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M odeling of adsorption in hydrophobic interaction chromatography
systems using a preferential interaction quadratic isotherm
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Abstract

A preferential interaction quadratic isotherm model for hydrophobic interaction chromatographic systems is presented in
this paper. In this isotherm, the nonlinear effect of salt on the capacity factor is described using the preferential interaction
model developed by Perkins et al. [J. Chromatogr. A, 766 (1997) 1]. This is then coupled with a quadratic nonlinear
isotherm to describe nonlinear adsorption behavior at high solute concentrations. The resulting preferential interaction
quadratic isotherm is examined for its ability to describe solute adsorption behavior under both linear and nonlinear
conditions over a wide range of salt concentrations in HIC systems. The results indicate that this isotherm is well suited for
predicting nonlinear adsorption behavior in HIC systems for both proteins and low-molecular mass HIC displacers.
   2002 Elsevier Science B.V. All rights reserved.
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1 . Introduction ranking in the Hofmeister series [8–12]. At present,
there are two theories to explain salt effects in HIC

Hydrophobic interaction chromatography (HIC) is systems: the solvophobic theory and the preferential
widely employed in the biotechnology industry for interaction theory. The solvophobic theory is based
protein purification [1–5]. The selectivity in this on the association and solvation of the participating
mode of chromatography derives from the hydro- species [13]. This model is based on the assumption
phobic interactions between the hydrophobic resin that the variation of retention time with salt con-
and non-polar hydrophobic patches on the solute centration is proportional to the molal surface tension
surfaces [1,6]. Adsorption in HIC systems has been increment of the salt. However, this is not valid for
shown to be an entropically driven process under salts that interact strongly with the proteins. On the
linear adsorption conditions [7]. The presence of salt other hand, the preferential interaction theory is
changes the system entropy by affecting the water based on the interaction of salt and proteins [12,14–
structure around the protein and stationary phase 16] and is valid for a wide range of salt con-
ligands. Further, salts will have varying effects on centrations [17]. The interaction between the protein
solute binding in HIC systems depending on their and salt is quantified by the preferential interaction

coefficient (PIC), which can be estimated via den-
sitometric methods [8].
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challenge in predicting protein nonlinear retention systems. Although the IAS model has several advan-
under a wide range of salt concentrations. Melander tages, this isotherm model requires determination of
and co-workers [2,13] first proposed an adsorption the adsorption isotherms of all the components,
model that considered salt effects in HIC systems. including modulator (e.g., salt for HIC; organic
However, their model was not valid for a wide range solvent for RPLC), which is a daunting task.
of salt concentrations (e.g., low salt concentrations) While these various modeling approaches have
[18,19]. Perkins et al. [17] have derived a capacity their merits, to date there is no model that can
factor relationship with salt concentration based on accurately predict both nonlinear retention behavior
the preferential interaction analysis. Geng et al. [20] as well as the nonlinear adsorption behavior of
proposed a stoichiometric displacement retention proteins under a wide range of salt concentrations.
model for protein adsorption in HIC. In their ap- In the current paper, the preferential interaction
proach, water was taken as the displacing agent and model developed by Perkins et al. [17] is coupled
salt as a diluent or promoter that affected both water with a quadratic nonlinear isotherm to describe
molality and protein conformations. However, their nonlinear adsorption behavior at high solute con-
study was not able to address non-linear retention centrations. The resulting preferential interaction
behavior in HIC systems. Staby and Mollerup [19] quadratic isotherm is examined for its ability to
have proposed a model for solute retention prediction describe protein and displacer adsorption behavior
based on the Debye–Huckel theory. Good agreement under both linear and nonlinear conditions over a
between theory and experiment was achieved for wide range of salt concentrations in HIC systems.
lysozyme retention under various ammonium sulfate
concentrations and pH on four HIC perfusion media.
In the current work we will employ the model 2 . Theory
proposed by Perkins et al. for modeling linear and
non-linear retention behavior in HIC systems at low 2 .1. Preferential interaction theory
loading conditions.

