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The adsorption of dilute mixtures of -casein/f-lactoglobulin to the air—water interface was investigated
using surface dilatation and surface shear rheology. The data were fitted to simple rheological models
to try to gain further information regarding the composition and nature of the interface. The dilatational
measurements suggested that the composition of the interface could be determined using these
models and that the surface concentration was dominated by the f-casein in the early stages of
adsorption but that high levels of S-lactoglobulin were present in the final stages. Surface shear
rheological measurements showed a similar trend. However, the shear measurements appeared to
be more sensitive to the strength of the network than to the composition of the interface. Fluorescence
microscopy supported the findings and demonstrated that any “phase separation” capable of affecting
the surface rheological measurements occurred at the sub-micrometer scale. The results also
demonstrated that the heterogeneity of the interface, once formed, is kinetically trapped, and no
further phase separation occurs over the time span of the experiments.
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INTRODUCTION which possess very little in the way of surface viscoelasticity.
Other interactions such as with enzymes or cross-linking agents
can be detected through an increase in the surface rhedlégy (
28—30). Although many proteins exhibit similar surface tension
behavior, their surface rheological characteristics can be very
different (L4, 27). This can be due to gross structural differences
such as in the case of globular proteins versus aperiodic proteins
(12, 14). Even very small structural changes such as the
differences between genetic variants of the same protein can

applications (12). Milk protein based ingredients tend to be cause a measurable difference in surface rheological behavior

complex mixtures of protein having compositions and func- (11) and '”deed_ functlor?ah.ty ©)- _ ] _
tionalities largely dependent on the extraction, purification, and  The surface viscoelastic fingerprints of different proteins have
subsequent processing procedufs The functional behavior been used in the past to differentiate between two different
of these mixtures can therefore be complex and often unpredict-Proteins at the interface’(15, 16, 18, 19, 24); this was used
able. The molecular basis of the functionality of many of the Primarily to study the way that one protein may disrupt or
individual milk proteins has been well characteriz8d4—12). displace another adsorbed protein. For example, it has been
It is vital, therefore, if we are to be able to control or predict Shown thaj3-casein will disruptosi-casein andx-lactalbumin
the functionality of milk protein products, that we understand, adsorbed layers more easily than the other way aroLi8dLp,
in as much detail as possible, the mechanisms underlying the31) and tha3-lactoglobulin is also effective at disrupting other
functionality of milk protein mixtures. adsorbed protein layer81). There has been a recent resurgence
Surface rheological techniques have been used extensivelyin Protein surface rheology, due to the availability of commercial
in the area of food colloids, as proteins tend to form viscoelastic Surface rheometers; hence, there is likely to be an increase in
interfaces, with rheological properties similar to those of three- the volume of surface rheological data in the literature. The
dimensional protein gels (6,2—22). The technique is very limitation is that interpretation and analysis of these data is a
useful for studying interactions at interfaces, such as betweenlong way behind that developed for three-dimensional rheology
proteins and other surface-active ingredients such as low (€.9., refs32and33); therefore, if surface rheology is to become

The majority of food foams and emulsions are created and
stabilized by proteins. They are abundant, relatively inexpensive,
and perceived to be natural and wholesome ingredients. The
most widely used proteins are derived from milk. They are
produced in large quantities in a form that is easily accessible.
In fact, many of the proteins used in milk are there to stabilize
the milk fat; therefore, they tend to be highly functional proteins,
which have been well characterized and have a range of

