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Abstract

A thermodynamic formalism is developed for incorporating the effects of charge regulation on the ion-exchange adsorption of proteins
under mass-overloaded conditions as described by the steric mass-action (SMA) isotherm. To accomplish this, the pH titration behavior of :
protein and the associated adsorption equilibrium of the various charged forms of a protein are incorporated into a model which also account
for the steric hindrance of salt counterions caused by protein adsorption. For the case where the protein is dilute, the new model reduces
the protein adsorption model described recently by the authors which accounts for charge regulation. Similarly, the new model reduces t
the steric mass-action isotherm developed by Brooks and Cramer which applies to mass-overloaded conditions for the case where char
regulation is ignored so that the protein has a fixed charge. Calculations using the new model were found to agree with experimental data fc
the adsorption of bovine serum albumin (BSA) on an anion-exchange column packing when using reasonable physical properties. The ne
model was also used to develop an improved theoretical criterion for determining the conditions required for an adsorbed species to displac
a protein in displacement chromatography when the pH is near the prétein p
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction based on a microscopic description in which the adsorbed
phase is represented as an electric double layer, and the
Most models for protein ion-exchange adsorption de- Poisson—-Boltzmann equation used to account for the elec-
scribed previously in the literature assume that the adsorbedtrostatic effect produced by the adsorbent on the charge state
protein exists in a single charge state during the entire ad-of the protein. However, in addition to being restricted to
sorption procesfl-7]. However, it is well known that when  dilute proteins, both of these models contain other approxi-
apolyelectrolyte approaches a charged surface, the net chargeations that limit their use in practice. For example, although
on the polyelectrolyte is influenced by the electrostatic field the model of Sihlberg and@nsson is a very important ad-
produced by the surfag8-12]. An early attempt to account  vance in the modeling of charge regulation, its accuracy is
for this phenomenon, often termed “charge regulation,” was limited when the fluid-phase pH is near the protdipvghich
made by Sluyterman and Elgersfd&8] who envisioned the is often the case of most interest when considering charge
adsorbed phase as being uniform in composition so that theregulation.
macroscopic laws of thermodynamics could be used to de- Recently, Shen and Frdl5] extended the approach of
scribe the effect of the different hydrogen ion concentra- Sluyterman and Elgersnj&3] in order to develop a multiple
tions in the fluid and adsorbed phases on the protein chargecharge state (MCS) model that is an improved theoretical de-
state. More recently, 8hiberg and @nsson14] developed scription of the ion-exchange adsorption of a dilute protein
a colloidal model for charge regulation of a dilute protein which accounts for charge regulation. Shen and Frey also
demonstrated that by accounting for charge regulation, the

* Corresponding author. Tel.: +1 410 455 3418; fax: +1 410 455 6500.  NEL protein charge in the fluid phase used in their model is
E-mail addressdfreyl@umbc.edu (D.D. Frey). significantly closer to the actual protein charge in the fluid
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phase, as compared to the characteristic binding charge in
the traditional stoichiometric displacement mofdl In the

present study, the approach of Shen and Frey is extended Protein
to the case of mass overloading where steric hindrance of
salt counterions is caused by protein adsorption. The result-

ing model can therefore be considered not only an extension .,‘-‘?ﬁ Exchangeable
of the MCS model to the case of protein mass overload- (k‘e\.‘. I
ing, but also an extension of the steric mass-action (SMA) o - D o & - Y
adsorption isotherm to the case where protein charge reg- @
ulation is accounted for. Although other extensions of the n
SMA adsorption isotherm exist, such as the extension to

Charged functional group Column packing Sterically Charged group

the case of thermOdynamica”y nonideal mixtures by Raje on column packing surface hindered sites  on protein

and Pinto[7,16], and the extension to the case of variable

pH by Bosma and Wesselindth7,18], none of these pre-  Fig. 1. lllustration of a protein having four negatively charged groups which

vious extensions incorporate the effects of protein charge intergct with fou_r positively chargegl groups on the' column_ packing. The

regulation. chloride counterion forms undissociated ion pairs with the sites underneath

The concept of SMA equIIDTIT 10r JO-SXCHRNGE - L1 s e gy e ot o o o gt o
sorption, in which it is recognized that only a fraction of column packing within the gray area is the steric faetor
the functional groups on the adsorbent surface underneath
an adsorbed protein interact directly with the protein, was hydrogen ion titration behavior of the protein in those two
first described by Velayudhdh9], formerly at Oregon State  phases.
University and currently at Bristol-Myers Squibb, whose doc- As shown inFig. 1, the total number of adsorption sites
toral thesis mentor was Csaba Hatfv. Steven Cramer, who underneath a protein adsorbed onto a charged surface is
is currently at Rensselaer Polytechnic Institute and whoselarger than the number of adsorption sites that interact di-
doctoral thesis mentor was also Csaba Hdinysubsequently  rectly with the protein, in which case a significant number
translated the concept of SMA equilibrium into precise math- of salt counterions are sterically hindered from participating
ematical terms in collaboration with several co-work@is in ion-exchange equilibrium. Steric effects of this type are
Extensions of the SMA formalism, particularly extensions particularly important to account for under mass-overloaded
relevant to the implementation of displacement chromatog- conditions since the saturation adsorption capacity of an ad-
raphy as discussed in this study, are therefore appropriatesorbent is determined by the area occupied by the protein on
topics for recognizing not only the seminal contributions of the surface, as reflected by the total number of adsorption
Csaba Hor#th in the field of chromatography, but also his sites underneath the protein.
mentorship of leading industrial and academic scientists in  Since the steric effect illustratedfig. 1is a consequence
this field. of the colloidal nature of the adsorption process, it cannot
be accounted for by a description of adsorption equilibrium
based solely on equating the chemical potentials of particu-

