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a b s t r a c t

A new thermodynamic model is derived that describes both loading and pulse-response behavior of
eywords:
etention model
rotein adsorption thermodynamics
igand density
rotein adsorption isotherm

proteins in hydrophobic interaction chromatography (HIC). The model describes adsorption in terms of
protein and solvent activities, and water displacement from hydrophobic interfaces, and distinguishes
contributions from ligand density, ligand type and protein species. Experimental isocratic response and
loading data for a set of globular proteins on SepharoseTM resins of various ligand types and densities are
described by the model with a limited number of parameters. The model is explicit in ligand density and
may provide insight into the sensitivity of protein retention to ligand density in HIC as well as the limited
reproducibility of HIC data.
. Introduction

Hydrophobic interaction chromatography (HIC) continues to be
n important technique used in the purification of biological macro-
olecules [1–8]; however, the relationships between many process

ariables and the observed chromatographic behavior are poorly
nderstood. Process design and optimization is usually achieved
hrough exhaustive experimentation, and substantial work has
een conducted to develop high-throughput experimental meth-
ds to facilitate the screening of a large process design space [9,10].
esign efforts would be greatly aided by a model that enables the

eduction of the design space based on a fundamental understand-
ng of the thermodynamics of HIC retention.

There have been considerable efforts toward theoretical under-
tanding of the mechanism of protein retention on hydrophobic
hromatography surfaces [11–14]. The solvophobic theory [15],
ased on the association and solvation of the participating species,
escribes retention in terms of the molal surface tension incre-
ent of the salt [16,17]. Fausnaugh and Regnier [18] studied the HIC

dsorption of several proteins in the presence of different types of
alts and found that the solvophobic theory alone could not ade-

uately explain retention differences.

The preferential interaction theory [19] has been successfully
pplied to the description of salt effects in HIC retention [20–22].
n this model, the effect of salt concentration in the mobile phase is

∗ Corresponding author. Tel.: +1 434 924 1351.
E-mail address: ejf3c@virginia.edu (E.J. Fernandez).

021-9673/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2009.07.068
© 2009 Elsevier B.V. All rights reserved.

related to the number of interfacial water molecules and salt ions
that are displaced to the bulk solution upon protein adsorption.
However, the derivation of the governing equation results in an inte-
grating constant that is independent of salt concentration and is not
related to any physical system attributes, but is required to describe
the behavior of adsorption systems. Further, the model includes
a logarithmic dependence on salt concentration that diverges in
the limit of no salt in the mobile phase, and the model cannot be
extended to describe the effects of protein loading.

A different approach to modeling salt effects in protein HIC
was taken by Chen and Sun [23], who describe a “desolvation”
of hydrophobic patches on the protein surface and hydrophobic
resin ligands by salt ions, followed by adsorption of the dehydrated
protein to the dehydrated ligands. The model improved upon pre-
vious efforts by explicitly accounting for ligand density and protein
loading effects. However, the model was applied to only a single
protein species and ligand type, so that the relationship between
model parameters and the properties of the protein and ligand are
not clear. Additionally, the model was applied only to isotherm
data, and the model derivation results in a predicted log–log rela-
tionship between the chromatographic retention factor and salt
concentration that is generally inconsistent with experimental
observation.

Recently, the thermodynamic treatment of Mollerup [24–26]

addressed the effects of mobile phase salt concentration, ligand
density, and protein loading effects. Interestingly, the theory sug-
gested that the change in adsorption strength with changes in salt
concentration is governed only by the protein species and salt type,
and thus is independent of resin properties. Experimental evidence

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:ejf3c@virginia.edu
dx.doi.org/10.1016/j.chroma.2009.07.068
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as cited to support this result [27], but this is inconsistent with
ther HIC data [20,21].

In this paper, we build upon previous efforts and propose a new
hermodynamic model of protein retention in HIC. The proposed

odel includes water as a participant in the adsorption process and
tilizes activity models to describe the influence of salt on retention.
he developed isotherm model is parameterized using isocratic elu-
ion chromatography (IEC) and adsorption isotherm data. Further,
e compare the results of the experimental studies with recently
ublished results to investigate the reproducibility of measured
etention in HIC systems, and interpret the reproducibility in the
ontext of the currently proposed model.

. Theory

The adsorption of a protein to a HIC surface has been modeled as
he interaction of a protein molecule with a stoichiometric number
f ligands to form a protein–ligand complex [20,24–26]:

sol + �L ⇔ Pads.

In such a model, solvent and salt ions in solution do not appear
xplicitly, but are accounted for in the model equations by their
ffects on the properties of the participating species [24–26] or
toichiometric relationships with the protein and ligand [20].

In the currently proposed model, we include solvent (water)
olecules as explicit participants in the adsorption process.
isplacement of water molecules from hydrophobic surfaces is

ncluded as follows:

sol + �L ⇔ Pads + ��W.