molecular weight emulsifiers and lipidg,(14, 21, 23—27), a useful tool in the future, sound analytical methods will be
required.
* Corresponding author [telephone44) 1603 255201; fax¥44) 1603 This present study is a preliminary investigation into quantita-
507723; e-mail Mike.Ridout@bbsrc.ac.uk]. tive analysis of the surface rheology of mixed proteins. We have
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studied the adsorption of binary mixtures of the milk proteins  Fluorescence microscopy was undertaken on mixed, fluorescently
B-lactoglobulin andB-casein. These proteins were chosen labeled BCAS/BLG adsorbed films. BCAS was labeled with fluorescein
because they have very different adsorption and surface rheo4Sothiocyanate (FITC, Sigma Aldrich Ltd., Poole, U.K.) and BLG with
logical behaviors12, 14, 27). Briefly, the globular-lactoglo- Rhodamine 6G (MoIeCL_JIar Probe_s Inc., Eugene OR) as described
bulin forms strong, elastic adsorbed films, whergasasein is els_ewhere41). The proteins were mixed togethz_er thoroughly at known
a flexible, disordered molecule capable of adsorbing very ratios and then allowed to adsorb. Adsorbed films were transferred to

. . e glass microscope cover slides by Langmuir—Blodgett (LB) dipping,
quickly, but the interfacial film is very weak. We chose some o 15 imaging (42). Films were allowed to stabilize over periods of

very simple models that have been applied to the bulk rheology yp to 4 days prior to transfer and imaging (36), although no further
of composite systems4, 35). This allowed us to estimate the  changes were observed in the films after the first few hours of
dynamic surface coverage of the two proteins at different ratios adsorption.

and then interpret these data in terms of the surface properties

of the individual components. In light of some recent work by RESULTS AND DISCUSSION

the group of Damodaran (36—38) who claim to have observed ] S ] ]

dynamic phase separation effects between adsorbed proteins, Pure Proteins. The individual adsorption of either BLG or
these data, together with fluorescent microscopy of the mixed BCAS to an air-water interface has been studied previously
protein interface, should allow the development of a better Under a variety of concentrations and conditiohé, (17, 19,
understanding of the interfacial behavior of simple protein 27). Figure 1 compares surface tension—time (Figure la),
mixtures. This will naturally be extended to more complex “real” Surface dilatational modulus—time (Figure 1b), and surface

protein ingredients. dilatational modulus—surface pressure (Figure 1c) for the
individual proteins at a concentration of 200 nM. BCAS adsorbs
EXPERIMENTAL PROCEDURES to the surface more quickly than BLG, as showrFigure 1a,

with the surface tension dropping more rapidly over the first
hour. This is due to its random, flexible structure in solution
prepared at a concentration ofL mg mL™* in ultrapure water (Elga, (10). In co_ntrahst, ELE possigsk? sa %reater (Ijegreﬁ of sefcondary
Maxima L.S), allowed to equilibrate for 30 min, and used without structu_re in the _u ), W ich tends to slow t € suriace
further purification. These solutions were then diluted further with unfolding (12). This was in part demonstratedFigure 1a,
ultrapure water to give a final total protein concentration of 200 nM, With BCAS having lower surface tension values than BLG, and
containing differing ratios gf-casein ang-lactoglobulin. This solution also inFigure 1b, where the dilatational elastic modulus for
was again allowed to equilibrate before adsorption and testing under BCAS was higher than that of BLG at short times1@ min).
dilation or shear rheology. The adsorption of the proteins was monitored The BCAS adsorbed layer appeared to undergo a (relatively)
over 3 h. N rapid reorganization to a more condensed, albeit weaker, layer,
Surface shear rheology utilized a Camtel CIR100 (Camtel Instru- gt intermediate times (15—30 min) and surface pressures (8
ments, Royston, U.K.) surface rheometer, in normalized resonance mode_l_5 mN/m). This is thought to be caused by the collapse of the
(39) and at an applied stress of 3gd@d, using a 13 mm diameter De charged “tail” region (residues-150) of the molecule into the