In RPLC systems, the isotherm is most commonly The interaction between the salt and protein can be
described using partition or adsorption models [21]. quantified using the preferential interaction coeffi-
In the partition model a solute-sized cavity is formed cient (PIC), which is defined as [8]:
in the stationary phase, the solute then transfers from

≠mthe mobile phase to the cavity formed in the station- 3m ]]j ; (1)S D3,2 ≠m T,m ,mary phase, and finally the cavity remaining in the 2 1 3

mobile phase is closed [22]. In the adsorption model,
where,m is molal concentration. The subscripts 1, 2the solute transfers from the mobile phase to the
and 3 refer to the solvent, protein and salt, respec-solid–liquid interface. In the process, it displaces the
tively. Perkins et al. [17] applied the two-domainadsorbed solvent molecules on the interface [23].
model of Timasheff’s theory [9,14,27] to HIC sys-Kaczmarski et al. [24] have successfully used a
tems and obtained the following relationships:mixed retention mechanism (adsorption/partition) to

For non-electrolyte:describe the sorption on C and C columns.8 18

nDn (Dn 1Dn )In order to model nonlinear adsorption in HIC 1 1 2
]] ]]]]ln k95 c 2 m 1 ln(m ) (2)3 3systems, it is necessary to account for the effects of m g g1

´salt in these nonlinear systems. Antia and Horvath
For electrolyte:[25] employed an exponentially modified Langmuir

(EML) isotherm for RPLC and HIC systems. In this (Db 1Db ) nDn1 2 1
]]]] ]]ln k95 c 1 2 m (3)nonlinear model, the salt contribution to the capacity F G 3g m g1factor is described by an exponential relationship that

accounts for only linear solute retention behavior. wheren 5 b m , and Db is the stoichiometricallyi i 3

´Antia and Horvath [26] further proposed the use of weighted change in the ion binding coefficients;
an ideal adsorption solution (IAS) model for HIC g 5 ≠ ln m /≠ ln a ; a is the activity of ions. Fors dT,P3 6
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a given HIC system,n and g are constant. In this dynamically ideal systems; therefore we can use
paper we will employ this approach for the develop- concentrations instead of activities.
ment of a non-linear HIC adsorption model. (2) Competitive binding in HIC systems can be

described solely by the preferential interaction
2 .2. Preferential interaction quadratic isotherm equilibrium.

(3) Equilibrium parameters in the PIQ models of
The polynomial Langmuir isotherm model [6,28– proteins and small molecules are all independent of

32] derived from statistical thermodynamics has the solute and salt concentrations.
following expression: (4) There is no aggregation or tertiary structural

changes of the proteins.2 3a C 1 a C 1 a C 1 ? ? ?i,1 i i,2 i i,3 i (5) A constant saturation capacity is employed for]]]]]]]]]]]Q 5 (4)i Nc each protein isotherm.
2 311O b C 1 b C 1 b C 1 ? ? ?i,1 i i,2 i i,3 i

j51

`9 3 . Experimentalk 5fC b (5)i i

wheref denotes the phase ratio;C andQ are solutei i 3 .1. Materials
concentration on mobile phase and stationary phase

`for componenti; C denotes adsorption saturation Lysozyme (hen egg white) and lectin (Arachis
capacity.N denotes number of component.c hypogaea, peanut) were purchased from Sigma (St.

In practice, the second-order isotherm, or quad- Louis, MO, USA). Big Chap was purchased from
ratic isotherm, is often employed [6,28–32]. In this Calbiochem (La Jolla, CA, USA). This low-molecu-
paper we will combine the preferential interaction lar mass displacer [33] is a non-ionic detergent
model with the quadratic isotherm to develop a analog of 3-[(3-cholamidopropyl)dimethylam-
non-linear HIC isotherm model. The resulting model monio]-1-propanesulfonate (CHAPS) and 3-[(3-
is given as the following: cholamidopropyl)dimethylammonio]-2-hydroxypro-

