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ABSTRACT 

With a view towards the efficient large-scale purification of recombinant proteins, factors influencing antigen-antibody adsorption 
kinetics were studied in a model hollow-fiber membrane-based immunosorbent. Non-diffusion-controlled, homogeneous adsorption 
kinetics are approached in membranes. It is shown that adsorption kinetics, rather than mass transfer, first becomes limiting in 
membrane-based immunoaffinity chromatography (MIC). Antigen adsorption is not kinetically limited, even at low feed-stream anti- 
gen concentrations. Binding efficients approach theoretical values when antibody coupling densities are decreased sufficiently. Antigen 
breakthrough during adsorption occurs near the membrane’s observed binding capacity. The results of these kinetic studies were 
essential in the development of highly efficient and productive MIC systems for the purification of three recombinantly produced 
biotherapeutics, interferon-a2a, interleukin-2 and interleukin-2 receptor. 

INTRODUCTION 

The two potential rate-limiting factors in affinity 
chromatography are mass transfer and adsorption 
kinetics. Both must be maximized for the system to 
be efficient. As immunoaffinity chromatography in- 
volves high affinity antigen-antibody (Ag-Ab) in- 
teractions, it is mass transfer which first becomes 
limiting in diffusion-controlled particle-based sys- 
tems. Consequently, the fast Ag-Ab adsorption ki- 
netics are often not maximally utilized. The diffu- 
sion time, tn, must be much smaller than the resi- 
dence time, tR, of the antigen in the support matrix. 
As tD is directly related to the diffusional distance, 
L, 

t,, = L2/D 

the extremely short diffusional distance (< 1 pm) in 
membranes results in negligible diffusional limita- 
tions [l]. This enables one to study the kinetic limi- 
tations in membrane-based immunoaffinity chro- 
matography (MIC). In fact, non-diffusion-con- 
trolled solution kinetics are approached in mem- 
brane-based systems, the difference being that the 
antibodies are on a membrane surface. 

Assuming that membrane systems are analogous 
to free solution, antigen-antibody adsorption kinet- 
ics in MIC can be predicted by the rate expression 

d ‘““,I Ag] = k1 [Ab][Ag] - k_ 1 [Ab . Ag] (1) 

As k_I is very small compared with kI, the pri- 
mary factors that determine the extent of antigen 
capture in an immunosorbent are [Ab], [Ag] and kI. 

Antigen-antibody adsorption kinetics in an im- 
mobilized system can also be described in terms of 
the effective dissociation constant, Kde, which is de- 
fined as [2] 

Kae = hxl - 4*1 c* 
4* 

where q,,, is the immunosorbent’s static binding ca- 
pacity, q* is the concentration of the immunocom- 
plex formed ([Ab . Ag] in eqn. 1) in equilibrium with 
C*, which is the [Ag] remaining in solution. The 
concentration of functionally effective, unoccupied 
antibody binding sites is represented by q,,, - q* or 
[Ab] in eqn. 1. 

In theory, for efficient antigen capture, [Ag] 
should be much greater than Kde. The capture effi- 
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ciency would be expected to decrease when [Ag] < 
Kde. A typical Kde for antigen--antibody interaction 
in an agarose-based immunosorbent is ca. 1.5 . 
1o-8 A4 [2]. 

The kinetic apects of MIC were investigated with 
the aim of developing efficient systems for recombi- 
nant protein purification. In these istudies, the ef- 
fects of mass transfer rate, feed-stream [Ag] and an- 
tibody binding-site concentration were determined 
in relation to the membrane’s capture efficiency. 

