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Abstract

The interaction thermodynamics associated with bovine serum albumin (BSA) adsorption on polypropylene glycol (PPG)-
Sepharose CL-6B gel, using ammonium and sodium sulfate was studied. Analysis of data under linear conditions was ac-
complished with the stoichiometric displacement retention model and preferential interaction approach. Preferential interaction
analysis indicated a strong entropic driving force due to the release of a large amount of solvent on adsorption. Flow mi-
crocalorimetry provided direct heat of adsorption measurements under overloaded conditions and confirmed that the adsorption
of BSA on PPG-Sepharose was entropically driven within the range of conditions studied. Using these data in combination with
isotherm measurements, it is shown that protein surface coverage, salt concentration, salt type and temperature affect the enthalpic
and entropic behavior in hydrophobic interaction chromatography (HIC). This study shows that protein–sorbent interactions can
be strongly influenced by the degree of water release, protein–protein interactions on the surface, and the re-orientation and/or
reconfiguration of the adsorbed protein.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrophobic interaction chromatography (HIC) is
a very popular methodology used in the purification
of biomolecules. Reports in the literature include the
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removal of viruses from human plasma, the successful
isolation of bacterial enzymes, and the purification of
therapeutic proteins and monoclonal antibodies[1–5].
Recently this technique has also been used to purify
plasmids for gene therapy applications[6].

HIC is a very powerful adsorptive separation tech-
nique for several reasons. Separations are achieved
quickly, with little product degradation and low sol-
vent requirements, with very good levels of purifi-
cation [1]. The selectivity of HIC changes with the
temperature and hydrophobicity of the column and
with the composition of the mobile phase. A better
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understanding of the influences of these factors is
essential to quantify the mechanisms that establish
equilibrium characteristics such as capacity and se-
lectivity. A number of models[7–10] have been pro-
posed, with limited success. This is mainly because
of non-idealities originating from intermolecular in-
teractions are not satisfactorily described, particularly
under overloaded conditions[11].

Geng et al.[10] proposed the stoichiometric dis-
placement retention model for the HIC of proteins.
This model is based on their conclusion that no matter
how different the interactions between adsorbent and
solute or solvent molecules are, or how heterogeneous
the distribution of these active sites is, a rational mech-
anism for adsorption in a liquid–solid system should
be stoichiometric displacement for solute adsorption
[12]. The model, when applied to linear chromatogra-
phy, reduces to:

ln k′ = ln I − Z ln[H2O] (1)

where

I = K[Ld]n
′
φ (2)

and

Z = ZH2O − Zs (3)

Z denotes the number of water molecules released
per protein molecule adsorbed,ZH2O is the Z value
with water as the mobile phase, andZs the change
in the number of water molecules released as protein
molecules are transferred from water into an aqueous
salt solution. The intercept of this equation, lnI, con-
tains a number of constants.K is the equilibrium con-
stant,Ld corresponds to the hydrated ligands in salt
solution,n′ the number of ligand interactions with a
protein molecule andφ the column phase ratio. When
the salt, ligand and temperature are fixed,Z is a charac-
teristic constant related to protein conformation[10].

Karger and co-workers[9] used a plot lnk′ ver-
sus the concentration of water (%B, volume fraction)
to characterize protein adsorption in HIC. They were
exploring methods for recognizing protein conforma-
tional changes that can occur as a function of tem-
perature. They demonstrated that the slope of the plot
[∂(ln k′)/∂(ln %B)] is a sensitive measure of protein
conformation, which is related with the contact area of
the adsorbed protein on the surface[9]. The relation-
ship between the equation of Karger and co-workers

andEq. (1)has been discussed in theAppendix A. It
is shown that [∂(ln k′)/∂(ln %B)] andZ are directly re-
lated. ThusZ is also a measure of the conformation of
the protein on the adsorbent surface.

The equation developed by Perkins et al., like that
of Karger and co-workers is based on the preferential
interaction theory[8], and is:

ln k′ = C + �ν+ + �ν−
g

lnm3 − n�ν1

m1g
m3 (4)

wherem is molal concentration. The subscripts 1 and
3 refer to the solvent and solute, respectively.�νi is
the stoichiometrically weighted change in the number
of species in the local region of products and reactants
of the process andn the total number of anions (−)
and cations (+) associated with the electrolyte.g is
the ratio of (∂ln m3/∂ln a3)T ,P , wherea is the activity
of the modulator (a discussion on calculatingg can
be found in[8]), andC the integration constant. From
Eq. (4), the change in the binding of ions (�ν++�ν−)
and the number of water molecules released (�ν1) can
be estimated. The relationship betweenEqs. (4) and
(1) has been discussed in theAppendix A.

All of the models discussed above are applicable
only to linear chromatography. For the overloaded re-
gion, the commonly used approach is to character-
ize behavior with isotherm measurements at a limited
set of conditions[11]. The experimental isotherms are
fitted to empirical models, such as the Langmuir or
bi-Langmuir. While this approach is relatively direct
and convenient, it is nonetheless risky[11]. Since the
isotherm parameters are not linked fundamentally to
underlying mechanisms, interpolation or extrapolation
can lead to erroneous predictions[11,15,16]. In an ef-
fort to overcome this problem, our group[11,17–19]
has turned to calorimetry. This technique provides
valuable data on the overall enthalpy change of adsorp-
tion (�Hads) in the non-linear region of the isotherm.