The stoichiometric coefficient � corresponds to the number
f water molecules released from the protein and ligand per
rotein–ligand contact, and will be characteristic of the ligand type.
he description of HIC as a water displacement process was orig-

nally proposed by Geng and co-workers [28]. This model differs
rom that of Sun and Chen [23], since salt ions do not participate
n the reaction. Rather, the role of salt is to affect the thermody-
amic properties of species in the mobile phase, as will be described
elow.

In deriving the fundamental relationships describing the ther-
odynamics of protein adsorption, we follow closely the approach

ecently demonstrated by Mollerup [24–26]. Based on the proposed
odel, the equilibrium constant for protein adsorption is expressed

n terms of the activities of the participating species,

= aPads
a��

W

aPsol
a�

L

= (xPads
�Pads

)a��
W

(xPsol
�Psol

)(xL�L)�
∼=

qP�Pads
c�

cP�Psol
c�

L

a��
W . (1)

Here, the activities of adsorbed protein, solution-phase protein
nd ligand are described as the product of activity coefficients and
ractional concentrations, and the ligand has been approximated as
n ideal species with � = 1, consistent with the analysis of Mollerup
25]. The fractional concentrations of species in both the station-
ry and mobile phases are based on a common value for the total
oncentration of species, c.

The dependence of the activity coefficient of hydrated protein
n salt concentration is modeled in the following way,

n �Psol
= ln �∞

Psol
+ �saltcsalt + �PcP ∼= ln �∞

Psol
+ �saltcsalt . (2)

The assumption that �saltcsalt ≫�PcP is based on the analysis

f lysozyme HIC retention and solubility data by Mollerup [24],

n which �salt was determined to be approximately two orders of
agnitude smaller than �P, while in all of the experimental con-

itions explored in this work, csalt is approximately four orders of
agnitude larger than cP.
r. A 1217 (2010) 199–208

The adsorbed protein activity coefficient is assumed to be inde-
pendent of mobile phase salt concentration, but lateral interactions
between adsorbed proteins are included with an empirical relation
having a loading dependence suggested in the literature [29],

ln �Pads
= ln �∞

Pads
+ ln(1 + εqP). (3)

Finally, the thermodynamic activity of water in electrolyte solu-
tions has been well studied, with theoretical models and tabulated
data available in the literature [30,31]. For many salts and concen-
trations of practical interest in HIC, however, we propose that a
simple linear empirical model is sufficient:

ln aW = �csalt . (4)

Defining the free ligand concentration as a function of the ligand
density, protein–ligand stoichiometry and loading,

cL = � − �qP, (5)

and substituting Eqs. (2), (3), (4) and (5) into Eq. (1) yields the
following isotherm model,

ln K = ln
(

qP

cP

)
+ (ln �∞

Pads
+ ln(1 + εqP)) − (ln �∞

Psol
+ �saltcsalt)

+ � ln
(

c

� − �qP

)
+ ���csalt . (6)

The partition coefficient is defined in the following way,

ln A ≡ lim
cP→0

ln

(
∂qP

∂cP

)
= lim

cP→0
ln

(
qP

cP

)
, (7)

and, taking the appropriate limit of Eq. (6) and with some algebraic
rearrangement,

ln A =
(

ln K + � ln
(

�

c

)
+ ln

(
�∞

Psol

�∞
Pads

))
+ (�salt − ���)csalt . (8)

The partition coefficient is related to the retention factor
observed in pulse-response chromatography,

ln A = ln k′ − ln 
. (9)

Here we define the phase ratio as the ratio of solid and mobile
phase volumes, and the protein concentration in the adsorbed
phase is relative to the volume of stationary phase. The resulting
relationship for the retention factor, by substitution of Eq. (9) into
Eq. (8), is that the natural logarithm of the retention factor varies
linearly with salt concentration, consistent with literature data for
HIC at high salt conditions [17,18,32]. For simplification purposes,
we define the following groupings of model parameters:

˛ ≡
(

ln K + � ln
(

�

c

)
+ ln

(
�∞

Psol

�∞
Pads

))
+ ln 
 (10)

ˇ ≡ �salt − ���, (11)

so that an appropriate expression of the retention factor is

ln k′ = ˛ + ˇcsalt . (12)

Substitution of Eqs. (8) and (9) into Eq. (6) allows the isotherm
model to be expressed in terms of the retention factor and phase
ratio,

ln
(

qP

cP

)
= ln k′ − ln 
 + � ln

(
1 − �qP

�

)
− ln(1 + εqP). (13)
Several assumptions and approximations have been used in the
development of this model and the governing equations. The model
neglects interactions between the protein and the base matrix of the
resin, and may therefore not be appropriate for HIC resins in which
the base matrix has some hydrophobic character and contributes to
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composition of interest by serial dilutions, to a final resin compo-
sition of 50% (v/v) settled bed. Protein solutions were prepared by
dissolving the purchased protein in adsorption buffer to a targeted
concentration of 7–15 mg/ml. The UV absorbance of a diluted sam-