Nouy ring. Calculation of the surface modulus is by comparison with AT -
a reference sample (ultrapure water). Measurements were carried oulSprhaSe and is indicative of the flexible BCAS molecule

at 20°C. The instrument is controlled by a feedback loop system. This fapidly rearranging to a more stable conformatiet8)( A
forces the ring to oscillate in a condition of “phase-resonance” at a Subsequent rearrangement to a stronger, nonequilibrium surface
frequency above the resonant frequency of the measuring system.occurred after 80 min (surface pressurel8mN/m). This is
Surface dilatation measurements used the ring-trough me#@d (  thought to be due to the formation of a more compact interface
where a Wilhelmy plate is suspended within a 100 mm diameter glass as the remaining part of the BCAS molecule approaches the
ring (ring-trough). The ring-trough was oscillated sinusoidally in the close packed limit leading to stronger intermolecular inter-
vertical plane at low frequency (0.82 rad's imposing a calculated  actions. Similar behavior has been observed for other systems;
f:%ggviit'girs‘l:g:‘:;aasrt?frZ?(’/c‘;h;Zezﬁv‘;?é”isoil't?]";"ggr:]“elgsuremems for example, recently Cornec et ab)(inferred thata-lactal-

P b ple. bumin was able to change orientation at high surface concentra-

The surface rheology data were analyzed to estimate the surfacet. BLG al t hed ilibri tat h
composition and possibly derive some structural information (i.e., degree lons. almostreached an equilibrium state over the course

of mixing). Two models, applied to the bulk rheology of non-interacting  Of the experlmen_tSFGgure 1b). Initially Fhe rise In_modulus IS
composites and known as the series and parallel mo8é)8%), were rapid, and then it plateaus at very high dilatational modulus
applied. These represent two extremes of composite modulus for (i) values compared to BCAS. A comparison of the surface
equal stress distribution or (i) equal strain distribution by the composite, pressure—modulus dat&igure 1c) shows that at low surface

Solutions off-casein (BCAS) (Sigma Chemical Co., lot 12H9550)
and g-lactoglobulin (BLG) (Sigma Chemical Co., lot 91H7005) were

respectively pressures the two proteins behaved very similarly, but diverged
G = 4G, + $.G B markedly as surface pressure int_:reased. The increase in modulus
mix - FLEL D Y22 for BCAS observed after 80 min occurred over a very short
and surface pressure increasEigure 1b) and, as indicated, is

probably due to increased surface packing and interactions. In
UG = (¢,/Gy) + (¢,/Gy) ) contrast, the modulus for BLG steadily increased with surface
pressure. This behavior has been described previously and is
whereGnix, G1, andG; are the moduli of the mixture and individual  due in part to van der Waals forces, hydrogen bonding, and
components, respectively, agd and ¢, are the volume fractions of  possibly intermolecular disulfide bonding (8) and a relatively
the individual components in the mixture, respectively. In eq 1 the gjow conformational change at the interface (12).

stronger phase is assumed to make up the continuous network and The surface shear rheology results for the individually
therefore dominates the behavior, whereas in eq 2 the weaker phase

makes up the continuous network and dominates the behavior. In Ouradsorblng proteins ar,e shown figure 2. The differences
experimentsg, and ¢, were taken as the surface area (rather than Petween the two proteins were even more marked, as observed
volume) fractions of BBAC and BLG, respectively.values were taken previously (6,19, 25, 27). After ~5 min of adsorption, BLG

as the measured surface shear elastic modGly®( surface dilatational began to rapidly develop the surface shear elasticity. This
modulus (E'), depending on the experiment. continued to increase over the time course of the experiment,



3932 J. Agric. Food Chem., Vol. 52, No. 12, 2004

Ridout et al.

a 0 140 -
20| e 120 - !
00 J _ 100 _| .
£ : E A
b r z .
H E . £ .
= ] ’ 3 ’
K 2 80 ; 2 80 o
g 2 ' 2 s
& b ' s ,
= =3 ' =
° g 60 . 2 60 .
= = . w /
B , = |
g a . aQ
2 2 | g
£ 404 | £
a ‘ @
20 ).
o1
0 20 40 60 @ 1@ 120 140

