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The adsorption and unfolding kinetics determines the folding state
of proteins at the air–water interface and thereby the equation of state
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Abstract

Unfolding of proteins has often been mentioned as an important factor during the adsorption process at air–water interfaces and in the increase
of surface pressure at later stages of the adsorption process. This work focuses on the question whether the folding state of the adsorbed protein
depends on the rate of adsorption to the interface, which can be controlled by bulk concentration. Therefore, the adsorption of proteins with
varying structural stabilities at several protein concentrations was studied using ellipsometry and surface tensiometry. For β-lactoglobulin the
adsorbed amount (Γ ) needed to reach a certain surface pressure (Π) decreased with decreasing bulk concentration. Ovalbumin showed no such
dependence. To verify whether this difference in behavior is caused by the difference in structural stability, similar experiments were performed
with cytochrome c and a destabilized variant of this protein. Both proteins showed identical Π–Γ , and no dependence on bulk concentration.
From this work it was concluded that unfolding will only take place if the kinetics of adsorption is similar or slower than the kinetics of unfolding.
The latter depends on the activation energy of unfolding (which is in the order of 100–300 kJ/mol), rather than the free energy of unfolding
(typically 10–50 kJ/mol).
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

To understand the differences in surface behavior observed
between different proteins—or one protein in different system
conditions—it is necessary to identify the different processes
involved in adsorbed layer formation and their relative contri-
bution to the interfacial properties. One of these processes is
the possible unfolding of proteins at the interface [1–3]. That
proteins may unfold at interfaces was hypothesized based on
the observation that enzymes may loose their activity upon ad-
sorption at the air–water interface [4,5]. A gain in free energy
of the system would be obtained if the protein changes its con-
formation so that the polar residues are oriented towards the
aqueous phase and the non-polar (or hydrophobic) residues to
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the air phase. Such a reorientation will lead to a ‘loop-train’
configuration, where loops are the parts of the polypeptide that
protrude in the bulk solution and the trains are segments of
mainly hydrophobic residues that are adsorbed at the interface
[3,6,7]. In what way the observed interfacial properties are af-
fected by such unfolding is not well understood. Some authors
suggest that only an unfolded protein will adsorb at the inter-
face, thereby relating structural stability to the initial adsorption
[1,8,9]. Other authors claim that protein unfolding is required
to increase the surface pressure [10–12]. In these models the
conformational state of the proteins is often assumed to change
with the surface pressure. In the equation of state model of
Fainerman et al. [13,14], the decrease in apparent size of the
adsorbed protein with increasing surface pressure is described
as desorption of segments of the protein chain. However, from
studies performed with non-unfolding particles (such as Stöber
silica particles [15], glass microspheres [16], gelled polymer
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microbeads [17], latex particles [18], and colloidal silver parti-
cles [19]) surface pressure–surface area relations are found that
are remarkably similar to those typical for proteins. Another
observed phenomenon that has been related to protein unfold-
ing after adsorption is the increase in surface pressure at longer
time-scales, while little or no increase in adsorbed amount is
measured [2,7,20]. The above-mentioned articles illustrate the
different phenomena that have been related to interfacial un-
folding of proteins.

In contrast to the relative high amount of theories based
on protein unfolding at liquid interfaces, the direct evidence
seems to be limited. Detailed information on the exact glob-
ular structure of adsorbed proteins can be obtained from only
a few techniques. Most techniques that can readily be used in
bulk are difficult to apply in a reflection mode due to drastic de-
creases in signal intensity and subsequently a decrease of the
signal to noise ratio. Neutron and X-ray reflectivity have been
used to obtain information on the density profile and structure
of interfacial molecular layers [21–29], but the results cannot
be decisive about possible conformational changes of proteins
at the interface. More specific information on the structural fold
of proteins at the air/water interface can be obtained from in-
frared reflection absorption spectroscopy (IRRAS). With this
method, the spectrum of an infrared (IR) beam is analyzed after
specular reflection at the interface. The sensitivity of the amide I
region to changes in the secondary structure can be used to gain
insight in the protein conformation at a secondary folding level
[30–35]. More recently also external reflection circular dichro-
ism has been used to assess this information [33]. From a com-
bination of these techniques, several authors conclude that only
limited changes in the conformation of proteins occurs upon ad-
sorption at the air–water interface [28,32,34,36–40]. Maximum
changes of up to 10% are observed in the secondary structure,
but the globular folding state of the protein is generally found to
remain intact [34]. Furthermore, no significant changes of the
structure in time have been reported so far.