Fig. 1. Effects of protein species and ammonium sulfate concentration on iso-
R.W. Deitcher et al. / J. Chro

he protein–resin interaction. The model formulation also assumes
hat salt ions are preferentially excluded from the hydrophobic
nterfaces on the protein and resin surfaces, so that the displace-

ent of salt ions is not included in the model. This assumption,
long with the linear dependence of the hydrated protein activity
oefficient on salt concentration, results in a model that does not
escribe the weakening effect of salt on retention observed experi-
entally at very low salt concentrations [14,20,22,27]. This “salting

n” behavior might be captured by including a Debye–Huckel term
n the protein activity coefficient model; however, the aim of this

ork is to describe protein adsorption in HIC under strongly retain-
ng conditions where “salting out” behavior is dominant. In addition
o these assumptions, empirical relations are employed extensively,
or the purposes of simplifying the mathematics or to describe
hermodynamics for which there is at present a lack of theoretical
nderstanding.

. Materials and methods

.1. Materials

Proteins utilized in this study were purchased from
igma–Aldrich (St. Louis, MO, USA). The proteins investigated
re: �-lactalbumin (bovine), ribonuclease A (bovine), cytochrome
(equine), ovalbumin (hen egg white), lysozyme (hen egg white)

nd carbonic anhydrase (bovine). Ammonium sulfate, MOPS,
odium nitrate and calcium chloride were purchased from Fisher
cientific (Houston, TX, USA) and were of HPLC-grade quality or
etter.

GE Healthcare (Piscataway, NJ, USA) SepharoseTM hydropho-
ic interaction chromatography resins were purchased from Fisher
cientific (Houston, TX, USA). The resin materials used in this
ork are: Phenyl SepharoseTM 6 Fast Flow (high substitution)

40 �mol ligand/ml), Phenyl SepharoseTM 6 Fast Flow (low substitu-
ion) (20 �mol ligand/ml), Butyl SepharoseTM 4 Fast Flow (50 �mol
igand/ml) and Octyl SepharoseTM Fast Flow (5 �mol ligand/ml).
roperties of these materials, including particle size, ligand density
nd porosity, are provided by the resin manufacturer and have been
eported in the literature [20,21].

.2. Isocratic elution chromatography

Pulse-response isocratic elution chromatography experiments
ere performed on an AKTA Explorer chromatography system (GE
ealthcare, Piscataway, NJ, USA) using columns prepared by loading

esin into HR 5/2 glass shells and flow-packing as per manufacturer
ecommendations. Bed heights were 2–2.5 cm, and the columns
ere operated at a flow rate of 0.2 ml/min.

Buffers for the IEC experiments consisted of ammonium sulfate
t a specified concentration, 100 mM MOPS, adjusted to pH 7.0.
or experiments with �-lactalbumin, 12 mM CaCl2 was included
o ensure that the protein was present in the holo form. All experi-

ents were conducted at 25 ◦C.
Chromatography experiments were conducted with the fol-

owing protocol. First, the column was equilibrated at the salt
oncentration of interest until a baseline conductivity was estab-
ished. Protein solution at a concentration of 2.5 mg/ml was loaded
nto a 50 �l sample loop, and subsequently loaded onto the column.
ffluent from the column was monitored by UV at a wavelength of
80 nm. Upon completion of protein elution as evidenced by the

e-establishment of baseline UV absorbance, a step change to zero
mmonium sulfate was initiated. Following baseline conductivity
nd UV absorbance, another step change to 20% ethanol to clean
he resin was conducted. Finally, the column was re-equilibrated in

OPS buffer to prepare for the next run.
r. A 1217 (2010) 199–208 201

First moment analysis was applied to the chromatographic
peaks to determine the retention volume, and retention factors
were calculated with the retention factor definition

k′ = � − V0

V0
. (14)

The unretained volume was measured for each column by pulse
injection of sodium nitrate, the column effluent being monitored
by UV absorbance at 310 nm.

3.3. Adsorption isotherms

For each isotherm system, the following procedure was fol-
lowed. A sample of resin slurry was exchanged from the 20% ethanol
packing solution to distilled water, then equilibrated to the buffer
cratic elution chromatograms. (a) Normalized UV280 intensity vs. elution volume
for proteins on Phenyl SepharoseTM 6 Fast Flow (high substitution) resin with 1.0 m
ammonium sulfate in the mobile phase. (b) UV280 intensity vs. elution volume for
lysozyme on Butyl SepharoseTM 4 Fast Flow at various ammonium sulfate con-
centrations. (c) UV280 intensity vs. elution column volumes for lysozyme on each
SepharoseTM resin studied.
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le of the protein solution was measured at 280 nm. Resin slurry,
dsorption buffer and protein solution were combined in vary-
ng proportions to a total of 0.5 ml each in 1.5 ml microcentrifuge
ubes. Each sample was equilibrated at 25 ◦C for at least 12 h with
otary agitation. Following equilibration, the samples were settled
y microcentrifugation at 8000 RPM for two minutes on an Eppen-
orf (Hamburg, Germany) 5415 D microcentrifuge. Supernatant
as loaded onto an acrylic 96-well plate manufactured by Costar

Corning, NY, USA) and diluted with buffer to obtain protein con-
entrations in the Beer’s law regime. UV absorbance at 280 nm was
easured with a Molecular Devices (Sunnyvale, CA, USA) SPECTRA-
ax 384 Plus plate reader, and converted to protein concentrations

tilizing Beer’s law and experimentally measured extinction coef-
cients for each protein. The amount of adsorbed protein was then
omputed by material balance.