2 pane sulfonate (CHAPSO) and is shown in Fig. 1.9k (a ?C 1 d C )i i i i i
]]]]]]]Q 5 (6) Phenyl 650M bulk resin (consists of phenyl ligandsi Nc

2 on a polymethacrylate polymer backbone, average11O k9(b C 1 c C )j j j j
j51 particle size is 65mm) was obtained from Tosoh

Biosep (Montgomeryville, PA, USA). Size-exclusion
9ln k 5a 1b ?C 1g ? ln(C ) (7)i i i salt i salt chromatography (SEC) column, G3000SWXL

where i and j denote the solutes;C and Q denote (30037.8 mm I.D.) and a guard column (4036 mmi i

concentrations in the liquid and solid-phases, respec- I.D.) were purchased from Tosoh Biosep. Sodium
tively; k9 is the capacity factor;N is the number of phosphate (monobasic), sodium phosphate (dibasic),c

component; andC is the salt (modulator) con-salt

centration.a, b andg are the retention parameters
that are determined from isocratic experiments under
linear adsorption conditions.a, b, c and d are the
isotherm parameters that are obtained by fitting the
isotherms under a variety of conditions. As will be
shown in this paper, the preferential interaction
quadratic (PIQ) model is capable of predicting solute
adsorption behavior under both linear and nonlinear
conditions over a wide range of salt concentrations.

The assumptions for the PIQ isotherm models are
as follows: Fig. 1. Chemical structure of big chap [N,N-bis-(3-D-

(1) Both solution and stationary phase are thermo- gluconamidopropyl)cholamine].
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ammonium sulfate, sodium nitrate and sodium chlo- 3 .3.3. Proteins and displacer analysis by SEC
ride were purchased from Sigma. The effluent fractions from the frontal experiments

were analyzed by size exclusion chromatography
3 .2. Apparatus using a G3000SWXL column from Tosoh Biosep.

Proteins were monitored at 280 nm and displacer
Frontal chromatography was carried out using a was monitored at 215 nm. The mobile phase for the

Model 590 HPLC pump (Waters, Milford, MA, SEC analysis was 190 mM sodium phosphate, pH
USA) connected to the chromatographic columns via 7.6, with 200 mM sodium chloride. The flow-rate
a Model C10W 10-port valve (Valco, Houston, TX, was 1 ml /min.
USA). Data acquisition and processing were carried
out using a Strawberry Tree system (Sunnyvale, CA,
USA). The column effluent was monitored using a

4 . Results and discussion
model 484 UV–Vis absorbance detector (Waters).
Fractions of the column effluent were collected using

In this paper, we have extended the preferential
an LKB 2212 HeliFrac fraction collector (LKB,

interaction analysis to a nonlinear isotherm model for
Sweden).

HIC systems that can predict both protein and small
Analysis of the fractions from the frontal experi-

molecule adsorption behavior over a wide range of
ments was carried out using a chromatographic

salt and solute concentrations.
system (Waters) consisting of a 600E Multisolvent
Delivery System, a PDA 996 photodiode array
detector and a 712 WISP auto sampler with a cooling 4 .1. Variation of capacity factor with salt
module. concentration

3 .3. Procedures Isocratic experiments were carried out with two
model proteins (lysozyme and lectin, 40mg each)

3 .3.1. Determination of PIC parameters and a HIC displacer (big chap, 40mmol) at various
The PIC parameters were determined from re- concentrations of the kosmotropic salt ammonium

tention time data obtained under isocratic conditions. sulfate. The lnk9 versus lnC plots for the proteinssalt

Experiments were carried out at different ammonium lysozyme, lectin and the surfactant big chap are
sulfate concentrations, ranging from 200 to 1200 mM presented in Figs. 2–4, respectively. As seen in the
in 100 mM phosphate buffer, pH 7.0. Capacity figures, the non-linear retention behavior of these
factors (k9) for the solutes were determined and the solutes are well described from the preferential
data was used to determine the retention parameters
of Eq. (7). All experiments were carried out at room
temperature.