This paper presents experimental data from equi-
librium binding isotherms, linear chromatography,
and calorimetry, obtained to examine the thermody-
namics of bovine serum albumin (BSA) adsorption
on polypropylene glycol (PPG)-Sepharose CL-6B gel
at various salt conditions and temperatures. Analyses
in the linear region of the isotherm were made with
the stoichiometric displacement retention model and
preferential interaction analysis. The non-linear re-
gion was characterized with isotherm measurements
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and calorimetry. All of these data were used to gain
insight on the complex HIC adsorption process.

2. Experimental

2.1. Materials and methods

The HIC support used (Fig. 1) is a Sepharose
derivative synthesized by covalent immobilization of
polypropylene glycol on Sepharose CL-6B according
to Sundberg and Porath[20]. The synthesis procedure
has been described in detail elsewhere[21]. Briefly,
PPG-diglycidyl-ether (average number–average mole-
cular mass,Mn, ca. 380) from Aldrich (Steinheim,
Germany) is coupled to Sepharose CL-6B (Amer-
sham Biosciences, Uppsala, Sweden) in the presence
of a solution of sodium hydroxide and sodium boro-
hydride, both from Merck (Darmstadt, Germany).
The derivatized gel is then treated with a solution of
sodium hydroxide overnight at room temperature to
inactivate free epoxy groups. The derivatized gel wet
bead size ranges between 45 and 165�m.

The probe protein BSA was purchased from Sigma
(St. Louis, MO, USA), and used without further
purification. BSA is a globular ellipsoid (14 nm×
4 nm×4 nm), with a molecular mass of approximately
69 000 Da, and an isoelectric point of 4.7[22].

A 10 mM sodium phosphate buffer, which consisted
of a mixture of solutions of dibasic and monobasic
sodium phosphate from Aldrich (Steinheim, Ger-
many), was used for all the experiments. Analytical-
grade ammonium sulfate and sodium sulfate from
Aldrich (Steinheim, Germany) were used as modula-
tors.

2.2. Flow microcalorimetry

The heat of adsorption was measured using a Flow
MicroCalorimeter (FMC) (Gilson Instruments, West-
erville, OH, USA). The FMC operates isothermally,
and has a precision fluid delivery system (syringe

Fig. 1. Structure of PPG-Sepharose (n = 3).

micropumps), a vacuum system to pre-evacuate a
sample in situ, and a block heater and monitor to
control cell temperature. Interfaced with the cell are
two highly sensitive thermisters. These are capable of
detecting small temperature changes within the cell
that are associated with the adsorption of an analyte
onto the surface of a particular adsorbent. Calibration
is by electrical energy dissipation in the cell under
static or flowing conditions.

The FMC is operated similar to a liquid chromato-
graph with the cell (0.171 ml) in place of the column,
and is equipped with a configurable injection loop
to accommodate different injection volumes. The
effluent was collected and analyzed with a UV spec-
trophotometer (Milton Roy, Rochester, NY, USA) at
a wavelength of 280 nm.

The FMC cell is packed with a specified amount
of the dried support, depending on its swelling char-
acteristics. Deionized (DI) water is then introduced
until equilibration; this wetting process takes at least
48 h. Following equilibration, the syringe pumps are
turned on and the adsorbent is equilibrated first with
the buffered solution and then with the carrier solu-
tion at a flow-rate of 3.33 ml h−1. Once the system
has reached thermal equilibrium, the protein sample
is loaded into an injection loop (0.128 ml for sodium
sulfate as modulator and 0.323 ml for ammonium
sulfate) and introduced into the cell by switching a
multiport valve. The adsorption of the sample onto
an adsorbent surface causes a change in cell tem-
perature, which is converted to a heat signal by the
FMC through an experimentally determined calibra-
tion factor (the calibration factor was obtained using
an electrical impulse of 0.030 J). Once the mass in
the effluent is quantified with the spectrophotometer,
a simple mass balance is performed to determine the
quantity of sample adsorbed. The specific heat of
adsorption is calculated from these data.

The heats of adsorption measurements of BSA on
PPG-Sepharose were performed at selected concen-
trations of ammonium sulfate and sodium sulfate at
various temperatures, and with a range of BSA con-
centrations between 20 and 60 mg ml−1.

2.3. Isotherms

BSA adsorption isotherms were measured at se-
lected modulator concentrations and temperatures
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using a batch method. Dried PPG-Sepharose was
first weighed into politops, and then a measured vol-
ume of protein solution of a known salt and protein
concentration at pH 7 was added. The politops were
then placed in an orbital shaker (ARALAB, Oeiras,
Portugal) maintained at the selected temperature and
agitated at 230 rpm for 24 h. Preliminary experiments
established that equilibrium is reached in 8–10 h.
After equilibration, the slurry solution was allowed
to settle for 30 min and a sample of the supernatant
was removed with a filter (0.45�m) syringe. The ab-
sorbance of the filtrate was measured at 280 nm, with
a UV spectrophotometer (Amersham Biosciences,
Uppsala, Sweden), to obtain the equilibrium solu-
tion concentration. The equilibrium distribution was
calculated from a mass balance.