. Results and discussion

.1. Isocratic pulse-response results and modeling
The variables explored by isocratic elution chromatography are
he protein species, resin type, and ammonium sulfate concentra-
ion. Examples of how the observed chromatograms are affected by
hese variables are shown in Fig. 1. In all cases, single peak behavior
as observed, and the peaks became broader as the salt concen-

ig. 2. IEC retention factors plotted against ammonium sulfate concentration: (a) carbon
f) ribonuclease A. Solid lines are the fit of Eq. (11).
r. A 1217 (2010) 199–208

tration increased. However, the shape of the peaks was affected
by each of the variables studied. In particular, the proteins �-
lactalbumin, ovalbumin and carbonic anhydrase tended to show
increased tailing with increased salt concentration and resin ligand
density. An example of this phenomenon is illustrated by Fig. 1(a),
as �-lactalbumin begins eluting prior to lysozyme, but elutes over a
greater volume. This may be a result of reversible adsorbed protein
unfolding; conformation change of �-lactalbumin adsorbed to HIC
resins is well-documented [33–35] and has been used to account
for asymmetric peak shapes [36,37].

Eq. (12) shows that for each of the protein–resin systems,
the natural logarithm of the retention factor should vary linearly
with salt concentration. The data collected here, plotted in Fig. 2,
are well-described by this relationship, evidenced by correlation
coefficients of R2 ≥ 0.96 for all systems except cytochrome C on
low-substitution phenyl resin, a system where the measured reten-
tion was very weak even at high salt concentrations. The six model
proteins considered in this work were investigated on all four
SepharoseTM resins, with the exception of cytochrome C on Butyl
SepharoseTM 4 Fast Flow, a system for which no measurable reten-

tion occurred for ammonium sulfate concentrations less than or
equal to 2.0 m.

Each protein–resin system is characterized by unique values of ˛
and ˇ, depicted in Fig. 3. Some trends are immediately evident in the
data with regard to the resin properties and the ˇ value. Comparison

ic anhydrase, (b) cytochrome C, (c) �-lactalbumin, (d) lysozyme, (e) ovalbumin and
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ters for the systems studied by IEC.

o
t
s
r
d
s
p
s
d
p
e
i
c
˛
t

t
t
p
a
t
p
e
a
t
b

l

s
p

f
v
t
s

Table 1
Ligand-dependent model parameters.
Fig. 3. (a) ˛ and (b) ˇ parame

f the data for the low and high substitution phenyl resins shows
hat ˇ increases with increased ligand density for all of the proteins
tudied. Further, the high density butyl resin (40 �mol ligand/ml
esin) results in ˇ values that are larger than those of the lower
ensity octyl resin (5 �mol ligand/ml resin) in all cases, despite the
horter alkyl chain length. The salt-dependence observed for many
roteins on the low-substitution phenyl and octyl resins are not
ignificantly different, suggesting a compensation between ligand
ensity and ligand type. With regard to the ˛ parameter, increased
henyl ligand density results in an increase in ˛ for each protein
xcept carbonic anhydrase, while the value of ˛ for the butyl resin
s substantially lower than that of the other resins in all cases. The
ause of the unique relationship between phenyl ligand density and
for carbonic anhydrase is unclear and requires further investiga-

ion.
With the value of the binary parameter � determined by fitting

he model to isotherm data (presented in Section 4.2), the IEC reten-
ion data were regressed to determine the physically based model
arameters. The unknown parameters in Eq. (11), �salt and �, are
ttributed to the effect of protein species and ligand type, respec-
ively, in the model derivation. However, the undetermined model
arameters in Eq. (10) are complex, particularly the standard state
quilibrium constant K and the adsorbed protein activity coefficient
t infinite dilution, �Pads

∞, involving interaction between the pro-
ein and resin. It is desirable to regress the data without the use of
inary parameters, and we propose the following expression,

n K + ln

(
�∞

Psol

�∞
Pads

)
= ˛protein + �˛ligand, (15)

o that the retention data can be fully described in terms of inde-
endent contributions from the protein species and resin.
Eqs. (10), (11) and (12) were applied to fit the IEC data by per-
orming a non-linear least-squares regression, and the resulting
alues of the parameters are presented in Tables 1 and 2. We note
hat the values reported in Table 1 are determined by the ligand
pecies, and the values tabulated for the phenyl ligand apply to both
Phenyl Butyl Octyl

� 11 16 25
˛ligand 13.95 13.10 14.79

the high and low ligand density resins. For the ammonium sulfate
mobile phase modifier, the value of � is 0.35 [31].