With respect to characterizing the surface functionality of
proteins it is important to learn in what way protein unfold-
ing at interfaces affects the measured interfacial properties such
as surface pressure. Therefore the current work focused on
changes in the adsorbed state of the protein as a result of ad-
sorption at rates, rather than differences between the adsorbed
state and the conformation in bulk. Since the rate of adsorption
is directly proportional to the bulk concentration of the protein,
the adsorption of proteins with different structural stabilities at
different bulk concentrations was measured with the use of el-
lipsometry and surface tensiometry.

2. Materials and methods

β-Lactoglobulin (β-lg) was isolated and purified (>98% pu-
rity) from fresh cow milk (A:B ratio 40:60) using the protocol
described by de Jongh et al. [41]. The material was freeze-dried
and stored at −20 ◦C. Ovalbumin was isolated as described
previously [42] with the only adaptation that ovalbumin was
eluted from the ion-exchange material at 0.15 M NaCl to im-
prove purity. Horse heart cytochrome c was purchased from
Sigma–Aldrich (C7752), and dialysed against demineralised
water, freeze-dried and stored at −20 ◦C until use.

2.1. Destabilization of cytochrome c

A destabilised form of cytochrome c was produced by reduc-
tive alkylation of the methionine-80 as described by de Jongh
et al. [43]. In this method the methionine-80 is first dissoci-
ated from the heme-group and then acetylated by incubating
the protein (4 mM) in the presence of 24 mM iodacetic acid,
50 mM sodium acetate (pH 1.5) and 0.5 M NaCl at 37 ◦C for
8 h. Far-UV CD and absorbance measurements (375–425 nm
to measure the Soret band as an indication for the presence of
the heme-group) confirmed that the modification was complete,
and that the modified protein exhibited the same structure as
the non-modified protein under ambient conditions (results not
shown).

2.2. Change in free energy by urea titration

The structural stability of the proteins at 20 ◦C was deter-
mined by monitoring the intrinsic fluorescence of tryptophan
and tyrosine residues at increasing urea concentrations as de-
scribed by Broersen et al. [44]. A 10-M urea stock solution was
prepared by dissolving 1.103 g of urea (Sigma) per mL of phos-
phate buffer (pH 7.0). The protein samples were prepared by
diluting a 5-µL of a 10-mg/mL solution in 1 mL urea-buffer
mixture. Protein solutions (0.1 mg/mL or 2.7 µM in 10 mM
phosphate pH 7.0) at increasing concentrations urea (0–8 M
at 0.2 M intervals) were prepared one day before measure-
ment, to ensure complete equilibration of the samples. Spectra
were measured using a Cary Med Eclipse (Varian) fluorimeter,
with excitation and emission slit widths of 5 nm. The excita-
tion wavelength was 295 nm and the emission spectra were
recorded from 300–400 nm with a scan speed of 100 nm/min.
Each spectrum was the average of two scans and corrected for
a protein-free sample. The titration curves were plotted by tak-
ing the band intensity for a fixed emission wavelength (310 nm)
as a function of denaturant concentration. The free energy of
unfolding was calculated from an extrapolation of the free en-
ergy of unfolding at increasing urea concentrations—assuming
two-state unfolding—as described elsewhere [44,45].

