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a b s t r a c t

The adsorption of bovine serum albumin (BSA) and lysozyme (LYS) on siliceous SBA-15 with 24 nm pores
was studied using flow microcalorimetry; this is the first attempt to understand the thermodynamics
of protein adsorption on SBA-15 using flow microcalorimetry. The adsorption mechanism is a strong
function of protein structure. Exothermic events were observed when protein–surface interactions were
attractive. Entropy-driven endothermic events were also observed in some cases, resulting from lateral
protein–protein interactions and conformational changes in the adsorbed protein. The magnitudes of the
eywords:
rdered mesoporous material
rotein adsorption
low calorimetry
eat of adsorption
rotein–surface interaction

enthalpies of adsorption for primary protein–surface interactions decrease with increased surface cov-
erage, indicating the possibility of increased repulsion between adsorbed protein molecules. Secondary
exothermic events were observed for BSA adsorption, presumably due to secondary adsorption made
possible by conformational changes in the soft BSA protein. These secondary adsorption events were not
observed for lysozyme, which is structurally robust. The results of this study emphasize the influence
of solution conditions and protein structure on conformational changes of the adsorbed protein and the

ders
value of calorimetry in un

. Introduction

Protein adsorption on ordered mesoporous materials (OMMs)
as been shown to have great potential in a wide range of appli-
ations, such as bioseparations, biosensors, and enzyme catalysis.
igh and rapid protein loading within the mesopores of OMMs

such as SBA-15) is a characteristic feature of these materials [1]. A
umber of studies have been performed to understand the effects
f pore size [2], adsorbent surface chemistry [3,4], protein struc-
ure [5], and solution conditions [1] on protein adsorption. The
imilarity between the pore size of the OMM and the dimen-
ions of the protein complicates mechanistic interpretations using
ata from conventional measurements (isotherms and rate studies)
ue not only to possible involvement of external surface area but
lso to non-idealities originating from intermolecular interactions
etween adsorbed molecules. Consequently, the data obtained by

sotherm and rate studies are not always sufficient to pinpoint

he underlying mechanism of protein interaction with SBA-15

aterials. Direct visualization of protein adsorption using confocal
canning laser microscopy (CSLM) has significantly improved the
nderstanding of protein adsorption in OMMs [6–12]. However,
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tanding protein–surface interactions.
© 2010 Elsevier B.V. All rights reserved.

CSLM can only provide insight into mass transfer during protein
adsorption on these materials; it cannot provide information on
the energetics of the system. Previous studies confirmed that SBA-
15 materials with pore size of 24 nm can be effectively used to
adsorb proteins in the pores utilizing the maximum available sur-
face area [1,2]. Various siliceous and ligand terminated OMMs have
been used for protein adsorption; however the mechanism of pro-
tein adsorption under different solution conditions has not yet been
established.

In the past, researchers have turned to calorimetry to explore the
underlying mechanism of protein adsorption [13–17]. The equilib-
rium capacity for a protein on a surface is determined by the Gibbs
free energy change of adsorption, �Gads. This free energy change,
in turn, depends upon the enthalpy change of adsorption, �Hads,
which can be measured using calorimetry. Protein adsorption can
be exothermic or endothermic [13–17]. Exothermic adsorption
is associated with attractive forces between the surface and the
adsorbed proteins, between the adsorbed proteins, or both [13–17].
Endothermic adsorption is often attributed to changes of protein
conformation or orientation upon adsorption or to the associated
release of solvent from the surface; in this case the adsorption pro-
cess is entropy-driven [13–17]. When protein adsorption involves

multiple phenomena (such as folding or water release) exotherms
and endotherms have been observed at different times during the
adsorption process [13–17].

Calorimetry is a valuable tool to understand protein–adsorbent
surface interactions, due to its capability to detect minute ther-

http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:Stephen.Thiel@uc.edu
dx.doi.org/10.1016/j.chroma.2009.12.058
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Table 1
Enthalpy of lysozyme (LYS) adsorption onto SBA-15-240 Å at pH 8 and 25 ◦C. Sample
size: 0.770 mL; mobile phase rate: 1.65 mL/h.