2.4. Isocratic elutions

The capacity factor measurements for BSA were
carried out at different temperatures in a fast protein
liquid chromatography (FPLC) system (Amersham
Biosciences, Uppsala, Sweden). The gel was packed
in a column (4.2 cm × 1.0 cm i.d.) and equilibrated
with the desired mobile phase at a flow-rate of
0.24 ml min−1. Elution times (tr) were obtained by
injecting 100�l of 2.00 ± 0.02 mg ml−1 BSA. The
elution profile was determinate by continuous mea-
surements of the absorbance at 280 nm. Following
the elution, the column was washed with the 10 mM
phosphate buffer (pH 7).

3. Results and discussion

3.1. Linear region

The retention behavior of BSA on the PPG-
Sepharose column was investigated as a function of
salt type, salt concentration and temperature.

Isocratic elutions of BSA on PPG-Sepharose, car-
ried out with ammonium sulfate and sodium sulfate at
296.15 K showed that protein retention increases with
increasing salt concentration in the mobile phase.
This trend was observed at all temperatures. The pres-
ence of salt has a great influence on the equilibrium
behavior in HIC[1]. The free energy of a protein in
solution is increased in presence of either ammonium

sulfate or sodium sulfate, due to the water-structuring
characteristic of these salts. The interaction between
protein and salt increase as the salt concentration is
increased. Salt molecules displace some of the water
molecules surrounding the protein, and the protein in
an effort to reduce its free energy adsorbs on the gel
surface. This, in effect, reduces the free energy of the
protein because the protein surface area exposed to
the salt is reduced[7].

Higher retention of protein was observed in the pres-
ence of Na2SO4 compared to (NH4)2SO4 for each con-
centration, indicating that sodium sulfate has a greater
ability to enhance hydrophobic interactions between
BSA and PPG-Sepharose[4]. This observation is con-
sistent with previously reported data, documenting
that Na2SO4 has a larger molal surface tension incre-
ment than (NH4)2SO4 (2.73×10−3 dyn g cm−1 mol−1

versus 2.16 × 10−3 dyn g cm−1 mol−1, respectively
[7,23]). The greater ability for water-structuring
manifests as a greater surface tension enhance-
ment, which strengths the protein–ligand interaction
[24,25].

The retention factor,k′, measured under isocratic
conditions was evaluated directly from the chro-
matogram as[26]:

k′ = tr − t0

t0
(5)

wheretr is the solute retention time andt0 the elution
dead time (measured with an inert tracer). As shown
in Fig. 2a and b, k′ increases with an increase in tem-
perature, as is generally observed for HIC[27], and
the dependence ofk′ on temperature increases when
the concentration of salt increases from 0.8 to 1.5 M
for ammonium sulfate and 0.8 to 1.2 M for sodium
sulfate. Generally, the capacity factor does not change
linearly with temperature, and, if it does, it is over a
very small range. The non-linearity is, in part[28],
due to a change in protein conformation, which re-
sults in an increase in the conformational entropy at
higher temperature.

It is well know that a protein in a folded state is less
retained in HIC than in an unfolded state[9,29–31].
This is because the area of contact of the protein with
the adsorbent surface is generally larger in an unfolded
state. Thus, a non-linear dependence of retention with
temperature could be due to a conformational change
in the protein[9].
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Fig. 2. (a) Plots ofk′ vs. temperature for BSA adsorption on PPG-Sepharose using as modulator Na2SO4 at pH 7((�) 0.80 M; (�) 1.00 M;
(�) 1.10 M; (�) 1.20 M). (b) Plots ofk′ vs. temperature for BSA adsorption on PPG-Sepharose using as modulator (NH4)2SO4 at pH 7
((�) 0.80 M; (�) 1.00 M; (�) 1.20 M; (�) 1.40 M; (�) 1.50 M).
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Fig. 3. Plot ofZ values of BSA vs. temperature using as modulator (�) Na2SO4 and (�) (NH4)2SO4.

An important measurement, one that can reflect
changes in contact area, is the change of protein reten-
tion with solvent composition. Capacity factors can be
analyzed withEq. (1), to obtainZ which is a measure
of protein conformation.Fig. 3 shows the change in
Z value as function of column temperature. Only salt
concentrations higher than 0.80 M were used; this is
because of the small retention of the protein on the sup-
port surface at 0.80 M. For both salts, theZ value in-
creases with temperature. For sodium sulfate, there is
a sharp change in theZ value at approximately 295 K,
indicating a conformational change in the protein[9].
In contrast, with ammonium sulfate no sharp change
is evident.

HIC retention data of BSA on PPG-Sepharose,
for both ammonium sulfate and sodium sulfate,
were graphed on a Van’t Hoff plot (lnk′ versus 1/T)
(Fig. 4). Following Haidacher et al.’s approach of
incorporating the dependence of�H◦, �S◦, φ and
�C0

P on temperature, the data inFig. 4were analyzed
with the quadratic equation[27]. The best-fit coeffi-
cients obtained using Table Curve 2D, a non-linear
least squares fitting program[32] that employs the

Leventhal–Marquardt method, are summarized in
Table 1; characterizations obtained with these coeffi-
cients are shown as solid curves inFig. 4.

It can be seen inTable 1that for both salts the pro-
cess is predicted to be endothermic, indicating an en-
tropically driven process, as is expected[8,9,33,34].
Exothermic values are observed at some low salt con-
centrations. This could be due to weaker hydrophobic
interactions[8]. However, the trend is inconsistent in
some cases. For example, for ammonium sulfate case
0.8 M, larger exothermic values are calculated at the
higher temperatures where hydrophobic interactions
are expected to be stronger.