2.3. Adsorption behavior

The adsorption of proteins to the air–water interface and sub-
sequent development of surface pressure was measured using
a Multiskop ellipsometer (Optrell, Germany) combined with
a Langmuir trough (Riegler and Kirstein, Germany) and Wil-
helmy plate tensiometry. If proteins adsorb to the interface the
ellipsometric angles Δ and Ψ are increased depending on the
concentration in and the thickness of the adsorbed layer [46].
The values for the ellipsometric angles Δ and ψ can be used to
calculate the adsorbed amount. To do this, the refractive index
and thickness of the adsorbed protein layer are fitted in a model
that constitutes of two bulk phases (air and water) and one ad-
sorbed layer, with parameters: nair = 1.000, nprotein solution =
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Fig. 1. Surface pressure as a function of time for β-lactoglobulin (A, 0.5 (Q), 0.1 (2) and 0.05 (F), and 0.005 (×) mg/mL) and ovalbumin (B, 0.5 (P), 0.1 (1) and
0.05 (E) mg/mL).
1.3327, dn/dc = 0.18 [47]; the angle of incidence was 50◦. Us-
ing the combination of ellipsometry and surface tensiometry,
both the increase of surface load (Γ ) and surface pressure (Π )
in time could be determined. The rate of adsorption from pro-
tein solutions 0.005–0.5 mg/mL (10 mM phosphate, pH 7.0,
20 ◦C) was measured in duplicate. All experiments were started
by removing the interfacial layer with a custom made suction
device after which the clean interface was rapidly expanded to
the maximum area (from 30 to 190 cm2). The first datapoints
taken are typically 100 s after cleaning the interface. In this
way, the initial conditions for each experiment approximated
Γ = 0 mg/m2 at t = 0 s. Control experiments with destilled
water in between measurements confirmed that the cleaning
method used (rinsing with ethanol and water) was sufficient to
avoid contamination of the trough.

3. Results and discussion

3.1. Adsorption behavior

To link the potential unfolding of proteins at the interface
to the exerted surface pressure, the kinetics of surface pressure
development was monitored as a function of the protein bulk-
concentration for β-lactoglobulin (β-lg) and ovalbumin, which
have different folding stabilities in the bulk. The adsorption of
these proteins was studied for three bulk concentrations: 0.5,
0.1 and 0.05 mg/mL (for β-lg also 0.005 mg/mL is included).
In Fig. 1 the surface pressure is plotted against the adsorption
time. For β-lg a decrease in both the rate of surface pressure de-
velopment and plateau value of the surface pressure (Π2h) are
observed with decreasing concentration (Π2h decreases from 25
to 16 mN/m). However, from the figure it can be seen that
at all concentrations the interfacial surface pressure reaches
a plateau-value within the time-span of the experiment. For
ovalbumin saturation is reached at the highest, but not at lower
concentrations (Fig. 1B, Π2h decreases from 23 to 7 mN/m).
Furthermore, a lag-time is found for the lower concentrations;
at 0.05 mg/mL it takes 2000 s before surface pressure starts to
increase.

To test whether the difference between the development of
surface pressure by β-lg and ovalbumin is due to a change in the
adsorption kinetics, the adsorbed amount (Γ ) in time for the
same experiments was monitored by ellipsometry and plotted
in Fig. 2. Here also a decrease in the rate of adsorption is ob-
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Fig. 2. Surface load as a function of time for β-lactoglobulin (A, 0.5 (Q), 0.1 (2) and 0.05 (F), and 0.005 (×) mg/mL) and ovalbumin (B, 0.5 (P), 0.1 (1) and
0.05 (E) mg/mL).
served for both proteins at lower concentrations, but the largest
difference between the two proteins is found in the plateau-
value of adsorption. The maximal adsorbed amount of β-lg
decreases from 2 mg/m2 at 0.5 and 0.1 mg/mL to 1.2 mg/m2

at 0.005 mg/mL. This latter value is close to that of ovalbumin
at the lowest concentration, while at the highest concentration
the adsorbed amount of ovalbumin (1.6 mg/m2) is lower than
of β-lg.

