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ABSTRACT

A simplified mathematical model is proposed for the determination of concentra-
tion profiles of different components, including impurities, during the elution phase
of an affinity ultrafiltration process. The model uses parameters which can be
experimentally determined. The results have been simulated.

INTRODUCTION

Affinity ultrafiltration processes (1-10) have opened up a new avenue
in the field of separation science. While this technique has a lot of potential
for use in process industries, the mechanisms involved are not fully under-
stood. In designing the equipment, empirical correlations rather than ana-
Iytically derived equations must be relied on.
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An affinity ultrafiltration process can be divided into two phases:

1. Ultrafiltration washing
2. Ultrafiltration elution

In the washing phase the unbound impurity molecules are washed out of
the affinity module by using a wash buffer. Some amount of the target
biomolecule is also washed out in the process. In a previous communica-
tion (11) an attempt was made to explain the washing phase phenomenon
from a mechanistic point of view. An equally important sequence in the
affinity ultrafiltration process is the elution of the bound target biomolec-
ule. A literature survey showed that only one correlation (10} on this
sequence has been proposed. Again, this correlation is empirical in nature.
It is therefore felt that an attempt should be made to explain the behavior
of the system in the elution phase from a mechanistic approach. In the
present investigation a mathematical model is proposed and the results
are simulated. The simulation parameters used in the model can be experi-
mentally determined. Thus, the use of adjustable parameters is avoided.

DEVELOPMENT OF MODEL
The model discussed here has been developed for the dead-ended mode

of ultrafiltration (Fig. 1). However, with minor modifications this mode!
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FIG. 1 Ultrafiltration module for affinity ultrafiltration.
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may also be used for a crossflow mode. The two most fundamental as-
sumptions necessary for development of such models are:

1. The binding of the target biomolecule to the ligand is a physical and
reversible process.

2. The interaction between the target biomolecule and the ligand is not
diffusionally limited.

The interaction between the target biomolecule (B) and the ligand (L) is
described by

B+ L=BL (D
_ CsL
K = CaCe 2)

where K = equilibrium constant
Cp = concentration of free biomolecule
CL = concentration of free ligand
CpL = concentration of target biomolecule-ligand complex

Ultrafiltration Elution

There are two possible mechanisms by which elution can be made to
occur (12).

1. By reducing the value of the equilibrium constant (K) by a change of
pH or by a change in the concentration of an eluting species (e.g.,
ions, chaotropic agents, deforming agents, polarity reducing agents,
etc.).

2. By adding inhibitors which will displace the target biomolecule from
the biomolecule-ligand complex (e.g., by competitively binding with
the target biomolecule).

In this model the first mechanism has been considered. The following
assumptions are made in order to develop the proposed model.

1. Ideal mixing conditions exist within the vessel.

There is unhindered transmission of the free target biomolecule and

impurities through the membrane.

The filtration rate is kept constant.

4. The volume of liquid within the module is kept constant by the contin-
uous addition of eluting buffer.

5. The concentration polarization of the ligand molecule on the mem-
brane surface is negligible.

W
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6. A ‘‘changing equilibrium’ process is assumed in which the value of K
changes with time, and the various concentration components adjust
themselves according to the instantaneous value of K.

7. An “‘infinitely fast” reaction regime exists.

During the elution phase there is a gradual changeover of the pH or
concentration of the eluting species inside the module. If the pH or con-
centration of eluting species of the initial (wash) buffer is denoted by
Cg,, and that of the eluting buffer by C§, then from the material balance

Ce = CE - (CE — Cg,) exp(—Q1/V) €)

where Cg = concentration/pH inside the module at any time ¢t (+ = 0 at
the start of the elution phase)
Q = filtration rate
V = working volume of the ultrafiltration module

Now
K = ¥(Cg) “
Therefore
K = &) 4

From the material balance of the target biomolecule during the elution
phase, one gets

d
“VE(CBl + Cpr,) = OCs, (6)

where Cp, = free target biomolecule concentration at any time ¢
Csr, = concentration of biomolecule-ligand complex at any time ¢

Now

Cer, = CL(, - CLt (7)

t

where C, = initial total ligand concentration
Cr, = free ligand concentration at any time ¢

I

t

Therefore

d d OCs,
Z(Cs) = 2 (CL) = —=7 ®)
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Again
C —( Cn_ )\ _ Cr,
L T\TT KGa) = (1 n ¢(t)c,3t) ©)
Therefore
RTOR R Y S Bl
ai ' T G\ T e(ncs) = TV (10)