It is also observed inTable 1 that for some con-
centrations of salt�H◦ increases as the temperature
increases and for others it decreases. For example,
for sodium sulfate, at 1.00 and 1.10 M�H◦ decreases
with increasing temperature, while at 0.80 and 1.20 M
it increases. Due to this, there are situations where at
constant temperature the�H◦ can be larger at lower
salt concentration. These observations are inconsis-
tent with the expectation that the mechanism driving
HIC shifts in the direction of a decreasing entropic
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Fig. 4. Van’t Hoff plots for the retention of BSA on PPG-Sepharose at different concentration of Na2SO4 and (NH4)2SO4 at pH 7. The
solid curves represent the quadratic equation adjusts (() 0.80 M Na2SO4; (�) 1.00 M Na2SO4; (	) 1.10 M Na2SO4; (+) 1.20 M Na2SO4;
(×) 0.80 M (NH4)2SO4; (�) 1.00 M (NH4)2SO4; ( ) 1.20 M (NH4)2SO4; (−) 1.40 M (NH4)2SO4; (�) 1.50 M (NH4)2SO4).

influence as the temperature is increased[8,26,27],
and reinforces the conclusion reached earlier[17,18]
that the thermodynamic values from the Van’t Hoff
analysis must be cautiously interpreted.

Because of the inconsistent temperature trends ob-
served with the�H◦ and�S◦ values, no useful con-
clusions can be drawn by comparing these parameter
values for the two salts. However, the standard Gibbs
free energy,�G◦, is always more negative for sodium
sulfate, indicating that this salt is more effective in pro-
moting adsorption of BSA on PPG-Sepharose. This
is consistent with the retention order, and the molal
surface tension increment imposed by each modulator
[1,4,7,23,35].

The retention data were also analyzed withEq. (4),
derived from the preferential interaction analysis. With
sodium sulfate as the modulator, the number of water
molecules and salt ions released was calculated using
g = 1.64 [8] andn = 3 and are shown inTable 2. The
values with ammonium sulfate as the modulator were
reported in an earlier publication[18], and have been

repeated to facilitate comparisons. Since the anion is
common for these modulators, the effect of the cation
on water release can be investigated.

It is clear that for both modulators the adsorption is
accompanied by the release of a large number of water
molecules. It is also clear that the number of ions re-
leased is significant. While the release of a large num-
ber of water molecules is as expected, the substantial
ion release may suggest some electrostatic influence.
However, the stoichiometrically weighted change in
the number of ions is generally similar for the two
salts. Thus, the observed differences in protein reten-
tion for the two salts are most probably due to dif-
ferences in the amount of water released. The results
support the expectation of an entropically driven pro-
cess, in which the release of a large number of or-
dered water molecules provides the driving force for
adsorption.

The number of water molecules released is al-
ways greater for sodium sulfate (Table 2). This is
consistent with the retention order. Preferential hy-
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Table 1
Fit parameters of Van’t Hoff analysis and thermodynamic quantities for the retention of BSA on PPG–Sepharose using as modulator
(NH4)2SO4 and Na2SO4 at pH 7

Temperature (K) Concentration (M) a b c �H◦
(kcal mol−1)

�S◦
(cal mol−1K−1)

�G◦
(kcal mol−1)

288.15 0.80 (NH4)2SO4 −852.1 506023.3 −74978432 28.59 101.19 −0.56
296.15 0.66 5.55 −0.99
303.15 −22.57 −71.99 −0.75
308.15 −38.52 −124.17 −0.26

288.15 1.00 (NH4)2SO4 78.3 −45137.1 6643728.4 −1.94 −3.41 −0.96
296.15 0.54 5.06 −0.96
303.15 2.59 11.94 −1.02
308.15 4.01 16.56 −1.10

288.15 1.20 (NH4)2SO4 22.8 −9135.0 906667.4 5.65 23.61 −1.16
296.15 5.98 24.76 −1.35
303.15 6.27 25.70 −1.52
308.15 6.46 26.33 −1.66

288.15 1.40 (NH4)2SO4 −66.4 45932.3 −7480714.5 11.9 47.09 −1.66
296.15 9.12 37.54 −2.00
303.15 6.80 29.81 −2.24
308.15 5.21 24.60 −2.37

288.15 1.50 (NH4)2SO4 54.4 −23838.0 2661233.6 10.66 44.41 −2.13
296.15 11.66 47.80 −2.50
303.15 12.48 50.56 −2.84
308.15 13.05 52.41 −3.10
288.15 −1.40 −1.59 −0.96

293.15 0.80 Na2SO4 196.5 −112997.5 16381903 2.45 11.67 −0.97
296.15 4.70 19.30 −1.02
303.15 9.78 36.25 −1.21
308.15 13.26 47.65 −1.42
288.15 8.84 35.29 −1.32

293.15 1.00 Na2SO4 −0.3 5957.5 −1499607.3 8.49 34.08 −1.50
296.15 8.28 33.38 −1.60
303.15 7.82 31.83 −1.83
308.15 7.50 30.78 −1.98
288.15 9.34 38.38 −1.72

293.15 1.10 Na2SO4 6.9 2457.1 −1030929.1 9.09 37.55 −1.91
296.15 8.95 37.07 −2.02
303.15 8.63 36.00 −2.28
308.15 8.41 35.28 −2.46
288.15 11.33 46.95 −2.20

293.15 1.20 Na2SO4 58.9 −26029.2 2928506.8 12.02 49.32 −2.44
296.15 12.42 50.69 −2.59
303.15 13.33 53.72 −2.95
308.15 13.95 55.76 −3.23

dration is greater with Na+ than NH4
+. In the pres-

ence of sodium sulfate, the water structure around
the protein and the adsorbent surface is more un-
stable, thus accounting for larger amounts of water
release.

