution peaks of human
IgG from the HPAC column were detected at
280 nm and integrated with a SIC Chromato-
corder 12 integrator (System Instruments). The
peak data were also collected via a PCL-812
A/D converter (Advantech) connected to a
personal computer.

3. Theoretical

Affinity chromatography is a selective purifica-
tion technique using high affinities between the
bound ligand and the solutes (ligates) in the
mobile phase. In a typical strong affinity chroma-
tography, the equilibrium association constant
for the affinity pair is extremely large. For the
specific interaction between an antibody and an
antigen, for example, association constants in the
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range 10'-10° M ™' are generally reported [27).
Protein A has very high affinity for the Fc region
of immunoglobulins. The equilibrium association
constant of Sephadex-immobilized protein A to
rabbit IgG is reported to be 4.1-10° M~ [28].
Therefore, for our system, the adsorption of
desired proteins to an immobilized ligand is
safely assumed to be irreversible. Owing to the
high selectivity between the substances to be
bound and the affinity matrix, all the compo-
nents except for the one with specific interaction
with the ligand would come out as a portion of
the non-retained fraction. Elution of the bound
protein can be achieved by reducing the associa-
tion constant via alternation of the mobile phase
pH and/or ionic strength [29]. Occasionally, the
elution of an affinity-bound fraction can also be
performed by applying a competitive inhibitor
for the immobilized ligand to reduce the appar-
ent association constant. The governing equa-
tions describing the concentrations of protein in
the mobile phase (c) and on the adsorbent (gq)
during elution step can be expressed as follows:

ac aq ac
88t+(l—£)—‘3?+u0~'5‘;—0 (1)

dq
o =kl —@)c —kygq ()

This model neglects axial dispersion effects
and the influence of film resistance on the mass
transfer rate. However, Eq. 2 is still useful in
regarding the rate constants k, and k, as lumped
parameters [30,31]. As the adsorption is irrevers-
ible, the column becomes saturated with the
adsorbate only in the entrance end, provided
that the sample loading is relatively smaller than
the total binding capacity of the column. Let the
starting point of elution be the beginning of the
time-scale. The initial conditions are thus

_ o [4a0<z<z,
t_o’c_o’q_{0,20<z<L 3)

where ¢, is the maximum value of adsorbate
concentration. The boundary condition is given
by

z=0,c=0 4)

Eqgs. 1-4 were solved analytically by following

the method of Aris and Amundson [32] and the
distribution describing the elution peak was
obtained as

Vi /(r—1)

C(T,Z=L)=‘—K—"

L2k Vki(r — D][1 — e 0420

L[2k3V k(e — 1)] + @[5 (r — 1), kik3]
e D[k, k= 1)]

(5)
The function ® is defined as
du,v)=¢" f e "I,(2Vvs) ds (6)
0

In Eq. 5, K, (=k,/k,) is the association con-
stant under the elution conditions and kg =
(1-#)q,, K, /¢ is the limiting capacity factor, i.e.,
the capacity factor at zero sample concentration.
The non-dimensional variable and parameter in
Eq. 5 are defined as 7 =tu,/eL and k} = kgeL/
u,y. Eq. 5 describes simply the dependence of the
peak profiles (the effluent concentration varying
with non-dimensional time 7) on the loading
factor defined by z,/L and two additional pa-
rameters, K, and k%. This loading factor equals
the ratio of the amount of solute (w,=
UyA Cot;y;) injected to the saturation capacity of
the column [w, = (1—¢)A_Lq,]. If the column
is made by following a constant procedure and
operated under given analysis conditions, all the
parameters &, u,, A, L, ¢, and ¢, are known,
except for K, and k3. Therefore, only two
parameters, K, and k%, control the elution peak
profiles. The first parameter is a thermodynamic
variable that can be adjusted by changing the
mobile phase pH and/or ionic strength, whereas
the latter is a dimensionless desorption rate
constant and subject to be evaluated from ex-
perimental results.

