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A statistical thermodynamic model is developed for the nonlinear multicomponent
protein adsorption equilibrium on ion exchanger. This model takes into account the
electrostatic interactions between the adsorbent surface and protein molecules, as well as
the lateral interactions between adsorbed protein molecules. The model is, therefore, in
accord with the nonstoichiometric nature of the electrostatic adsorption of protein. There
are two categories of model parameters: one corresponds to the adsorption affinity of the
protein and the other is descriptive of the interactions between the adsorbed molecules.
So, all the model parameters have definite physical meanings, and for the adsorption
equilibria of single protein, there are only two model parameters. By comparison with
batch adsorption equilibrium data of bovine serum albumin, the model is found to fit the
experimental data well. The effects of buffer type, pH and ionic strength on the model
parameters are reasonably interpreted by the electrostatic and thermodynamic theories.
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Introduction

Liquid chromatography, based on the interactions between
charged solutes and ionized ligands is usually known as ion-
exchange chromatography. Ion-exchange chromatography is
widely used in the analysis and purification of proteins, be-
cause the adsorption can be readily modulated by mobile phase
ionic strength. Adsorption equilibrium is of fundamental inter-
est in the design and optimization of chromatographic pro-
cesses, as well as in the evaluation of adsorbents. Up to now,
there have been a few equilibrium models proposed for ion-
exchange adsorption of proteins, such as Langmuir model,'
stoichiometric displacement model,? nonideal surface solution
(NISS) model,? steric mass-action (SMA) model,* and SMA-
NISS model.> These models are all based on a stoichiometric
ion-exchange mechanism, and most of the model formulas are
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in simple form. Hence, the models can be readily used for
general analysis of adsorption and chromatography processes,
and new development continues to be attained based on the
theories. However, it should be emphasized that the theoretical
basis of the models is not completely realistic because the
so-called “ion exchange” is really based on electrostatic inter-
actions, and the long-range electrostatic interactions do not
follow the stoichiometric law.® For example, Haggerty and
Lenhoff found an excellent correlation between the mean sur-
face potential and the retention time of proteins,” indicating the
nonstoichiometric nature of the so-called ion-exchange adsorp-
tion of protein. Hence, development of a mechanistic model is
a current challenge on the protein adsorption theory on ion
exchangers.

A variety of approaches have been adopted in the quest for
realistic mechanistic adsorption equilibrium models. For exam-
ple, the models proposed by Norde and Lyklema$® took into
account protein-adsorbent electrostatic contribution by treating
the adsorbed protein as a flat sheet comprising multiple planar
layers, differing in dielectric constant and charge distribution.
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In the work of Roth and Lenhoff,'® which considered protein-
adsorbent interactions (electrostatic interaction and van der
Waals interaction), the Gibbs approach to adsorption that in-
volves surface excess and distribution of concentrations from
the adsorption interface out to the bulk solution was employed.
These models were in accord with the nonstoichiometric nature
of electrostatic interaction. However, they ignored the interplay
between adsorbed protein molecules, and were only applicable
to linear adsorption at low-protein concentrations. More re-
cently, a new isotherm from another perspective, the available
area isotherm,!' was presented for nonlinear adsorption equi-
librium of proteins. The model had a better thermodynamic
foundation, but the interactions of the adsorbed proteins were
not considered. Hence, the above models possess a serious
limitation in protein adsorption modeling, in view of the high
adsorption amount often encountered in preparative chroma-
tography when lateral interactions between adsorbed proteins
are important.

In this work, a statistical thermodynamic (ST) model is
developed for the nonlinear multi-component protein adsorp-
tion equilibrium on ion-exchanger. The model is based on the
statistical thermodynamic theory and takes into consideration
of the lateral interactions between adsorbed protein molecules.
The model takes a form of nonlinear equation with two cate-
gories of model parameters with definite physical meanings.
The validity of the model is demonstrated using batch adsorp-
tion equilibrium data of bovine serum albumin (BSA) to DEAE
Spherodex M under different conditions.