2. Theory lar species in three-dimensional fluid and adsorbed phases
unless extra-thermodynamic relations are employed. Such
2.1. General considerations an approach is commonly used, among other applications,

in so-called “chemical” thermodynamic theories for predict-

In this study, the adsorbed phase is assumed to be uniforming activity coefficients where intermolecular interactions are
in composition so that standard thermodynamic relations de-represented by chemical reactions that form new spgtigs
scribing phase equilibrium between two bulk phases can beln order to ensure that the new adsorption equilibrium model
applied[20-24] In addition, the ionogenic functional groups developed here reduces asymptotically to the traditional SMA
on the protein are assumed to ionize according to acid—basdsotherm when the adsorbed protein has a fixed charge, the
equilibrium constants that remain fixed and independent of model will employ the same extra-thermodynamic relation
the protein charge. The charge state of the protein in the fluid used by Brooks and Cramf&] to develop that isotherm. As
phase is therefore assumed to be determined by the local pHshown below, this extra-thermodynamic relation corresponds
in that phase, and the change in protein charge caused by adto the assumption that, with regard to their role in protein ad-
sorption is assumed to be determined by the tendency of thesorption equilibrium, sterically hindered adsorption sites and
more highly charged forms of the protein to interact electro- their associated counterions function thermodynamically as
statically with the adsorbent to a greater degree than lesseliif the adsorption site and counterion form undissociated ion
charged forms of the protein. Equivalently, the change in pro- pairs, in which case the adsorbed phase is envisioned as a
tein charge caused by adsorption can be envisioned as resultuniform mixture of these ion pairs, salt counterions, proteins,
ing from the difference in the hydrogen ion concentrations hydrogen and hydroxide ions, and the adsorbent functional
in the fluid and adsorbed phases, and from the correspondinggroups. Furthermore, it was effectively assumed by Brooks



94 H. Shen, D.D. Frey / J. Chromatogr. A 1079 (2005) 92—-104

and Cramer that adsorbed proteins are sufficiently mobile dif- tion is also equivalent to the relation used in the MCS model
fusionally so that the activity of the exchangeable counterions of Shen and Freji 5] to represent adsorption equilibrium, ex-
is proportional to the number of these ions per unit volume ceptthatinthis previous modelitwas assumed thatthe protein
of the entire adsorbed phase, including the volume occupiedis dilute so thayg- , = g¢ -, and equilibrium was written
by the sterically hindered sites. Although these particular as- in terms of the ratio of the hydrogen ion concentrations in
sumptions could be questioned on the basis of whether theythe fluid and adsorbed phases, instead of the ratio of coun-
properly reflect the true colloidal nature of the adsorption terion concentrations. Note that equilibrium concentrations
process, the use of these assumptions does yield a thermodywere denoted with the superscript * in the previous work just
namically consistent adsorption model which asymptotically mentioned, while in the present study this subscript has been
approaches the traditional SMA isotherm in the limit where deleted from the equilibrium concentrations. The parameter
the protein has afixed charge, which is sufficient justification Kegpusedin Eq(l)isthe ion-exchange equilibrium constant,
for employing these assumptions in the present case. which is equivalent to the quantiﬂyp,ads/(Kgl, ads) used by
Although the study of Shen and Fréd5] addressed the  Shen and Frey, whetkg- ,gsis the adsorption equilibrium
case of charge regulation for a dilute protein, the key rela- constant for HCI (see E¢10)) andKp agsis the same quan-
tion in their model between the protein equilibrium distri- tity for the protein. Furthermore, if thermodynamic ideality
bution coefficient and the Donnan potential applies whether js assumed for the Hand CI- ions, thenK ¢~ ,qs= 1, and
or not the protein is dilute provided that the only interac- Keg,pin Eq. (1) is numerically equal tgpladsés used in the
tion between adsorbed proteins is the steric interaction whichMCS model of Shen and Frey.
prevents proteins of finite size from physically overlapping.  As shown inFig. 1, when a protein adsorbs onto a charged
Consequently, as demonstrated below, the relations accountsyrface, a certain number of adsorption sites are sterically hin-
ing for charge regulation developed by Shen and Frey can bedered from participating in ion-exchange equilibrium by the
extended in a straightforward way to the case of mass over-presence of the protein. It is assumed here, as in the origi-
loading by accounting for the effects of steric hindrance of nal SMA isotherm model of Brooks and Cramer, that these
salt counterions on the Donnan potential using the assump-blocked sites behave with regard to their effect on protein
tions just described. In this way, a result can be developedadsorption as undissociated ion pairs so that, although they
that approaches asymptotically the model of Shen and Freyoccupy space in the adsorbed phase, their presence does not
in the limit of low protein concentrations and, as mentioned contribute to the activity of the counterions in that phase.
above, which also approaches asymptotically the SMA model The concentration of counterions available for participating
in the limit where charge regulation is negligible. Since there in jon-exchange equilibrium, denoted@s- ,in Eq. (1), is
is considerable experimental evidence that the two modelsconsequently given by
just mentioned describe protein adsorption behavior accu-
rately in their applicable regimdé,15], it is likely thatthe ~ dci-.a = dci- — (0 — m)gp-—n 2)
new adsorption model developed in this study will be a use-
ful description of protein adsorption behavior which is more
general than previous such descriptions in the literature.

wheregc- is the total counterion concentration in the ad-
sorbed phase, andis the total number of sites underneath

the protein.
If the concentrations of Hand OH- ions in the adsorbed
2.2. Adsorption of a single protein having a single phase are assumed to be small, and if the effect of co-ion
charged state of-m uptake is ignored as described previoJ4ly, then the elec-

troneutrality condition in the adsorbed phase can be expressed

Consider first the simple case addressed originally by as:
Brooks and Cramd6] where a protein having a fixed charge
of —m, wheremis a positive number, adsorbs onto an anion- 4R+ = 4ci- + Mqp-n 3)
exchange column packing, and where the adsorbed phase i§here 4. is the concentration of ion-exchange func-
assumed to be uniform in composition. Assuming also for i,na groups in the charged form. If furthermore an effec-
illustrative purposes the case where the chloride ion is the e dimensionless Donnan potential, is defined to be
counterion, adsorption equilibrium can be expressed usingm(qCI_ /Co), and if K- aqs= 1, then Egs(2) and (3)
the following relation6]: can be’acl:ombined to yield acs

dor- m o

CI~

where gp-» is the equilibrium amount of protein per unit Note thaty’ represents the electrical potential energy differ-
volume of the adsorbed phase apg- , is the equilibrium ence between the fluid and adsorbed phases corrected for the
amount of exchangeable counterion per unit volume of the ad- steric effect. It therefore differs from the actual effective di-
sorbed phase. E@l) is the starting point used by Brooks and mensionless Donnan potential given byga¢ /Cg-) or, as
Cramer to develop the traditional SMA isotherm. This equa- in the MCS model of Shen and Frél5], by In(Cy+/gu+),
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depending on whether Clor H is selected as the so-called adsorption equilibrium constants for all the charged forms
potential determining iori21,24] Combining Eqs(1)—(3) are equa[15].

yields The model just described can be extended in a number
m of ways that in certain cases may increase its usefulness for

Cpn = gp—m ( Cor ) (5) describing protein adsorption. For example, the charge distri-
Keq, P\ gr+ — 0gp-m bution can be centered around a non-zero charge state, more

than three charge states can be accounted for, and the ad-
sorption equilibrium constants can differ among the various
charge states. This last extension accounts for a change in
the isoelectric point caused by adsorption, which has been
reported in some cases for the ion-exchange adsorption of
amino acidg26]. Although these various extensions may be

which is equivalent to the SMA isotherm developed by
Brooks and Cramef6] except for the different definition
for the steric factor, i.eq = ogc + m, whereogc denotes the
steric factor used by Brooks and Cramer.