Time (mins )

Time {mirs)

sur face pressure (mN'm}

Figure 1. Surface tension and surface dilatational moduli of 200 nM f-casein (solid lines) and 200 nM f-lactoglobulin (dashed line): (a, b) surface
tension and surface dilational modulus, respectively, as a function of adsorption time; (c) surface dilational modulus as a function of the surface pressure.
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Figure 3. Surface dilatational elastic modulus as a function of adsorption
time for BCAS/BLG mixtures. Total protein concentration is 200 nM. Molar
ratios of BCAS/BLG are as follows: curve 1, 0:1, curve 2, 1:0; curve 3,
1:9; curve 4, 1:4; curve 5, 1:2; curve 6, 1:1; curve 7, 3:1.
as seen with the dilatational measurements, eventually forming
a strong surface layer. BCAS, in contrast, showed considerably \Mixed BCAS/BLG Films. The time-dependent adsorption
weaker surface structure by shear measurements. This can bgehavior of BCAS and BLG mixtures, measured by surface
attributed to the very weak nature of the BCAS network, as dilatational rheology, was studied, and the results are shown in
seen by the dilatation resultigure 1). After ~20 min, BCAS Figure 3. The concentrations were chosen so that the time scale
began to slowly develop measurable surface shear elasticity.of the adsorption process was sufficiently long to allow accurate
The reason for this appears to be the high surface density asmeasurement by these techniques. The first observation is that
the molecules reach the packing limit. The surface shear all of the data for the mixed proteins fall between the values
rheology is generally thought to be very sensitive to any for the individual components; therefore, no synergistic inter-
interactions that may occur in the interfacial netwotk (19). action was observed. Interestingly, for nearly all of the datasets,
At short times, the adsorbed BCAS network probably has a the initial behavior of BCASt(< 30 min) largely dominated
small number of very weak interactions not least because of the behavior of the mixed interface. This is further evidence of
the molecular rearrangement that takes place as the chargedhe importance of the faster adsorption of BCAS shown earlier
“tail” region collapses. As adsorption time increases (higher (Figure 1a). At longer times the behavior of the films appeared
surface pressures) the number or strength of the interactionsto be more intermediate between the behaviors of the individual
increases (as discussed above) to give rise to a sufficiently strongoroteins. However, considering the molecular ratios of the
film that can be monitored by surface shear techniques. mixtures, the influence of BCAS is much greater than expected

Figure 2. Surface shear elastic moduli as a function of adsorption time
for 200 nM f3-casein (dashed line) and 200 nM f-lactoglobulin (solid line).
The modulus is presented on a logarithmic scale to highlight the small
changes in the values for S-casein.
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from the solution composition. Only at very low levels of BCAS 140 =
(10%) could the behavior be described as BLG-like, possibly a y
implying some form of phase transition behavior in the mixtures. 1
Similar results have also been found with binary mixtures of 120 o venem T

BCAS andoa-lactalbumin or gelatin (15). Here, BCAS was
found to dominate the surface shear viscosity at a relative
concentration of only 25%. Presumably, the protein that adsorbs
more quickly (in this case BCAS;igure 1a) will have a greater
chance of forming a continuous network at the interface and
dominating the surface rheological properties. The protein that
adsorbs more slowly either fills in the available space or, if the
bulk concentration is great enough, will continue to adsorb and
perhaps even disrupt or displace the first proteid, (31).
Significant displacement is unlikely to occur here, as the surface
pressures reached were not great enough to induce significant
displacement as shown in previous displacement studies with
surfactants42). It is likely that any interactions which develop
over time may also lead to changes in the observed behavior,
making it difficult to fit the simple models used here.