Theory

This chapter is devoted to the theoretical development of the
nonlinear multicomponent protein adsorption equilibrium be-
tween the adsorption phase (ion exchanger) and bulk protein
solution. The adsorption equilibrium theory is derived on the
basis of thermodynamics, and the following fundamental hy-
potheses:

1. The adsorption phase is composed of counterions, coions,
solvent molecules and adsorbed protein molecules.

2. All molecules distribute uniformly in the adsorption
phase.

3. The interaction potential between protein molecules and
the adsorption interface is independent of the position in ad-
sorption phase and protein adsorption amount.

4. All molecules in the adsorption phase undergo equal
short-range interactions.

5. Bulk protein solution is considered ideal because of its
low-concentration nature.

6. Protein molecules are regarded as spheres.

7. The adsorption phase has the same volume as that of the
pores in the matrix material of the ion exchanger, because the
adsorption occurs in the volume of the pores for the ion
exchanger of DEAE Spherodex M used in this work (see the
following for the Experimental chapter).

In the adsorption phase, all components are distinguished by
subscripts of 1 to n+3 that refer to n species of proteins,
counter-ions, co-ions and solvent molecules, respectively. The
chemical potential of protein i in the adsorption phase (u?)
comprises two parts: the contribution of interactions between
molecules in the adsorption phase w! and that of interactions
between protein and adsorption interface g;,, so
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w= p o+ e (1)

The adsorption phase is a system of constant temperature (7),
volume (V) and molecule number (V,). According to thermo-
dynamic theory

YN < A ) RT(a In Z) (=1 e
i = Nal 77 = - ,u=1,...n
IN; T,V.Njzi IN; T,V.Nj#i

where Z is the canonical partition function excluding the con-
tribution of protein-adsorbent interaction. Thus, ! can be
determined with a proper expression for Z. In a cell theory of
liquids of the statistical thermodynamics, the volume of liquid
is divided into a lattice of cells, with one molecule in each cell.
Each molecule is in the potential field of other molecules and
can move within its cell. Based on the assumptions of similar
molecular size and random molecular distribution, the liquid
cell theory expresses Z as!?

_ (Ejzl,. o .n+3 Nj)!

V4
Hjjlw L .nt3 N/‘
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Xexp|— 7+ > N| Il [&] &
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where W is the mean configurational potential energy, with
each molecule at the center of its cell. W comprises the con-
tributions of both long-range electrostatic interaction (W,,,) and
short-range interaction (W,;,). In the adsorption phase, the elec-
trostatic interactions of protein-protein, ion-ion and ion-protein
all contribute to W,,. Since the electrostatic interaction of
protein-protein (W ,,. »p) 1s commonly treated as the change in
the free energy of the system as the protein molecules move
from infinite separation to the actual distance in the solution,!3
the change of ion-ion and ion-protein electrostatic interaction
potential, which is one part of free energy change of the

system, is included in V_Ve,e,pp. Therefore

— yx/inf X
Wele - ele + We

le.pp

_ 1
Wi+ 2 JeawNi (@)
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where W is the contribution of electrostatic interaction to the
mean configurational potential energy when protein molecules
are infinitely apart, and (1/2)e,,,; is the mean electrostatic
interaction potential of each molecule of protein i.

From model hypothesis (4), we express W, as

_ 1
Wo=3ew 2 N (5)
1,....n+3

i=

where (1/2)e,, is the mean short-range interaction potential of
each molecule. Combining Eqgs. 4 and Eq. 5 yields the follow-
ing relationship
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where 7;; is the correction factor for the contribution of long-
range electrostatic interaction potential between proteins i and
j due to the difference in their adsorption space, which is a
parameter only dependent on the characteristics of adsorbent
and proteins 7 and j.

Omitting the changes of v, with molecule number, we
obtain the following relationship from Eqs. 2, 3 and 8, with
model hypothesis (4), that indicates the independence of €, on
N,

i

1
Y =RTInN,— RT — RT1n<A3) + - N,ey,
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V.

J
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Because N; = N,V,q;,, Eq. 9 can be rewritten as
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Thus, combining Eqgs. 1 and 10 gives
1
w!=RT In(N,V;) + RTIn g; — RT — RT In A3 + = NAsjh
N mg J u(Ndmldr + &, (11)
j=1...n v
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In the derivation described earlier, ¢; is the real protein con-
centration in the adsorption phase based on the adsorption-
phase volume. According to hypothesis (7), it is related to the
experimentally determined adsorption amount (Q,) based on
the volume of a porous adsorbent volume as

J

So, substitution of Eq. 12 into Eq. 11 yields

0, 1
= RT In(N,V)) + RTln(e ) — RT— RTln(A;) + 5 Naeyy

j=1. ..