4. Results and discussion

4.1. Preparation of non-porous silica-based
affinity adsorbent

Synthesis of non-porous, monodispersed silica
beads was achieved by the use of tetraamyl
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orthosilicate and an ammonia-saturated alcohol
solution. The prepared non-porous silica was
determined to have an average diameter of 1.4
pm and a surface area of 5.1 m°/g calculated
with the BET equation using nitrogen as the
adsorbate. A comparison of Fourier transform
IR spectrum of the non-porous silica with that of
a commercial porous silica (Wakogel C-200)
revealed that the two kinds of silica are identical
in their composition. The particle size distribu-
tion of the prepared silica is shown in Fig. 1.
This distribution, although covering two orders
of magnitude, is monodispersed. The growth of
silica beads was controlled by the concentration
of ammonia, the composition of alcohol solution,
the kind of tetraakyl orthosilicate used and the
reaction time. The use of tetraamyl orthosilicate
under constant experimental conditions caused a
larger particle size than that with tetraethyl
orthosilicate. The higher the concentration of
ammonia employed, the larger was the average
particle size. Accordingly, the largest spheres
were obtained when the reaction mixture was
saturated with ammonia. Fig. 2 shows the 2- and
24-h growth of silica beads from the controlled
hydrolysis of tetraamyl orthosilicate in ammonia-
saturated alcohol solution. Immunoaffinity ad-

Intensity Distribution
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Particle Size Distribution (nm)

Fig. 1. Particle size distribution of the prepared non-porous
silica beads.

0 1 2 3 4 5
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Fig. 2. Growth of silica beads tromn the controlled hydrolysis
of tetraamyl orthosilicate in ammonia-saturated alcohol solu-
tion: (a) 2 and (b) 24 h growth.

sorbents were obtained from the amino-
propylsilica activated with glutaraldehyde and
then coupled with protein A. The column (5
cm X 0.46 cm 1.D.) packed with immobilized
protein A was operated in the HPLC mode at a
flow-rate of 1.5 ml/min against a pressure gra-
dient of 300 bar. This column pressure was
higher owing to the use of fine particles.

4.2. Chromatogram of IgG on immobilized
protein A

When pure human IgG was applied to the
high-performance affinity column, only a minute
amount of protein was not retained by the
column. The retained proteins could be eluted
by stepwise changes to the pH 3 buffer as shown
in Fig. 3. The non-retained fractions were eluted
in 0.42 min, while the retained proteins were
eluted in ca. 6 min following the stepwise change
of buffer from 0.1 M potassium phosphate (pH
7) to 0.1 M potassium phosphate (pH 3). This
retention time for the non-retained peak indi-
cates a total dead volume of 0.63 ml, which
includes the extra-column dead volume of 0.31
ml. Calibration graphs could be established
either from the elution peak height or peak area
vs. IgG concentration. Fig. 4 shows that when
9-u] samples of IgG in a concentration ranging
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Fig. 3. Chromatograms of human IgG on an HPAC column
(5 em X 0.46 cm 1.D.) packed with immobilized protein A on
non-porous silica. The arrows indicate stepwise changes in
mobiles phase from pH 7 to 3. Flow-rate, 1.5 ml/min; sample
volume, 9 ul. Sample concentration: 1= 15; 2 =40 g/l.
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Fig. 4. Calibration graphs of peak height (peak area) vs. IgG
concentration in 9-ul samples. Chromatographic conditions
as in Fig. 3.

from 2.5 to 40 mg/ml were prepared as the
standards, straight lines were obtained from the
plots of peak area vs. IgG concentration and also
peak height vs. IgG concentration. The data
indicate that samples with IgG contents up to ca.
360 wg could be analysed chromatographically.

The retention time for the non-retained por-
tion of proteins did not change with a sample
load up to 180 ug (Fig. 5). However, a signifi-
cant proportion of the proteins was eluted in the
non-retained fraction when the sample load
exceeded 180 wg. This elution suggests that a
split peak could occur at this overloading level of
sample application, as evidenced by peak 2 in
Fig. 3. The non-retained peak in the IgG chro-
matogram constituted less than 3% of the total
absorbance of the sample whenever the sample
contained an amount of IgG less than 180 wg.
This minor fraction was probably IgG 3, which
does not carry any affinity for protein A and
passed unretarded through the column. How-
ever, the non-retained peak may be partially due
to the so called “split-peak” effect. It has been
reported [33] that split peaks occur even in linear
chromatography, i.e., when the sample size is
extremely small.
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Fig. 5. Variation of the retention time for non-retained peaks
with sample loading.
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4.3. Predicting the behaviour of pH elution