3 .3.2. Frontal experiments to obtain adsorption
isotherm of proteins and displacer

A phenyl 650M column (9035 mm I.D.) column
was initially equilibrated with the carrier buffer, 100
mM phosphate, pH 7.0, containing various concen-
trations of ammonium sulfate (700, 1000, 1100 and
1350 mM) and then sequentially perfused with the
protein and displacer solutions dissolved in the same
salt concentration buffer. The column effluent was
monitored at 215 nm, flow-rate was 0.2 ml /min (61
cm/h) and all experiments were carried out at room Fig. 2. PIC-based retention fitting (lysozyme). (—) Calculated
temperature. from Eq. (7); (♦ ) experiment data.
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in the table, theb values are positive for both
proteins. Sinceb 5 2 nDn /m g, a positive value of1 1

b indicates thatDn is negative, which implies that1

water molecules are released from the protein and
ligand surface during the adsorption process. Lyso-
zyme has a lowerb value than that for lectin. This is
expected since theb value of the lnk9 versus lnCsalt

plot is proportional to the number of water molecules
released during binding in HIC systems (b 5 2

nDn /m g). The released water also corresponds to1 1

the contact surface area of the solute [17], which is
expected to be higher for lectin (M 51 000) than forr

lysozyme (M 14 300). Theg value represents ther

release or salt ions during the adsorption process. As
Fig. 3. PIC-based retention fitting (lectin). (—) Calculated from seen the table, theg values are negative for all three
Eq. (7); (♦ ) experiment data.

solutes, indicating that the local ion concentration
around the adsorbed protein is lower than the bulk
ion concentration. Again, this is in agreement with
the results of Perkins et al. [17].

4 .2. Single component isotherm

As described in the theory section, we have
proposed a modified nonlinear isotherm for describ-
ing adsorption in HIC systems over a wide range of
salt and solute concentrations. For a single solute,
Eq. (6) reduces to:

29k (a C 1 d C )I i i i i
]]]]]]Q 5 (8)i 211 k9(b C 1 c C )i i i i

Fig. 4. PIC-based retention fitting (big chap). (—) Calculated
from Eq. (7); (♦ ) experiment data. where lnk 5a 1b ?C 1g ? ln(C ).i i i salt i salt

Under linear adsorption conditions the isotherm
simplifies to:interaction retention model, Eq. (7), proposed by

Perkins et al. [17]. 9Q 5 k a C 5K ?C (9)i i i i i i
The parametersa, b andg obtained by fitting the

where K is adsorption equilibrium constant forexperimental data to Eq. (7) are given in Table 1. i

componenti. The initial slope of the isotherm at aThe b and g values represent the linear and non-
given salt concentration is constant and is defined bylinear regions, respectively, of the lnk9 plot. As seen
k9a . Under overloaded conditions [e.g.,C →`,i i

2 29C 4C →`, and 1<k (b C 1 c C )], the isothermTable 1 i i i i i i i
Summary of the parameters for retention prediction becomes:

Lysozyme Lectin Big chap di
]Q 5 (10)ia 8.16 10.20 2.20 ci

b 0.0071 0.011 0.0037
g 22.00 22.66 20.36 Frontal chromatography was carried out to de-

termine the adsorption isotherms for the three modelAll parameters are obtained by fitting Eq. (7): lnk95a 1

bC 1g ln(C ). solutes at 0.7, 1 or 1.1M and 1.3 M ammoniumsalt salt
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Table 2
Summary of the parameters for preferential interaction quadratic
(PIQ) isotherm model

Lysozyme Lectin Big chap

a 1.43 0.37 0.89
b 0.31 0.13 0.0065
c 1.04 0.23 22e-04
d 5.21 2.03 20.021
K (at 1M salt) 6.06 6.24 57.08

All parameters are optimized using CONSTR optimization
function in Matlab.

sulfate. The PIQ parameters were optimized using
the CONSTR optimization functions in Matlab
[34,35] and the corresponding values are presented