0;
+N D {n,.j o | wATdry + e (13)
1 n J v
This equation can be further simplified to
w = e+ RT ln<§> +RT 2 n,,k,/ % (14)

where the standard chemical potential of adsorbed protein and
the parameter k; descriptive of the interactions between ad-
sorbed protein molecules is expressed by Eqs. 15 and 16,
respectively.

A3

o N, VA 1
w® = RT In —RT + =
Vi 2

P 4arid 16
i k T uy(rydmr-dr (16)
14

The chemical potential of protein 7 in an ideal bulk solution is

NAash + Eis (15)

W = P«?G + RT Inc,, (17)

When the adsorption is in equilibrium
wi= pi (18)

Substituting Eqgs. 14 and 17 into Eq. 18, we obtain the ST
model formula as

0
Cpi = aiQ,-eXP( > Mijky 9_) (19)
. . J

=1,...n

where k; and «; are expressed by Eqgs. 16 and 20, respectively

1
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In the case of single protein (component 1) adsorption, 7,
equals 1 and Eq. 19 is simplified to

kllQl
Cp1 = a]QleXp(Tl (21)
where
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N, 5
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B
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The validity of the ST model formula (Eq. 21) is tested by
experimental adsorption equilibrium data of a single protein,
bovine serum albumin (BSA).

Experimental
Ion exchanger

DEAE Spherodex M (BioSepra, Cergy-Saint-Christophe,
France) was used to evaluate the ST model. DEAE Spherodex
M is a composite ion exchanger of a rigid silica matrix with
large pores. This matrix is coated with dextran polymer, with
flexible dextran chains extending inside the pores of the silica
matrix. The ion-exchange groups are attached to the dextran
chains. When proteins are adsorbed, the pores in the silica
matrix will be filled with an effective mixture of proteins and
dextran chains. In other words, the adsorption occurs in the
volume of the pores. This is a convincing supportive argument
for hypotheses (2) and (7), that is, that all molecules in the
adsorption phase are well mixed and present in the pore vol-
ume.

Parameters related to the ion-exchanger

The adsorbent properties related to the model evaluation
were determined experimentally. The wet adsorbent density
was measured to be 1.26 g¢.mL ™" with a pycnometer at 25°C.
The specific area of the dry adsorbent was determined to be
15.4 m>.g~' by mercury intrusion porosimetry (Quantachrome
Poremaster-60, Quantachrome Corporation, USA). The ratio of
the dry weight to the wet weight of the adsorbent was estimated
at 0.51 by measuring the mass of a constant amount of adsor-
bent before and after drying under vacuum. So, the specific
surface area of the wet adsorbent was 0.51 X 154 m%g~ ! =
7.85 m>g '. The ion-exchange capacity was determined at
53.0 mmol.L ™" by the titration curve method.'* Determined by
the batch-diffusion method,'> the effective porosity of adsor-
bent for BSA was estimated at 0.616.'4

Adsorption equilibrium experiments

Adsorption of BSA (Sigma, St. Louis, MO, USA) on DEAE
Spherodex M was performed using the stirred batch adsorption
method at 25°C. The experimental procedure has been de-
scribed previously.'* The liquid phases used for making up
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protein solutions were 10 mmol/L Tris-HCI buffer (pH 7.40),
10 mmol/L phosphate buffers (pH 7.36 and 6.79), and 10
mmol/L acetate buffers (pH 6.00, 5.84 and 5.26). The ionic
strength of the buffers was adjusted by adding NaCl up to 130
mmol/L. Prior to an adsorption experiment, the ion exchanger
was equilibrated by the corresponding buffer overnight, and the
buffer pH was measured after adsorption equilibrium. By the
careful experimental design, the pH value in a single isotherm
measurement was kept constant. Thus, BSA adsorption iso-
therms at different pH values and ionic strengths were obtained
for the evaluation of the theoretical model. The ionic strengths
of 10 mmol/L phosphate buffers were 16 mmol/L at pH 7.36
and 13 mmol/L at pH 6.79; the ionic strengths of 10 mmol/L
Tris-HCI and the acetate buffers were all 10 mmol/L.