LYS initial concentration (mg/mL) Loading (mg/g) �Hads (kJ/mol)

10 253 −381
584 A. Katiyar et al. / J. Chroma

al changes (10−6 K). These temperature changes can be converted
o heats of adsorption using an experimentally determined cali-
ration factor. Exothermic events result in temperature increases,
hile endothermic events produce temperature decreases. Based

n calorimetric measurements, Thrash and Pinto [15] suggested
hat in protein ion-exchange chromatography (IEC) the repulsive
nteraction between the adsorbed protein molecules is a more sig-
ificant contributor to endothermic adsorption than are solution
on-idealities and surface dehydration. These interactions can be
odulated by the cations present in the mobile phase. In the case of

ydrophobic supports, exothermic events were observed. In a dif-
erent study, it was postulated that endothermic adsorption might
e the result of protein restructuring, protein reorientation, and/or
ater release from the surface [18,19]. The conformational changes

or adsorbed proteins appeared to be greater in the absence of salt
16].

This paper reports the results of a study of the adsorption of
ovine serum albumin (BSA) and lysozyme (LYS) on siliceous SBA-
5 with 24 nm pores. This is the first attempt to understand the
hermodynamic aspect of protein adsorption on SBA-15 using flow

icrocalorimetry. The effects of solution conditions (pH and tem-
erature) and protein structure on the enthalpy of adsorption are
eported.

. Experimental

.1. Materials

BSA (A 7030) and lysozyme (L 6876) were purchased from Sigma
St. Louis, MO, USA) and used without further purification. SBA-15
ith a pore size of 24 nm (SBA-15-240 Å) was used as a support
aterial. The SBA-15-240 Å was synthesized using the procedures

escribed by Katiyar et al. [2]. The carrier fluids for the experiments
ere 50 mM acetate buffer (pH 4.8) and 50 mM phosphate buffer

pH 7.6). Lysozyme sample concentrations were 10–60 mg/mL; BSA
ample concentrations were 20–80 mg/mL.

.2. Flow microcalorimetry

A Miscroscal FMC 3Vi flow microcalorimeter (FMC; Gilson
nstruments, Westerville, OH, USA) was used for calorimetric mea-
urements; the FMC system is described in detail elsewhere [13].
he FMC contains a column (sample cell) with a volume of 0.171 mL.
he flow through the cell is regulated by two precision syringe
icropumps; the mobile phase flow rate was 1.65 mL/h and the

ample loop was 0.770 mL. Two highly sensitive thermistors are
nterfaced with the sample cell to detect the small temperature
hanges associated with adsorption on the sample. The cell is ther-
ally insulated to minimize heat loss during the experiments and

he impact of changes in laboratory conditions on the calorimetric
esults. Experiments can be performed at various cell tempera-
ures using a block heater; the experiments reported here were
erformed at 25 and 35 ◦C.

The FMC cell was initially packed with approximately 25 mg
f solid and evacuated to remove air trapped inside the porous
dsorbent. Once evacuated, the sample was wetted with the buffer
nd allowed to reach thermal equilibrium, indicated by a constant
alorimeter output. A known protein sample (concentration and
olume) was then introduced into the cell by switching a multi-
ort valve. Protein adsorption caused a change in cell temperature,

hich was converted to a heat signal using a calibration factor.

he effluent, with un-retained protein, was collected until equilib-
ium was attained. The protein concentration in the effluent was
etermined from the absorbance at 280 nm using a UV spectropho-
ometer (Spectronic 1001, Milton Roy). A mass balance was used to
30 675 −98
60 855 −91

�Hads: Enthalpy of adsorption.

calculate the amount of protein adsorbed. Peak deconvolution was
performed using the PEAKFIT software package. These data were
used to calculate the specific heats of protein adsorption.