Surface rheology can impart information regarding the surface
composition of mixed protein interfaces that tensiometry cannot.
This has been demonstrated previously when it was shown how
one protein can disrupt an interface formed by anoth&rZ4,

18, 19, 31). Careful analysis of the data may also be able to

give information about the nature of the mixed interface, in the

same way that bulk rheological analysis imparts information

about the bulk (3435). Heterogeneous structures have already

been observed in mixed protein/surfactant interfaces using probe 140+ b
microscopy (4244) and Brewster angle microscopy (48),

but to date it has not been possible for these techniques to

Surface Dil atational B asticity (mN /m)

differentiate between two adsorbed proteins. As indicated earlier, 1204 v?

it is thought that proteins adsorbed to an interface provide a e g

two-dimensional representation of the three-dimensional network 1 ," 3
behavior observed in the bulk. This is supported by the fact 100+ 4 ‘..-"'
that bulk protein gels and adsorbed protein films both have non- (" o
Newtonian viscoelastic properties that have analogous concen- 1 - ,-'"

tration, frequency, and stress dependencies. Models of this bulk | ._-"

rheological behavior vary in complexity (35), but can be very 809 ! -

simple (34). Initially, we have fitted the simplest models to our
observed moduli data (both shear and dilatation) to see if it is
possible to predict the nature of the interface.

Using the dilatational data for BCAS and BLG adsorption
(Figure 1c) we generated “predicted moduli” for the mixed
systems at various BCAS/BLG ratios using egs 1 and 2. In
Figure 4a BLG was seen as forming the continuous network
and exerting the most influence over the moduli, whereas in
Figure 4b BCAS was deemed to form the continuous network
and therefore dominate the properties. The similarities between
Figures 3and4b are quite marked. The observed data strongly
suggest that BCAS dominates the behavior of the mixed system

Surface Dil atational B agticity (mN/m)

=l ————————

at all but the Iowe.sf[ BCAS cor_lcentrations. This_can be seen in 0 20 40 60 80 100 1;0 .
the peak in elasticity at-18 min of adsorption timeRigure ]
3), which is characteristic of BCAS. It is also interesting to Time (minsg

note that at the higher levels of BLG present in the bulk, the Figure 4. Calculated surface dilatational moduli of BCAS/BLG mixtures,
surface properties were more accurately predicted by eq 1, theusing (a) eq 1 and (b) eq 2. Molar ratios of BCAS/BLG are as follows:
model that assumes that the stronger component is in thecurve 1, 0:1; curve 2, 1:0; curve 3, 1:4; curve 4, 2:3; curve 5, 3:2; curve
continuous phase. This might possibly be expected because (ap, 4:1.
there may not be sufficient BCAS present to form a continuous
network and (b) the dilatational modulus of BLG is considerably the BCAS, even when bulk contains as little as 30% BCAS,
higher than that of BCAS. and the other at lower BCAS levels, where the viscous
Figure 5 further demonstrates the dependency of the final component appears to be dominated entirely by the BLG and
surface properties on the bulk composition. Here, surface no evidence of the weaker BCAS is seen. This is probably a
dilatational viscosity is plotted against surface pressure and thereconsequence of the typical behavior of the protein forming the
are clearly two distinct behavioral regimes, one dominated by continuous network, BLG producing a highly viscoelastic
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Figure 5. Surface dilatational viscosity as a function of adsorption time
for BCAS/BLG mixtures. Total protein concentration is 200 nM. Molar
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Figure 7. Experimental and calculated values of the surface shear modulus
of BCAS/BLG mixtures. Total protein concentration is 200 nM. Molar ratios
of BCAS/BLG are as follows: curve 1, 0:1; curve 2, 1:0; curve 3, 1:1;
curve 4, 9:1.

regimes (Figure 5); we note that this model was a very poor fit
at times up to 6& min (as could be inferred frorRigure 4),
whereas the other model (eq 2) fits the majority of the data
more accurately. Hence, the data (eq 1) were biased toward the
longer adsorption time. Whereas eq 2 appeared to be a better
fit, the calculated BCAS surface concentrations always appeared
lower than would be expected from the relative adsorption rates.
This suggested that adsorbing BLG began to dominate the
network at longer times. Included Figure 6 are the surface-
radio-counting data from Razumovsky and Damodaré8), (
which were measured under similar experimental conditions.
The values they have measured are very close to those predicted
by the calculations from eq 2.