Results
Determination of model parameters

As described in the experimental chapter, adsorption iso-
therms of BSA to DEAE Spherodex M were measured in three
different buffers of six different pH values. At each pH value,
the experiments were carried out at three to six ionic strengths
between 10—140 mmol/L. Thus, 25 adsorption isotherms pre-
dicting the relationship between Q, and c,; with 177 data
points obtained (Figure 1). With each of the adsorption iso-
therms, the model parameters «, and k,, in Eq. 21 can be
obtained by fitting the ST model to the experimental data with
the Solver tool embedded in the MS Excel 2000, resulting in 25
groups of the a; and k,, values. Here, it should be noted that
ky, is sensitive to the isotherms in cases of high-protein ad-
sorption amount when protein-protein interaction in the adsorp-
tion phase is strong. However, in less favorable adsorption
conditions (for example, acetate buffer of pH 6.00, I =
140mmol/L and acetate buffer of pH 5.26, / = 110 mmol/L),
because protein adsorption amount is low, the model fitting is
not sensitive to k,,. Considering that the electrostatic interac-
tions between adsorbed protein molecules will not be evident at
the low pH and high-ionic strengths, it is reasonable to assume
ky,, to be zero in those less favorable cases. With the values of
o, and k,, the adsorption amount of BSA can be calculated
from Eq. 21. Figure 1 shows a comparison between the model
predictions and experimental data for each isotherm. As can be
seen, good agreement between the predicted and the measured
BSA adsorption isotherms is presented at each pH and ionic
strength. The standard deviation (SD) of the predicted Q,
values from those of the measured Q, is estimated at 0.111,
smaller than the SD value (0.215) predicted from the SMA
model.'®

Influence of liquid-phase conditions on «;

In an infinitely dilute protein solution (c,; — 0), the
adsorbed protein would also approach infinitesimal (Q, — 0).
Thus, we can derive the following equation from Eq. 21.

1
— = lim — (24)

1 cp1—0 “b,

Equation 24 indicates that 1/« is physically the equilibrium
coefficient of protein at infinitely dilute solution, and represents
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Figure 1. Adsorption isotherms of BSA to DEAE Spherodex M at different pH values and ionic strengths: (a) Tris-HCI
buffer, pH 7.40, (b) phosphate buffer, pH 7.36, (c) phosphate buffer, pH6.79, (d) acetate buffer, pH6.00, (e)
acetate buffer, pH5.84, and (f) acetate buffer, pH5.26.

The solid lines are calculated by fitting the ST model (Eq. 21) to the experimental data.
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Figure 2. Dependence of 1/a, on the liquid-phase ionic
strength in different buffers.

(O) Tris-HCl buffer, pH 7.40; (®) phosphate buffer, pH 7.36;
(O) phosphate buffer, pH6.79; (M) acetate buffer, pH6.00;
(A) acetate buffer, pH5.84; (A) acetate buffer, pHS5.26.

the adsorption affinity of the protein. Smaller «; means larger
1/e;, and, hence, higher adsorption affinity. Liquid-phase con-
ditions, such as pH and ionic strength could influence electro-
static interactions between protein and adsorption interface,
resulting in the changes of &,,, and, thus, alter the 1/« value as
Eq. 22 indicates. Figure 2 shows 1/a; as a function of ionic
strength in different buffers. It is readily understood that 1/c;
decreases with ionic strength because protein adsorption affin-
ity decreases with increasing ionic strength due to the electro-
static screening effect that reduces protein-adsorbent electro-
static attraction at high-ionic strength.!”-!8 For the effect of pH,
we can observe two general changing tendencies of 1/c;.