2.3. Effective dimensionless Donnan potential for the useful under some conditions, it is shown in SecBdthat
case of a single adsorbed protein having the three charge e simplest version of the model not including these exten-
states—m, 0, and m sions is able to fit experimental data for protein adsorption

: . . with reasonable accuracy.
As discussed above, the relation between the protein ad- Assuming again for illustrative purposes the case of an

sorption distribution coefficient and the Donnan potential de- anion-exchange adsorbent, and assuming also thamthe
veloped by Shen and Fregg5] which accounts for charge  counterions associated with the positively charged form of the
regulation can be incorporated into the SMA isotherm model ytein do not participate in ion-exchange equilibrium with
provided that the Donnan potential used accounts for steric oiher proteins, then the concentration of adsorbed counteri-

effects by being consistent with the extra-thermodynamic as- o available for participation in ion-exchange equilibrium
sumption used by Brooks and Cranfé}. For this purpose, g pe expressed as

as discussed by Shen and Frey, it is convenient to approxi-

mate acid-base equilibrium for a protein having a totai of g~ , = g1 — (0 — m)gp-n — ogen — (0 +m)gpr ~ (11)
charged states that are equally distributed around the state of

zero charge by assuming that the only charged states that exisThe electroneutrality condition in the adsorbed phase is given
are the—m, 0, andm states wherer2+ 1 =n, and where the by

average charge on the protein is the mole fraction weighted

average of the-m, 0 andm charged states. Acid—base equi- 4R+ = 4ci- — mgp" + mqp-n (12)

librium for the protein can consequently be written as If Eqs. (11) and (12)are combined, the result is the follow-

P" & PP + mHT < P™™ 4 2mH* (6) ing equation which is formally similar to E@4), but which

relates the effective dimensionless Donnan potential to the
while adsorption equilibrium for the three charged forms of composition of the adsorbed phase for the case of a single
the protein and for the chloride ion can be expressed as adsorbed protein having the three charge stateswf0, and

o m:
gp-n = Keq,FCp-n(€Xp@")) )
;) qrt — PO
40 = Ko pCro(exp@)° @ ¢=n (—CC|_ ) (13)
=K H" 9
qpr = Keq rCer (2x0@)) ©) 2.4. Effective dimensionless Donnan potential for the
dcoi- 29n+ = Ko aglor- Cut (10) case of several proteins each having the three charge

states—m;, 0, and m
where ¢’ is the effective dimensionless Donnan potential
given by Ingcy- o/ Cgi-)- Eas.(7)—(9)are equivalent to the The developmentin Secti@3can be extended to the case
relations used by Shen and Fri@p] in the limit where the  \where any number of adsorbed proteins exist. In particular,

protein is dilute so thap’ — ¢. Note that Eq(9) describes  adsorption equilibrium for thigh charge state of proteirtan
the electrostatic repulsion of the positively charged form of pe expressed as:

the protein from the positively charged surface of the anion-

exchange adsorbent, and that, pin Egs.(7)—(9)is equiv- gi,j = KeqiCi j(exp@’)) (14)
alent to the quantit)Kp agsas used by Shen and Frey since

it is assumed in the above equations, as well as in all the The concentration of counterions available for participating
following equations, thak ¢~ ,qs= 1. Note finally that the in ion-exchange equilibrium can then be expressed as:
total concentration of adsorbed proteip, is given by the

SUMgp-n + gpo -+ gpr, and that the isoelectric point of the  9ci—.a = dci- — > (oi +z2i)di g (15)
protein is the same in the fluid and adsorbed phases since the i
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By defining the average charge of the proteins in the adsorbedky = Kp aqsexpng’)

phasezyye as

2, j4qi, j
Zave = E Z —
i qp

(16)

wheregp = 3,3 q;,j, then Eq(15) can be written as

0iqi

— + Zave) qp (17)
qp

2

dci-a=d4cl- — (
i

whereg; = qu,-,j. The electroneutrality condition in the ad-

sorbed phase can then be expressed as:

4dr+ = qc|I- — ZavedP (18)

If Egs.(17) and (18pre combined, the result is the following

equation which, like Eq(13), is formally similar to Eq(4),
but which relates the effective dimensionless Donnan poten-

tial to the composition of the adsorbed phase for the case of

(dz/dpH)y (1 — 10"P1—PH) exp(-mg)’
—2 In(10yn210™PI=PH) exp(—mg’)
(dz/dpH)y; (1 — 107(P1—PH)?
—2 In(10yn210(P/—pH)

(22)

where the pH used in the equation is that for the fluid phase
and (d&/dpH)y is the change in the protein charge with pH
at the protein p SinceKy=qp/Cp, Egs.(21) and (22kan be
combined to eliminatgp so that a single implicit equation for
the Donnan potential results. The solution of this equation for
specific values o€p, pH, andC¢- can then be substituted
into Eq.(22)so that this equation can be used to calculate the
corresponding value @jp. Repeating this procedure for other
values ofCp, pH, andC,- yields the adsorption isotherm for
the case of a single protein under mass-overloaded conditions
where the protein can potentially exist in either of the three
charged statesm, 0, andm, and where the protein charge
state is determined by the local environment in the fluid and
adsorbed phases. Finally, for the simplified case of a strong-

several proteins, each of which possess the three charge statgg, oo anion-exchange adsorbeg, is specified so that Egs.

of —m;, 0, andm:

(19)

2.5. Protein adsorption equilibrium under
mass-overloaded conditions

Consider first the case of a weak-base anion-exchange ady

sorbent having a single functional group R with a concen-
tration of gr. If the acid—base equilibrium constant for this
functional group is denoted &, then the equilibrium rela-
tion describing the ionization of this functional group in the
adsorbed phase can be written as

dHt4R

= — 20
Kr + qy+ (20)

qr+

Since pH= — log(Cn+) and Kr = —log(KR), Eqs.(10), (13)
and (20)can be combined to yield

_ 10PKR(gr — Ci- exp@’)) — 10PCe - exp(2)
o(10°H exp@’) + 10°KR)

qp
(21)

If a single protein having the charged states), 0 andm
is the adsorbate, and if adsorption equilibrium for each of

these charge states is described by a Boltzmann distribution

as given by Eqs(7)—(9), then it was shown by Shen and
Frey[15] that the distribution coefficient for the protelky,
defined as the ratio of the total of the individual protein forms

(13) and (22)directly provide an implicit relation between
gp andCp which defines the adsorption isotherm.

