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Abstract

The stability of adsorbed protein layers against deformation has in literature been attributed to the formation of a continuous gel-like network.
This hypothesis is mostly based on measurements of the increase of the surface shear elasticity with time. For several proteins this increase has
been attributed to the formation of intermolecular disulfide bridges between adsorbed proteins. However, according to an alternative model the
shear elasticity results from the low mobility of the densely packed proteins. To contribute to this discussion, the actual role of disulfide bridges in
interfacial layers is studied. Ovalbumin was thiolated with S-acetylmercaptosuccinic anhydride (S-AMSA), followed by removal of the
acetylblock on the sulphur atom, resulting in respectively blocked (SX) and deblocked (SH) ovalbumin variants. This allows comparison of
proteins with identical amino acid sequence and similar globular packing and charge distribution, but different chemical reactivity. The presence
and reactivity of the introduced, deblocked sulthydryl groups were confirmed using the sulthydryl—disulfide exchange index (SEI). Despite the
reactivity of the introduced sulthydryl groups measured in solution, no increase in the surface shear elasticity could be detected with increasing
reactivity. This indicates that physical rather than chemical interactions determine the surface shear behaviour. Further experiments were
performed in bulk solution to study the conditions needed to induce covalent aggregate formation. From these studies it was found that mere
concentration of proteins (to 200 mg/mL, equivalent to a surface concentration of around 2 mg/m?) is not sufficient to induce significant
aggregation to form a continuous network. In view of these results, it was concluded that the adsorbed layer should not be considered a gelled
network of aggregated material (in analogy with three-dimensional gels formed from heating protein solutions). Rather, it would appear that the
adsorbed proteins form a highly packed system of proteins with net-repulsive interactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Proteins and low-molecular weight (LMW) surfactants are
both known for their ability to form interfacial layers that
stabilise foams and emulsions. However, the mechanisms by
which they stabilise the interface have been mentioned to be
fundamentally different [1,2]. The LMW surfactants are able
to freely diffuse at the interface, thereby counteracting a
surface pressure gradient across the interface. This is known as
the Gibbs—Marangoni effect. For proteins the lateral surface
diffusion in the saturated surface layer is found to be much
smaller [3]. In this case the stabilization proceeds via a
different mechanism, which some authors have suggested to
be related to the formation of a continuous network [4,5]. This
network would result in a mechanical force resisting defor-
mation of the interface, the elastic modulus. The evidence for
the existence of such a network has often been taken from
surface shear rheological experiments. These experiments
typically use a Couette type (or: concentric cylinders)
geometry comparable to that used for the study of gelation
in bulk systems. The technique was discussed thoroughly in
1979 by Izmailova [6] and more recently by Bos and van Vliet
[1]. Although multiple articles have been published on the
surface shear behaviour of protein layers [7—16] a quantitative
relationship of this behaviour to a fundamental parameter such
as the adsorbed amount is still lacking [17]. One reason for
this might be that the interpretation of results from these
measurements is not unambiguous. Several authors argue that
the adsorbed protein layer is gelled, resulting in a network of
highly interacting particles and that as such the rheological
behaviour should be interpreted in analogy to the three
dimensional equivalent (of heat set protein gels) [7,12,18—
21]. This view 1is supported by observations of visibly
coagulated layers of proteins as described by Macritchie and
Owens [22], even though these authors find that coagulation
of a protein monolayer occurs only after the surface pressure is
increased to higher values than those found for equilibrium
spreading pressure of monomeric compounds. Furthermore,
Izmailova [6] mentions that formation of macroscopic films
with folds and wrinkles is only described in cases of
compressed layers, heated solutions and certain interfaces
between water and hydrocarbons.

An alternative view, shared by several authors, states that
the surface shear behaviour of adsorbed protein layers is the

result of the dense packing of loose proteins [17,23,24]. This
concept seems to be able to account for observations that the
shear elasticity only increases once a certain concentration of
adsorbed particles is reached [6,11], and that proteins are
displaced from the interface relatively quickly by LMW
surfactants [25-27].