The elution profile could be predicted by Eq.
5, provided that the amount of solute loaded into
the column was insignificant compared with the
column capacity. In the affinity chromatographic
system presented in this work, operational pa-
rameters were determined as £=10.39, u,=9
cm/min (which corresponds to a flow-rate of 1.5
ml/min) and L =5 cm. The extrapolation of the
retention time for the eluted peak to zero sample
load is 6.04 min (Fig. 6). The limiting capacity
factor is thus calculated as k;=[(6.04-1.5) —
0.32]/0.32 = 27.3, where 0.32 (ml) is the column
void volume. Taking k% =20 and K, =0.5 l/g,
the predicted elution profiles using Eq. 5 are
shown in Fig. 7, in which 5.21 min was added to
the elapsed time (5 min before the starting-point
of elution and 0.21 min for the time required to
flow through the extra-column dead volume).
Corresponding elution curves resulting from ex-
periments are also shown in Fig. 7. The correla-
tion of the O.D. at 280 nm with the protein
concentration, 1 g/1=0.57 O.D., was obtained
by plotting the elution peak area versus the
sample load over the range of small sample sizes.
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Fig. 6. Variation of the retention time for retained peaks
with sample loading.
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Fig. 7. Predicted (solid lines) and experimental (data points)
elution profiles for high-performance affinity chromatography
of IgG on immobilized protein A. Experimental conditions as
in Fig. 3, except sample concentration: A =20; O0=15; O=
10 g/1. Parameter values for the predicted case are kg =27.3,
k%3 =20and K,=0.5l/g.

The k% and K, values were determined by
matching the experimental data with the predic-
tions of the elution peak described by Eq. 5. A
slight shift occurred in the baseline after the
elution, thereby making an excellent fit to the
whole elution peaks nearly impossible. The in-
fluences of sample concentration (injection vol-
ume 9 u1) on the peak height and peak shape are
similar in both the predicted and experimental
data, as indicated in Fig. 7.

The maximum binding capacity was calculated
from k; and K, for this affinity system as g, =
34.9 g/1. The rate constants of adsorption and
desorption could be calculated as k, =0.77 1 g™!
s (=1.2-10° M7 s7") and k,=1.5 57", re-
spectively, using k% =20 and K, =0.51/g (=7.8-
10* M~ "). The k, value is close to that for
adsorption of lysozyme on Cibacron Blue F3GA
with non-porous silica (1.5 wm), which falls in
the range 0.375-1.753 1 g~' s™'. The k, might
not take into account the effect of film resist-
ance, since a higher flow-rate (1.5 ml/min) was
used in this work. The sharper peaks appearing
in Fig. 7 imply a higher desorption rate and mass
transfer rate, which is attributed to a larger film
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mass-transfer coefficient. An increase in k, tends
to sharpen the elution peak and increase the
peak height.

As the column was packed with a fixed
amount of affinity adsorbents with a known
binding capacity, the factors having an effect on
the shape and height of the elution peaks accord-
ing to Eq. 5 are flow velocity u,, sample size w,_
(or z,), desorption rate constant k, and associa-
tion constant K, under the elution conditions.
An increase in flow velocity causing a reduction
in the elution time is obvious from the definition
of the non-dimensional time 7 =tu,/eL. Both
the predicted peak area and peak height definite-
ly increase with increasing sample load, as shown
in Fig. 7. The predicted peak heights varying
with sample concentration (injection volume 9
ul) for several k% values are shown in Fig. 8.
Straight lines passing through the origin were
obtained from the plots of peak height vs.
sample load for lower values of k7. Interestingly,
the loci of the peak height become slightly
curvilinear over the same range of sample load
as kY increases to 20. This is because the peak
becomes more asymmetric as k% increases. The
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Fig. 8. Plots of peak height vs. solute concentration in 9-ul
samples for k% = (1) 20, (2) 5 and (3) 1. Parameters for the
prediction are d,=14: 107* cm?, u,=0.15 cm/s, L =5 cm,
£=0.39, K, =0.51/g and g, =34.9 g/l (k, =27.3).

calibration graph for HPAC based on peak
height is much simpler than that on the peak
area.

The large value of k, indicates a rapid desorp-
tion rate of the bound compounds from the
adsorbent. Fig. 9 shows that when the rate
constant becomes larger, the elution peak be-
comes sharper and the time required to elute all
bound proteins becomes shorter because of the
faster rate. The peak height increases with the
rate constant owing to the sharper peak and
constant value of the peak area. The rate con-
stant is generally dependent on mobile phase
composition and pH. If the effect of film resist-
ance becomes significant and must be taken into
account, the rate constant in this case is an
apparent value and a weak function of the flow-
rate. A . higher flow-rate enhances the mass
transfer, i.e., the film mass-transfer resistance is
reduced. The film mass-transfer coefficient can
be estimated from a J factor correlation pro-
posed by Wilson and Geankoplis [34]. This
correlation (Eq. 7) is valid for liquid with a
Reynolds number (Re=d,u,/v) range of

