






















































































































































































































































































128 A. JOHNSTON, Q. M. MAO, M. T. W. HEARN

applications, the feed is often continually loaded down a packed chromatographic bed,
the upper part of the bed, at the feed entrance, selectively adsorbing the proteins in
order of their respected affinities and diffusivities. Protein left in the bulk solution is
substantially removed by the lower layers of the adsorbent, near the exit, and the
effluent becomes essentially protein depleted, as illustrated by the curve shown in Fig.
1 (position a). At some time later the bed becomes saturated, the proteins appear in the
effluent (position b) and the bed is then said to have reached the breakthrough point.
Protein concentration in the effluent continues to rise until the outlet concentration
reaches the value of the inlet concentration (see Fig. 1, position c). The concentration
profile emerging from the bed is termed the breakthrough curve. This type of
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Fig. 1. Schematic representation of the adsorption of a protein solution to a resin in a packed bed,
progressing as bands, or adsorption zones, with the effluent concentration profile (breakthrough curve)
emerging from the packed bed.
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MATERIALS AND METHODS

A. JOHNSTON, Q. M. MAO, M. T. W. HEARN

HSA was supplied as a 21% solution from Commonwealth Serum Laboratories
(C.S.L.) (Melbourne, Australia), human apotransferrin, and ferritin isolated from
horse liver, were purchased from Sigma (St. Louis, MO, USA). Fresh protein solutions
were prepared with buffer the day of experimentation. For HSA and ferritin a 20 mM
sodium acetate-acetic acid, pH 5.2 buffer, was chosen, unless stated otherwise, whilst
20 mM Tris-HCl, pH 7.0 was needed to affect adsorption of apotransferrin. Buffer
salts were obtained from Aldrich (Milwaukee, WI, USA). Two weak anion-exchange
resins were used in the experiments. Pharmacia DEAE Sepharose Fast Flow (FF) was
selected as being a resin widely used in industry and therefore likely to be subjected to
the variation in operating parameters investigated in this work. DEAE Trisacryl M,
purchased from Australia Chemical Company (Melbourne, Australia) was selected for
studying the effects of pore-to-protein size because (i) of its high molecular cut-off
(according to the manufacturer), (ii) of its narrow particle size distribution and (iii) it
has been used with our previous results with good reproducibility.

Pharmacia 5/5 HR columns (0.5 em J.D., 5 em maximum column length) were
packed with the ion-exchange resins, DEAE Sepharose FF and DEAE Trisacryl M, to
a bed height of 1.1-4.5 em. When studying the temperature effects the columns were
immersed in a water bath, maintained at a constant temperature. The other

Equilibration buffer Protein solution Regeneration buffer

uv.-~~

Fig. 4.. Experimental set-up for fixed-bed configuration. P = Pump; UV = UV detector; V = valve; C =

FPLC column and R = chart recorder.
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experiments were carried out at room temperature. The columns were connected to
a fast performance liquid chromatograph (FPLC) LC-500, from Pharmacia, that
enabled automated and sequential loading, washing and elution of three identical
columns. The effluent. passed through a M~del 1 UV Spectrophotometer, from
Pharmacia (Uppsala, Sweden), which measured protein concentration at 280 nm, and
this was linked to a two-pen chart recorder from Pharmacia for tracing the
breakthrough curve. The experimental set-up is given in Fig. 4.

The protein concentrations were selected to ensure that the maximum capacity
of the resin was attained so that overloaded conditions were maintained. These
concentration levels were determined from the isotherms generated from batch
experiments derived from our previous experiments [27,28]. Unless stated, a feed
concentration of 1.5 mg/ml for HSA and transferrin and 0.1 mg/ml for ferritin was
loaded onto the columns at a rate of 0.5 ml/min (uo = 0.042 cm/s).

The theoretical solutions of eqns. 2-5 were generated by computer programs
written in PASCAL or FORTRAN on an IBM PC linked to a VAX mainframe.
Graphical integration of the experimental breakthrough curves were also performed
using the IBM PC.

Values forthe film mass transfer coefficient, Kr, were taken from the correlation
of Ohashi et al. [29] whilst the value for the mobile free diffusivity was calculated from
the correlation given by Young et al. [21].

RESULTS AND DISCUSSION

Influence of column length, temperature, feed concentration and protein size on the
capacity of the adsorbent and the shape of the breakthrough curve

Fig. 5 illustrates the change in the shape of the breakthrough curve for the
adsorption of HSA to DEAE Trisacryl M with decreasing column length. Here it is
clearly evident that the shorter the column, the sharper the profiles at the initial stages
of adsorption. This observation concurs with the concept that in practical terms, with
short columns consisting of preparative sorbents of broader particle diameter, the
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Fig. 5. Experimental breakthrough curves for the adsorption of HSA to DEAE Trisacryl M, showing the
influence of bed length. The time is taken from the moment when enough liquid has passed through to
displace the column dead volume and TMID corresponds to the time at 50% breakthrough, the midpoint.
o = 1.4 ern; G = 2.3 cm; 0 = 2.7 em; A = 4.5 ern; - - - = ideal.
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Fig. 6. Experimental breakthrough curves for the adsorption of HSA to DEAE Trisacryl M, showing the
influence of temperature. z = 1.3 ern. 0 = 4°C; e = 25°C; .l = 60°C and - - - = ideal.

Fig. 7. Experimental breakthrough curves for the adsorption of HSA to DEAE Trisacryl M, showing the
influence of concentration at two different lengths.• = 1.5 mg/ml and 4.5 cm; 0 = 3.0 mg/ml and 4.5 em;
e = 1.5 mg/ml and 1.4 em; 0 = 3.0 mg/ml and 1.4 ern.

greater the likelihood that the column is better packed and an even flow established
throughout the bed, allowing a better performance. Further experiments with
non-interactive low molecular solutes acting as probes could have been used to
confirm this result.

A sharper breakthrough at the initial stage is also obtained at higher
temperatures as illustrated by the profiles for the adsorption of HSA to DEAE
Trisacryl M in Fig. 6. At high temperatures the protein solution is less viscous so that
fluid mixing within the bed is superior. A similar trend with temperature was found
when HSA was loaded onto a column packed with DEAE Sepharose FF (results not
shown). The influence of the feed concentration is illustrated in Fig. 7, using the
adsorption of HSA to DEAE Trisacryl M as an example. Slightly more distortion of
the breakthrough curve is evident at higher concentrations, and this might be
attributed to a decrease in the diffusion of the protein in solution. Mathematical
simulations [30] of the adsorption of protein solution onto non-porous particles, using
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Fig. 8. Experimental breakthrough curves for the adsorption of different proteins to DEAE Trisacryl M,
showing the influence of protein size. Co = 1.5 mg/ml for HSA (.l) and transferrin (0) (pH = 7.0), Co =
0.1 mg/rnl for ferritin (e), z = 1.8 em.
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