If one wants to describe the interfacial behaviour of adsorbed
proteins in all its complexity, it is necessary to distinguish
between the two described conceptual models. One important
difference between the two descriptions of the interfacial layer is
the role of covalent interactions. In three-dimensional gels that
are formed by heating protein solutions the formation of
intermolecular disulfide bonds has been shown to increase the
gel strength as measured by the elastic modulus [28]. This
observation has also been confirmed for gels formed by
acidifying dispersions of pre-aggregated proteins [29-31].
Several authors have suggested that intermolecular disulfide
bonds will also be formed between adsorbed proteins if the
adsorbed layer is in a gelled state [5,20,32,33]. However, since
the cysteine residues are typically located in the interior of the
protein and are not readily accessible for the formation of
intermolecular bonds, the proteins would need to partially unfold
at the interface to expose these residues, as discussed by
Damodaran and Anand [5]. In the studies by Damodaran and
Anand [5] and Dickinson and Matsumura [33] it was shown that
after emulsification there was some polymerisation of (-
lactoglobulin, but the surface shear elasticity was not deter-
mined. Other authors used chemical modification of proteins to
introduce sulthydryl groups [34—36]. Their results show that the
introduction of sulthydryl groups itself did not improve the foam
formation or stability.

To contribute to the above-mentioned discussion on the
nature of adsorbed protein layers, the surface shear behaviour
of chemically modified variants of ovalbumin is measured.
Using the specific reactivity of S-acetylmercaptosuccinic
anhydride (S-AMSA) towards the free amino groups of
ovalbumin, groups with an acetylated sulphur atom can be
introduced at the protein surface. Ovalbumin was chosen, since
it was previously found that the protein structural integrity was
not affected by mild modification of the lysine groups [37].
The acetyl block can be removed by hydroxylamine, yielding
free sulthydryl groups. Ovalbumin is a 42 kDa glycosylated
and phosphorylated protein, containing one disulfide bridge
and four free sulfhydryl groups, but these are all located in the
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interior of the protein. After chemical modification and
deblocking, reactive sulfhydryl groups are present on the
exterior of the protein, thus easily available for the formation of
disulfide bridges. By combining the investigation of the
chemical properties of the modified proteins and the rheolog-
ical properties of the adsorbed protein layers, we aim to
provide a better understanding of the nature of the interfacial
layer and the role of chemical interactions in this layer.

2. Materials and methods
2.1. Chemicals

S-Acetylmercaptosuccinic anhydride (S-AMSA), Ortho-
phthaldialdehyde (OPA), 2-Ethyl-5-phenylisoxazolium-3'-sul-
fonate (Woodward’s reagent K) and 2-(N-morpholino)-ethane-
sulfonic acid (MES) buffer were obtained from Sigma-Aldrich.
N,N-dimethyl-2-mercaptoethyl-ammoniumchloride (DMA)
and di-sodiumtetraborate decahydrate (Borax) were purchased
from Merck. Sodiumdodecylsulfate (SDS) was from Serva. All
chemicals used were of analytical grade.

2.2. Introduction of sulfhydryl groups into ovalbumin

Chicken egg ovalbumin was purified (>98%) as described
previously [37]. Primary amino groups in ovalbumin were
thiolated essentially as described by Klotz [38]. In this method
S-acetylmercaptosuccinic anhydride (S-AMSA) is covalently
linked to lysine residues on the protein surface. The modifi-
cation was performed as follows: 200 mL of a 25 mg/mL
ovalbumin (0.55 mM) solution in demineralized water was
adjusted to pH 8.0 by the addition of 1 M NaOH using a pH-
stat titration equipment (Metrohm) at room temperature. The
reagent (S-AMSA) was added to the protein solution in small
aliquots, while the pH was kept at 8.0 (+0.1) by the addition of
1 M NaOH using the pH-stat apparatus. Two batches of
modified ovalbumin were prepared by a total addition of 28.5
and 97.5 mg S-AMSA respectively to obtain a low and a
medium degree of modification. After addition, the solution
was stirred for another 30 min., followed by extensive dialysis
against demineralized water at 4 °C. After dialysis each batch
was separated into two fractions. To one fraction, 125 mL 0.01
M hydroxylamine (pH 7.3) was added, to remove the acetyl
blocks. To the other fraction 125 mL distilled water was added
to keep concentrations in both solutions equal. The deblocked
fraction was then dialyzed against distilled water; both samples
were frozen, but not freeze-dried in order to avoid oxidation of
the free sulthydryl groups. The material was stored at —20 °C
until use.