The results inTable 2support the assumption made
by Karger and co-workers that the salt term on the
right hand side ofEq. (A.6) is negligible relative to
the water term. However, on comparing the water re-
lease data given byEq. (4) (Table 2) with that given
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Table 2
Estimate of water molecules and salt ions released from adsorption of BSA on PPG-Sepharose using as modulator (NH4)2SO4 and Na2SO4

at pH 7

Salt Temperature
(K)

(n�ν1)/(m1/g)
(kg mol−1)

−(�ν+ + �ν−)/g
(mol mol−1)

Regression correlation
coefficient

−�ν1

(mol mol−1)
−(�ν+ + �ν−)
(mol mol−1)

(NH4)2SO4 288.15 7.70 5.47 0.9630 239 9
296.15 15.01 14.19 1.0000 466 24
303.15 13.16 10.82 0.9955 409 18
308.15 18.04 16.89 0.9930 560 28

Na2SO4 288.15 24.57 19.72 0.9988 744 32
293.15 24.35 19.13 0.9996 738 31
296.15 20.44 14.32 0.9982 619 23
303.15 29.56 23.30 0.9999 896 38
308.15 21.28 15.66 1.0000 645 26

by Eq. (1) (Fig. 4), the values inTable 2, are consis-
tently larger. This is a consequence of differences in
the assumptions made by Wu et al.[9] and Perkins
et al. [8], as outlined in detail in theAppendix A.

Concerning the number of water molecules/ions re-
leased as a function of temperature, for ammonium
sulfate there is generally an increase with temperature,
and for sodium sulfate, no distinct trend is observed.
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Fig. 5. Isotherms measured under batch equilibrium conditions for BSA with PPG-Sepharose in the presence of different concentrations of
either (NH4)2SO4 or Na2SO4 at pH 7 and 303.15 K ((�) 1.00 M (NH4)2SO4; (�) 1.5 M (NH4)2SO4; (�) 1.00 M Na2SO4; (�) 1.20 M
Na2SO4) (surface concentration corresponds to mmoles of adsorbed protein per kg of wet gel).

3.2. Overloaded region

BSA isotherms on PPG-Sepharose measured at dif-
ferent concentrations of sodium sulfate (pH 7.0) at
303.15 K, are shown inFig. 5. Also included inFig. 5
are isotherms in the presence of ammonium sulfate.
These were reported earlier[18], and have been in-
cluded for convenience.
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For both salts, the protein capacity increased with
the salt concentration, as expected. In comparing the
isotherms, higher capacities were obtained in the pres-
ence of 1.2 M Na2SO4 compared to 1.5 M (NH4)2SO4
at 303.15 K, again indicating that sodium sulfate has
a greater ability to enhance hydrophobic interactions
between BSA and PPG-Sepharose sorbent. However,
at the lower concentration of 1.0 M, the adsorption ca-
pacity in the presence of ammonium sulfate is higher.
This indicates that factors other than the release of
water can significantly influence adsorption.

One possibility is that at the lower salt concentra-
tions electrostatic effects play a role. There is some
indication of the difference in electrostatic effects be-
tween the two salts in the linear data (Table 2); at
303.15 K the number of ions released in the sodium
sulfate case is double that of ammonium sulfate. An-
other possibility is a change in the footprint of the
adsorbed protein, due to a change in orientation, with
salt concentration. As discussed previously[18], the
distinct plateaus in the isotherms measured in the pres-
ence of ammonium sulfate indicate changes in this ad-
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Fig. 6. Adsorption enthalpy (�Hads) of BSA on PPG-Sepharose in the presence of different concentrations of Na2SO4 at pH 7.0 and
303.15 K ((�) 0.80 M Na2SO4; (�) 1.00 M Na2SO4; (�) 1.20 M Na2SO4).

sorption footprint with solution and surface conditions.
The contrasting lack of plateaus for the isotherms ob-
tained in the presence of sodium sulfate suggest that
a change in orientation of BSA in ammonium sulfate
case could also contribute to the generally higher ca-
pacity at 1.0 M concentration.

Calorimetric measurements of BSA adsorption on
PPG-Sepharose under overloaded conditions provided
valuable additional insight on the adsorption process.
The FMC was operated under conditions such that the
heat of adsorption is equal to the enthalpy change for
adsorption. Thus, the results are reported in terms of
an enthalpy change. Shown inFig. 6are the observed
enthalpy changes of adsorption as a function of protein
surface concentration at 303.15 K, pH 7.0 and differ-
ent concentrations of sodium sulfate. The adsorption
enthalpies (�Hads) are all positive (endothermic pro-
cess) and decrease with an increase protein adsorption.

