
Thermodynamic Aspects of the Bovine Serum Albumin
Adsorption onto N,N�- Diethylaminoethyl Dextran
Microbeads

Hatice Kaplan Can, Ali Güner
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ABSTRACT: Adsorption of proteins on solid surfaces is
widely studied because of its importance in various biotech-
nological, medical, and technical applications, e.g., biosensor
cardiovascular implants and chromatography. Adsorption
thermodynamics has been studied on the microbeads of
N,N�-diethylaminoethyl (DEAE) dextran anion exchanger
for bovine serum albumin at 25, 30, 35 40, and 45°C. As a
result some thermodynamic parameters like Freundlich con-
stants, thermodynamic equilibrium constant (KD), standard
free energy changes (�Gassoc), standard entropy changes

(�Sassoc), and standard enthalpy change (�Hassoc) have been
evaluated. Using the linear Van’t Hoff plot, the �Hassoc
value of the system for the interaction of BSA adsorbed
crosslinked DEAE dextran microbeads was determined as
12.5 kJ/mol. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 99:
2300–2304, 2006
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INTRODUCTION

The chromatographic separation of proteins is impor-
tant not only for analysis but also in such large-scale
industries as the food and the drug industries. Bioaf-
finity chromatography is a highly specific separation
technique used for the isolation and purification of
biomolecules. However, some limitations exist such as
biological instability and leakage desorption condi-
tions, and cost confines its application. A number of
ion exchangers for protein separation have been de-
veloped to use for analysis, and a large number of
chromatograms have been presented to show that
they are useful for protein separation. When these ion
exchangers are applied to large-scale chromatographic
separation, it is necessary to investigate the equilib-
rium, kinetics, and dynamics in detail. Dextran-based
polyelectrolyte displacers were successfully employed
for the displacement purification of proteins in ion-
exchange displacement systems.1 As these types of the
separations become more common and higher quality
purification is demanded, a method optimize the sep-
arations with the minimum amount of experimenta-
tion needed. At present no such method of predicting

protein separations exists.2,3 Yamamoto et al.4 showed
that the adsorption of bovine serum albumin on
crosslinked N,N�-diethylaminoethyl (DEAE) dextran
(a weakly basic dextran-type ion exchanger) decreases
with decreasing pH. Tsou and Graham5 showed the
effect of the concentration of NaCl (ce) in bovine serum
albumin (BSA) solution on the isotherm for adsorption
of BSA on DEAE at pH 6.9.6 They showed that the
isotherm for ce � 0 is much more favorable than that
for ce � 1%. However, these reports are fragmentary
and systematic experimental investigations for ad-
sorption isotherms of protein have not been reported.
Yoshida et al.7 presented experimental equilibrium
isotherms of adsorption of BSA on crosslinked DEAE
dextran ion exchanger using Na� and Cl� ions.

The thermodynamics and dynamics of interfacial
layers have gained large interest in interfacial re-
search. An accurate description of the thermodynam-
ics of adsorption layers at liquid interfaces is the vital
prerequisite for a quantitative understanding of the
equilibrium or any nonequilibrium processes going on
at the surface of liquids or at the interface between two
liquids. Adsorption isotherm models can be derived
for a surface layer model in which the molecules of the
surfactant and the solvent from which the adsorption
takes place obey two conditions: (i) they do not inter-
act with each other; and (ii) they occupy equal areas.
In a number of cases, deviations from Langmuir be-
havior can be explained by relaxing the former condi-
tion, i.e., by accounting for interaction between the
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adsorbed molecules; in other cases, such deviations
have been related to differences in molecular area.8,9