Although an anion-exchange adsorbent was considered
in the development just given, E(R2) applies as well to a
cation-exchange adsorbent. For this latter case, the effective
dimensionless Donnan potentigl, is a negative number,
and Eq.(22) is more conveniently written in the following
alternative form:

d = Kpadsexp(m¢')
(dz/dpH),; (€xpeng’) — 10" ®I—PH)?
—2 In(10yn210™®P!—PH) exping’)

(dz/dpH)y; (1 — 107(P1=PH))?
—2 In(10yn210"(P!—PH)

(23)

wheremiis still taken as a positive number.

For a multicomponent mixture of proteins where ttie
protein has the charged forms e, 0 andm, the distri-
bution coefficientKg;, for this protein can be expressed in a
form similar to Eq.(22):

Kq; = Kiads€xpini¢’)
(dz/dpH),,, (1 - 10mPLi=PH) exp(—m;¢'))>
—2 In(10)n?10™ PP exp(-m;¢')
(dz/dpH),,, (1 - 107 (Pli—pH))2
—2 In(10yn210"(PL—PH)

(24)

Consider first the case of a strong-base anion-exchange ad-

in the adsorbed phase per unit volume to the same quantitysorbent where the total number of proteins presem;isein

in the fluid phase, can be expressed as

Under these conditions, Eq4.9) and (24 )provide a system
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rewritten as

(Cerdos (Z—i) = Keq Alexp@)]"* 11(#) (25)

(CC‘_)C - wherelT is a function of¢’ corresponding to the expression

o in square brackets in Edq24), with the other variables in
that expression, such as pH anld gonsidered to be func-
tion parameters. If it is assumed that the displacer is a small
molecule with a fixed charge, an example being the protected
CD* amino acids described by Kundu et[&9], then the adsorp-
tion distribution coefficient for the displacer can be expressed
as

Concentration

C Displacement front
A

D

(£2) = Keaclerp" (26)
D

wheremp > 0. In Eq.(26)the effective dimensionless Donnan

potential when both protein A and displacer D are present can

be expressed as:

Time

- , . . _ r_ qr+ — OAGA — MDYD
Fig. 2. Concentration profiles for protein A, displacer D, and the counte- ¢ = In C (27)
rion CI~ on the upstream and downstream plateaus of a displacement front. cr-
The front is formed by a displacer with a fixed charge as it displaces a Consider first the plateau in the displacement chromatogra-
protein. phy effluent profile which contains the displacer but not the
protein, i.e.,wher€ =0,Cp = CandC¢- = (CC")CBO’
and where the superscript * denotes a particular val@hof
of Nprotein+ 1 €quations which implicitly define the multi-  In this case, Eq(27) yields:
component adsorption isotherms. Similarly, for the case of a
weak-base anion-exchange adsorbent Ex§9.and (24pro- , dr+ — MDYD
. . L . P g=In| —— (28)
vide an analogous system of equations that implicitly define *Cp.0 ( (Cei-)e= o )
the multicomponent adsorption isotherms. >

A necessary criterion for the existence of a stable self-
2.6. Theoretical stability criterion for a self-sharpening sharpening front separating the plateaus containing the dis-
front between a displacer and a protein placer and protein is that the distribution coefficient of a trace
amount of protein on the former plateau is less than the dis-
One use of the adsorption isotherm model developed in tribution coefficient of the displacer on the latter plateau, i.e.,
Section2.5is to develop a criterion for determining whether A "
a species of fixed charge is able to displace a protein in dis- <C_) = KeqAlexp@c: )" 1T(#cs o) < 8 (29)
placement chromatography, as illustrated=ig. 2 Such a A/ cp0
criterio_n, based on a stability analysis qriginally Qescribed where
by Antia and Horath[27], has been described previously by
Brooks and Cramd6]. However, t_he cr_iterio_n of Brooksand §_— (q_o) = Kp,addexp@ o)1"° (30)
Cramer assumes that the protein being displaced also has a Co D
fixed charge as it |nteracts.W|_th the adsorbent, so that it may Combining Eqs(29) and (30Yields:
not be an adequate description of the displacement process
for the case where charge regulation is important, such as Keq,D 1/mp Keq,An(%g,o) 1/ma
when the fluid pH is near thd pf the displaced protein. For < ' ) 0 I T
this particular case, which may be of practical importance

when it is desired to resolve proteins of similanplues by A development similar to that which led to E§28)—(31) but
employing displacement chromatography at a pH near thewhich applies to the plateau in the effluent profile containing
protein g [28], a modified stability criterion which includes  protein but no displacer, i.e., whe@, =0, Cn = Cj, and

(1)

charge r'egulation effects may pe applicablg. ' Cor- = (Coi-)o.cx» Yields
Consider the case where a displacer “D” is used to displace A
protein “A’ in the presence of salt under mass overloading drt — OAGA
conditions, in which case the elution order is “A’ followed  ¢g ¢« = In (R—> (32)
by “D”. For convenience, Eq(24) applied to protein A is 8 (Ceirdocy
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Q_D _ / mp 6
( CD)o,c;g = Keqolexp@ ;1" > 5 (33
q / m /
(£2) = Knsodewh ") =5 (34)
’ 1/m
1) 1)

gp (MM)

Egs.(31) and (35)an be used to determine whether a par-
ticular species is able to displace a protein in displacement
chromatography. Although generally this determination is
complicated due to the large number of parameters involved,
several simplified illustrative cases can be envisioned. For
example, for the case of a low-molecular-weight displacer
of fixed charged, the salt concentration on the composi-
tion plateau containing the displacer is generally lower than
the salt concentration on the composition plateau containing
the displaced protein, as illustrated fig. 2 By compar-

ing Egs.(28) and (32)it follows that under these conditions
¢/CE‘>~0 > ¢6,ng' In this case, Eq(31) becomes the sole dis-