It is useful to analyze the trends inFig. 6 within
the framework of the mechanism defined by Lin and
co-workers[34–38]. They suggested that the binding
mechanism in HIC can be divided into five sequential
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sub-processes: (a) water molecules or ions sur-
rounding the protein surface are excluded; (b) water
molecules or ions surrounding the HIC sorbent are
excluded; (c) hydrophobic interactions between the
protein and the hydrophobic HIC sorbent; (d) struc-
tural rearrangement of the protein upon adsorption;
and (e) structural rearrangement of the excluded wa-
ter molecules or ions in the bulk solvent. At least
two of these could underlie the observed decrease
in �Hads with increased protein coverage. These
may influence behavior individually or in combina-
tion. The heat required for the dehydration of the
adsorbent (sub-process (b)) may be reduced as the
amount of bound protein increases. Water molecules
surrounding the surface of the adsorbent are destabi-
lized during the dehydration process, and disruption
of surface water structure by initial protein adsorption
may reduce energetic requirements for dehydration
accompanying subsequent protein adsorption[37].
Attractive protein–protein interactions on the adsor-
bent surface may also be significant, and, if present,
these will increase with increased protein adsorp-
tion. The magnitude of the attractive interactions
could also change as a function of surface coverage
due to sub-process (d). We have previously reported
[17,18] that in some cases proteins re-orient on the
surface as surface coverage increases, and this is
accompanied by strong attractive lateral interactions
between the protein molecules. Indicative of protein
re-orientation is plateaus in the isotherms[18] and/or
the appearance of an exothermic peak on the FMC
thermogram at higher surface coverage[17,18]. Since
these are not observed (Figs. 5 and 6), it appears that
re-orientation of BSA is not significant in influencing
protein–protein interactions.

Fig. 6 also shows that the�Hads increases with an
increase in sodium sulfate concentration. This appears
to be rooted in the increase in energy required for
dehydration, as a larger number of water molecules
(and to a lesser extent ions) are released upon protein
adsorption at higher salt concentrations. It should be
noted that the influence of repulsive electrostatic inter-
actions between adsorbed protein molecules cannot be
ruled out. If these are present, shielding by the salt ions
may play a role. This is, however, unlikely, since the
lowest salt concentration used represents a relatively
high ion density in solution, and further increases in
salt concentration are not expected to enhance shield-

ing significantly. Also, the consistent trend of a re-
duction in�Hadswith increased protein concentration
supports the presence of attractive, rather than repul-
sive interactions, as was discussed earlier.

The influence of salt type on the enthalpy change of
adsorption was evaluated by comparing calorimetric
data at identical concentrations (1.0 M) of (NH4)2SO4
and Na2SO4 at pH 7.0 and 298.15 K. The results are
presented inFig. 7. Lower values of�Hads were ob-
tained in the presence of (NH4)2SO4, and, as with
sodium sulfate,�Hads decreased with an increase in
protein surface concentration. The lower endothermic
heat for (NH4)2SO4 is consistent with the smaller en-
ergetic requirement for surface dehydration (of pro-
tein and adsorbent) due to the release of a smaller
number of structured water molecules; the linear data
(Table 2) show, on comparison of the two salts, that
there is a significant difference in the number of water
molecules released.

The trends observed in the enthalpy of adsorption
data in this study are different from those reported
by Lin and co-workers[35,38]. Using different pro-
tein/adsorbent systems from this work, they observed
that the adsorption enthalpy change increased with the
amount of bound protein and decreased with an incre-
ment in salt concentration. The differences could stem
from the different protein/adsorbent systems studied,
emphasizing the widely different behaviors that sys-
tems can manifest, and the importance of character-
izing each system independently. One other possible
reason for the differences is the degree of overload-
ing. The heat of adsorption measurements were at a
much higher surface coverage in this work than that
of Lin and co-workers. We have previously observed
for a BSA/epoxy-(CH2)4 Sepharose system[17] that
at lower surface coverage the enthalpy change of ad-
sorption initially increases with protein surface con-
centration, reaches a maximum and then decreases as
the degree of overloading increases.

Reported inFig. 8 is the effect of temperature on
the adsorption isotherms of BSA on PPG-Sepharose
gel at 1.0 M sodium sulfate (pH 7.0). The capacity is
observed to increase with temperature. The equilib-
rium binding capacity of BSA with PPG-Sepharose is
much higher at 308.15 K than at 298.15 K. The corre-
sponding�Hadsat 303.15 and 308.15 K are presented
in Fig. 9. It can be seen that the adsorptions enthalpies
are larger at 308.15 K.
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Fig. 7. Adsorption enthalpy (�Hads) of BSA on PPG-Sepharose in the presence of different salts at pH 7.0 and 298.15 K ((�) 1.00 M
(NH4)2SO4 and (�) 1.00 M Na2SO4).
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Fig. 8. Isotherms measured under batch equilibrium conditions for BSA with PPG-Sepharose in the presence of 1.0 M Na2SO4 at pH 7.0
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Fig. 9. Adsorption enthalpy (�Hads) of BSA on PPG-Sepharose in the presence of 1.00 M Na2SO4, pH 7.0 at different temperatures ((�)
Na2SO4 298.15 K and (�) Na2SO4 308.15 K).