3. Results and discussion

This study reports on the adsorption of two proteins, lysozyme
(LYS) and bovine serum albumin (BSA) on SBA-15-240 Å. Physical
characterization of the SBA-15-240 Å used in the study reported
here has been presented elsewhere (sample SBA-15-3 in Ref. [2]).
SBA-15 has surface chemical properties similar to other silica mate-
rials. The surface silanol groups are of particular importance, as
these groups provide acidity and, at low pH, the possibility of hydro-
gen bonding. The isoelectric point of SBA-15 is 3.7 ± 0.3, higher
than that of more conventional silicas (∼2) [20]. These materials
also have some hydrophobic character, as evidenced by significant
protein adsorption under conditions where electrostatic interac-
tions are not favorable for adsorption. At the conditions of the work
reported here, pH 4.8 and 7.8, the SBA-15-240 Å will have a net
negative surface charge.

The proteins used in this study have different isoelectric points
(11.1 for lysozyme [21] and 4.6 for BSA) and different degrees of
structural stability. Lysozyme is classified as a structurally robust
or “hard” protein [22], while BSA is a “soft” protein. A similar con-
cept of hard and soft proteins is presented by Brandes et al. [21].
Relatively simple adsorption behavior can be expected for hard pro-
teins, while more complex adsorption behavior can be expected for
soft proteins.

Evidence in the literature shows that the BSA undergoes confor-
mational changes upon adsorption. Brandes et al. [21]. studied the
adsorption of BSA on hydroxyapatite (HP) particles, and showed
that BSA is partially folded during adsorption, and the surface-
bound state is distinctly different from both the native state and
the thermally denatured state in solution. Larsericsdotter et al. [23]
concluded that adsorption onto silica reduces the structural stabil-
ity of BSA, but not so significantly that internal residues are exposed
to an aqueous solvent phase. BSA is often used in the literature as
an example of a globular “soft” protein with a high amount of �-
helical structure [21]. It was observed that during adsorption BSA
primarily lost its �-helix structure [24] with a significant increase
in unordered domains [25]. BSA adsorption on a sepharose-based
hydrophobic surface was observed to be driven by entropic forces
under linear conditions, however under non-linear conditions the
adsorption was driven by enthalpy change [26].

FMC studies of LYS-SBA-15-240 Å interactions as a function of
sample loading were performed at pH 8 and room temperature
(25 ◦C); the thermograms obtained in these experiments are shown
in Fig. 1, and the corresponding calculated heats of adsorption
are summarized in Table 1. Feed concentrations were 10, 30, and
60 mg/mL; these feed concentrations resulted in LYS loadings of
253, 675, and 855 mg/g, respectively. pH 8 is the pH condition clos-

est to the isoelectric point of lysozyme that could be used because
the silica adsorbent is not stable at pH greater than 8.5 [27]. At
pH 8, LYS is positively charged and the silica surface is negatively
charged. A single exothermic peak is observed, which indicates
strong attractive protein–surface interactions and negligible struc-
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Table 2
Enthalpy of bovine serum albumin (BSA) adsorption onto SBA-15-240 Å at pH 4.8
and 25 ◦C. Sample size: 0.770 mL; mobile phase rate: 1.65 mL/h.

BSA initial
concentration (mg/mL)

Loading (mg/g) �HI
ads

(kJ/mol) �HII
ads

(kJ/mol)

20 224 −360 −182
50 358 −221 −124
80 564 −112 −81
ig. 1. Thermograms for lysozyme (LYS) adsorption on SBA-15-240 Å at pH 8 and
5 ◦C at three LYS loadings.