Cp (MM)

Fig. 3. Comparison of adsorption isotherms calculated from SMA models

plapement Criteri_on Since] according to E24), IT is amono- with (solid curve) and without (dotted curve) consideration of charge reg-
tonically increasing function af’. Furthermore, for the case  ulation. The numbers in the figure denote the ionic strengths used for the
of a displacer and column packing with fixed chargzécs calculations. The physical properties used for the protein and column pack-

ing are as follows: p=4.8, (d&/dpH)y =—10,0=100,m=5.1,Keqp=0.1,

is determined by the salt and displacer concentrations in theq =0.75 M. The fluid-phase pH is 5.0.

displacer solution, so that the functiéhbecomes indepen-
dent of the fluid pH. If the value of the functidii under these
conditions is denoted ap, and if the dynamic affinity of
the displacer, denoted by, is defined a$29]

the other being the extension of the traditional SMA model
to the case where charge regulation is included. The results
of these calculations are shownFhig. 3. Note that the cal-
Keq,D 1/mp 36 culatiqns shown employ physical prope_rties represent_ative
Ap = s (36) of bovine serum albumin (BSA) adsorption onto an anion-
exchange column packmg, as dlscussed in Se@&idnin
A under the assumptions just discussed can be written as  ne protem, is set at two times the minimum possible value of

log(Keq,A) < zAfluid 109(Ap) + 10g(8) \/—3(dz/de)p,/(2 In(10)), as discussed by Shen and Frey
, [15], and the characteristic binding charge used in the version

Hl(ma = zafuia) I0g(ho) + l0gUTp)] (37) of the SMA modelignoring charge regulation was assumed to
Note that in Eq.(37) the productza fiid log(Ap) has been be the average charge of all the charged forms of the proteinin
added to and subtracted from the right side so that the finalthe fluid phase. The calculations also employed a fluid-phase
form of the relation is analogous to that developed by Brooks pH of 5.0, which is 0.2 pH units above the proteinsp that
and Cramef6], but with a correction factor for charge regu- protein binding occurred onto the anion-exchange adsorbent
lation given by the quantity in square brackets. Anillustration assumed in the calculations even in the absence of charge
of the use of Eq(37)is described below in Sectidh4. regulation.

The results inFig. 3illustrate that including the effect
of charge regulation in the SMA model for a given protein

3. Results and discussion charge in the fluid phase causes a significant increase in the
amount adsorbed, especially at low salt and protein concen-

3.1. Effect of charge regulation on the SMA model trations. These trends are not unexpected since charge regula-

calculations tion becomes predominant at low salt concentration due to the

fact that the Donnan potential becomes higher in this region,
Inordertoillustrate the effect of charge regulation on SMA while at high protein concentrations the amount adsorbed is
equilibrium for the ion-exchange adsorption of proteins, ad- determined by the steric factor regardless of whether charge
sorption isotherms were calculated using two versions of the regulation is accounted for. The relatively large discrepancy
SMA model: one being the traditional SMA model developed between the two models shownhig. 3indicates that, apart
by Brooks and Cram¢g6] where charge regulationisignored; from other effects such as charge asymmetry which cause the
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characteristic binding charge to differ from the true protein 8-
charge, the use of the true fluid-phase charge in the traditional
version of the SMA model which ignores charge regulation

is unlikely to fit experimental data accurately. Instead, when 61 ‘,‘f‘::“:‘

the traditional SMA model is fitted to experimental data, the % e “:}:“:{‘\{““
fitted characteristic protein charge is to a large extent an ef- £, | APSss<E350

fective average charge for the protein considering both the & ) %W“‘:‘““\“““““‘
fluid and adsorbed phases. This effective charge is likely to ?i'i-"s*%%&“‘“““““‘ \“““
differ significantly from the true fluid-phase protein charge, 2 "Iii'.l’ﬁ&\\‘“““‘ ““\ “
especially when the fluid-phase pH and protdirage close .IN\Q“‘ ‘ “ ‘ \‘

in value. In particular, in order to raise the curve shown in ] II Q\ “‘ ‘ “ ‘ !‘
Fig. 3for the traditional SMA model at 0.1 M NaCl so that 6 . ‘ ““‘ “\“g:;::::::‘:‘:o
it overlies the corresponding result from the model including ‘ e
charge regulation, a fixed charge o#.5 is needed in the Oy 5 4 ‘2:;; = 0.4

former SMA model. This can be compared to the average p/ n 0.2 G?@N\\

protein charge in the fluid phase ef2.6, and the average

protein charge in the adsorbed phases-6f1, that apply to Fig. 4. The theoretically calculated protein concentration in the adsorbed

the MCS model used in the figure. phase as a function of the fluid-phase protein concentration and pH. The
physical properties used for the protein and column packing are the same
3.2. Effect of pH as inFig. 3. The ionic strength is 0.1 M. The grid lines parallel to the pH

axis betweerC,=0 andC,=0.04 M have one tenth the spacing distance

. . . as compared to the remainder of these types of grid lines in order to better
The fluid-phase salt concentration and pH typically are jjystrate the steepness of the isotherm surface in this range.

the most important parameters which determine the adsorp-
tion affinity of a protein in ion-exchange chromatography. pH in the fluid phase is equivalent to, or even lower than, the
The effect of salt concentration has been extensively studiedprotein g. High affinity binding of this type is further demon-
and explicitly incorporated into many ion-exchange models strated experimentally in Secti@3. In contrast, without the
[5,6,17,18,30,31]However, previous descriptions in the lit- effects of charge regulation included, adsorption isotherms
erature of the effect of pH on the adsorption affinity of pro- predicted by the SMA model tend to be linear in nature when
teins under mass-overloaded conditions have been limited tothe protein charge in the fluid phase is small and if this charge
gualitative[32] or semi-quantitative studig4], all of which is used to predict the adsorption affinity.
ignore the effects of charge regulation. In contrast, in the  The observations just described suggest that the SMA
present work as represented by E2R), the effect of pH is model incorporating the effects of charge regulation may pro-
incorporated by assuming that the Henderson—-Hasselbalchvide a more accurate description of adsorption equilibrium
equation applies to three charged forms of a protein in equi- as compared to the standard SMA model when the pH in the
librium, by then relating the acid—base equilibrium constants fluid phase is close to the proteih frhis may be particularly
to the values of pand (&/dpH), for the protein, and by fi-  importantin the design and optimization of preparative-scale
nally assuming that the SMA formalism, as represented by chromatographic processes since it has been reported that the
the Boltzmann distributions given by Eq3)—(9), applies to separation of proteins under mass-overloaded conditions, in-
each charged form of the protejb5]. In this way the role cluding for the case where displacement chromatography is
of pH variations, particularly when the pH is near the pro- employed, can be enhanced if the fluid-phase pH is adjusted
tein g, can be realistically incorporated into calculations of so that it is close to the proteirl {£8,33,34]
adsorption equilibrium.