EXPERIMENTAL 

Materials 
Hollow-fiber membrane modules (hydrazide) 

were provided by Sepracor (Markborough, MA, 
USA). Monoclonal antibodies LI-8, 5B1 and hu- 
manized anti-Tat (anti-Tat-H) and recombinant 
human interferon-a2a (rTFN-a2a) were all prepared 
in-house. Escherichia coli cells expressing recombi- 
nant human interleukin-2 (rIL-2) and rIFN-ct2a, 
and CHO-conditioned media containing interleu- 
kin-2 receptor (IL-2R), were obtained from the Bio- 
process Development Department! Hoffmann-La 
Roche (Nutley, NJ, USA). NuGd-HZ and Affi- 
Gel-HZ were purchased from Separation Industries 
(Metuchen, NJ, USA) and Bio-Rad Labs. (Rich- 
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mond, CA, USA), respectively. Sodium metaperi- 
odiate and sodium cyanoborohydride were ob- 
tained from Sigma (St. Louis, MO, USA) and con- 
centrated phosphate buffered saline (10 x PBS) was 
purchased from Whittaker Bioproducts (Walkers- 
ville, MD, USA). All other chemicals were of ana- 
lytical-reagent grade. 

Model immunoafinity system 
The antigen was recombinant human interferon- 

cr2a (rIFN-a2a). The immunosorbent consisted of a 
0.4-ml hydrazide-derivatized hollow-fiber mem- 
brane to which 7.02 mg of LI-8 (monoclonal anti- 
body to rIFN-a2a) was immobilized in an oriented 
fashion, via the sugar moieties in the F, region of 
the IgG molecule [3-51. The coupling reaction 
scheme is shown in Fig. 1. 

Oxidation of antibody was carried out at pH 5.5 
in the presence of 0.1 M sodium metaperiodate. A 
desalting step was used to remove unreacted period- 
ate. The oxidized antibody was then allowed to re- 
act with the hydrazide membrane and the hydra- 
zone bond thus formed was further stabilized by 
sodium cyanoborohydride reduction. The static 
binding capacity of the membrane was experimen- 
tally determined to be 0.437 mg of rIFN-a2a. 
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Fig. 1. Reaction scheme for oriented coupling of IgG to hydrazide membrane. 
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Mass transfer rate: fluid residence time vs. antigen 
capture 

A 25-ml volume of a 22 pg/ml rIFN-cl2a solution 
in PBS was loaded on to the model system at flow- 
rates of 2.5,25, 50 and 100 ml/mm. Dynamic bind- 
ing capacities and capture efficiencies were deter- 
mined. The fluid residence time, tR, was calculated 
from the equation 

t 
R 

= membrane volume (ml) . 60 
filtrate flow-rate (ml/min) 

Adsorption kinetics 
Antigen concentration, [Ag], vs. capture eficien- 

cy. Dynamic binding capacities and capture effi- 
ciencies were determined for the model system at 
feed-stream antigen (rIFN-a2a) concentrations of 
0.1, 1, 10 and 100 pg/ml, corresponding to 5.2, 52, 
520 and 5200 nA4, respectively. In each experiment, 
a total of 0.55 mg of rIFN-a2a was loaded at a fixed 
how-rate of 5 ml/min (fluid residence time 4.8 s). 

Antibody concentration, [Ab J, vs. binding eBcien- 
cy. Seven immunoaffinity membranes with various 
LI-8 coupling densities were prepared. The expect- 
ed binding capacities were calculated taking into ac- 
count a 2:l stoichiometry for antigen-antibody 
binding. Observed (static) binding capacities were 
determined and expressed as percentages of the ex- 
pected values (i.e., binding efficiencies). 

Antigen breakthrough point. The hollow-fiber 
membrane-NuGel- and Affi-Gel-based immunosor- 
bents used contained 2.75, 1.68 and 1.67 mg of im- 
mobilized LI-8, respectively, and had correspond- 
ing static binding capacities of 0.307, 0.179 and 
0.241 mg of rIFN-cl2a. A 40-ml volume of 25 pg/ml 
rIFN-ct2a solution in PBS was loaded on to each 
support at a flow-rate of 2 ml/min. One-minute 
fractions were collected throughout the loading 
step. The absorbance (A& of each fraction was 
determined and expressed as a percentage of the 
feedstream UV absorbance. These percentages, rep- 
resenting unbound antigen in the breakthrough ma- 
terial, were plotted against the cumulative amount 
of antigen passed through the immunosorbent up to 
and including the given fraction. Breakthrough 
points (%) are given in terms of the immunosor- 
bents’ static binding capacities. 