2.3. Chemical characterization

2.3.1. Degree of modification

The total number of active sulfhydryl groups in non-
modified, blocked and deblocked ovalbumin was determined
using the Ellmann protocol [39]. The reagent, 5,5 -dithiobis(2-
nitrobenzoic acid) (DTNB), reacts with free thiol groups of

the protein. The reagent solution was prepared by dissolving
4.8 mg DTNB in 1.0 mL, 10 mM Tris—HCI buffer (pH 8.0
and 2% SDS) and subsequent addition of 2.5 mL Tris—HCI
buffer (10 mM, pH 8.0). 50 pL DTNB solution was added to
250 pL 5 mg/mL protein solution. The solution was mixed
and incubated for 20 min at 25 °C; then the absorbance was
measured at 412 nm. The calibration curve, obtained by using
various dilutions of a 0.50 mM cysteine solution, provided
an extinction coefficient for the reduced conjugate of
13425 M ' em™ .

2.3.2. Reactivity of sulfhydryl groups

The chemical reactivity of the blocked and deblocked
proteins was measured using the sulthydryl—disulphide ex-
change index (SEI) as described by Owusu-Arpenten et al.
[40]. The method determines both the number of available
—SH groups and the reactivity of these groups. The method is
based on the reaction between 2,2'-dipyridyldisulphide (PDS)
and a free —SH group. The formation of the reaction product
(2-thiopyridine; 2-TP) can be followed in time by measuring
the absorbance at 343 nm. A stock solution of PDS was
prepared by dissolving 40 mg PDS in 40 mL phosphate buffer
(10 mM pH 7.0) and stirring for 3 h at 20 °C. Then the solution
was filtered over a 0.45 um filter and the concentration of PDS
was determined at 281 nm, using a molar extinction coefficient
of 9730 M~ cm™ ' [40]. For measurements the stock was
diluted to 5-107°> M; 2.7 mL of this solution was added to a
cuvette and the absorbance at 343 was measured. Then 0.3 mL
of sample solution was added and the adsorbance at 343 nm
followed in time. Sample solutions used were 10 mg/mL
protein (in 10 mM phosphate buffer, pH 7.0); Glutathion
(0.1 mg/mL in 0.01 N HCI) was used for calibration. The total
number of reactive —SH groups was calculated from the
plateau value of the adsorbance (using a molar extinction
coefficient of 7076 M~ ' em™ ") [40]. The rate constant (k_gy)
of this second-order reaction was calculated from the slope of
the graph of the right-hand side of Eq. (1) against time.

1
([PDS], —[2—TP]) [ SH],
([—SH], — [2—TP])[PDS],
(1)

k_su*t =

([PDS], —[—SH],)*In

When this rate constant is divided by the rate constant of
glutathion, a standardized value called the SEI index is
obtained; SEI=(k_gsu/kgiutathion) * 100%.

2.3.3. Detection of quaternary structure

Size exclusion chromatography (SEC) was used to study the
aggregation state of the proteins. SEC was carried out on a
Superdex S200 HR column (Pharmacia Biotech) with a bed
volume of 24 mL. The column was equilibrated and run with
10 mM phosphate-buffer pH 7.0 and 50 mM NacCl at 20 °C.
The sample (200 pL, 5 mg/mL in the same buffer) was applied
to the column and the flow-rate was set to 0.4 mL/min;
detection took place at 280 nm.
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2.3.4. Evaluation of secondary structure

Far-UV circular dichroism (CD) spectra of 0.1 mg/mL
protein solutions in 10 mM phosphate buffer (pH 7.0) were
recorded at 20 °C in the range from 190 to 260 nm with a
spectral resolution of 0.2 nm, on a Jasco J715-spectropolari-
meter. The scan speed was 100 nm/min and the response time
was 0.125 s with a bandwidth of 1 nm. Quartz cells with an
optical path of 0.1 cm were used. Typically, 16 scans were
accumulated and averaged. The spectra were corrected for the
corresponding protein-free sample.

2.3.5. Evaluation of tertiary structure

The intrinsic fluorescence of the tryptophan and tyrosine
residues of 0.1 mg/mL protein solutions in 10 mM phosphate
buffer (pH 7.0) were measured on a Perkin Elmer Lumines-
cence Spectrometer LS 50 B. The excitation and emission slits
were set at 5 nm. The excitation wavelength was 295 or 274
nm, the excitation maxima of tryptophan and tyrosine
respectively. The emission spectra were recorded from 300 to
450 nm with a scan speed of 120 nm/min. Each spectrum was
the average of two scans and corrected for a protein-free
sample.