Fig. 4 illustrates calculations of protein adsorption equi- 3.3. Evaluation of the SMA model including the effects
librium for the case of an anion-exchange column packing of charge regulation using data from the literature
using the SMA model with the effects of charge regulation
accounted for as just discussed. The physical propertiesofthe  The SMA model which includes the effects of charge
protein and column packing used in the calculations are theregulation as developed in this study was evaluated using
same as those ig. 3and are representative of BSA adsorp- experimental data reported by Shi et[8b] for the adsorp-
tion onto an anion-exchange column packing. Two notable tion of BSA on DEAE Sepharose FF, which is a weak-base
features can be observed in the calculations shown. First,anion-exchange column packing. The comparison between
it is apparent that the adsorption affinity is highly depen- the model and the experimental data s illustrate€igs. 5—8
dent on the fluid-phase pH, and that this dependence tendsvhere the adsorbed amounts shown are given in terms of the
to be greater than that produced by changes in the salt conimass of BSA per unit volume of solid adsorbent, and where
centration as shown ifrig. 3. Second, the model predicts the solid adsorbent volume does not include the intraparticle
that highly favorable shapes for the adsorption isotherm, i.e., pores. Since the data of Shi et al. are given in terms of the
high-affinity protein binding, occur in the region where the mass of BSA per unit volume of particle, where the particle
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Fig. 5. Comparison of experimentally measured and theoretically predicted Fig. 6. Comparison of experimentally measured and theoretically predicted
adsorption isotherms for BSA on DEAE Sepharose FF. The symbols are adsorption isotherms for BSA on DEAE Sepharose FF. The symbols are data
data from batch equilibrium experiments taken from the literature and the from batch equilibrium experiments taken from the literature and the solid
solid curves are calculated results from the SMA model with charge reg- curves are calculated results from the SMA model with charge regulation
ulation considered. The fluid-phase pH is 4.5 and the physical properties considered. The fluid-phase pH is 5.0 and the physical properties used for
used for the protein and column packing are as follows: MW =66.7 kDa, the protein and column packing are the same &gn5. In the experiments,

pl =4.7, (dpH), = —10,0=98,m=3.6,Kp ags= 0.17,0r =0.51 M. In the the fluid phase contained 20 mM acetate buffer at various ionic strengths as
experiments, the fluid phase contained 20 mM acetate buffer at various ionic represented by the following symbols: 20 mM){ 30 mM (0); 50 mM (A);
strengths as represented by the following symbols: 20 my] 5 mM 80mM (O); 120 mM (x). The temperature was 2&.

(X); 30mM (0); 50 mM (A). The temperature was 28.

300

volume does include the intraparticle pores, it was necessary
to convert this data by using the reported particle porosity of
0.59[36]. Note also that the data shown were obtained under
conditions where the fluid-phase pH is close to the protein
pl, so that these data are particularly useful for evaluating the
model described here. However, the specific data obtained
by Shi et al. at pH 6 was not utilized when evaluating the
model since it was judged that this condition was outside
the applicable range of the model due to the high charge
attained by BSA at this pH. The experimental conditions and
the physical properties used in the calculations are described
further in the figure captions.

In order to fit the experimental data to the model, all the
data sets were fitted simultaneously using a single set of phys-
ical properties for BSA. The fitting was accomplished by cal-
culating the amount adsorbed as described previously while 0
simultaneously minimizing the sum of the squared residuals
between the measured and calculated amount adsorbed. Fot

this purpose, the_ concentration of the functhr_lal groups on Fig. 7. Comparison of experimentally measured and theoretically predicted
the column packing was taken to be that specified by the col- adsorption isotherms for BSA on DEAE Sepharose FF. The symbols are data
umn manufacture37], and a Kr value of 8 was assumed, from batch equilibrium experiments taken from the literature and the solid
which is typical for the diethylaminoethyl (DEAE) groups curves are calculated results from the SMA model with charge regulation
present. Using this procedure, in the pH range of interest thecon3|dered. The fluid-phase pH is 5.5 and the physical properties used for

f . | h | i | the protein and column packing are the same &$gnb. In the experiments,
unctional groups on the column packing were nearly com- the fluid phase contained 20 mM acetate buffer at various ionic strengths as

pletely ionized, and the calculated changeyjp with pH represented by the following symbols: 20 mi)( 30 mM (); 50 mM (A);
was relatively small and roughly agreed with the reported 80mM (O); 120mM (x). The temperature was 26.

200
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BSA concentration in liquid (mg/mL)
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200 et al.[35] who proposed that adsorption under these condi-
tions results mainly from the presence of localized regions of
pH 5.5 negative charge on the BSA surface, i.e., from charge asym-

o metry. In all likelihood, both charge asymmetry and charge

150 |- 20 MM regulation play a role in determining the amount of BSA ad-

sorbed, although the results presented here suggest that the
latter mechanism may dominate for the particular conditions
investigated. Another observation froRigs. 5-8is that a
single value for the steric factor is able to fit with reasonable
30 mM accuracy the BSA adsorption data obtained on both sides of
the d. This observation is also in contrast to the conclusions
of Shi et al. who used the traditional SMA model and found
that the steric factors for BSA needed to fit data obtained
above and below thel pvere somewhat different. This dis-

100

50

Adsorbed BSA concentration (mg/mL)

