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Abstract 
Breakthrough curves were measured for pure solutions of a-lactalbumin (ALA) and bovine serum albumin 

(BSA) individually, and for a binary mixture of the proteins, using a sulfopropyl ion-exchange membrane. The 
breakthrough curves were qualitatively consistent with local-equilibrium theory predictions. Competitive ad- 
sorption caused displacement of bound BSA monomer by the more strongly binding BSA dimer, illustrating that 
even apparently single-protein systems may display multicomponent competitive behavior. In the two-protein 
experiment, ALA was competitively displaced by the more strongly binding BSA monomer and dimer, indicating 
that the binding strength was in the order: BSA dimer > BSA monomer > ALA. 

1. Introduction 

Conventional ion-exchange protein separation 
protocols utilize a packed column containing 
porous beads onto which the ligand is immobil- 
ized. Increasing the rate at which equilibrium 
between the protein solution and ion-exchange 
adsorbent is approached is of great practical 
importance because it maximizes the throughput 
of the process. In packed columns, the separa- 
tion rate is typically limited by slow intra-bead 
diffusion for large beads, or low axial velocities 
and high column pressure drops for small beads. 
The rate at which the protein binds to the ion- 
exchange site is usually fast enough not to limit 
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the overall rate. Only under ideal conditions do 
packed columns operate at local equilibrium and 
are separations based solely on differences in the 
equilibrium sorption isotherms [l-3]. 

Ion-exchange membranes are a promising new 
bioseparation technology designed to overcome 
the limitations of conventional packed columns. 
In ion-exchange membranes, pressure drop limi- 
tations are negligible because the membranes are 
thin, whereas intra-bead diffusional limitations 
are negligible because the feed solution flows by 
convection through the fine pores (pore size = 1 
pm) of the membrane. Consequently, properly 
designed and operated ion-exchange membranes 
may eliminate the mass-transfer and flow limita- 
tions associated with packed columns, and may 
approach local-equilibrium behavior. 

Competitive ion-exchange sorption has been 
analyzed extensively, both theoretically and ex- 
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perimentally, for packed columns [4-81, but not 
for ion-exchange membranes. But, packed col- 
umns cannot be used to cleanly test the assump- 
tions of local-equilibrium theory for protein 
adsorption because of complications arising from 
slow and restricted intra-bead diffusion. 

In this work, predictions from local-equilib- 
rium theory will be compared qualitatively to 
experimental data from single-protein and bina- 
ry-protein ion-exchange membrane separations, 
and used to determine the extent to which ion- 
exchange membranes approach local-equilibrium 
behavior. 

2. Experimental 

2.1. Materials 

Bovine serum albumin (BSA) (A 0281) and 
cu-lactalbumin (ALA) (L 6010) were obtained 
from Sigma (at. Louis, MO, USA) and used 
without further purification. The sulfopropyl 
(SP) MemSep 1010 ion-exchange membrane 
chromatograph cartridge (CISP 15H 01) was 
supplied by Mi! lipore (Bedford, MA, USA). It 
contained a stack of 72 regenerated cellulose 
membranes, with a 1.2 pm pore size [9,10]. The 
stack was 1 cm high, 4.9 ml in volume, and the 
porosity was 85%. The ion-exchange capacity 
was 2.3 meq per cartridge [lo]. Thin poly- 
propylene gasket rings were inserted by Milli- 
pore between every three or four membranes in 
the stack to avoid lateral flow towards the walls 
of the housing. The membrane stack was then 
compressed by Millipore to seal the gaskets, and 
to eliminate gaps between the individual mem- 
branes. Millipore placed a non-woven poly- 
propylene disc filter on top of the first membrane 
in the stack to evenly distribute the flow [lo]. 

The loading/washing buffer was 0.1 M 
NaOAc, adjusted to pH 3.0 with HCl, the 
elution buffer was 0.375 M Tris, pH 8.8, and 
both buffers contained 0.05% NaN,. All solu- 
tions were vacuum filtered and degassed before 
use. 

2.2. Methods 

Standard procedures 
The cartridge was cleaned and regenerated 

prior to each use by pumping in sequence 25 ml 
each of 0.1 M NaOH, loading buffer, and 0.1 M 
HCl through the membrane. It was then washed 
and equilibrated to pH 3.0 by pumping 50 ml of 
loading buffer through the membrane. A UV 
detector (Model 111 with a 10 ~1 volume, 2 mm 
pathlength flow cell, Gilson, Middleton, WI, 
USA) measured. the absorbance of the stream 
exiting the membrane. A fraction collector (Re- 
triever II, Isco, Lincoln, NE, USA) collected 
l-2 ml fractions. All experiments were per- 
formed at 4.0 ml/min. 

Measurement of system dispersion 
Dispersion was determined from the break- 

through curve for 1.0 mg/ml BSA in elution 
buffer. The cartridge was washed with 50 ml of 
elution buffer, then 35 ml of the protein solution 
was loaded, followed by washing with elution 
buffer. 