A better view on the effect of concentration on the ad-
sorption behavior is obtained by plotting the surface pressure
against the adsorbed amount, now also including results ob-
tained from experiments at intermediate concentrations (Fig. 3).
For β-lg, a decrease in bulk concentration of the protein results
in a shift in the Π–Γ curve to lower values of Γ (Fig. 3A). The
surface pressure is related to the interaction energy between
adsorbed proteins. Apparently the interaction energy between
β-lg adsorbed from low bulk concentrations is higher at cer-
tain Γ than when the proteins are adsorbed from higher bulk
concentrations. In contrast, no shift in the Π–Γ curve of oval-
bumin is observed (Fig. 3B). The only effect of bulk concen-
tration is that the adsorbed amount at the saturation is lower
(as seen in Fig. 2B), and subsequently also the maximal surface
pressure reached is lower. This is due to the fact that the mea-
surement time was restricted to 8000 s. Since the adsorption
rate is also determined by the bulk concentration, a decrease in
the concentration of a factor 10 would also mean an approxi-
mate increase in the time to reach adsorption of a factor 100,
according to the Ward and Tordai equation.

In contrast to β-lg the interactions between adsorbed ovalbu-
min molecules are not affected by the bulk concentration. Since
the possible contribution of electrostatic and hydrophobic inter-
actions to the surface pressure is expected to be independent of
the bulk concentration there must be another explanation for the
shift in the Π–Γ curve with decreasing the bulk concentration,
as observed for β-lg. Unfolding is a likely explanation, since it
would result in a change in the apparent size of the adsorbed
proteins. This would subsequently lead to increased surface
pressure at lower values of Γ . Moreover, unfolding leads to the
exposure of previously buried groups what may further affect
the protein interaction potential.

A measure of the tendency of a protein to unfold is the
protein structural stability, typically described by the free en-
ergy of unfolding (�Gunf). To test whether the concentration
dependence of β-lactoglobulin could be the result of a lower
structural stability, the intrinsic fluorescence at increasing urea
concentrations was measured. The normalized fluorescence in-
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Fig. 3. Surface pressure vs surface load, for β-lactoglobulin (A, 0.5–0.005 mg/mL) and ovalbumin (B, 1.0–0.05 mg/mL), labels with arrows indicate which curve
belongs to which concentration.
tensity, which is a measure of the fraction of unfolded protein, is
plotted against the urea concentration (Fig. 4). The free energy
of unfolding (�Gunf) was calculated from these data assum-
ing a two-state unfolding transition as described elsewhere [44,
45], and the obtained values are given in Table 1. For ovalbu-
min and β-lg these values were found to be 33 and 27 kJ/mol,
respectively. To evaluate whether the difference in structural
stability is the explanation for the shift in the Π–Γ curve at dif-
ferent bulk concentrations, a comparison should be made with
proteins that only differ in structural stability. Modification of
cytochrome c can be used to obtain a protein with identical
primary sequence and structural fold, but with decreased sta-
bility of the globular structure [43]. This destabilized variant
was produced by inhibiting the ligation of methionine-80 to the
heme group as described in the method section. The titration
curves for cytochrome c and the destabilised form are also given
in Fig. 4,1 and the derived values for �Gunf in Table 1. Cy-
tochrome c is more stable than ovalbumin (40 kJ/mol), while
the destabilised form showed a significantly decreased stability
(30 kJ/mol), intermediate to that of β-lactoglobulin and oval-
bumin.

1 The absolute fluorescence intensity of cytochrome c increases with increas-
ing urea concentration, therefore we chose to show this data as 1 minus the
normalized intensity.
Table 1
Molecular parameters for the proteins used in this study

Mw
(kDa)

�Gunf
a

(kJ/mol)
�Eact, unf
(kJ/mol)

Ovalbumin 44 33 340b

β-lg 18 27 400c

Cytochrome c 12 40 136d

Met-80 mod. Cyt-c 12 30 n.d.

a Calculated from data in Fig. 4.
b From Weijers and Broersen [48].
c From Broersen [44].
d From Mehta et al. [49].