First, 1/a,, or in other words, the adsorption affinity, gener-
ally decreases with decreasing pH in the same buffer (phos-
phate or acetate). This is easily understood because the liquid-
phase pH changes protein charge z,,, remarkably. BSA is an
acidic protein with an isoelectric point (pI) of 4.7.1° At the
experimental pH range (5.26-7.40), BSA is negatively
charged, and the net charge decreases with decreasing pH. So,
the electrostatic attraction between BSA, and adsorbent surface
is weaker at lower pH. Second, although the liquid-phase pH
values are approximately the same, 1/« is distinctly larger in
Tris-HCI buffer (pH 7.40), than in phosphate buffer (pH 7.36),
indicating higher adsorption affinity of BSA in Tris-HCI buffer
than in phosphate buffer. This can be explained by the stronger
effect of phosphate ions on the positively charged solid surface
(DEAE groups). It has been stated that multivalent phosphate
ions could combine with and screen the electropositive func-
tional residuals of anion exchange adsorbent effectively, low-
ering the zeta potential of the adsorption interface, thus, weak-
ening the electrostatic attraction between protein and anion
exchange adsorbent markedly.?® Due to the same reason, the
value of 1/« is even somewhat smaller in phosphate buffer of
pH 6.79 than in the acetate buffer of pH 6.00.
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Influence of liquid-phase conditions on ky,

ky, is descriptive of the interactions between adsorbed pro-
tein molecules. It is commonly accepted that proteins interact
with each other in solution of high-concentrations, and simi-
larly, there exist protein-protein interactions in an adsorption
phase.?'-23 Ratnayake and Regnier?! found that modification of
an adsorbent surface by a protein could change the retention of
proteins in chromatography, which is indicative of the presence
of interactions between adsorbed proteins. As to adsorbed
protein molecules of the same charge sign, electrostatic repul-
sions commonly occur, which is proven by calorimetric exper-
iments.?*> Liquid-phase conditions can influence the electro-
static interaction between adsorbed protein molecules, namely
u,,, and, thus, they can affect k,, value as indicated in Eq. 23.

Figure 3 shows the effect of pH and ionic strength on the
value of k;,. It can be seen that the changing trend of k,, is
similar to that of 1/a,. That is, k;, decreases with decreasing
liquid-phase pH and increasing ionic strength. With the de-
crease of pH, BSA become less negatively charged, so elec-
trostatic repulsion between adsorbed BSA molecules is weak-
ened. With the increase of ionic strength, the screening effect
by coions is also strengthened, leading to the weakening of the
electrostatic repulsion between adsorbed BSA molecules.
There have been some reports verifying this trend on the
interaction between adsorbed protein molecules.?>24 For exam-
ple, experiments of BSA adsorption to anion exchange adsor-
bent PEI-1000-1 showed that the adsorption process was more
exothermic in the case of KCI addition than in the case of salt
free. This phenomenon indicates the remarkable screening ef-
fect of small ions on adsorbed proteins.?* In addition, the fact
that smaller second virial coefficients of proteins were obtained
by chromatography experiments at higher ionic strength?* tes-

ki1 (L/mmol)
[\

O I 1 1 1 1 1

0 20 40 60 80 100 120 140

I (mmol/L)

Figure 3. Dependence of k,, on the liquid-phase ionic
strength in different buffers.
Symbols are the same as in Figure 2.
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tifies the weakening electrostatic interaction between adsorbed
protein molecules with increasing ionic strength.

Discussion

The earlier results have qualitatively indicated the reason-
ability of the model parameters as a function of pH and ionic
strength. It is, thus, worthwhile quantitatively discussing more
about their thermodynamic meanings because they are physi-
cally defined as Eqs. 22 and 23. The following is our primary
attempts to this end.

In the definition of (Eq. 22), most thermodynamic factors are
constant for the isothermic adsorption system. For instance, A,
and e, are constant because they are only dependent on
temperature, v, is independent of ionic strength as indicated
by the assumption in the model derivation that v, does not
change with the molecule number. If we further assume that
wh® is constant, the only parameter dependent on ionic
strength will be protein-adsorbent interaction potential & ,. So,
the following relation is derived from Eq. 22

d In(l/a)) = — (25)

1
E—vd‘gls

By now, the models describing protein-adsorbent interactions
in ion-exchange chromatography could be mainly classified
into two categories: One was based on the stoichiometric law
describing the interactions as simple columbic potential be-
tween the so-called protein characteristic charge and charged
adsorption sites of adsorbent,? and the other was based on
nonstoichiometric law treating the interactions as the electrical
double layers potential between protein molecules and uni-
formly charged adsorption interface.>>>-28 The “slab” model
proposed by Stahlberg et al.¢ that considered protein-adsorbent
electrostatic interaction is frequently cited in literature due to
its simplicity. According to this model, the minimum value of
free energy AG,, in the process moving the two parallel “slabs”
from infinity to be in contact is expressed as

AGn _ L wh < 26
A, = Keys,’ when —o,<o; (26a)
AGn : h 26b
=— —o,>
A, Kes,’ when —o,>0 (26b)
where
A, = 277r,§ 27
pw]\[Ae2 03 0.5
T (kBT808r> ! %)
e -
I = 47Tr12, (29)
1076 x TNy (30)
o, = —e
mpA,
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Figure 4. Relationship between In(1/a,) and I'°® in dif-
ferent buffers.