Table 1 shows that the value of the parameter ˛ligand for the
three ligand species are similar in value, suggesting that the contri-
bution of ligand properties to the observed ˛ value in protein HIC
adsorption may be similar for the ligands considered here. A sen-
sitivity analysis was conducted for the ˛ligand value for the phenyl
ligand, which is observed to be intermediate to the values deter-
mined for the butyl and octyl ligands. Changes in the ˛ligand value
of +1% and −1% result in increases in the sum of squared errors
(SSE) of 71% and 97%, respectively, when comparing experimen-
tally determined ˛ values with those calculated from the regressed
parameters for proteins adsorbed to the phenyl resins. The high
sensitivity observed for this parameter indicates that the values of
˛ligand reported in Table 1 are indicative of a significant influence
of the ligand type on the salt-independent adsorption behavior of
proteins on these HIC resins.

The values of the stoichiometric number of water molecules,
�, for the three ligand types can be contrasted with the calcula-
tions of Perkins et al. [20], who computed surface areas of these
ligands, determining that the butyl ligand (191 Å2) had a some-
what larger surface area than the phenyl ligand (210 Å2), while the
octyl resin had the most surface area (319 Å2). It would seem rea-
sonable to expect the � value to follow this trend, as more water
molecules would be released to the bulk solution with increased

protein–ligand contact area, but this is not consistent with our
observations. However, we caution against such a literal interpre-
tation of the meaning of the � parameter, due to the very simplified
model formulation presented here. In particular, we have included
water molecules at the ligand interface as part of the hydrated



204 R.W. Deitcher et al. / J. Chromatogr. A 1217 (2010) 199–208

Table 2
Protein-dependent model parameters.

Carbonic Anhydrase Cytochrome C �-Lactalbumin Lysozyme Ovalbumin Ribonuclease A

�salt (m−1) 2.8 1.1 3.0 2.3 2.9 1.9
˛protein 1.7 −0.3 2.8 1.8 2.0 0.05
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The most distinct difference in the governing equations is that
the salt-dependence of the retention factor, characterized by the
ˇ parameter, depends on both the characteristics of the protein and
the resin in the proposed model. This result is consistent with the
Fig. 4. Correlation of calculated and experimental (a) ˛ and (b) ˇ values. D

igand, which is assumed to behave ideally. It has been proposed
hat aromatic and alkyl hydrocarbons may differ in their effect on
he structure of water molecules at the hydrophobic interface [44],
o that the energetic difference in water molecules released from
hese interfaces to the bulk mobile phase would vary by ligand type.
nstead, we consider the � parameter to be an indicator of the “effec-
ive hydrophobicity” of a ligand, related to both the surface area and
hemical nature of the ligand type.

The model parameters reported in Table 2 are attributed to the
ndividual protein species in the model derivation. The param-
ter �salt appears to increase with molecular weight, except for
-lactalbumin. Such a trend might be expected, based on the physi-
al argument that the effect of salt on protein activity would depend
n the surface area available for protein–salt and protein–water

nteractions. �-Lactalbumin not following this trend might be a
esult of conformational change during HIC increasing the surface
rea of the molecule, leading to adsorption behavior expected for
larger molecule. The parameter ˛protein is less easily interpreted
ith regard to physical meaning. The model derivation suggests

hat this parameter is related to the general affinity of a protein
or hydrophobic surfaces in the absence of mobile phase modifier.
nterestingly, a negative value is determined for cytochrome C, indi-
ating that interactions between this protein and the hydrophobic
esins are unfavorable.

Determination of model parameters that are related to the pro-
ein species but apply to adsorption behavior on multiple resins,
resents a unique opportunity to identify protein macroscopic
roperties or molecular descriptors that can be universally applied
o the prediction of HIC retention. Such protein attributes might be
orrelated with the protein-dependent model parameters to iden-
ify the key properties governing behavior in HIC. However, given
he large number of protein attributes that may be considered and
he relatively small number of protein species considered here, such
n analysis is not feasible with the current data set.
The ability of the model to describe the data is shown graphi-
ally by Figs. 4 and 5. Here, values of ˛ and ˇ are calculated using
he regressed model parameters in Eqs. (10) and (11). The corre-
ation of experimental and calculated values are quantified by R2

alues of 0.89 for ˛ and 0.95 for ˇ. The high degree of correlation
d lines indicate a range of ±2 standard deviations from the solid line y = x.

for the ˇ parameter suggests that the majority of the information
contained in the data is captured by the model. The greater uncer-
tainty of the ˛ parameter may indicate that the approximation of
Eq. (15) neglects specific binary protein–resin interactions that are
important in some systems. Correlation of all of the experimental
retention data with values calculated from applying the regressed
model parameters to Eqs. (10)–(12), as shown in Fig. 5, demon-
strate that the general behavior is captured, but scatter in the data
is present. These results suggest that the proposed thermodynamic
model may be useful as a tool for narrowing the design space for
a HIC step, but may not capture sufficient detail for quantitative
process optimization.