2.3.6. Iso-electric focusing

The iso-electric points (IEP) of non-modified and modified
ovalbumin variants were determined using the Phast System
(Pharmacia). Ready to use PhastGel IEF 3-9 gels were used,
which were stained with Coomassie brilliant blue. A calibration
kit from Pharmacia was used with proteins that have iso-
electric points ranging from 3.5 to 9.3.

2.3.7. Protein aggregation in solution

The chemical reactivity of the modified ovalbumin variants
in bulk solution was tested under similar conditions as
experienced at the interface by concentrating protein solutions

6
=

el

to final concentrations of 100 or 200 mg/mL (using Centriprep
centrifugal filtration units from Millipore). Further experi-
ments were performed by heating 0.1 mg/mL protein solutions
at 90 °C for 30 min, or by addition of ferricyanide. Any
aggregation induced by these treatments was analysed with
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), SDS-PAGE 8-25 gradient gels (Pharmacia)
were run on a Phast-System (Pharmacia). Samples were
dissolved in sample buffer, containing 62.5 mM Tris—HCI
(pH 6.8), 1.25% SDS, 5% glycerol, 0.00125% bromophenol
blue in the presence or absence of 1.25% P-mercaptoethanol,
and heated for 10 min at 100 °C before analysis. Gels were
stained with Coomassie brilliant blue. A calibration kit with
low molecular mass markers ranging from 14 to 94 kDa from
Pharmacia was used.

2.4. Surface shear rheology

To study interfacial shear properties of adsorbed protein
layers a Couette-type surface shear rheometer was used as
described by Martin et al. [41]. The apparatus is schematically
drawn in Fig. 1. First, 279 mL buffer (10 mM phosphate, pH
7.0, containing 300 mM NaCl) was filtered over a 0.2 pm
filter and then placed in the trough. A concentrated protein
solution (4 mL) was injected under the interface using a
syringe, to obtain a final protein concentration of 0.1 mg/mL.
A stainless steel biconical disk (diameter 30 mm) was
suspended from a torsion wire of 0.15 mm and placed in
such a way that the disc edge was exactly at the air—water
interface. The solution was left to adsorb and equilibrate for
22 h while the surface tension was measured with a Wilhelmy
plate (perimeter 18.1 mm) suspended from a NIMA tensiom-
eter as illustrated in Fig. 1.

In replicate measurements with and without the Wilhelmy
plate at the interface it was found that the presence of the plate

<

Fig. 1. Schematic drawing of the surface shear setup; An electric motor (1) drives the stage (2), causing rotation of the dish containing the protein solution. The
resulting rotation of the pendulum hanging from a torsion wire (3) is quantified by the reflection of a laser (4) from a mirror on the torsion wire on a scale (5).
Simultaneously the surface pressure can be measured by a Wilhelmy plate connected to a NIMA tensiometer (6) mounted on the cover of the dish.
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Fig. 2. Far-UV CD spectra of non-modified and modified ovalbumin (SX, and SH,) at 20 °C, 10 mM phosphate buffer pH 7.0, inset shows intrinsic Tryp

fluorescence of the same samples in the same buffer.

did not affect the results from the surface shear measurements.
Stress—strain curves were made as a function of time by
rotating the sample dish at a fixed rate during 30 min. The
stress acting on the inner disc (¢ [mN/m]) resulted in rotation
of this disc that was quantified by reading the reflection of a
laser beam from a mirror on top of the inner disk on a circular
scale with a radius of 600 mm. Assuming homogenous
deformation of the surface layer the strain (y [—]) applied
can be calculated by Eq. (2) [42]:

2R

R R

6) (2)
Where R; is the radius [m] and @; is the rotational
displacement [rad] of the inner disc, and R, and 0, are the
radius and rotational displacement of the outer dish; @, is
given by the angular velocity of the trough and the time
(w*t) and @; is measured from the displacement of the
reflected laser light on the circular scale divided by two times
the radius of the scale. The stress on the interface is calculated
from Eq. (3):
T

TR (3)

with 1=K@6); as the torque [Nm] exerted on the disc, and K as
the torsion wire constant. The torsion wire constant was
determined by measuring the oscillation time with a calibra-
tion weight of 75 g, which is close to the weight of the