Symbols are the same as in Figure 2.

We estimate the parameters in these equations as follows. z,, is
calculated with the formulas proposed by Scatchard et al.?® and
Tanford et al.,?® and r,, is estimated at 2.69 X 107° m for BSA
on the basis of its molecular volume.?! In this experimental
system, o, is estimated at 0.514 C/m?, and the maximum ||
is calculated to be 2.78 X 10~? C/m?* by Eq. 29. So the relation
of —o, < o, holds, and Eq. 26a should be adopted. If only
electrostatic interaction acts between protein and adsorbent, we
have

Eis = NAAGm (31)

Substituting Eq. 26a and Egs. 27 to 29 into Eq. 31 yields the
following expression of

e
Sls = 7(RT 0-3

-0.5,27-0.5
87 2 (808rpw) ZpI (32)

Combining Eq. 32 and Eq. 25, we obtain the following rela-
tionship

d In(1/a;) e ~
AT~ g B P RT) “z (33)
p

Equation 33 indicates that In(1/c;) should linearly increase
with 1793 if the righthand-side of the equation is constant. This
is demonstrated by Figure 4, and the slopes and correlation
coefficients of the straight lines are shown in Table 1. In all the
cases, the correlation coefficients are larger than 0.95, indicat-
ing a good correlation of the straight lines described by Eq. 33
to the experimental data. In addition, the slopes of the straight
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Table 1. Slopes of the Straight Lines in Figure 4 and the
Correlation Coefficients of Eq. 33 to the Experimental Data

Slopes in Figure 4

Buffer [(mmol/L)"] R?
Tris-HCI, pH 7.40 69.8 0.987
Phosphate, pH 7.36 66.3 0.978
Phosphate, pH 6.79 53.1 0.953
Acetate, pH 6.00 73.2 0.980
Acetate, pH 5.84 67.0 0.996
Acetate, pH 5.26 46.1 0.966

lines are the values of the righthand-side of Eq. 33. In the same
buffer (phosphate or acetate), the slope decreases with decreas-
ing pH due to the reduced net charge z,. In different buffers
whose pH values are apart from the protein’s isoelectric point,
the slopes are in the order of acetate buffer (pH6.00), Tris-HCl
buffer and phosphate buffer. The reason is not clear, and it
needs further investigation.

Next, we discuss more about the other model parameter
(k,,). As can be seen from Eq. 23, k,, is only related to the
electrostatic interaction potential u;(r). u,,(r) is expressed in
Yukawa form as 32

Bpp
uy,(r) = kT rexpl—k(r — 2r,)] (34)

T
where the Yukawa coefficient B, is written as
4mkgTeE,r, 2, 2
B, = <T 4y+K—rpy (35)

In Eq. 35, vy is expressed as a function of the surface potential
of protein molecules, i,

y= tanh(%) (36)

where i, is determined by solving Eq. 37

gy _ . ll’p 4 l/Jp
eoe K (kyTle) 2 sinh 2 + ey tanh( 1 37

Substitution of Eq. 34 into Eq. 23 gives

ky, = 4mwN,r,B,, f rexpl—k(r — 2r,)]dr

v

2r, 1
- 4’7TNAI’FBPI, 7 + P (38)