BSA is the most abundant protein in blood plasma.
It has many important physiological functions, which
contribute significantly to colloid osmotic pressure
and aid in the transport, distribution and metabolism
of many endogenous and exogenous substances in-
cluding bile acids, bilirubin, long-chain fatty acids,
amino acids (notably tryptophan, thyroxine, and cys-
teine), steroids (progesteron, testosterone, aldoste-
rone, cortisol), metal ions such as copper, zinc, cal-
cium, magnesium chloride, and numerous pharma-
ceuticals. In recent years, microporous spheres were
modified and various affinity materials were used as
alternation supports for protein separation. Several
studies on BSA binding of small molecules, particu-
larly fatty acids and surfactants, based on different
spectroscopic techniques have been reported aiming
to clarify the nature of the interaction with the ligand
as a function of ionic strength, temperature, and vis-
cosity, as well as the nature of fatty acids or anionic
surfactants. Adsorption of BSA on crosslinked DEAE
dextran has been determined experimentally. They
were little affected by the initial concentration of BSA
but were considerably affected by pH, ionic strength,
and temperature. Adsorption isotherms were corre-
lated by the Langmuir,the Freundlich, and the Freund-
lich–Langmuir isotherms.10 Adsorption capacity fac-
tor and adsorption equilibrium constant were found.
Mathematical modeling of adsorption and kinetic or-
der, adsorption rate constant, and maximum adsorp-
tion was observed for two systems. Using the fitting
results, we extracted some ideas for the adsorption
mechanism of a protein on crosslinked DEAE dextran.
It has been proved experimentally or theoretically that
protein is adsorbed by electrostatic attraction, ion ex-
change, hydrophobic interaction, and/or hydrogen
bonding. Swelling kinetics of crosslinked DEAE dex-
tran and optimum ionic strength, pH, and mass of
hydrogel were investigated. Desorption studies were
determined at optimum medium conditions of DEAE

dextran microbeads and protein systems. Besides the
liquid state adsorption studies, Fourier transform in-
frared, elemental analysis, X-ray diffraction), scanning
electron microscopy), optic microscopy, and thermal
analysis methods were used for investigation of the
adsorption nature, adsorption capacity, and adsorp-
tion constants.11

In this present work, we investigated the effect of
temperature on BSA adsorption onto DEAE dextran
microbeads. Thermodynamics parameters of the ad-
sorption of BSA on weak anion exchanger DEAE dex-
tran microbeads was determined by experimentally
and general thermodynamic aspects that have been
discussed. Association free energy (�Gassoc) and en-
tropy change of the adsorption (�Sassoc) were evalu-
ated at different temperatures. The association heat of
the adsorption (�Hassoc) involved in the molecule
transfer from the mobile to the stationary phase was
calculated by using the linear Van’t Hoff plot.

EXPERIMENTAL

Materials

Commercial DEAE dextran microbeads were used as
shown in Scheme 1 (Sephadex A-50, Pharmacia Fine
Chemicals).

BSA was purchased from Sigma (Lyophilized, frac-
tion V). Adsorption studies were performed in a BSA
reservoir by constant stirring at a rate of 120 rev/min.
Some properties of the crosslinked DEAE dextran mi-
crobeads are shown in Table I.

Adsorption studies

Adsorption experiments were carried out at five dif-
ferent temperatures of 25, 30, 35, 40, and 45°C. Mi-

Scheme 1 Schematic representation of N,N-diethylami-
noethyl (DEAE) dextran microbeads.

TABLE I
Properties of Crosslinked Diethylaminoethyl (DEAE)

Dextran Microbeads

Crosslinked DEAE dextran microbeads

Description: Weakly basic anion exchanger
Functional group: Diethylaminoethyl (DEAE)
Diameter in watera (mm)

Free: 0.2364
Saturated by BSA: 0.2182
Diameter of dry particle a(mm): 0.0851

Water content (% wt): 94.1
Effective pH range: 2–9
pK of crosslinked DEAE dextran group: 9.5
Density

True (kg/m3): 1690
Apparent (kg/m3): 604

Porosity: 0.963
Total capacity: 3.5 � 0.5 mg/g
Available capacity

Albumin (MW � 67,000) : 7566 mg/g
Hemoglobin (MW � 69,000): 5000 mg/g
Ferritin (MW � 440,000) : 74 mg/g

a Average value of 50 particles.
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crobeads were contacted with the BSA solution and
gently mixed. The amount of BSA adsorbed on the
particles was measured after a certain time and until it
was confirmed that there was no further adsorption.
The adsorption capacity was determined by measur-
ing the initial and final concentrations of BSA within
the reservoir at � � 280 nm using a Schimadzu-100
double beam UV–vis spectrophotometer. Using the
formula the adsorbed phase concentration of BSA was
calculated with

qeq � V�c0 � ceq�/W, (1)

where c0 and ceq are the initial and equilibrium con-
centrations of BSA in liquid phase (mg/mL), respec-
tively, qeq denotes the microbeads phase concentration
of BSA (mg BSA/g of crosslinked DEAE dextran mi-
crobeads), and W is the mass of the microbeads (g)
and V is the volume of the solution (mL).