There are two possible reasons for the temperature
dependence inFigs. 8 and 9. At higher temperatures,
the number of water molecules released upon protein
adsorption may be larger. However, water release es-
timates inTable 2do not support such a trend, though
it is recognized that the behavior in the linear region
may not be representative of the non-linear region.
The second possibility is a change in conformation of
the protein with temperature. As was discussed ear-
lier, a sharp change inZ value in Fig. 3 is indica-
tive of a conformational change in the protein with
temperature. Furthermore, we observed small exother-
mic peaks on FMC thermograms at 308.15 K. These
were not present at the lower temperatures. This sug-

Table 3
List of thermodynamic adsorption quantities of BSA on PPG-Sepharose using as modulator 1.00 M Na2SO4 at pH 7 and different
temperatures

Temperature (K) Na2SO4 (M) �Gads (kcal mol−1) �Hads (kcal mol−1) �Sads (cal mol−1 K−1)

303.15 1.0 −5.4 9.3 (a) 48.5 (a)
4.7 (b) 33.3 (b)

308.15 1.0 −5.3 22.9 (a) 91.6 (a)
14.1 (b) 63.0 (b)

Measured high (a) and low (b) values of adsorption enthalpy change.�Gads was calculated from�Gads = −RT ln K, where R is the
universal gas constant,T the absolute temperature, andK the equilibrium binding constant obtained from the isotherms.

gests that the conformation at the higher temperature is
different.

Using the data inFigs. 8 and 9, the thermodynamic
quantities�Gads, �Hads and �Sads were estimated
at 303.15 and 308.15 K and are shown inTable 3.
�Gads was calculated from the equilibrium binding
isotherms. Using the two extreme values of�Hads
for each curve [(a) high; (b) low] inFig. 9, the range
of �Sads was determined. As expected,�Gads is
negative.�Gads also does not change significantly
between 303 and 308 K.�Sads is strongly positive,
and increases with an increase in temperature, in-
dicating that entropic driving force is strengthened
as the temperature is increased, possibly due to a
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change in the conformation of the protein with tem-
perature.

It is valuable to compare the thermodynamic pa-
rameters inTable 3 with the corresponding values
obtained from linear data using the Van’t Hoff anal-
ysis (Table 1). Clearly, the approximate Van’t Hoff
approach gives poor estimates of the thermodynamic
parameters under overloaded conditions. For exam-
ple, it shows no significant temperature dependence
for the entropy change between 303 and 308 K, while
under overloaded conditions (Table 3) a very strong
dependence is observed.

4. Conclusions

The effect of salt type and concentration and the ef-
fect of temperature on the adsorption behavior of BSA
on PPG-Sepharose have been studied under linear and
non-linear conditions.

Analysis of data under linear conditions was ac-
complished with stoichiometric displacement reten-
tion model and preferential interaction approach. It
has been demonstrated, using preferential interactions
analysis, that theZ value (indicative of conformational
changes), obtained from the stoichiometric displace-
ment retention model, is equivalent to the number of
moles of water displaced per mole of protein adsorbed.
Preferential interaction analysis indicates a strong en-
tropic driving force due to the release of a large amount
of solvent on adsorption.

The adsorption of proteins under overloaded condi-
tions was studied with heat of adsorption and isotherm
measurements. The relationships between equilibrium
adsorption capacity, salt concentration, salt type and
temperature were evaluated. For all the conditions
studied, the adsorption process was driven by an in-
crease in entropy; all the measured heats of adsorption
were endothermic. It was observed that the enthalpy
change of adsorption decreased (became less en-
dothermic) with an increase in protein adsorption, and
increased at higher temperatures. The corresponding
entropy change also increased with temperature. The
salt concentration strongly influenced the enthalpy
change of adsorption, giving higher values at higher
salt concentrations. It has been argued that the trends
observed indicate that protein and adsorbent surface
dehydration, protein–protein interactions on the adsor-

bent surface, and protein re-orientation and/or confor-
mation change all play a role in establishing the equi-
librium capacity. It is therefore important to recognize
that in developing a thermodynamic model for HIC
adsorption, under linear and overloaded chromato-
graphic conditions, these factors must be incorporated
in addition to the primary dispersive interactions.

5. Nomenclature

a± mean ionic activity
ai activity of componenti
a, b, c parameters evaluated by least squares

fitting for non-linear Van’t Hoff analysis
C integration constant
g (∂ln m3/∂ln a3)T ,P
�G◦ standard Gibbs free energy change

associated with eluite transfer from
the mobile to the stationary phase

�Gads Gibbs free energy change of adsorption
�H◦ standard enthalpy change for the eluite

transfer from the mobile to the stationary
phase

�Hads enthalpy change of adsorption
I contains a number of constants related to

the affinity of a protein to the HIC column
k′ capacity factor
K equilibrium constant
Ld hydrated ligands in salt solution
mi molal concentration of componenti
n total number of ions
n′ number of ligands interactions with a

protein molecule
R universal gas constant
�S◦ standard entropy change for the eluite

transfer from the mobile to the stationary
phase

�Sads entropy change of adsorption
T temperature
Z number of moles of water displaced

per mole of protein adsorbed on the
bonded phase surface

Greek letters
γ± activity coefficient
Γm
i,j preferential interaction coefficient between

speciesi andj in molal concentration
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νi moles of speciesi in the vicinity of the
protein per mole of protein

�νi stoichiometric weighted change in the
number of species in the local region of
products and reactants of the process