Somi crepancy in the parameters needed by the two models tofitthe
o 1820‘05'“"]’\‘/' same data is due in part to the somewhat different functional
0 form that results for the adsorption isotherm when charge
0 0.5 01 regulation is incorporated into the SMA model. In addition,
BSA concentration in liquid (mg/mL) in the present study the volume of solid adsorbent, instead of

the volume of particle, was used as the basis for determin-
ing the adsorbed protein concentration. By employing this
former choice, the value dfeq,pused to fit the data became
nearly independent of pH and ionic strength, rather than vary-
ing significantly with these conditions as in the study of Shi et
gle counterion having an average adsorption affinity was aS_aI., which in turn affected the.values of th'e other.paramete.rs
needed by the two models to fitthe data. Finally, differencesin

sumed even though the fluid phase employed to produce thehowthe weak-base character of the adsorbent was accounted

data consisted of a mixture of ac_gtate and chloride ions .duefor may have also contributed to discrepancies in how the two
to the acetate buffer used. In addition, the salt concentratlonsmodels fit data

that apply at pH 4.5 were assumed to be those shown at this It should also be noted that the relatively small values of

PH in Fig. 4of Shi et al[35] Keg,pused inFigs. 5-8are consistent with the observation of

Af ‘TZO\;V” InFigs. 5b_|8 the”mo.del |shab_le tlo fit thet(.axpert:-. h Nagai and Cartf26] that the zwitterion form of an amino acid
mental dala reasonably Well using pnysical properties which ;. largely unadsorbed by most typical ion-exchange adsor-

are representative of the protein and column pe}cking used, Mpents, since the value Btq pdirectly determines the amount
particular, the assumed value o#fdpH), of —10s near the of the uncharged form adsorbed. Finally, since the data in

rlelgortthed f}ﬁilge fofr ih7|s_ paramtiter f(:r hlurr;zénszerurr]rj alpumln Fig. 8is an expanded view at low protein concentrations of the
[40], . ?jtl ? 'p(:h 1S nefar ie;ctug ]Fl)S’ 35 éiiN4I2(,:thls data inFig. 7, it can be seen that the model calculations agree
reported o lie in the range from 4.7 to 5[1§,35,41,42] the with the data over a large protein concentration range which

fitted value ofim of 3.6 is slightly larger than the minimum includes low concentrations where linear equilibrium applies.
possible value o(/—3(dz/de)p,/(2 In(10)), as discussed
by Shen and Frejl5], and the fitted values af andKeq,p 3.4. Stability analysis for a self-sharpening front located

for the DEAE Sepharose FF column packing used are com-between a displacer and a displaced protein

parable to values reported in previous studliés17,18,35]

Although the model was able to fit experimental adsorp-  Section 2.6 describes a stability criterion for a self-
tion data reasonably well for the weak-base anion-exchangesharpening front located between a displacer and a displaced
adsorbent used as just mentioned, past WbB{ indicates protein based on the SMA model with charge regulation
that the MCS model tends to be more suitable for a strong- considered. In this section, this stability criterion is used
base anion-exchange adsorbent since the valyg-ofs di- to produce a so-called dynamic affinity plot describing the
rectly specified in this case. The good agreement betweenrelation needed between a low-molecular-weight displacer
theory and experiments Figs. 5-8is therefore to some ex-  with a fixed charge and a displaced protein with the value
tent due to the low pH range used which caused the adsorbenbf (dzdpH), for the protein as a parameter. A typical plot
functional groups to be nearly completely ionized. of this type is shown irFFig. 9 with the physical properties

One main observation fromigs. 5-8is that the amount  for the protein, displacer, salt, and column packing used in
of BSA adsorbed when the pH is near or below theop the calculations listed in the figure caption. The solid curves
BSA is accounted for reasonably well by the mechanism of in the figure were calculated from E{B7) by setting the
charge regulation. This is in contrast to the conclusions of Shi quantity on the left-hand side of that equation equal to that

Fig. 8. Expanded view taken froRig. 7 of the isotherms for the adsorption
of BSA on DEAE Sepharose FF in the low concentration region.

titration curve[38] and the zeta potential measuremdB&gy
for DEAE Sepharose FF. To simplify the calculations, a sin-
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40 displacement effects are not possible, and where protein
binding is largely absent when the protein in the fluid phase
and column packing have the same charge sign, so that again
displacement effects are not possible.

Although, as discussed in Secti8ri, when used in prac-
tice the traditional SMA model incorporates an effective av-
erage of the protein charge in the fluid and adsorbed phases
so that the associated dynamic affinity plot accounts approx-
imately for the case when the protein and column packing
have the same charge sign, it seems evident that the repre-
sentation of adsorption behavior showrFig. 9 provides a
more fundamental and therefore more accurate description of
the adsorption behavior when the pH is near the protkin p
The importance of this is suggested by the observation that
the resolution achieved betwefHactoglobulin A and B in
displacement chromatography is enhanced when the fluid-
phase pH used approaches the prot¢if28], so that it may
-2 -1 o 1 be true generally that resolution in displacement chromatog-
raphy is optimized under these types of conditions. In addi-
tion, for the type of displacement chromatography where a
Fig. 9. Dynamic affinity plot for a displacer and a protein for an anion- self-sharpening pH front is employed as the displacer, dis-

exchange column packing. The solid curves are the calculated results atplaced proteins always exit the column at a pH close to the
different values of (#dpH)y for the protein. The physical properties forthe  protein j so that accounting for charge regulation is likely to