The Π–Γ curves for both cytochrome c and the destabilized
form (at 0.1 and 0.005 mg/mL) are given in Fig. 5. Surpris-
ingly, all data are on the same curve. This means that for both
cytochrome c and the destabilized variant no effect of bulk
concentration is observed. While it was expected that the desta-
bilized form of cytochrome c would show an enhanced ability
to unfold at interfaces, this was not reflected in the concentra-
tion dependence of the Π–Γ curve.

From the above, it must be concluded that the �Gunf is not
the key parameter that describes the tendency of a protein to
unfold at the air–water interface. To understand this better, we
must first consider what the driving force for interfacial un-
folding would be. In Fig. 6 a schematic representation is given
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Fig. 4. Normalized fluorescence intensity as a function of the urea concentration for β-lactoglobulin (P), ovalbumin (1), cytochrome c (E) and Met-80 cy-
tochrome c (F).

Fig. 5. Surface pressure vs surface load, for cytochrome c (1, E) and Met-80 cytochrome c (2, F) at 0.005 (1) and 0.1 mg/mL (E).
of a protein at the interface. In this figure the arrows indicate
the forces acting on the protein. The surface tension between
air–water will act as a force towards expansion of the protein,
while the surface tension between the protein and both bulk
phases will result in a force towards retention of the globu-
lar shape [50]. This situation is an analogy to the spreading of
oil-droplets at the air–water interface. In this case, a simple cal-
culation of the spreading coefficient [51] will tell whether the
oil droplet spreads or if it keeps its globular form.

In the aqueous phase (bulk) the structure of globular proteins
is defined, and the population of the unfolded state is very small
for most globular proteins. To reach a (partially) unfolded state
an activation energy needs to be overcome that is related to the
breaking of for example ion-pairs on the protein surface and
disruption of H-bonds and van der Waals interaction between
side-chain residues. In the case of β-lactoglobulin and oval-
bumin the structure is further stabilised by covalent disulphide
bridges. In aqueous solution a significant population of a more
unfolded state can only be achieved by the presence of a de-
naturant or by varying a system parameter, like temperature;
in both cases the Gibbs energy of the folded state increases,
Fig. 6. Schematic representation of the forces acting on a protein at the air–
water interface.

resulting in an increasing fraction of unfolded proteins. Simi-
larly the spreading of proteins at the interface is constrained by
the structural stability, leading to an (activation) energy barrier
of unfolding. This barrier determines how fast proteins can un-
fold when the spreading coefficient is >0. While �Gunf reflects
the change in free energy as a result of unfolding, this parame-
ter is not directly related to the activation energy required to go
from the folded to the unfolded state. The experiments illustrate
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Fig. 7. Fraction unfolded protein as a function of time for β-lactoglobulin (1) and ovalbumin (P); 8 M ureum was added to the cuvette at t = 0 s; inset shows the
unfolding of the same samples at short times as measured by stopped-flow fluorescence (data from Ref. [44]).
that the interfacial unfolding is limited by the time available for
such unfolding processes. Both the effect of adsorption kinet-
ics on the shift of the Π–Γ curve and the fact that the shift in
these curves exists over long periods of time suggest that the
adsorbed state does not necessarily reach thermodynamic equi-
librium. Rather, the unfolding of the adsorbed proteins seems
to be governed by kinetic processes.