ural rearrangement during adsorption. In each experiment, the
xotherm began when the protein sample reached the adsor-
ent. The magnitude of �Hads decreased as the lysozyme loading

s increased. This decrease in �Hads can be attributed to repul-
ive lateral interactions between adsorbed lysozyme molecules;
hese repulsive interactions increased in magnitude as the load-
ng increased [13,15,19]. The shape of the adsorption isotherm for
YS on SBA-15-240 Å [2] indicates that multilayer adsorption of LYS
ccurs at higher loadings. For the overloaded conditions studied
ere, the distribution coefficient for LYS decreases as the mobile
hase LYS concentration decreases. This results in faster move-
ent of LYS through the bed, explaining the shift of the timing of

xotherm peak to lower times at higher loadings. The peak of the
xotherm at the lowest protein loading corresponds to the end of
he protein sample, so it is also possible that the shift in the timing
f the peak is due to rapid saturation of the outer regions of the
dsorbent particles.

The interaction of BSA with SBA-15-240 Å at pH 4.8 and 25 ◦C

hows more interesting behavior. Thermograms obtained at dif-
erent BSA feed concentrations (20, 50, and 80 mg/mL) are shown
n Fig. 2; these different initial concentrations correspond to the
SA loadings of 224, 358, and 564 mg/g, respectively. Two exother-
ic events were observed in each of these tests; the enthalpies of

ig. 2. Thermograms for bovine serum albumin (BSA) adsorption on SBA-15-240 Å
t pH 4.8 and 25 ◦C at three BSA loadings.
�HI
ads

: Enthalpy of adsorption during first event.
�HII

ads
: Enthalpy of adsorption during second event.

adsorption are summarized in Table 2. The first exotherm, �HI
ads

,
results from attractive protein–surface interactions. As with LYS,
the first exotherm for BSA adsorption begins when the protein
sample reaches the adsorbent. However, the first exotherm peaks
well before the end of the protein sample. Reduction of �HI

ads
with

increase in loading may be due to increased repulsive interactions
between the protein molecules. At higher loading, repulsive lateral
interactions between the adsorbed protein molecules, which are
endothermic, might increase, reducing the net heat of adsorption
at higher loadings (�HI

ads
) [18,28]. The first peak occurs later at the

lowest BSA loading than at higher BSA loadings; the difference in
peak timing can be explained as a consequence of the concentration
dependence of the distribution coefficient of the protein.

The second exothermic peaks, �HII
ads

, are aligned at approxi-
mately 47 min for the concentrations studied here, well after the
end of the protein sample. This timing indicates that the sec-
ond exotherm is not the result of the formation of secondary
adsorbed layers, consistent with the adsorption isotherm [2]. This
second peak can be attributed to the secondary adsorption of BSA
molecules. After the primary BSA adsorption on the SBA-15 surface,
the BSA molecules undergo conformational changes that create
new sites on the protein surface which are available for favor-
able interactions with the adsorption surface. This conclusion is
supported by the work of Kondo et al. [19,29], which shows that
hemoglobin binding with CdS particles may be the result of a
primary binding interaction followed by conformational changes
favorable for secondary adsorption. Soderquist and Walton [30]
reported that the protein adsorption process is characterized by
three stages: initial adsorption, slow conformational change with
irreversible adsorption, and at longer times, desorption of small
amounts of denatured protein. Conformational changes during pro-
tein adsorption are reported to be primarily endothermic [15]. The
simultaneous occurrence of conformational changes (endother-
mic) and secondary adsorption (exothermic) during the second
peak results in the lower magnitude �HII

ads
; an endothermic event

is buried in the second exothermic peak. The magnitude of �HII
ads

decreases as BSA loading increases. This trend can be explained
by the fact that the protein–surface interactions are stronger at
lower protein loadings [19]. These strong interactions are responsi-
ble for greater conformational changes, which drive the secondary
adsorption process.