Breakthrough curve measurement 
An aliquot of 150 ml of the two-protein 

solution, containing 1.0 mg/ml each of BSA and 
ALA in loading buffer, and 360 ml of each 
single-protein solution, containing 1.0 mg/ml of 
either BSA or ALA in loading buffer, was 
loaded. Loading buffer was’ then pumped 
through the system to wash unadsorbed protein 
from the membrane system. The adsorbed pro- 
tein was eluted from the membrane until the 
absorbance returned to baseline. 

Determination of protein concentration 
Excluding the ALA single-protein experiment, 

fractions were analyzed by HPLC (Model 2350 
pump and Model V4 detector, Isco, Lincoln, 
NE, USA) at a wavelength of 280 nm. A 50-~1 
injection loop was used with a mobile phase 
buffer consisting of 0.2 M Na,HPO, pH 7.0 at 
2.0 ml/mm through a gel filtration column 
(ZORBAX GF-250, E.I. du Pont de Nemours, 
Wilmington, DE, USA). Peaks were integrated 
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by a computer-based system, calibrated using 
pure samples of each protein in solutions of 
known concentration. 

In experiments involving only one protein, a 
ratio of the UV detector voltage due to the feed 
solution, without the membrane in the system, to 
the concentration of the feed solution was used 
to convert all voltages to concentration. The 
concentration of the feed solution was calculated 
from the absorbance at 280 nm. The extinction 
coefficient of ALA was 1.78 ml mg-’ cm-‘, and 
of BSA was 0.6 ml mg-’ cm-’ at pH 3.0 and 
20°C. 

3. Results 

3.1. System dispersion 

In the dispersion experiment, BSA emerged in 
the effluent after 5.2 ml were loaded. This is the 
system dead volume, which includes the mem- 
brane void volume of 4.2 ml. Next, an additional 
2.8 ml was loaded during which the effluent 
concentration rose to the feed concentration. If 
there were no dispersion in the system, the 
effluent concentration would have instantly risen 
to the feed concentration. An aliquot of 4.4 ml 
was required during washing for the effluent 
concentration to return to zero. 

3.2. BSA breakthrough curve 

Fig. 1 contains the breakthrough curve for 1.0 
mg/ml BSA in loading buffer. The effluent 
concentration rose quickly after an effluent vol- 
ume of 70 ml. Later, the breakthrough curve was 
very broad and asymmetric. After an effluent 
volume of 350 ml, the effluent concentration of 
BSA rose to only 96% of the feed solution 
concentration. Based on the area above the 
breakthrough curve, 102 mg of BSA were re- 
moved from the feed solution. 

The compositions of the effluent fractions 
were determined by gel filtration HPLC and are 
plotted in Fig. 2. The feed solutions were essen- 
tially binary solute solutions because approxi- 
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Fig. 1. Single-protein breakthrough curves from the W 
detector for ALA (dashed line) and BSA (solid line). The 
feed solution contained 1 mg/ml of either ALA or BSA in 
0.1 M NaOAc pH 3 buffer. The flow-rate was 4 mllmin, and 
360 ml of each protein solution were loaded onto the 
membrane. 

mately 20% of the BSA existed as a dimer, and 
80% existed as a monomer. After an effluent 
volume of 70 ml, BSA monomer only emerged 
from the membrane. Then, the BSA monomer 
concentration in the effluent rose to 9% above 
the feed solution concentration of BSA mono- 
mer. After an effluent volume of 140 ml, BSA 
dimer emerged in the effluent, and the BSA 
monomer concentration in the effluent decreased 
to the concentration of BSA monomer in the 
feed solution, and remained there. As loading 
continued, the BSA dimer concentration in the 
effluent continued to rise slowly, but did not 
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Fig. 2. BSA breakthrough curves for monomer (O), dimer 
(a) and total (W). The total curve is the sum of the 
monomer and dimer curves. Fractions were collected from 
the BSA experiment of Fig. 1 and analyzed by HPLC. 
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reach the concentration of BSA dimer in the 
feed solution. 

3.3. ALA breakthrough curve 

Fig. 1 contains the breakthrough curve for a 
pure solution of ALA in loading buffer. The 
effluent concentration rose quickly after an ef- 
fluent volume of 75 ml. Later, the breakthrough 
curve was very broad and asymmetric. After an 
effluent volume of 350 ml, the effluent concen- 
tration rose to only 92% of the feed concen- 
tration. Based on the area above the break- 
through curve, 94 mg of ALA were removed 
from the feed solution. 