A good way to evaluate the energy barrier to unfolding can
be obtained by monitoring the kinetics of unfolding. Therefore,
the intrinsic fluorescence of ovalbumin and β-lg was monitored
as a function of time, after addition of 8 M urea. The results are
shown in Fig. 7. As can be seen in this figure, the unfolding of
ovalbumin under the given conditions is only completed after
500 s, whereas for β-lactoglobulin the unfolding proceeds too
fast to be accurately determined with this technique. To illus-
trate this, results from a stopped flow experiment performed by
Broersen et al. [44], using the method as described by Kuwa-
jima et al. [52] under similar conditions are shown in the inset
in Fig. 7. From the inset it becomes clear that β-lg unfolds
almost completely at a time-scale of (sub-)seconds; while cy-
tochrome c shows even faster (milliseconds) unfolding than
β-lactoglobulin (results not shown). By measuring the kinetics
of unfolding at different concentrations of urea and at different
temperatures, the activation energy for unfolding (�Eact,unf)
can be established; the values reported in literature are given in
Table 1. Activation energies are in the order of 100–400 kJ/mol,
while the difference in free energy between the folded and un-
folded state is only in the order of 10–50 kJ/mol. In view of
these activation energies it can be expected according to the
Arrhenius equation that when unfolding of β-lactoglobulin oc-
curs at a time-scale of seconds, this will be at the 10–100 s
time-scale for ovalbumin (as indeed illustrated in Fig. 7) and at
the microsecond time-scale for cytochrome c. Destabilisation
of cytochrome c will only cause this process to speed up (no
literature value of �Eact,unf available). Assuming that for all
proteins the spreading coefficient is not the limiting factor, the
time that the spreading force can act unperturbed on the protein
will determine whether the protein will unfold. As can be seen
from Fig. 2, the situation where no protein–protein interactions
develop (i.e. where Π < 1 mN/m) is typically in the order of
seconds for β-lg and cytochrome c. Obviously this time frame
will allow most of the cytochrome c (modified or not) to unfold
at the interface. The unfolding kinetics of ovalbumin is sim-
ply too slow and even though at very low bulk concentrations
the surface pressure does not increase until after 2000 s, no un-
folding takes place. Apparently only for β-lactoglobulin both
the unfolding kinetics and �Eact,unf are exactly in the critical
range, where the folding state of the adsorbed protein depends
on the rate of adsorption and thus on the bulk concentration.

4. Conclusion

The present work focused on the question whether the state
of folding of adsorbed protein is affected by the bulk concentra-
tion. From the presented results, it is concluded that a change in
the protein folded state can take place. However, this change
does not depend on the stability of the protein as given by
the change in free energy between the folded and the unfolded
states. Rather, the process appears to be determined by the ac-
tivation energy of unfolding, the spreading coefficient and the
time available for unfolding. The unfolding was demonstrated
by a shift in the Π–Γ curve measured for β-lactoglobulin ad-
sorbed from different bulk concentrations. For ovalbumin no
evidence of additional unfolding was found, which is attributed
to the fact that the unfolding of this protein is too slow. On the
other hand, for cytochrome c also no changes in the Π–Γ curve
were found, but based on the very rapid unfolding of this pro-
tein it is suggested that in this case the proteins all reach the
same unfolded state at the interface.

The fact that the state of folding of adsorbed proteins can
depend on the history of the adsorbed layer poses a serious
challenge for the theoretical description of the adsorbed layer.
However, only if the adsorption rate is close to the rate of un-
folding, changes in bulk concentrations can lead to different
adsorbed states. For practical applications, a rapid adsorption
of proteins is necessary for foam formation. If the protein con-
centration is too low, or if the adsorption process is too slow,
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no foam is formed. This means that in such systems only pro-
teins that have unfolding kinetics on the millisecond to second
time-scale will be sensitive for changes in adsorption kinetics.

Finally, the fact that the unfolding of adsorbed proteins can
lead to a shift in the Π–Γ curve, strongly suggests that this
folding state is not purely determined by the surface pressure at
the interface. It would even seem that once a protein has reached
a certain state of unfolding at the interface, this (new) con-
formational state is retained even when the adsorption process
continues. From these results it must be concluded that the role
of unfolding in the description of adsorbed layers that has been
the consensus in literature should be reconsidered.

Unfolding is neither necessary, nor a driving force for pro-
tein adsorption. Only after adsorption the protein can adopt to
its new environment. This transition needs to occur at a time-
scale that is shorter than the adsorption rate of neighboring
proteins. From this it follows that the increase of surface pres-
sure after saturation of the interface (constant Γ ) cannot be
attributed by unfolding processes.
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