A separate study of the adsorption kinetics of BSA and LYS on
large pore SBA-15 materials using confocal microscopy showed
that equilibrium is achieved within about 20 min. A similar obser-
vation is reported by Soderquist and Walton [30] who found that
the majority of protein was adsorbed within 10 min followed by
slow uptake to final equilibrium. These observations show that the
effects of mass transfer resistance are negligible in this study, and
thus show that the secondary event is not the result of mass transfer
resistance effects.
The absence of a second peak in the LYS adsorption thermo-
grams and the presence of this second peak for BSA adsorption can
be related to the concept of “hard” and “soft” proteins described by
Norde and Anusiem [22], who studied the adsorption of BSA and LYS
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ig. 3. Thermograms for bovine serum albumin (BSA) adsorption on SBA-15-240 Å
3 mg/g BSA loading; (c) deconvoluted peaks for 227 mg/g BSA loading; and (d) dec

dsorbed onto fine silica particles. They found that BSA undergoes
onformational changes upon adsorption; however, the structure
f LYS was not affected by adsorption due to its robustness.

BSA adsorption thermograms at pH 7.6 and 25 ◦C as a func-
ion of loading are presented in Fig. 3; the enthalpies of adsorption
btained from these experiments are presented in Table 3. Mobile

hase BSA concentrations were 20, 50, and 60 mg/mL, correspond-

ng to stationary phase loadings of 93, 227, and 256 mg/g. At pH 7.6,
oth SBA-15-240 Å and BSA have negative surface charges; thus, the
rimary interaction between the BSA and the SBA-15 is expected

able 3
nthalpy of bovine serum albumin (BSA) adsorption onto SBA-15-240 Å at pH 7.6
nd 25 ◦C. Sample size: 0.770 mL; mobile phase rate: 1.65 mL/h.

BSA initial
concentration (mg/mL)

Loading
(mg/g)

�HI
ads

(kJ/mol)
�HII

ads
(kJ/mol)

�HIII
ads

(kJ/mol)

20 93 −73 72 −152
50 227 −84 57 −180
60 256 −17 138 −204

HI
ads

: Enthalpy of adsorption during first event.
HII

ads
: Enthalpy of adsorption during second event.

HIII
ads

: Enthalpy of adsorption during third event.
7.6 and 25 ◦C at three BSA loadings. (a) Total heat flow; (b) deconvoluted peaks for
uted peaks for 256 mg/g BSA loading.

to be weaker than at pH 7.6 due to the presence of repulsive
protein–surface and protein–protein interactions. These repulsive
interactions increase as the BSA loading on the surface is increased
[19]. The first event (�HI

ads
), which begins when the protein sam-

ple reaches the adsorbent, is under these conditions exothermic
for all cases; however the magnitude of this event is minimal at
the highest loading (256 mg/g) due to increased lateral interac-
tions between the similarly charged BSA molecules (Table 3). These
lateral interactions, combined with primary interactions, cause
conformational changes in the adsorbed BSA molecules. These
changes are reflected by the second, endothermic events (�HII

ads
)

shown in Fig. 3 and reported in Table 3. The endothermic events
occur while protein adsorption is still in progress, The third event
(�HIII

ads
), which is exothermic, is again due to the secondary adsorp-

tion of BSA molecules. The increase in �HIII
ads

with BSA loading is
consistent with greater conformational change and increased lat-
eral interaction between adsorbed BSA molecules. The absence of
a second endothermic peak in Fig. 2 was explained by the strong

primary protein–surface interactions at pH 4.8, which masked the
endothermic events produced by structural rearrangement peak
completely. Thus the presence of a strong exothermic event (due
to strong protein–surface interactions) and a weak endothermic
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ig. 4. Thermograms for bovine serum albumin (BSA) adsorption on SBA-15-240 Å
t pH 4.8 and 35 ◦C at three BSA loadings.

vent (due to minimal protein–protein interactions) at pH 4.8 result
n the observation of a single exothermic event. The magnitudes of
he exothermic events driven by primary protein–surface interac-
ions are weaker at pH 7.6, allowing both events to be observed as
hown in Fig. 3.