Recombinant protein pur$cation 
rIFN-u2a. A 50-ml volume of E. coli extract (7.7 

pg/ml rIFN-a2a) was loaded on to an LI-8 immu- 
noaffinity membrane (0.4 ml) with a static binding 
capacity of 200 pg of rIFN-a2a. Extraction and pu- 
rification were carried out as described elsewhere 

Fl. 
Interleukin-2 (rIL-2). A hollow-fiber membrane 

to which 5Bl (monoclonal antibody to rIL-2) was 
immobilized was used to purify rIL-2 from 100 ml 
of crude E. coli extract (ca. 10 pg/ml rIL-2). The 
static binding capacity of the membrane for rIL-2 
was 357 pg. See ref. 7 for experimental details. 

Interleukin-2 receptor (IL-2R). A 500-ml volume 
of crude cell culture media (ca. 2 pg/ml IL-2R) was 
applied to a 0.4-ml membrane immunosorbent con- 
taining anti-Tat-H (humanized monoclonal anti- 
body to IL-2R). The static binding capacity of the 
immunosorbent was 201 ng of IL-2R. The washing 
and elution procedures were the same as in rIL-2 
purification. 

All three purified proteins were analysed by sodi- 
um dodecyl sulfate-polyacrylamide gel electropho- 
resis (SDS-PAGE) under reducing conditions ac- 
cording to Laemmli’s method [8], and were subject- 
ed to bioassays. 

Large scale rIL-2 purljication. A 9.7 ml hollow- 
fiber membrane to which 29 mg 5B1 was immobi- 
lized, was used to process 500 ml E. coli extract (cu. 
10 pg/ml rIL-2) at a filtrate flow-rate of 140 ml/min 
during loading. Subsequent steps were carried out 
at 200 ml/min. The membrane’s static binding ca- 
pacity was 5 mg rIL-2. Purified material was sub- 
jected to SDS-PAGE analysis and bioassay. 

RESULTS AND DISCUSSION 

As illustrated in Fig. 2, the antigen capture effi- 
ciencies of the model immunoaffinity membrane 
gradually decrease from 64 to 40% as the fluid resi- 
dence times, tR, are reduced from 9.6 to 0.24 s. De- 
spite the 40-fold reduction in tR, the observed de- 
crease in membrane capture efficiency is relatively 
small. Even at an adsorption flow-rate of 100 ml/ 
min, corresponding to a residence time of only 0.24 
s, an effective capture efficiency (40%) is still main- 
tained. Further, the fact that such high flow-rates 
could be achieved with such a small membrane (0.4- 
ml volume) clearly demonstrates its excellent mass 
transfer capabilities. In an efficient affinity purifica- 
tion system, the diffusion time tD << tR. In the hol- 
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Fig. 2. Effect of fluid residence time on antigen+zapture efficiency. 
Residence times were calculated as described under Experimen- 
tal. Capture efficiency is the dynamic binding capacity expressed 
as a percentage of static binding capacity. 

low-fiber membrane used in this study, with a diffu- 
sional distance of cu. 0.4 pm, tD is CC?. 16 ms, which 
is far below even the shortest fluidiresidence time 
investigated. Therefore, negligible mass transfer 
limitations were exhibited by the mtjmbrane. How- 
ever, the observed decrease in antigjen capture im- 
plies some potential kinetic limita[ions in mem- 
brane-based affinity systems, which may become 
more apparent as tR approaches the association 
time of the proteins involved. 

The results in Table I show that a ,three orders of 
magnitude change in feed-stream a(ntigen concen- 
tration (from 0.1 to 100 pg/ml) produces compara- 
tively little change in antigen capture efficiencies 
(range 46-61%). As expected, when [Ag] is much 
greater than the effective dissociation constant (Kde 
for typical Ag-Ab interaction z 15 . lo-’ M), the 

TABLE I 

EFFECT OF FEED-STREAM [Ag] ON CAPTURE EFFI- 

CIENCY 

Capture efficiencies of an immunoaffinity meqbrane (static bind- 
ing capacity, 0.437 mg of rIFN-a2a) were deteirmined for various 
feed-stream antigen (rIFN-a2a) concentrations. Kde NU 1.5. 1O-8 

M for typical Ag-Ab interaction. 