At this point, we consider evaluation of the proposed model
by comparison with other models. Derivation of the model fol-
lows closely that of Mollerup [24–26], but the model differs by
including the role of solvent molecules in the adsorption process.
Fig. 5. Correlation of calculated and experimental ln k′ values.



matog

d
o

s
p
r
r
m
i
[
o
i
d
l

b
d
b
H
t
t
t
a
s
o
t
I
f
t

P

a
c

F
s
c

R.W. Deitcher et al. / J. Chro

ata collected in this study, which are not explained by the model
f Mollerup.

Conversely, the presently proposed model appears to be incon-
istent with the data of Staby and Mollerup [27], where for a single
rotein species, the same value of ˇ is observed when adsorbed to
esins with different ligand types. In that study, however, the POROS
esins used are based on a poly(styrene-divinylbenzene) particle

atrix, which has been shown to adsorb proteins by hydrophobic
nteraction even in the absence of functionalization with ligands
45]. It is reasonable to hypothesize that the hydrophobic nature
f the base matrix plays a significant role in the adsorption behav-

or observed by Staby and Mollerup, in which case a model that
escribes HIC based solely on interactions between proteins and

igands may not be valid.
Parallels between the presently proposed model and the model

ased on the preferential interaction theory are clear, as each
escribes the retention in HIC in terms of stoichiometric num-
ers of water molecules released as a result of protein adsorption.
owever, the salt-independent term in the preferential interaction

heory equation for the retention factor is an integrating constant
hat is not related to any physical or thermodynamic quantity. In
his work, the equivalent salt-independent term has meaningful
ttributes, creating the possibility to predict values of ˛ for new
ystems. Additionally, the derivation strategy pursued here applies
ver a range of protein concentrations, as opposed to the preferen-
ial interaction theory, which does not account for loading effects.
t is noted that while we have modeled salt as an activity modulator
or solvent and solvated protein, an alternate formulation might be
o include the release of salt from the protein explicitly,
sol + �L ⇔ Pads + ��W + ıS.

Experimental evidence indicates that for many salts, including
mmonium sulfate, a linear relationship exists between salt con-
entration and the salt activity [31]. If the above model is used,

ig. 6. Adsorption isotherms for (a) �-lactalbumin on Phenyl SepharoseTM 6 Fast Flow
ubstitution), (c) lysozyme on Butyl SepharoseTM 4 Fast Flow resin and (d) carbonic anh
oncentrations. Data in (a) and (c) are from Chen and Cramer [42]. Solid lines are the fit o
r. A 1217 (2010) 199–208 205

the definition of the equilibrium constant and subsequent isotherm
model would be altered, with the end result that the description of
the partition coefficient shown in Eq. (8) would include the addi-
tional term ı ln csalt, equivalent to the preferential interaction model
when the salt stoichiometry is independent of salt concentration
[20].

4.2. Adsorption isotherm modeling

A favorable result of the derivation strategy followed here is that
the fundamental relation derived from the thermodynamic descrip-
tion of protein adsorption is an isotherm model that provides
a retention factor model in the limit of low protein concentra-
tion. Commonly, HIC batch loading data are described using the
Langmuir model, or an exponentially modified Langmuir model
[14,38–41]. In the same spirit, we now apply the isotherm model
of Eq. (13) to loading data for the same systems investigated
by pulse-response chromatography using non-linear, least-squares
regression of the isotherm data. An additional advantage is that,
utilizing the measured retention factors, the isotherm data for any
protein–resin system can be described at multiple salt concentra-
tions using only the fitted parameters � and ε.

Representative plots of adsorption isotherm data and the corre-
sponding model fits for several protein–resin systems are shown
in Fig. 6. The model was applied to isotherm data from Chen
and Cramer [42] obtained at 0.8, 1.2 and 1.4 M ammonium sul-
fate, supplemented with new measurements at ammonium sulfate
concentrations of 1.2 and 1.4 M ammonium sulfate. Isotherm mea-
surements were not performed for cytochrome C due to the
extremely weak interactions with the HIC resins observed by pulse-

response chromatography for this protein.

Application of the derived isotherm model was performed by
both including and excluding the term introduced in Eq. (3) to
account for lateral interactions of adsorbed proteins. Compari-
son of the importance of including this term was evaluated by

(high substitution) resin, (b) ovalbumin on Phenyl SepharoseTM 6 Fast Flow (low
ydrase on Octyl SepharoseTM 4 Fast Flow resin at the specified ammonium sulfate
f Eq. (13).
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Table 3
Stoichiometric number of ligands contacted per adsorbed protein molecule, �.