Fig. 6. Comparison between the PIQ isotherm model and ex-
in Table 2. In addition, the equilibrium constant (K) perimental data for lectin. Lines denote the PIQ model fitting
at 1 M salt is also provided. As expected, the value results calculated from Eq. (8): (—) 1350 mM; (- - -) 1100 mM;

(? ? ?) 700 mM. Dash-dot line denotes the PIQ model predictedof K corresponds to the affinity of these solutes
data at 900 mM salt concentration; (–? ? –? ?) 900 mM. Marksunder linear binding conditions. The experimental
denote the experimental data: (j) 1350 mM, (m) 1100 mM, (d)isotherms as well as the PIQ isotherm model results
700 mM, (�) 900 mM. Experimental data at 700, 1100 and 1350

obtained from Eqs. (7) and (8) are presented in Figs. mM salt were used to generate the PIQ isotherm model. PIQ
5–7. In order to further validate the PIQ model, model prediction result was shown at 900 mM. C and Q denote

the protein concentration on mobile phase and stationary phase,model predictions were compared with experimental
respectively. The solute binding concentrations in stationary phase
(Q) is calculated based on the mass of dry solid-phase only.

data for all three solutes at a particular salt con-
centration. Experimental data used for evaluating the
predictive power of this isotherm were lysozyme and
lectin at 900 mM salt and big chap at 1000 mM salt
(note: the experimental data for predictions were not
used in generating the parameters of the PIQ model).
The PIQ predictions are shown as the dash-dot lines.
The experimental data is shown using the diamond
marks. From Figs. 5–7 it can be seen that the PIQ
isotherm model can satisfactorily predict experimen-
tal data under a wide range of salt concentrations.
These results indicate that the PIQ model can indeed

Fig. 5. Comparison between the PIQ isotherm model and ex- successfully predict the protein and small molecule
perimental data for lysozyme. Lines denote the PIQ model fitting isotherm data over a wide range of ammonium
results calculated from Eq. (8); (—) 1350 mM; (- - -) 1000 mM; sulfate and solute concentrations. To our knowledge,
(? ? ?) 700 mM. Dash-dot line denotes the PIQ model predicted

this is the first report in the literature of a non-lineardata at 900 mM salt concentration; (–? ? –? ?) 900 mM.
isotherm for HIC systems that can describe thisSynbols denote the experimental data: (j) 1350 mM, (m) 1000

mM, (d) 700 mM, (�) 900 mM. Experimental data at 700, 1000 range of conditions.
and 1350 mM salt were used to generate the PIQ isotherm model.
PIQ model prediction result was shown at 900 mM. C and Q
denote the protein concentration on mobile phase and stationary

5 . Conclusionsphase, respectively. The solute binding concentrations in station-
ary phase (Q) is calculated based on the mass of dry solid-phase
only. This paper presents a multicomponent isotherm for
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K adsorption equilibrium constant
k9 capacity factor
n salt ion constant
N number of componentc

Q solid-phase concentration (mg/ml)i

Greek

a, b, g parameters in Eq. (7)
f phase ratio
n moles of water molecule released during1

the binding process
Dn stoichiometrically weighted change in1 /2

ion bindingFig. 7. Comparison between the PIQ isotherm model and ex-
perimental data for big chap. Lines denote the PIQ model fitting
results calculated from Eq. (8): (—) 1350 mM; (- - -) 1100 mM;
(? ? ?) 700 mM. Dash-dot line denotes the PIQ model predicted A cknowledgements
data at 1000 mM salt concentration; (–? ? –? ?) 1000 mM.
Marks denote the experimental data: (j) 1350 mM, (m) 1100

This work was funded by NSF Grant BES-mM, (d) 700 mM, (�) 1000 mM. Experimental data at 700, 1100
and 1350 mM salt were used to generate the PIQ isotherm model. 9810794. HIC resins were donated by Tosoh Biosep
PIQ model prediction result was shown at 1000 mM. C and Q at Montgomeryville, PA, USA.
denote the protein concentration on mobile phase and stationary
phase, respectively. The solute binding concentrations in station-
ary phase (Q) is calculated based on the mass of dry solid-phase
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