The surface shear data are somewhat revealing and on
inspection appeared not to fit either model. The results are shown
in Figure 7 and appear on first observations to agree with the
analysis of the surface dilatational data. That is, the surface
moduli of the mixed protein solutions appeared to be dominated
by BCAS at short times, again emphasizing the importance of
the relative adsorption rates, but at longer times the behavior
gradually becomes dominated by the much stronger BLG
network. When the models were applied to the data, the strong
BLG network completely dominated the predicted adsorption

surface, whereas BCAS demonstrates a very small surfacepenayior, and the calculated surface concentrations showed no
dilatational elasticity. relationship to those from the surface dilatational measurements

Another interesting phenomenon was the time-dependentor from the experiments of Razumovsky and Damoda#a@); (
changes in apparent surface composition. Fitting the data overin fact, eq 2 only resembled the data at short adsorption times.
small time scales, for example, in 15 min blocks, gave differing |t is thought that surface shear rheology is more sensitive to
ratios of BCAS to BLG at the surface up to an adsorption time intermolecular interactions formed in the network than the
of 30—40 min (data not shown). This indicated that although dilatational measurements, and, as already stated, the two models
BCAS adsorbed more quickly initially, the relative surface assume that there is no interaction between the competing
proportion of BCAS appeared to decrease at longer times. species. Analysis of the surface dilatational measurements
Thereafter, the relative concentrations of the two proteins at suggested that the surface composition equilibrated within the
the surface remained unchanged over the duration of thefirst hour of adsorption, whereas the surface shear elastic moduli
experiments. These data are in agreement with the recently(Figure 7) continued to increase long after this. This suggests
published studies of Cornec et &),(who argued that adsorption  that complex interactions continued to develop, probably as a
was diffusion controlled at short times. result of molecular rearrangement between the same, or differ-

Analysis of the experimental data from dilatational measure- ent, protein species. Either way, this highlights the deficiencies
ments using the two models was undertaken to see if the relativein these simple models as molecular interactions are not
surface concentrations of the two proteins could be determined.accounted for in contributing to the surface rheological proper-
The results shown ifrigure 6 are for values calculated over ties. Therefore, further work is required to develop a model with
the whole data range. Equation 1 always predicted high BCAS two separate dynamic processes, namely, adsorption (surface
levels at the interface and demonstrated two differing behavior composition) and molecular interactions.



Rheology of Mixed -Casein/-Lactoglobulin Films J. Agric. Food Chem., Vol. 52, No. 12, 2004 3935

It was hoped that the surface rheological data could be used
to reveal information about possible structures at the interface.
As indicated earlier, interfacial protein films can be considered
in a similar way as bulk systems, but restricted to two
dimensions. The rheology has demonstrated that the interface
is heterogeneous, with the dilatation results fitting well to simple
models describing composite systems. The degrees of mixing
at the interface must be restricted to mixed (which can allow
interaction), demixed (phase separated), which may allow
interaction at the BLG/BCAS junction, or a combination of both
(which would also allow some interaction). Recent work by
Damodaran and co-workers (36—38) has demonstrated large-
scale phase separation between BLG and BCAS at the interface
Their studies have also suggested that phase separation due t
thermodynamic incompatibility should be the norm. Interest-
ingly, despite stating that the interfacial protein concentrations
remain constant once the film has developed (some34h)
(from radiolabeling methods}8), phase separation on the scale
they publish does not occur until nearly 96 h have pas3éd (
38). The scales of the phase-separated regions are truly
impressive; it might be expected that phase separation would
occur relatively evenly across the complete interface, but their Figure 8. Fluorescence micrograph of LB film transferred from the surface
results indicated regions of hundreds of micrometers where oneof a 1:1 BCAS/BLG mixture (total protein concentration = 200 nM). BCAS
protein dominates over another. One has to question the apparergignal is shown in green, and BLG signal is shown in red.
delay time and sudden onset of such massive regions of phas
separation, as one would expect a driving force leading to this
behavior that would be observed at shorter times. In recentd.
studies Mackie et al.4(7) have observed the displacement of :
mixed protein films from an interface using surfactants. Here it
was shown that the displacement occurs not in large regions
as would be predicted from the studies of Sengupta eBét-(
38), but rather at discrete sub-micrometer levels, indicative of
either an intimately mixed films or films where phase separation