φ phase ratio of a column
∂ partial derivative

Subscripts
1 water or solvent
2 protein
3 salt or solute
+ cations
− anions

Appendix A

TheZ value [∂(ln k′)/∂(ln %B)] proposed by Karger
and co-workers[9] and the equation developed by
Perkins et al.[8], both results from the application
of the preferential interaction theory. By applying the
two-domain model of Arakawa and Timasheff[14],
a convenient interpretation of the effect of solutes on
processes that can be expressed in terms of the prefer-
ential interaction coefficients is provided. For the ad-
sorption process described by Perkins et al.[8]:

pP+ sS � cC (A.1)

where P is the protein, S the surface site and C the
protein–surface complex. The equilibrium constant is:

Km
OBS = (mC)

c

(mP)p(mS)s
(A.2)

It has been shown[13,14] that the variation of the ob-
served equilibrium constant with the mean ionic ac-
tivity of an electrolyte is[8]:(
∂lnKOBS

∂ln a±

)
T ,P,EQ

= c(Γm
+,C + Γm

−,C) − p(Γm
+,P + Γm

−,P)

−s(Γm
+,S + Γm

−,S) (A.3)

Re-expressing this relationship in terms of the
two-domain model yields[8]:(
∂lnKOBS

∂ln a±

)
T ,P,EQ

= (�ν+ + �ν−) − nm3

m1
�ν1

(A.4)

�νi is the moles ofi liberated by the formation of the
protein–surface complex[8].

Karger and co-workers, in order to have a mea-
surement that reflects contact area, applied, with some
approximations,Eq. (A.4) to their studies. For linear
chromatography, they consideredK = φk′ (φ is the
phase ratio). Since in a gradient a protein is eluted over
a small salt concentration range, they assumed that
the activity coefficient (γ±) is constant (a3 = εγxm

y

3,
beingy = n [9]). Hence, fromEq. (A.4) [9] a rela-
tionship between logk′ and log salt concentration is
obtained. In their studies, they founded that the slopes
of the linear plots of either lnk′ versus lnm3 or lnk′
versusm3 did not directly correlate with protein re-
tention trends as a function of column temperature.
However, a plot of lnk′ versus ln %B (%B is the wa-
ter concentration variation in the mobile phase rather
than salt concentration variation) correctly correlated
retention change with temperature. Therefore, they re-
castEq. (A.4)as[9]:

(
∂lnKOBS

∂ln aH2O

)
T ,P,EQ

= �ν1 − m1

nm3
(�ν+ + �ν−)

(A.5)

Assuming that the activity coefficient of water does
not change over the small salt concentration range of
protein elution in the gradient, they rewroteEq. (A.5)
as[9]:

(
∂lnKOBS

∂ln %B

)
T ,P,EQ

= Z = �ν1 − m1

nm3
(�ν++�ν−)

(A.6)

As salts used in HIC normally reduce protein solubil-
ity, preferential hydration is going to occur. Based on
this, Wu et al. assumed that the salt term on the right
hand side ofEq. (A.6)is negligible relative to the wa-
ter term[9]. Thus, the slope of the log–log plot,Z, is
equivalent to the number of moles of water displaced
per mole of protein adsorbed on the bonded phase sur-
face[9].

TheZ value obtained by Wu et al.[9] can be related
to the stoichiometric displacement retention model
presented by Geng et al.[10]. Taking the derivative
∂(ln k′)/∂(ln %B) of Eq. (1), the Z value is obtained.
Thus, there is no fundamental difference between the
Z values; the stoichiometric displacement retention
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model does, however, break down theZ value, clari-
fying its contributions.

Perkins et al.[8] have rewrittenEq. (A.4) in terms
of the capacity factor (K = φk′) and instead of con-
sidering the activity coefficient (γ±) to be constant
like Wu et al.[9], they incorporate the variation in the
mean ionic activity with the molal salt concentration:
(

∂ln k′

∂lnm3

)
T ,P,EQ

= (�ν+ + �ν−)
g

− nm3

m1g
�ν1

(A.7)

where

g =
(
∂lnm3

∂ln a±

)
T ,P

.

Integration ofEq. (A.7) yields Eq. (4). Eq. (A.7) is
a general result that can be applied to ion exchange,
hydrophobic interaction or reverse phase chromatog-
raphy[8]. At the salt concentrations generally used in
HIC, the second term is dominant, and the increase
in retention times with salt concentration is controlled
by the displacement of water molecules[8], the un-
derlying principle of the stoichiometric displacement
retention model for the HIC of proteins[10].

Starting fromEq. (A.7), we can determine:

∂(ln k′)
∂(ln[H2O])

= ∂(lnm3)

∂(ln[H2O])

∂(ln k′)
∂(lnm3)

(A.8)

By definitionm3 is the number of moles of solute (n3)
present in 1000 g water (m3 = (n31000)/([H2O]V18)
whereV is the solution volume), thus:

∂(ln k′)
∂(ln[H2O])

= − ∂(ln k′)
∂(lnm3)

= nm3

m1g
�ν1 − 1

g
(�ν+ + �ν−) (A.9)

ComparingEqs. (A.9) and (A.6)we can see that the
(nm3)/(m1g) factor results from the incorporation of
the variation in the mean ionic activity by Perkins et al.
[8] in Eq. (A.4).
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