RESULTS AND DISCUSSION

The equilibrium studies on the crosslinked DEAE dex-
tran ion-exchangers have been of great interest be-
cause of their wide range of applications. A crucial
aspect of protein/surface phenomena is the effect of
temperature on the protein adsorption and protein
structure and consequently on the biological activity
of the protein.12 The interactions of protein with
charged hydrophilic surfaces (e.g., ion-exchanger ad-
sorbents) have been less well characterized on a fun-
damental level. There is an extensive body of literature
concerning the use of hydrophilic polyelectrolyte sur-
faces in the chromatographic separation of proteins,
but equilibrium studies of the thermodynamics of pro-
tein adsorption on chromatographic adsorbents are
uncommon. The resolution with which variations in
thermodynamic behavior as a function of protein
loading and temperature can be detected by batch
equilibrium experiments and indirect method Van’t
Hoff plot analysis was used.13

The adsorption isotherms of adsorption of BSA on
crosslinked DEAE dextran microbeads have been in-
vestigated by varying the temperature in the range of
25–45°C and follow adequately a Freundlich adsorp-
tion behavior14 and can be represented by the equa-
tion

qeq � KDceq
1/n, �2� (2)

ln qeq � ln KD � 1/n lnceq, (3)

where qeq is the equilibrium concentration of the sol-
ute in the solution in mg L�1. qeq is the amount of
solute adsorbed onto the unit mass of the adsorbent
for certain period of time, respectively (mg L�1). The

slope and intercept of the linear Freundlich equation
are equal to 1/n and ln KD, respectively. KD and n are
empirical constants dependent on the rate of the solid
and adsorbate and on the temperature. According to
the Freundlich equation, the amount adsorbed in-
creases infinitely with increasing concentration.14

Experimental equilibrium binding data were gener-
ated at different temperatures; the corresponding ad-
sorption isotherms were constructed and equilibrium
parameters (qeq and KD) were determined from the
corresponding semireciprocal plots fitted to the points
by the least squares method (Figs. 1 and 2).14 Obtained
association constant values are given in Table II de-
pending on the temperature. The observed decrease in
KD values with the temperature may be due to the
following factors. At higher temperature during the
unfolding process, the proteins expose buried amino
acid residues on the surface. Thus, the contact area
between the protein and the functional groups of the
matrix should increase, resulting in an increase in the
binding sites of the protein for the adsorbent at higher
temperatures.

The equilibrium association constant (KD) extracted
from the semireciprocal plot was then employed for
the Van’t Hoff plot analysis of log KD versus the
reciprocal of the temperature. From the Van’t
Hoff plot, the apparent thermodynamic parameters
(�Gassoc, �Hassoc, and �Sassoc) were then extracted. It
should be noted that the thermodynamic parameters
extracted are apparent values, since the phase ratio,
i.e., the ratio of the volume of the stationary to mobile
phase, in the finite batch is not specified at the differ-
ent temperatures; however, for the purpose of these
analyses, it was assumed to be constant.

Figure 1 Temperature dependence of adsorption capacity
of the crosslinked DEAE dextran/BSA system. (Semirecip-
rocal plots of the experimental data for the adsorption iso-
therm of BSA onto crosslinked DEAE dextran microbeads at
different temperature).
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The value of the apparent change in enthalpy
(�Hassoc) during the binding process was determined
from the gradient of the plots and can be equated inter
alia with the extent of hydrogen bond formation or
breakage. The corresponding values, the apparent
change in free energy (�Gassoc) and the apparent
change in entropy (�Sassoc), were determined from the
relationships

�Gassoc � � RT lnKD (4)

and

�Gassoc � �Hassoc � T�Sassoc, (5)

where R is the gas constant. The effect of temperature
in polymer/protein interaction may also be important
in such a system.

The results depicted in Figures 1 and 2 imply that
with increasing temperature, BSA adsorption chang-

ing according to the high (	35) and low (
35) tem-
peratures.