Thus, if z,, is known at a given ionic strength and liquid-phase
pH, we can calculate k,, from Eq. 38 combining Eqs. 28, 29,
and 35 to 37. It should be noted that z,, in Eq. 38 (Eq. 29) is the
effective protein charge in the adsorption phase, which may be
different from that in the bulk solution. The value of z, in bulk
solution (that is, z,, »,.) can be determined by titration method,
but the value of z,, in the adsorption phase (that is, z,, ,,,) is hard
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to measure experimentally. We have tested using z,, ., as a
substitute of z,, 4. for the calculation of k. Here, the values of
2, punk are calculated according to Scatchard et al.> and Tanford
et al.3¢ In the calculation, the binding of chloride and acetate
ions on BSA is considered, and the binding of acetate ions on
BSA molecules is assumed to equal that of chloride ions.3* The
results are summarized in Table 2. It can be seen that z,,
increases with increasing ionic strength because the binding of
chloride ions is considered. In phosphate buffer (pH 7.36) of
ionic strength 36 mmol/L, the two values are in good agree-
ment. In Tris-HCl and phosphate buffers of higher ionic
strength (=60 mmol/L) and the three acetate buffers, the cal-
culated is smaller than obtained by fitting the ST model to the
experimental data. At low-ionic strength (about 10 mmol/L) in
Tris-HCI and phosphate buffers, the situation becomes opposed
to this. These can be explained by the following analysis.

First, CI” concentration in the adsorption phase (the diffuse
electrical double layer of the positively charged adsorbent
surface) is higher than that in the bulk liquid phase. Thus, more
CIl™ binds to BSA molecule in the adsorption phase, resulting
in higher net charge of BSA, and stronger electrostatic repul-
sion between the adsorbed BSA molecules than those calcu-
lated, based on the bulk liquid-phase condition (that is, k;, , >
kyyp). Second, unlike the statement in model hypothesis (4),
the short-range interaction between protein molecules is really
affected by the distance between protein molecules, so it is
influenced by protein adsorption concentration. Accordingly,
although k,, is defined in the model derivation as electrostatic
interaction between the adsorbed protein molecules, the fitted
values of k;;, should also include the contribution of short-
range interaction between adsorbed protein molecules. At high-
protein adsorption concentration (low-ionic strength/high-pH
value), protein-protein distance is short, leading to evident
short-range attraction between protein molecules in the adsorp-
tion phase. This lessens the fitted &, to some extent. The ealrier
two factors are in contradiction to each other. When the impact
of the first factor is dominant, there will be k,, , > ky, ;. This
corresponds to the cases in Tris-HCI and phosphate buffers of
higher-ionic strength (=60 mmol/L), and the three acetate
buffers. When the second factor is dominant, there will be &, ,
< ky1 - This corresponds to the cases of low-ionic strength in
Tris-HCI and phosphate buffers.

Conclusions

A statistical thermodynamic model (ST model) has been
developed for the nonlinear multicomponent protein adsorption
equilibrium on ion-exchanger. The model takes account of
protein-adsorbent interactions and lateral protein-protein inter-
actions in the adsorption phase, and agrees with the nonstoi-
chiometric nature of the electrostatic adsorption of protein. All
the model parameters have clear physical meanings, so the
model captures the adsorption mechanism. The effect of buffer
type, pH and ionic strength on the model parameters that
describe protein adsorption affinity and the interactions be-
tween adsorbed protein molecules are reasonably interpreted
by the electrostatic and thermodynamic theories. For practical
application, however, the model parameters must be estimated
by fitting to the experimental data. Therefore, it is still a
challenge to find an efficient way to predict the model param-
eters, and the model needs further improvement by incorporat-
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Table 2. Comparison of the Values of k,, Estimated from the ST Model and Calculated from Eq. 38

Buffer I (mmol/L) Zp bulk k., (L/mmol) ki, (L/mmol) RD® (%)
Tris-HCI, pH 7.40 10 —16.1 3.75 9.66 158
30 —-17.1 2.30 2.69 17.0
60 —18.5 1.55 1.31 —155
110 —20.1 1.10 0.707 —35.7
Phosphate, pH 7.36 16 —154 2.80 4.89 74.6
36 —16.5 2.01 2.02 0.533
66 —-17.9 1.41 1.09 =225
116 —19.6 1.01 0.631 -37.6
Phosphate, pH 6.79 13 —9.98 2.69 2.82 4.81
33 —11.7 1.90 1.20 —36.8
63 —13.5 1.20 0.695 —42.1
113 —15.3 0.900 0416 —53.8
Acetate, pH 6.00 20 —6.52 1.40 0.708 —49.4
30 —7.33 1.23 0.543 -55.9
50 —8.53 0.996 0.386 —61.2
70 -9.40 0.992 0.304 —-69.4
100 —10.4 0.850 0.233 —72.6
140 —11.3 0 0.176 —
Acetate, pH 5.84 30 —6.59 1.10 0.440 —60.0
60 —8.25 0.699 0.287 —58.9
110 -9.87 0.614 0.186 —69.7
Acetate, pH 5.26 10 -1.37 1.30 0.0715 —94.5
30 -3.12 0.571 0.100 —82.5
60 —4.63 0.500 0.0919 —81.6
110 —6.14 0 0.0733 —