Phenyl (low
substitution)

Phenyl (high
substitution)

Butyl Octyl

Carbonic Anhydrase 2.1 5.6 7.7 1
L
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4.3. Ligand density sensitivity analysis and HIC reproducibility

A useful aspect of the thermodynamic modeling strategy uti-
lized here, and previously [24–26], is that the ligand density appears
actalbumin 3.9 6.4 8.6 1.8
ysozyme 2.2 5.1 7.3 1
valbumin 5.6 9.6 10.1 2.7
ibonuclease A – 6.3 – 1

erforming an F-test. For the systems investigated, results of the
-test were P ≥ 0.05, suggesting that lateral interactions do not play
significant role in determining the loading behavior. Based on

hese results, values for the parameter ε are not reported. How-
ver, the range of systems and conditions studied here is limited,
nd the proposed description of lateral interactions in Eq. (3) is
mpirical. This result cannot imply that adsorbed protein–protein
nteractions are generally negligible for protein adsorption
ystems.

Table 3 lists the values of the binary parameter � determined
or each protein–resin system by fitting isotherm data. Parameter
alues were limited to a lower bound of � = 1, so that an adsorbed
rotein must associate with at least one ligand. For each protein,
he � value increases with increased ligand density, as expected.
alues for ribonuclease A adsorbed to the low-substitution phenyl
nd butyl resins are not reported, as the isocratic elution data indi-
ated that protein adsorption was much weaker than suggested
y the initial slopes of the isotherm data, and the regression of
q. (13) failed to converge. The cause of the discrepancies in these
ata sets requires further investigation, but we speculate that this
esult might be attributed to differences in ligand density of the
pecific resin lots used to obtain the pulse-response and isotherm
ata (further discussed in Section 4.3).

In order to confirm that the � values obtained by model fitting are
ealistic, we compare them with a calculated estimate of the num-
er of ligands a protein would contact upon adsorption from simple,
eometric considerations. The hydrodynamic radius of a compact,
lobular protein can be estimated from the molecular weight [43]
y

H ≈ 0.081MW1/3, (16)

here the molecular weight, MW, is in Daltons and the computed
adius is in nanometers. We then estimate the occupied surface area
f an adsorbed protein as that of a circle with a radius equivalent
o the hydrodynamic radius of the protein. This leads to an esti-

ate of the average number of ligands per unit surface area of resin
ased on the nominal ligand density per volume of gel reported by
he manufacturer (previously reported [20]) and a literature study
f the available surface area of SepharoseTM HIC resins [21]. The
esulting equation to estimate the number of ligands contacted per
dsorbed protein is

est = �r2
H�

Vs

As
. (17)

Sample data comparing estimated and experimentally deter-
ined values of � are plotted in Fig. 7. In general, the experimentally

etermined values are similar to the calculated estimates when
he number of ligands contacted is low, indicating that the val-
es of � obtained are physically realistic. For these systems, it
ay be reasonable to use the rough estimate of � if experimen-

al isotherm data is not available. For the larger proteins ovalbumin

nd carbonic anhydrase, calculated contact a large number of lig-
nds upon adsorption, the estimated values are substantially larger
han those determined by experiment. This may be a result of
ver-estimating the occupied surface area of these large molecules
pon adsorption, and a more accurate estimate of � might be
Fig. 7. Comparison of estimated (Eq. (13)) and experimentally determined values of
� for (a) �-lactalbumin adsorbed to several resins, (b) several proteins adsorbed to
the Phenyl SepharoseTM 6 Fast Flow (high substitution) resin, and (c) all systems.

obtained by a more sophisticated description of the contact
area.
Fig. 8. Calculated change in the term � ln(�) due to a perturbation of the ligand
density of Phenyl Sepharose® (High Substitution) Fast Flow 6 from 40 to 43 �mol/ml
for several model proteins. The horizontal lines represent corresponding increases
in k′ of 50% (dashed) and 100% (solid).
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xplicitly in the expressions for the isotherm and retention factor.
cCue et al. have recently shown that for the purification of a mon-

clonal antibody from its aggregate, small variations in the ligand
ensity of the Phenyl SepharoseTM 6 Fast Flow (high substitution)
esin can significantly impact the binding behavior, as quantified
y the Langmuir binding constant [5]. The model proposed in this
ork may yield some insight into the sensitivity of HIC systems to

igand density.
To investigate this phenomenon, the term � ln � in Eq. (8) was

omputed for several of the proteins investigated in this study
dsorbed to the high-substitution phenyl resin for ligand densities
f 40 and 43 �mol/ml resin. To simplify the analysis, we assume
hat the number of ligands contacted by an adsorbed protein, �,
s not changed by a small change in the ligand density. The differ-
nce in � ln � due to the difference in ligand density is plotted in

ig. 8. For many of the proteins investigated, the calculated change
n this quantity corresponds to an increase in the retention factor
f 50–100%.