Feedstream [Ag] Capture efficiency 

W) 

pg/ml nM 

0.1 5.2 46 
1 52 61 

10 520 57 
100 5200 56 

efficiencies are significantly higher than when [Ag] is 
below I&. For example, efficiencies of 56-61% 
were observed for [Ag] = 52-5200 nM, compared 
with only 46% when [Ag] = 5.2 nM. However, 
even at [Ag] < &, an effective capture efficiency of 
46% is still maintained. It should be pointed out 
that the feed-stream [Ag] of crude recombinant pro- 
teins is generally in the range l-10 pg/ml, which 
corresponds to concentrations considerably higher 
than the Kde value for these protein interactions. 

Although eqn. 1 predicts that binding capacities 
should increase proportionately to [Ab], the results 
shown in Table II indicate otherwise. At high con- 
centrations of immobilized antibody (83-110 nmol/ 
ml), reduced binding efficiencies (26-33%) can be 
attributed to an increase in steric hindrance due to 
antibody crowding. This is further illustrated by the 
near-theoretical binding efficiencies (up to 900/,) 
achieved with low antibody coupling densities (2-5 
nmol/ml), in which crowding is minimized. 

As demonstrated in Fig. 3, antigen breakthrough 
in the membrane occurred at 80% of its static bind- 
ing capacity, compared with 67% and 39% for Nu- 
Gel and Affi-Gel, respectively. The high capture ef- 
ficiency of the membrane is primarily attributed to 
its short diffusional distance and lack of diffusional 
limitations, which facilitate antibody accessibility. 
Thus, antigen breakthrough in the membrane is 

TABLE II 

EFFECT OF ANTIBODY CONCENTRATION, [Ab], ON 
BINDING EFFICIENCY 

Antigen (rIFN-a2a) binding capacities and efficiencies of seven 
immunoaffinity membranes with increasing LI-8 coupling densi- 
ties were determined. Binding efficiency is the observed binding 
capacity expressed as a percentage of the expected value, which 
was calculated assuming a I:2 antibody-antigen binding stoi- 

chiometry. 

[Abl Binding capacity 
(nmol/ml) (nmol/ml) 

Binding efficiency 

(%) 

Expected Observed 

2.4 4.8 4.3 90 
4.7 9.4 7.6 81 

8.9 17.8 8.2 46 

15.8 31.6 15.2 48 

31.0 62.0 26.0 42 

83.4 166.8 54.7 33 

110.1 220.2 56.9 26 
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Antigen in contact with the immunosorbeni 

(mg> 

Fig. 3. Antigen (rIFN-a2a) breakthrough curves for (0) hollow- 
fiber membrane-, (a) NuGel- and (0) Affi-Gel-based LI-8 im- 
munosorbents. Percentage of unbound antigen in the break- 
through material is plotted against the corresponding amount of 
antigen in contact with the immunosorbent up to that point. 
Antigen breakthrough points of the various immunosorbents oc- 
curred at (0) 39%, (A) 67% and (Cl) 80% of their respective 
static binding capacities. 

mainly a result of diminished binding site availabil- 
ity with continued immunocomplex formation. The 
steric hindrance caused by the increased relative 
molecular mass of the immunocomplex formed also 
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contributes to the continually decreasing adsorp- 
tion rate observed after the breakthrough point. In 
contrast, the stretched S-shape of the breakthrough 
curves for gels reflects mass transfer limitations in 
addition to depletion of available antibody sites. 
The overall decrease in antigen capture rate illus- 
trated by these curves as the concentration of anti- 
body sites, [Ab], is progressively reduced was pre- 
dicted by eqn. 1. 