0.06 4
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e
1

Concentration (g/I)

0.00 T

5 10
Elution time (min)

Fig. 9. Influence of rate constant on the profile of the elution
peak. Parameters for the prediction are K, =0.5 l/g, g, =
34.9 g/l and C,=15 g/l; others as in Fig. 8. The non-
dimensional rate constant k% =(1) 1, (2) 2, (3) 5, (4) 10 and
(5) 20.
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0.0016-55 and a Schmidt number (Sc=v/D,)
range of 165-70 600.

k 2/3 d -2/3
J=-L (L) — 1.09 (P_uo> (7)

u, \D,, £ v

Taking the experimental value of the molecular
diffusivity for IgG (M, 156000) [35], 4.0-107’
cm?®/s, and »=1-10"% cm?/s (dilute aqueous
solution at 293 K), k; can be calculated using Eq.
7 to be 3-107% cm/s. This k, value is close to
that reported by Mao et al. [24], 3.5-107% cm/s,
for 1.5-um non-porous particles. A comparison
is next made of the contribution of film mass-
transfer coefficient with that of the desorption
rate constant to the peak spreading in the range
of linear chromatography (zero sample size):
1 ed ky 1
kd —0.67S>>m'?f=0.0148
On the basis of that comparison, we can con-
clude that the elution process is desorption-
dominating and the assumption of neglecting film
resistance is acceptable.

Increasing K, significantly delays the appear-
ance of the elution peak, as shown in Fig. 10. A

0.2 ~

Concentration (g/1)

0.0 Hr—rr—L——r+r 1L
0

5 1 5
Elution time (min)
Fig. 10. Influence of association constant on the elution peak
profile. Parameters for the prediction are k% =5, g, =34.9

g/l and C,=15 g/l; others as in Fig. 8. The association
constant K. =(1) 0.1, (2) 0.5 and (3) 1 l/g.

small K, indicates a weak binding affinity be-
tween the protein and the immobilized ligand.
Thus, the smaller is K, the much easier is bound
protein elution. The results in Fig. 10 indicate
that the mean retention time and the time
required to conclude the elution become shorter
because of weaker binding. The equilibrium
association constant K,, which is a thermody-
namic property, depends on the pH, ionic
strength and composition of the mobile phase at
the elution stage. Therefore, the optimum ap-
proach to reduce the analytical time is to select
elution conditions making the K, value as small
as possible. Alteration of the pH of the mobile
phase is one of the most common and simplest
ways to reduce the K, value. The dependence of
pH on the variation of K, is easily obtained
experimentally [29,36]. As the relationship be-
tween pH and binding constant is known, the
elution peak can be predicted. In the IgG—pro-
tein A system presented, the association constant
was lowered to 7.8-10* M ™' by changing the
buffer pH from 7 to 3. This value of the associa-
tion constant during elution falls in the range of
1.5-10*-1.2-10° M™', as suggested by Anton-
sen et al. [29]. To give a faster elution, K, should
be reduced as much as possible. Usually the
association constant and then the elution time
can be reduced considerably by using strong
elution conditions, e.g., extremely low pH.
However, retaining the activity of product and
ligand and the binding capacity of the column is
sometimes the determining factor in selecting the
elution conditions. The column should retain its
binding capacity and, in particular, the protein
ligand should not be irreversibly damaged.

Symbols

A_ cross-sectional area of the empty column,
cm’

c colncentration of solute in mobile phase, g
=

¢, sample concentration, g 17"

molecular diffusivity of solute, cm” s~

d, diameter of adsorbent particle, cm

k; capacity factor at zero sample concentration

1
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k, adsorption rate constant at elution stage, 1
g 'sTorM 7 sT!

ky delsorption rate constant at elution stage,
S

k. film mass-transfer coefficient, cm s~ '

k% non-dimensional desorption rate constant

K, association constant at elution stage=k,/
ky,lgborM™!

L length of the column, cm

g sorbate concentration, g 1

q,, maximum sorbate concentration, g 17’

t time, s

time interval of sample injection, s

u, superficial velocity, cm s

z  linear coordinate along the column, cm

z, length of the column saturated with adsor-
bate, cm

Greek letters

e  void fraction of the packed column
7  non-dimensional time
v dynamic viscosity, cm® s~
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