Based on these results, it was hypothesized that reproducibil-
ty of HIC data in the literature may be poor due to lot-to-lot

ig. 9. Comparison of retention factor data with recent literature data for lysozyme
dsorbed to (a) Phenyl SepharoseTM 6 Fast Flow (low substitution), (b) Phenyl
epharoseTM 6 Fast Flow (high substitution), and (c) Butyl Sepharose® 4 Fast Flow.
iterature data are from (a, b) To and Lenhoff [21] and (c) Chen et al. [22,32].
r. A 1217 (2010) 199–208 207

variation in the ligand density of the resins. To test this hypoth-
esis, isocratic elution retention factor data were compared with
equivalent data in the recent literature [21,22,42]. Sample compar-
isons for lysozyme are plotted in Fig. 9. The trends evidenced in
this sample data were consistent for all of the proteins—excellent
agreement was obtained with the high-substitution phenyl resin,
some discrepancy in the low-substitution phenyl data, and the
butyl resin data differ substantially. Interestingly, there is dis-
agreement in the data reported by the same group in different
publications [22,32], presumably obtained with different columns;
our analysis suggests that this is not a result of differences in tech-
nique or data analysis, but from variations in the stationary phase
material.

Reproducibility in HIC data is critical to the effectiveness of mod-
eling to predict the behavior of protein–resin systems for process
design. Clearly, the correlations developed by Chen and Cramer
[22,32] would be inaccurate in predicting the behavior of pro-
teins on the Butyl SepharoseTM column used in this study. Further,
the ligand density of materials used in high-throughput screen-
ing experiments may influence the selection of a resin for an
optimized process, or affect the yield or selectivity in a process
step. The model proposed in this work accounts for the ligand
density both explicitly and inherently in the binary parameter �,
and may assist in explaining the poor reproducibility of the IEC
data.

5. Conclusion

We have presented a new thermodynamic model to describe
pulse-response and non-linear loading HIC behavior in terms of the
release of water molecules from hydrophobic interfaces. This model
was parameterized using IEC and adsorption isotherm data for sev-
eral proteins adsorbed to SepharoseTM resins of various ligand type
and density. Essentially all of the data are well-described by a min-
imum number of parameters, and the proposed approach offers
significant advantages compared to previous models and methods
used for such data.

The model presented here has the potential to be used as a
predictive tool to narrow the design space for HIC processes, but
considerable work remains to be completed. Model parameters that
are related to the salt species, protein species, and resin may be
related to molecular properties in a way that will allow the estima-
tion of how new materials or proteins will behave. To date, efforts
to predict the behavior of HIC systems have largely focused on cor-
relating protein properties, such as molecular descriptors [22,32] or
hydrophobicity [46–48], with either direct measurements of pro-
tein retention or empirical parameters. These methods might be
applied to the protein-dependent model parameters determined
here, where the contributions of resin and protein species to the
retention have been largely separated, to obtain descriptor rela-
tionships that could be applied to predict adsorption on many
resins.

A large part of the protein HIC behavior is attributed to the
activity of the protein in solution, characterized by the activity
coefficient, in the current model. A simple linear protein activ-
ity coefficient model has been used here, that might be modified
to include a Debye–Huckel term to describe behavior at low salt
concentrations. Additionally, the protein activity coefficient may
be related to the second osmotic virial coefficient [49] or be
described by the UNIQUAC model [50,51]. To and Lenhoff have

related the second osmotic virial coefficient to HIC retention fac-
tors for several proteins with some success [52]. As understanding
of the solution thermodynamics of proteins increases, we expect
that this will aid the application of the HIC model presented
here.
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omenclature

sol solvated protein and associated solvent molecules
stoichiometric number of ligands contacted by adsorbed
protein
free ligand on resin surface

ads adsorbed protein and associated ligands
stoichiometric number of water molecules released per
protein–ligand contact
water molecule released upon adsorption
standard state equilibrium constant for adsorption

i thermodynamic activity of species i
P concentration of adsorbed protein
P concentration of protein in the mobile phase
L concentration of free ligand in the stationary phase

total concentration of species
i activity coefficient of species i

i
∞ infinite dilution activity coefficient of species i in pure

water
salt incremental change in natural logarithm of solvated pro-

tein activity coefficient with change in salt concentration
salt concentration of salt in the mobile phase
P incremental change in natural logarithm of solvated

protein activity coefficient with change in protein con-
centration
empirical parameter in the relationship between
adsorbed protein activity and adsorbed protein
concentration
incremental change in the natural logarithm of water
activity with change in salt concentration
resin ligand density
partition coefficient for protein adsorption

′ chromatographic retention factor
ratio of stationary and mobile phase volumes (phase ratio)
chromatographic retention volume

o elution volume of unretained species
salt-independent term in empirical retention factor rela-
tionship to salt concentration
incremental change in natural logarithm of retention fac-
tor with change in salt concentration

H protein hydrodynamic radius
W protein molecular weight

est estimated number of protein–ligand contacts upon
adsorption

s accessible volume per volume of resin
s surface area per accessible volume
protein empirical protein-dependent contribution to ˛
ligand empirical ligand-dependent contribution to ˛
stoichiometric number of salt molecules released upon
protein adsorption
salt molecules released to bulk solution upon protein
adsorption

[
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