After studying the kinetic aspects of membrane- 
based immunoaffinity chromatography and deter- 
mining its capabilities and limitations using the 
model LI-8-rIFN-ix2a system, it was necessary to 
demonstrate the utility of MIC in recombinant pro- 
tein purification on both small and large scales. The 
three proteins chosen for small-scale purification 
(0.4-ml membrane volume) were rIFN-a2a, rIL-2 
and IL-2R, which differ in origin and physical, bio- 
chemical and biological characteristics (Table III). 

The protein recoveries were nearly equivalent to 
the static binding capacities of the respective immu- 
nosorbents. All three proteins were recovered with 
> 95% purity as indicated by SDS-PAGE (Fig. 4). 
The purified materials were biologically active ac- 
cording to the results of specific bioassays (data not 

6 

Fig. 4. SDS-PAGE of MIC-purified proteins. Standard molecular mass markers are shown on the left (M, . 10e3). Lanes: 1 and 2 = 
crude and purified rIFN-a2a; 3 and 4 = crude and purified rIL-2; 5 and 6 = crude and purified IL-2R. 
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TABLE III 

MIC-PURIFIED RECOMBINANT PROTEINS 

Physical, biochemical and biological properties of interferon, interleukin-2 and interleukin-2 receptor. 

Protein M, Characterization Immunosorbent Starting material 

rIFN-a2a 
rIL-2 
IL-2R 

19.2. lo3 
15.5 lo3 
43.0 . lo3 

Polypeptide, anti-viral protein 
Lymphokine, itmmunomodulator 
Glycoprotein, #:a. 50% sugar 

LI-8 monoclonal antibody 
5Bl monoclonal antibody 
Humanized anti-Tat 

E. coli extract 
E. coli extract 
CHO-conditioned 
cell culture media 

shown). The diversity of the three proteins may 
imply a universal applicability of MIC. 

The large-scale rIL-2 purification (9.7-ml mem- 
brane volume) yielded 4.63 mg of rIL-2, corre- 
sponding to a capture efficiency of 98 % . These re- 
sults emphasize the virtual lack of diffusional limi- 
tations in the hollow-fiber membrane. Despite the 
short fluid residence time (4 s) and low feed-stream 
antigen concentration (ea. 10 pg/ml), high rIL-2 re- 
covery and purity were achieved. Hence, the mass 
transfer advantages afforded by the membrane and 
the fast antigen-antibody adsorption,kinetics could 
be taken advantage of to the fullest extent. 

CONCLUSIONS 

It has been shown that antigen---antibody ad- 
sorption kinetics, rather than mass transfer, is the 
initial rate-limiting factor in MIC. Inthe absence of 
diffusional limitations, immunoadsodption is at the 
limits of the antigen-antibody kinetics. Hence the 
high-affinity interactions which characterize immu- 
noaffinity chromatography can be fully utilized in 
membranes. Antigen capture remain4 effective even 
at extremely short fluid residence t mes. Further, 

i binding is not kinetically limited at f ed-stream an- 
tigen concentrations less than Kde &rd far below 
those usually associated with crude recombinant 
proteins. Therefore, the membrane’s mass transfer 
advantages are effectively utilized. 

The near-theoretical binding efficiencies achieved 
at low concentrations of immobilized antibody and 
the late antigen breakthrough point ,in membranes 
both demonstrate that antigen-antibody adsorp- 
tion kinetics are not mass transfer limited in the 
membrane system. However. the fact that antigen 

binding becomes less effective with increased anti- 
body densities, together with the S-shaped charac- 
ter of the breakthrough curve (assuming uniform 
fluid flow), together point to the role of steric hin- 
drance in reducing the absolute amount and overall 
rate of antigen capture. Steric hindrance, which can 
be expected in any immobilized system, is perhaps 
the main factor which separates a membrane-based 
system from free-solution conditions. 

Overall, the kinetic aspects of membrane-based 
immunoaffinity chromatography render it a highly 
efficient system, well suited for the industrial-scale 
production of recombinantly produced biothera- 
peutics. 
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