ky, , is estimated by fitting the ST model to the experimental data as in Figure 1.

ki, is calculated from Eq. 38 combining Eqs. 28, 29 and 35 to 37 with z,,,,, listed in the table.

RD stands for relative deviation defined by RD = (k,, , —

ing other molecular interactions, such as hydrophobic and van
der Waals interactions. Despite these limitations, the model
formulism is expected to find applications in the modeling of
electrostatic adsorption chromatography of proteins, especially
for multicomponent nonlinear systems. Hence, further work
should direct toward model evaluation for application to mul-
ticomponent adsorption equilibria.
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Notation
A = Helmholtz free energy, J
A, = effective interaction area of a protein molecule with adsorption
surface, m>
A, = specific area of dry adsorbent, m*/g

protein concentration, mmol/L
electron charge, C
AG,, = minimum value of free energy in the process moving two
parallel charged slabs from infinity to be in contact, J
I = ionic strength, mmol/L
ky = Boltzmann constant, 1.38 X 1072 J/K
m, = parameter defined in Eq. 16, descriptive of interactions between
adsorbed proteins i and j
m, = ratio of dry weight to wet weight of adsorbent
N, = Avogadro’s number
N; = molecule number of the i-th species
gi = mole concentration in adsorption phase, mmol/LL
Qi = experimental adsorption amount, mmol/L
r = distance between a pair of protein molecules i and j
r, = radius of protein molecule, m
R = ideal gas constant, 8.314 J/mol-K
T = absolute temperature, K

N
Il
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kyy )k, X 100%.

uy,(r) =

SIS <
|

ele
Weze,pp =
winf —

ele
‘4/sh =
p =
7 =

electrostatic interaction potential of a pair of protein molecules
i and j with distance r

= effective volume of molecules of j-th species, m?

volume, m>

= adsorption phase volume of protein j, m*

mean configurational potential energy of the system, with each
molecule at the center of its cell

= contribution of long-range electrostatic interaction to W

contribution of protein-protein electrostatic interaction to W,,,
contribution of electrostatic interaction to W when protein mol-
ecules are infinitely apart B

contribution of short-range interaction to W

net charge of protein

canonical partition function

Greek letters

Q;

r
€o

£(0)

(1/2)e

ele,i

(1/2)e

sh

0
Mij

Published on behalf of the AIChE

parameter defined in Eq. 20, inverse of equilibrium coeffi-

cient of protein at infinite dilution

= ion-exchange capacity, mmol/L

= dielectric permittivity of vacuum, 8.854 X 10~'? F/m

= potential energy of interaction of a molecule at its cell center
with other molecules, J per molecule

= mean electrostatic interaction potential of each molecule of
protein i, J per protein molecule

= interactions between protein i and adsorption interface,
J/mol

= relative dielectric permittivity of solvent (78.4 for water at
25°C)

= mean short-range interaction potential of each molecule, J
per molecule

= effective porosity of adsorbent to protein j

= correction factor for contribution of long-range electrostatic
interaction potential between protein i and j due to the
difference between their adsorption space

= inverse Debye length, 1/m

= characteristic parameter of the inherent energy of j-th spe-

cies, m

» = chemical potential of protein i in bulk solution, J/mol
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ni = contribution of interactions between protein i and other
molecules in adsorption phase to chemical potential of i, 16
J/mol
p; (r) = number density of protein j at distance r from the central 17
protein molecule
p ,, = density of wet adsorbent, g/mL
p , = number density of water molecules 18
o = surface charge density of protein, C/m?*
o = charge density of adsorption interface, C/m”
Y, = surface potential of protein molecules, J 19
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