Table 1
Chemical presence and reactivity of sulphide groups after chemical modifica-
tion, as measured by Ellman (with and without SDS), and SEI (without SDS)

Ellman Ellman SEI+0.1 Ksgr
(—SDS)+1 (+SDS)+1 [# SH/protein] M~ 's™ ']
[# SH/protein] [# SH/protein]

Non-modified 0 4 0 2.0

SX, 0 4 0 1.8

SX, 0 4 0 42

SH, 1 5 1 8.9

SH, 2 6 3 33

pendulum disc. Values for the system parameters are:
w=127-10"> m, R;=1.50-1072 m, R,=7.25-10"% m,
K=1.73-10"° N m rad~ ', the radius of the scale is 0.6 m.
All experiments were performed at 20 °C. Duplicate
measurements were performed after thorough cleaning of
the trough by starting with new buffer and new injection of
the protein solution.

3. Results

Chemical modification of ovalbumin with S-AMSA as
described in the Materials and methods section yielded four
variants; two blocked (SX) and two reactive (SH) variants
with two degrees of modification (labelled 1 and 2). Size-
exclusion chromatography results showed that all materials
used consists of monomeric proteins (results not shown),
illustrating that no auto-oxidation of the material had occurred
during preparation, storage and handling. Far-UV CD and
tryptophan fluorescence spectra from non-modified and the
most extremely modified samples as shown in Fig. 2 and inset
appear to be identical. This illustrates that no significant
changes of the secondary and tertiary structure occurred as a
result of the modification.

3.1. Chemical characterization

Table 1 shows the results of the chemical characterization of
the modified ovalbumin variants. The presence of free —SH
groups was determined using the Ellman determination in the
absence and presence of SDS. Without SDS, no sulfhydryl
groups were detected for non-modified and blocked proteins.
For SH; and SH, proteins 1 and 2 groups per protein molecule
were detected respectively. In the presence of SDS the proteins
are structurally destabilised, and for non-modified ovalbumin
all four free SH groups that are present in the primary sequence
of ovalbumin are detected. For all modified samples the
amount of detected sulthydryl groups is also increased due to
the exposure of the indigenous groups, in the presence of SDS.
These results show that (1) the modification as such did not
increase the exposure of the indigenous sulthydryl groups, (2)
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Fig. 3. Fluorescence of 2-TP as a function of time for all variants, SX; (©), SX, (A), SH; (¢), SH, (A).

the blocked variants were indeed blocked, and (3) unblocking
was successful.

The kinetics of the reaction of sulthydryl groups with the
PDS reagent is shown in Table 1 and in Fig. 3. The amount of
SH groups per protein as measured by SEI is comparable to
that found with Ellman (1 and 3 for SH; and SH, respectively).
In Fig. 3 it is clearly visible that the deblocked variants have
much more reactivity than either the non-modified or blocked
variants. The high intensity and rapid increase of the
absorbance at 343 nm found for SH, in comparison with
SH; must be attributed to the fact that the protein was used in
the same protein concentration, leading to higher molar
concentrations of sulfhydryl groups. The reaction rate constant
for SH; is found to be three times higher than for SH;. Clearly
the sulfhydryl groups that were introduced at the protein
surface are reactive.

3.2. Surface shear rheology

After determination of the chemical properties of the
blocked and deblocked variants of ovalbumin, the samples
were used to study the surface shear rheology. Since Martin et
al. [41] and Dickinson et al. [43] have shown that surface
shear viscosities at air—water interfaces typically reach

Stress [mMN/m]

constant values after 22 h, the measurements were started 22
h after injecting the protein solution in the shear dish. This
time is thus expected to be sufficiently long for adsorption and
any rearrangements or cross-linking processes to occur.
During this equilibration period the surface pressure was
monitored and found to be identical within the experimental
error for all samples (I after 22 h was 20+1 mN/m).
Additional measurement of the surface dilatational modulus
(using the conditions as described earlier [44]) showed no
significant differences between the samples (results not
shown).