protein, displacer, and column packing are as follows. @ ma = 4,mp =1, be an important factor in the understanding of such systems
Keqp=50.0,6=120,¢'=0.5. [43]. In contrast, when the pH and proteihare far apart,
charge regulation is likely to be unimportant. In this case the
on the right-hand side. The curves therefore divide the fig- traditional SMA model and the dynamic affinity plot derived
ure into two regions: a lower region where a protein will be from that model are likely to be the preferred representa-
displaced by the given displacer, and a higher region wheretions of adsorption dynamics, especially since the model for
a protein will not be displaced by the given displacer. Note charge regulation described in this study is not expected to
that the calculations shown correspond to an anion-exchangeapply when the pH and protein pre far apart.
column packing, thata fiid is the average charge consider-
ing all the charged forms of the protein in the fluid phase,
and that the calculations are for a particular fixed value of 4. Conclusions
the effective dimensionless Donnan potential in the displacer
solution as discussed in Sectidré. The concept of steric mass-action equilibrium for protein
Fig. 9indicates that the dynamic affinity plots accounting ion-exchange adsorption equilibrium was originated by Ve-
for charge regulation are curved, with the maximum in layudhan[19], and was first put into precise mathematical
curvature close to the protein,@and with the degree of the  terms by Brooks and Cram8]. The basic assumptions of
curvature dependent on the value of/@pH)y . This is in the SMA model proposed by Brooks and Cramer are that,
contrast to the linear dynamic affinity plots described by with regard to their role in protein adsorption equilibrium,
Brooks and Cramer where charge regulation is ign¢ééd sterically hindered adsorption sites located underneath an ad-
As also shownin the figure, the higher the value afdgH)y sorbed protein function thermodynamically as if the counte-
for the protein, the lower the position of the dynamic affinity rions and the adsorption sites are undissociated ion pairs and
curve. This suggests that it is harder to displace a protein with that, due to the diffusional mobility of adsorbed proteins, the
a higher value of (ddpH)y, in which case this parameter activity of exchangeable counterions is proportional to the
may play an important role in displacement chromatography, number of these ions per unit volume of the total adsorbed
especially when the pH in the fluid phase is close to the phase, including the volume occupied by the sterically hin-
protein g@. Another feature ofrig. 9 is that the dynamic  dered sites. Although the formalism of Brooks and Cramer is
affinity plot provides a displacement criterion for a displacer by no means the only method which could be used to account
and protein combination when the protein in the fluid phase for the effects of sterically hindered counterions on protein
is uncharged or even the same charge sign as the columradsorption, many studies over the last several years indicate
packing. This again contrasts with the stability analysis thatitis a reasonably realistic depiction of protein adsorption
developed by Brook and Cramer based on the traditional behavior[29,44-52]
SMA model where linear adsorption equilibrium applies In the present work, a logical extension of the SMA model
when the fluid-phase protein is uncharged, in which case of Brooks and Cramg6] is proposed which accounts for the

or (dz/dpH)p=-1 ~

(dz/dpH)p=-2
(dz/dpH)p=-4

20

Keq‘ A

Zp, fluid
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effect of the change in protein charge caused by electrostaticvalues for the pand (&/dpH)y in that equation that are near
interactions between the protein and the adsorbent surfacethe values reported for the entire protein in free solufids].

i.e., the effects of charge regulation. This extension is accom-However, in cases where ion-exchange adsorption is consid-
plished by accounting for the existence of multiple protein ered to be determined by a single localized charge region on
charge states when formulating the SMA adsorption equi- the protein surface, the model developed here may still be
librium expressions. The result is a new protein adsorption applicable by reinterpreting these various parameters to be

model which applies to the case of mass overloading andthose that apply to the surface region in question.

which is extension of the original SMA model of Brooks and
Cramer to the case where charge regulation is important. The

new model is also an extension of the charge regulation model5. Nomenclature

for dilute proteins of Shen and Fr¢¥5], since it reduces to

the latter model for the case of low protein concentrations.
Comparisons of calculations using the new model and ex- Ca

perimental data for protein ion-exchange adsorption indicate Cor-

that the model fits the data with acceptable accuracy when(Ccr)o,c;g

using reasonable physical properties, including reasonable

concentration of protein A in the fluid phase (mol/L)
concentration of Ct in the fluid phase (mol/L)
concentration of Ct in the fluid phase when

Cp=0andCa = Ci (mol/L)

values for the proteinlgand for the change in protein charge (Cci-)¢g o concentration of CI in the fluid phase when

with pH near the protein Ip i.e. (ddpH)y. The results
therefore indicate that when charge regulation is accountedCp
for in the SMA model, the fluid-phase protein charge used in
the model is much closer to the actual charge of the protein Cy+
in the fluid phase, as compared to when the traditional SMA Cj
model is used. Similar results for dilute proteins where linear
adsorption equilibrium applies were also observed by Shen Cg
and Frey[15].

The new model developed here also leads to additionali
insights into the dynamics of protein adsorption in non- j

Ca=0andCp = Cf (mol/L)

concentration of displacer D in the fluid phase
(mol/L)

concentration of M in the fluid phase (mol/L)
concentration of th@gth charge state of proteinin
the fluid phase (mol/L)

concentration of a protein charge form in the fluid
phase whergis —m, 0, orm (mol/L)

index for protein

index for charge state

linear chromatography, including a new version of the K¢ - 545 adsorption equilibrium constant for Cl

dynamic affinity plot describing the process of displacement Kg
chromatography where the dynamic affinity contours are Kega
nonlinear and incorporate the quantityz@pH), as a pa- Keq,D
rameter. Finally, the new model is expected to be particularly Keg;
useful for representing nonlinear ion-exchange adsorption Keq,p
equilibrium for proteins when the fluid-phase pH is near
the protein p — which is an operating region proposed by
some workers for enhancing the resolution in displacement Kp ads
chromatography28]. Kr
Despite the good agreement between experimental data
and the calculations from the model showrFigs. 5-8 it is m
possible thatin certain cases various phenomena not currentlymp
included in the model may lead to significant differences be- m
tween the fluid-phase charge needed to fit adsorption data usn
ing the model and the actual protein charge in the fluid phase.
Examples of such phenomena include the nonuniform naturenprotein
of the electric potential near the adsorbent surface, chargepl
asymmetry on the protein surface which varies with pH, and ga
structural changes in the protein caused by adsorption. Never-
theless, evenin cases where these other phenomena dominatg,-
the effects of charge regulation, the model presented in thisqgg - 5
study may still be useful as a means to quantitatively account
for charge regulation so these more dominant effects can begp
more easily identified.
Note finally that the parametersm andm introduced in Qi j
Section2.3 have been interpreted as the net charge states of
the entire protein due to the fact that when the pH is near thegp
protein g, Eq. (22) often fits protein adsorption data using

distribution coefficient

adsorption equilibrium constant for protein A
adsorption equilibrium constant of displacer D
adsorption equilibrium constant of protein
adsorption equilibrium constant which is equivalent
to the quantitpr,ads/(Kgf;’ads) wherezis —m, 0,
orm

adsorption equilibrium constant of protein
dissociation constant for the functional group on the
column packing

parameter used in the MCS model where2m+ 1
fixed charge of displacer D

maximum charge on protein

total number of charge states for a protein that exist
between the-mandm charge states

number of proteins present

isoelectric point of a protein

concentration of protein A in the adsorbed phase
(mol/L)

concentration of Ct in the adsorbed phase (mol/L)
the amount of exchangeable counterion per unit vol-
ume of the adsorbed phase (mol/L)

concentration of displacer D in the adsorbed phase
(mol/L)

concentration of th¢th charge state of proteinin

the adsorbed phase (mol/L)

total concentration of protein considering all charge
forms in the adsorbed phase (mol/L)
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