3.4. Two-protein breakthrough curve 

Fig. 3 contains the breakthrough curve for a 
feed solution cantaining 1.0 mg/ml each of BSA 
and ALA in loading buffer. ALA emerged in the 
effluent after an effluent volume of 42 ml. For an 
effluent volume from 42 to 52 ml, the effluent 
contained pure ALA. The ALA concentration in 
the effluent peaked at 145% of the feed concen- 
tration of ALA at an effluent volume of 52 ml. 
After this point, BSA monomer emerged in the 
effluent, and the ALA concentration decreased 
to that in the feed solution. At an effluent 
volume of 120 ml, the BSA monomer concen- 
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Fig. 3. Breakthrough curves for a mixture of BSA monomer 
(O), BSA dimer (+) and ALA (m). The feed solution 
contained 1 mglml each of ALA and BSA in 0.1 M NaOAc 
pH 3 buffer. The flow-rate was 4 mllmin, and 150 ml of each 
protein solution were loaded onto the membrane. Fractions 
were analyzed by HPLC. 

tration in the effluent peaked at 107% of the 
feed concentration of BSA monomer. Then it 
quickly decreased to an asymptote equal to the 
feed concentration of BSA monomer. At this 
point, BSA dimer emerged in the effluent. 
However, the feed solution concentration of 
BSA dimer was not reached. By subtracting the 
amount of protein in the effluent from that which 
was loaded, it was estimated that the membrane 
bound 38 mg of ALA, 43 mg of BSA monomer, 
and 24 mg of BSA dimer. 

4. Discussion 

The experimental results from this work will 
be qualitatively compared to the predictions of 
local-equilibrium theory, in which separation 
dynamics are described by purely thermody- 
namic factors [8,11-141. In local-equilibrium 
theory, the mobile phase and the stationary 
phase are assumed to be in equilibrium at any 
point. For a single step increase in influent 
composition for a multiprotein feed solution 
containing i solutes, the predicted breakthrough 
curves contain i composition plateaus [ll-13,15]. 
Initially, all the proteins are completely removed 
from the feed solution, and the effluent is free of 
protein. Then, the first plateau emerges in the 
effluent and contains only the lowest-affinity 
protein at a concentration usually greater than 
the feed concentration. Subsequent plateaus 
emerge in the effluent and contain the previous 
proteins plus the next lowest-affinity protein. 
Each transition between plateaus is sharp and 
vertical. The last plateau emerges in the effluent 
after saturation of the membrane, and has the 
same composition as the feed solution. 

4.1. Multicomponent ahorption behavior in 
single-protein systems 

If local-equilibrium theory for single solutes is 
applicable, then a single sharp transition to the 
feed concentration should occur in the break- 
through curve. However, during loading of a 
pure solution of BSA, as plotted in Fig. 2, BSA 
monomer and dimer appeared to compete for 
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adsorption sites, with BSA dimer displacing the 
more weakly bound BSA monomer. This dis- 
placement probably caused the peak in the BSA 
monomer concentration. Then, after an effluent 
volume of 140 ml, BSA dimer emerged in the 
effluent and BSA monomer displacement gradu- 
ally ceased. Without displacement, the BSA 
monomer concentration in the effluent returned 
to the feed concentration. 

The coincidence of BSA dimer emergence in 
the effluent, and simultaneously the BSA mono- 
mer concentration in the effluent returning to the 
feed concentration is characteristic of multicom- 
ponent local-equilibrium behavior. Evidently, 
even apparently single-protein systems may dis- 
play multicomponent behavior. 

The slow approach to the inlet concentration 
in the BSA breakthrough curve has been re- 
ported for sulfopropyl gel-bead packed columns 
at pH 5.0 [5]. It was attributed to slow dimer 
formation between adsorbed and free BSA. The 
slow formation of dimers on the surface should 
result in removal of monomer from solution, 
leading to a slow approach of the monomer 
concentration to that in the inlet. This did not 
occur in Fig. 2. Instead, there was a slow 
approach of the dimer concentration to that in 
the inlet. This probably was caused by the slow 
continued removal of BSA dimer from solution. 
BSA dimers do not form in solution in the 
absence of Cu(I1) at pH 3.0 [16], which may 
explain the difference between these results and 
those for the packed column at pH 5.0. 

4.2. Multicomponent adsorption and 
competition in two-protein systems 

In the two-protein breakthrough curve of Fig. 
3, all proteins were removed from the feed 
solution for the first 42 ml of effluent volume. 
Then bound ALA, the weakest binding protein, 
was displaced from the membrane by BSA 
monomer and dimer. This caused the ALA 
concentration in the effluent to peak at 145% of 
the feed concentration of ALA. Simultaneous to 
the peak in the ALA concentration, BSA mono- 
mer emerged in the effluent. The BSA monomer 
concentration peaked when BSA dimer emerged 

in the effluent. The peak in the BSA monomer 
concentration in the effluent probably resulted 
from displacement of bound BSA monomer 
from the membrane by the more strongly bind- 
ing BSA dimer. These results are in good agree- 
ment with multicomponent local-equilibrium 
theory. Based on the order of emergence in the 
effluent, the binding strength to the SP ion- 
exchange membrane was in the order: BSA 
dimer > BSA monomer > ALA. 

In summary, based on the results of this work, 
ion-exchange membranes qualitatively display 
local-equilibrium behavior. Thus, ion-exchange 
membranes overcome many of the limitations of 
conventional packed columns. Because of the 
relative absence of non-equilibrium effects, ion- 
exchange membranes are a useful tool for ex- 
amining competitive protein sorption behavior. 
Based on the data, even apparently single-pro- 
teins systems may display multicomponent com- 
petitive behavior. 
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