Simplifying and rearranging, one gets the canonical form

Ce(l + $(1)Cg)* )

d
7 (Cs) = —(O/V) ((1 + &(1)Cr,)* + CrLd(2)

(1n
= CL,Ced' (N1 + &(NC)* + Cr, (1))

where
d
¢'(r) = p7 (1) (12)

Equation (10) is a first-order, nonlinear, initial value, ordinary differential
equation. The initial value of Cg, (at # = 0) is the free target biomolecule
concentration at the end of the washing phase. Thus, if the function {(Cg)
is known, it is possible to determine the functions ¢(z) and ¢'(¢). The
function ${Cg) can be determined from a plot of K versus Cg. Once these
are known, Eq. (15) can be solved using suitable numerical techniques
(e.g., 4th-order Runge—Kutta method) to determine Cg_at any ¢, when all
other parameters and constants are known. Cg, is the concentration of
the target biomolecule in the filtrate during the elution phase, and hence
the validity of the differential equation can be directly verified by continu-
ous analysis of the filtrate.

By using the material balance, the equation for determining the concen-
tration of impurity during the elution phase is obtained as follows:

Cr, = Gy, exp(—=Q(tw + 1)/V) (13)

where Cy, = concentration of impurity at the beginning of the washing
phase
C;, = concentration of impurity at any time ¢
tw = duration of washing phase
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SIMULATION

For the purpose of simulation it is necessary to know the exact func-
tional relationship between K and Cg. One investigator (12) has indicated
a sigmoidal relationship between the percentage recovery by elution and
the concentration of eluent. It is also known that loss of enzyme activity
(loss of the ability to bind a substrate to a catalytic site) due to a change
in pH or a change in ionic strength is observed to follow an exponential
decay pattern. Thus it is logical to assume an exponential relationship
between the value of K and the change in pH or concentration. In its
general form the relationship becomes

K = $(Cg) = Ko exp(—ka(Cg — Cg,)) (14

where Kg = valueof Katt = 0
ka = a decay constant
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FIG. 2 Cg, versus time profiles for the elution phase obtained using different k4 values.
Cr(t = 0) = 1.48 x 107* mM/L, C, = 0.25 mM/L, Ko = 17 L/mM, Q = 0.001 L/min,
V=004L, Cg, = 0,CE = 0.05 M/L.
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Therefore, from Eqgs. (3) and (14):
K = &(1) = Ko exp(—ka(CE — Cg)ll — exp(—Qt/V)])  (15)
Thus

¢'(1) = Ko exp(—ka(CE — Cg)l1 — exp(—Q0/V)])
(16)
X ((—Qks/V)(CE — Cg,) exp(—Qt/V))

Simulated concentration profiles of the target biomolecule in the filtrate
during the elution phase using Egs. (11), (15), and (16} are shown in Fig.
2.

ACKNOWLEDGMENTS

One of the authors (R.G) gratefully acknowledges the financial assis-
tance received from the Department of Biotechnology, Government of
India, for carrying out this work. The authors also thank Mr. Raja Roy
and Ms. Manaswita Bose for helping with the manuscript.

REFERENCES

D. Adamski-Medda, Q. T. Nguyen, and E. Dellacherie, J. Membr. Sci., 9, 337 (1981).
Mattiasson and M. Ramstrop, Ann. N. Y. Acad. Sci., 413, 307 (1983).

attiasson and M. Ramstrop, J. Chromatogr., 283, 322 (1984).

T. Luong, A. L. Nguyen, and K. B. Male, Bio/Technology, 5, 564 (1987).

T. Luong, K. B. Male, and A. L. Nguyen, Biotechnol. Bioeng., 31, 439 (1988).
T. Luong, K. B. Male, and A. L. Nguyen, Ibid., 31, 516 (1988).

T. Luong, K. B. Male, A. L. Nguyen, and A. Mulchandani, Ibid., 32, 451 (1988).
Powers, P. K. Kilpatrik, and R. G. Carbonell, Ibid., 33, 173 (1989).

. Male, J. H. T. Luong, and A. L. Nguyen, Enzyme Microbiol. Technol., 9, 374

R N

M
H.
H.
H.
H.
D.
.B
(1987).

10. J. D. Powers, P. K. Kilpatrik, and R. G. Carbonell, Biotechnol. Bioeng., 36, 506 (1990).
11. R. Ghosh, S. K. Sanyal, R. N. Mukherjea, and P. Bhattacharya, Sep. Sci. Technol.,

31, 125 (1996).
12. D.J. Graves and Y. T. Wu, Adv. Biochem. Eng., 12, 219 (1979).

B
B
1.
J.
L.
J.
1.
K

1

Received by editor July 5, 1995