The stress at the interface measured by the rotation of the
inner disc as a function of the strain applied to the surface is
plotted in Fig. 4, and values calculated from these data are
given in Table 2. The initial slope of stress versus strain
represents Young’s modulus for small deformations (Eyoung=
o/7, data until a strain of 0.8) and varies only little between
the samples. The deblocked variants have slightly lower
values. At higher deformation the linear, elastic response of
stress with strain changes to a more viscous response until at
strain values higher than 2 a constant or steady-state stress is
measured (g). Clearly, the presence of sulfhydryl groups on
the surface of ovalbumin does not lead to significant increase
of any of the parameters describing surface shear; in contrast,

A A L AAAAL A

o
o
coo © © o
A A 4 4 *
eseeee o ¢ ° ¢
15 2 2.5 3

Strain [-]

Fig. 4. Surface shear stress plotted against the applied strain for non-modified and modified variants (20 °C, 10 mM phosphate buffer pH 7.0); the line shown
represents an interface with a constant shear Young modulus of 0.15 mN/m, same symbols as in Fig. 3.



P.A. Wierenga et al. / Advances in Colloid and Interface Science 119 (2006) 131—139 137

Table 2
Surface rheological parameters calculated from the surface shear experiments

Eyoung (+2) [mN/m] 0 (£0.06) [mN/m]

SX, 9.3 1.4
SX, 7.3 1.4
SH, 6.6 1.0
SH, 5.0 1.0

they appear to be lower. For reference values of Young’s
modulus and g4 (ranging from 0.0002 mN/m for B-casein to
3.2 mN/m for soy glycinin at pH 3) we refer to the work of
Martin et al. [20].

3.3. Covalent cross-linking in bulk

To test whether the introduced sulfhydryl groups are capable
of covalent cross-links between proteins, solutions of each
variant (in the same buffer as in the surface shear experiment)
were concentrated to concentrations that are comparable to
those encountered at the air—water interface [45]: 100 and 200
mg/mL. Then the samples were left to equilibrate for 22 h,
identical to the surface shear experiments. All samples were
analysed with SDS-PAGE, with and without addition of -
mercaptoethanol to distinguish between covalently and non-
covalently linked aggregates. The SDS-PAGE gels obtained are
shown in Fig. 5A (reducing) and B (non-reducing). Under
reducing conditions, only one single band (at 44 kDa) was
visible for all samples, therefore only one example is shown in
Fig. 5SA. This demonstrates that under these conditions any
aggregates formed were completely dissociated.

Under non-reducing conditions, some aggregation (<5%) is
observed for the SH variants, but not for the blocked variants
(Fig. 5B-1). However, only dimers are formed, and no higher
aggregates. From this the picture emerges that under the
conditions used, there is little driving force for development of
covalent interactions, even at these high protein concentrations.
Extensive aggregation could only be obtained by heat
treatment. In this case the unfolding of the proteins leads to
increased aggregation, even at the low concentrations used. All
variants showed similar electrophoresis patterns after heat
treatment, of which one is shown in Fig. 5B-2. The increased
exposure of the indigenous cysteine residues upon unfolding is
sufficient to allow the formation of covalently linked aggre-

gates even for non-modified protein; alternatively the addition
of the oxidizing agent ferricyanide also induces the formation
of covalently linked aggregates. An increase in the amount of
aggregates is found for both SH; and SH,, as compared to the
amount formed in the first treatment (Fig. 5B-3). However, the
blocked variants showed similar behaviour, indicating that the
ferricyanide was also able to remove the blocking acetyl group
from the introduced SAMSA groups.

4. Discussion

The role of disulfide bridge formation on surface shear
behaviour of adsorbed protein layers was investigated using
chemically modified ovalbumin variants. The degree of
modification was controlled by varying the concentration of
the reactant. After modification the introduced S-AMSA
groups could be deblocked to yield a reactive sulfhydryl
group, allowing a comparison of blocked and deblocked
variants. In this way, side effects of the modification that have
to be accounted for when comparing to non-modified protein
are avoided. No significant changes in secondary, tertiary and
quaternary structure resulted from the modification (Fig. 2).
This is in line with the results obtained with other modifica-
tions of ovalbumin in earlier work [37], where typically little or
no effects on the protein structure and structural stability are
found for low degrees of modification of lysine residues of this
protein. Whereas the introduced deblocked sulthydryl groups
were shown to be reactive with both Ellman and SEI (Table 1),
they did not result in an increase in surface shear viscosity (Fig.
4). Increasing the protein concentration in bulk solution, to
reach essentially identical conditions as at the interface resulted
in only little aggregation (<5 % of the total protein was present
as dimer). Apparently, there is not enough attraction between
protein molecules to provide temporary associations that allow
the formation of short-range chemical reactions to occur.