(i) With increasing temperature, the electrostatic
binding forces between the BSA molecules and poly-
mer surfaces weaken, and adsorption decreases.

(ii) At higher temperatures, the escaping tendency
of the BSA molecules from the surface to the bulk
solution increases, which also results in decreased ad-
sorption.

(iii) At lower temperatures, the protein molecules
may acquire a more compact structure that will result
in great adsorption.

One cannot also rule out the possibility of physical
agglomeration of the protein molecule at lower tem-
perature (25°C), which also results in increased ad-
sorption. Such agglomeration has also been postulated
by several workers in the case of dye adsorption.15–17

The dependence of the equilibrium association con-
stant, KD, on 1/T for the binding of bovine serum
albumin on DEAE dextran microbeads was analyzed
in terms of Van’t Hoff plots. The Van’t Hoff plot was
linear for the system (Fig. 3). This linear behavior was
thermodynamically what was expected, whereas there
was no change in the interaction mechanism in rela-
tion to temperature.

The �Gassoc values for BSA adsorbed on the
crosslinked DEAE dextran microbeads were calcu-
lated for each temperature and are tabulated in Table
III. The negative �Gassoc values for each temperature
indicated that adsorption of BSA on the crosslinked
DEAE dextran was a favorable process and those were
ranged between �13.1 and �17.8 kJ/mol. The high
affinity of the adsorption isotherm, even at significant
loadings, implies that �Gassoc is negative under the
conditions used. The homogeneous nature of the ad-
sorbent surface and ill-characterized surface–charge

Figure 2 Linear form of the temperature dependence of
adsorption capacity of the crosslinked DEAE dextran/bo-
vine serum albumin system (semireciprocal plots of the
experimental data for the adsorption isotherm of BSA on
crosslinked DEAE dextran microbeads at different temper-
ature).

TABLE II
Values of Association Equilibrium Constant KD (or

Thermodynamic Coefficient) for the Adsorption of BSA
onto Crosslinked DEAE Dextran Microbeads

at Different Temperatures

Temperature (K) KD

298 1059.9
303 150.66
308 257.24
313 440.67
318 825.51

Figure 3 Van’t Hoff plot for the adsorption of BSA ad-
sorbed crosslinked DEAE dextran microbeads.
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density and distribution, however, 10 used for calcu-
lation of �Hassoc is based on the assumption that a
reversible equilibrium exits between the bound and
the free protein. It lumps together all subprocesses
accompanying protein adsorption and is therefore
only a qualitative indicator of adsorption thermody-
namics.13 �Sassoc values for the adsorption of BSA to
crosslinked DEAE dextran also are presented in Table
III. At lower temperatures, due to lower kinetic mo-
tion of the BSA, the value of the phase ratio will be
different from that at higher temperatures. Positive
values for the �Sassoc were obtained for the adsorption
of BSA onto crosslinked DEAE dextran microbeads,
indicating an increase in the total disorder of the sys-
tem during adsorption. The apparent Van’t Hoff en-
thalpy �Hassoc of complex formation was determined
from the temperature dependencies of the equilibrium
constants (Fig. 3).

The calculated �Hassoc value of the system for the
interaction of BSA adsorbed crosslinked DEAE dex-
tran microbeads was 12.5 kJ/mol. Such determina-
tions assume that �Hassoc is independent of tempera-
ture, and consequently there is no change in the heat
capacity of the system. The good linearity of the Van’t
Hoff plots strongly suggests that it is indeed the case
at least in the temperature domain where our experi-
ments were performed (25 and 45°C). Obtained values
indicate that complexation reaction with BSA and
crosslinked DEAE dextran microbeads are entropi-
cally driven and accompanied by an unfavorable en-

thalpy variation since the values of �Hassoc are posi-
tive.17,18 The interactions between ionic species in
aqueous solution are characterized by small positive
enthalpy and positive entropy changes.

CONCLUSIONS

Accordingly, the present thermodynamic behavior
corresponded to the model describing the electrostatic
attraction that occurs between the negatively charged
nonspecific regions of bovine serum albumin and the
positively charged crosslinked DEAE dextran micro-
spheres.

The authors would like to thank Turkish National Technical
and Research Council (TUBITAK) BAYG group.
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