BSA adsorption thermograms for SBA-15-240 Å at pH 4.8 and
5 ◦C are shown in Fig. 4 and the corresponding enthalpies of
dsorption are summarized in Table 4. Mobile phase BSA concen-
rations were 20, 50, and 80 mg/mL, producing stationary phase
oncentrations of 340, 377, and 497 mg/g. BSA adsorption at 35 ◦C
esulted in higher BSA loadings than were obtained at 25 ◦C. In
ig. 4, the first, endothermic event (�HI

ads
) indicates that the BSA

dsorption is driven by entropic effects. This initial endotherm
egins as the protein sample reaches the adsorbent. Similar conclu-
ions for linear isotherm loadings were obtained by Esquibel-King
nd Pinto [26]. The increased BSA loading with increase in tem-
erature indicates that weakly hydrophobic forces and van der
aals forces may drive BSA adsorption. The endothermic event

or BSA adsorption at higher temperature may be the result of a
arge release and rearrangement of the water molecules that sur-
ound the hydrophobic residues on the surface, and the structural
hanges due to protein–surface interactions are consistent with
n entropy-driven process [26]. Recently, Ueberbacher et al. [31]
howed that the adsorption of BSA on Butyl Sepharose 4 FF led to
econdary structure changes and the �-helix content was reduced
y approximately 24%. Ueberbacher et al. further stated that the

ncrease in adsorption temperature can significantly increase the
xtent of structural change. The percentage of unfolded proteins
ncreased exponentially with increasing temperature. While the

nitial BSA–surface interaction is driven by van der Waals forces,

hich are exothermic in nature, the higher temperature and weak
tructural stability induce changes in the secondary structure of
SA. This highly endothermic process is dominant during the ini-

able 4
nthalpy of bovine serum albumin (BSA) adsorption onto SBA-15-240 Å at pH 4.8
nd 35 ◦C. Sample size: 0.770 mL; mobile phase rate: 1.65 mL/h.

BSA initial
concentration (mg/mL)

Loading (mg/g) �HI
ads

(kJ/mol) �HII
ads

(kJ/mol)

20 340 29 −16
50 377 47 −45
80 497 44 −58

HI
ads

: Enthalpy of adsorption during first event.
HII

ads
: Enthalpy of adsorption during second event.

[
[
[
[
[
[
[
[
[
[
[
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tial part of the curve shown in Fig. 4. The second, exothermic peak
(�HII

ads
), which occurs after the protein sample has ended, is a result

of secondary adsorption due to creation of new adsorption sites on
adsorbed BSA molecules after conformational changes during the
primary adsorption process.

This work reported here is a first attempt to understand
the protein–surface interactions on mesoporous SBA-15 materi-
als using flow microcalorimetry. The results of this study will be
useful in understanding biomolecular adsorption on SBA-15 mate-
rials at different conditions, providing insight for designing better
materials for biocatalysis and bioseparations.

4. Conclusions

Calorimetric measurements of heats of adsorption for BSA
and lysozyme on SBA-15-240 Å materials demonstrate the impor-
tance of solution conditions and protein structure on protein
adsorption. Adsorption tests using two proteins with different
structural stability, BSA (soft) and lysozyme (hard), show that the
adsorption mechanism is a strong function of protein structure.
Exothermic events were observed for attractive protein–surface
interactions. However, endothermic events were also observed in
some cases; these resulted from lateral protein–protein interac-
tions and conformational changes in protein molecules adsorbed on
the SBA-15 surface. Adsorption is entropy-driven during endother-
mic events. The magnitudes of the enthalpies of adsorption
for primary protein–surface interactions decrease with increased
surface coverage by protein, indicating repulsive interactions
between adsorbed protein molecules. The second exothermic
events observed for BSA adsorption in the later part of the ther-
mograms are due to secondary adsorption made possible by
conformational changes in the soft BSA protein. The structural
robustness of lysozyme minimizes the conformational changes
upon adsorption, eliminating secondary adsorption. The results
of this study emphasize the influence of solution conditions and
protein structure on the degree of conformational changes on the
adsorbent surface.
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