It is important to note that since the modified groups are at the
exterior of the protein, no unfolding at the interface is necessary
to expose these groups, as would be the case for unmodified
proteins [5]. The small population of dimeric protein that might
be formed at the interface (as indicated by the results in Fig. 5B-
1) will not be sufficient to form a continuous network that would
lead to an increase of surface shear elasticity. Rapid formation of
higher aggregates could be induced, however, but only by
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Fig. 5. SDS-PAGE results under reducing (A) and non-reducing conditions (B) with treatments: concentrated to 100 and 200 mg/mL (1), heated 90 °C, 30 min (2)
and treated with 5 mM K3Fe(CN)g (3), band around 43 kDa indicates the monomeric form of ovalbumin.
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thermal treatment. The thermal treatment results in an unfolding
of the protein, increasing the hydrophobic exposure, which
increases the tendency to aggregate.

In this respect, the work by Roth et al. [15] provides
interesting observations. In this work the surface shear viscosity
of adsorbed p-lactoglobulin was measured during a 24 h period.
After this period the system was heated to 85 or 90 °C, cooled
after a certain time and the surface shear viscosity (y5) of the
interface after heat treatment was measured. The surface shear
viscosity was found to increase from around 400 to 600—1000
mN/m upon heating. Combined with the observation that
heating will cause extensive aggregation and even gelation
(especially at the high concentrations at the interface) their
results show that before the heat treatment the adsorbed proteins
have not formed a continuous network. Faergmand and
coworkers found a similar increase of 7 after cross-linking
adsorbed proteins with transglutaminase [46—48].

These results clearly show that via inducing association
between adsorbed proteins, the interfacial layers formed after
protein adsorption can be changed in such a way that the shear
viscosity is increased. This is a first indication that before
treatment associations between adsorbed proteins did not
dominate the shear viscosity of adsorbed layers. In addition,
covalent interactions are expected to occur if proteins are
associated through attractive interactions, based on the
evidence from bulk gelation experiments [28—31]. The
combination of these findings confirms the notion that
adsorbed layers should in general not be described in analogy
to three-dimensional gelled systems, but in terms of a system
with a dense packing of particles.

A good description of such a model based on packing
density rather than covalent interactions can be found in the
work of Cicuta and Terentjev and Cicuta et al. [23,24], and
Edwards and Wasan [49]. In these models, the shear
behaviour is the result of a decreased mobility of the particles
due to the close packing. This description can be adjusted to
allow for small clusters of aggregates. The occurrence of such
small clusters of adsorbed particles was modelled by
Ravichandran and Talbot [50] and their effect on shear
viscosity has already been described by Eagland [51].
However, even when small aggregates are accounted for, the
dense packing description does not presume an order over
higher length scales than that of the aggregate, due to
formation of a continuous network. The data presented in
the present study support this concept.

In conclusion, the inability of chemically reactive proteins at
the interface to form covalent cross-links shows that the
adsorbed protein layer obtained under relatively mild condi-
tions is not in a ‘gelled’ state. This is an important observation
to improve the understanding of results described in literature
on this subject. However, as described by Macritchie and
Owens [22] and Izmailova [6], coagulation of adsorbed
proteins, leading to the formation of a true gelled or continuous
network, can and will occur under specific conditions where
stress is applied to the system. Two different processes can be
the cause of this transition. Firstly, the repulsion between
adsorbed particles can be overcome by thermal treatment as

described by Roth et al. [15] and Hellebust at al. [52]. The
latter authors found that the protein layer was mainly stabilized
by non-covalent forces, although within the network some
intermolecular disulfide bonds were detected. The second
process is compression of the interface. In several studies it
has been shown that if the desorption of particles during the
compression is slow enough the particles will be pushed
through the intermolecular repulsive barrier [53—56]. This will
also result in a gelled state of the interfacial layer. Experimental
evidence for the network formation due to compression is
found in the article of Hotrum et al. [57]. A further discussion
on the transition from a ‘densely packed system’ to a ‘gelled’
system is given by de Jongh and Wierenga [58]. During the
formation of foam and emulsions, newly formed interfaces are
subjected to large deformations. As a result, these interfaces
might (partly) consist of a gelled network, which in turn may
allow chemical cross-linking between proteins to occur,
evidently leading to altered interfacial stabilisation properties.
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