%Iisplacement by SDS, imaged by atomic force microscopy,
Mackie and co-workers demonstrated that the results from LB
pping and LS dipping can be markedly differeddy.
By applying a simple rheological model, we have shown that
the surface dilatational moduli could be used to estimate the
'surface composition. This is probably because this technique
compresses the interface, and so the response is sensitive to
the molecular structure of the individual components rather than
occurs at scales sianif £y interactions between the molecules. The surface shear
gnificantly smaller than those demonstrate . o . . . o
by Sengupta et al. (36—38). moduli are more sensitive to the interactions forming within
R ] ) the network, which control the integrity of the film. The models
To assist interpretation of the surface rheological measure- sed here assumed no interactions between the components and
ments and to study the development of interfacial phase gq ere of limited value for analyzing the surface shear results.
separation of these systems, fluorescent microscopy of theygwever, the data suggest that although the surface composition
mixtures was undertaken. BCAS and BLG were fluorescently eqilibrated within the first 40 min, interactions continue to
labeled separatgly, and aQsorbed films were prgpared asin ttheveIop and strengthen the network. The source of these
surface rheological experiments. A fluorescent image of a 1:1 jpteractions is not yet fully understood and requires further
mixture (4 days old, although images at earlier times were jnyestigation. Also, if the surface pressure does not increase
almost identical) is shown ifigure 8. Here, as expected, the  peyond a critical value where displacement occurs, over the time
image is dominated by BCAS, due to its relatively faster scale of the experiments, the surface composition remains
adsorption. The image does show several different regions: constant. Considering the spatial distribution of the components
BCAS dominated (green), BLG dominated (red), and regions wjithin the interface and that the surface diffusion of pure protein
where the two proteins are intimately mixed. These data show jnterfaces was close to zero compared to surfactdjtg éeems
that there is some small-scale heterogeneity of the mixed ynlikely that the extensive phase separation in these mixed
interface. No large-scale phase separation was detected at angrotein systems reported recent86(38) will occur over the
time during these experiments. It also agrees with the surfacetime scale of these experiments. The fluorescence microscopy
composition as determined by the surface rheology insofar thatdata appeared to confirm this. Small-scale heterogeneity was
it did not alter over long time periods. It should also be noted observed, probably as a result of the differing adsorption rates
that surface pressures sufficient to lead to displacement fromand interactions between BCAS and BLG. Further rearrange-
the interface were not reached2). The image shown also  ments or demixing waswere not observed. To further investigate
differs from the results presented by Sengupta et al. (36—38); this, we are using atomic force microscopy and scanning near
the phase separation they observe occurs catastrophically. Theield optical microscopy to look at mixed films at even higher
results they present are, like ours, at equilibrium surface magnification. The studies are also being moved to higher
concentration and surface pressure and have been for manyoncentration regimes, where the surface pressures reached may
hours previously. The differences in the preparation are quite be sufficient to induce displacement of one (or both) protein-
significant, however. In our experiments the glass slides were (s).
thoroughly cleaned prior to LB dipping, whereas in their work Conclusions. The relative surface concentrations of mixed
the slide is exhaustively prepared and coated using 3-amino-BCAS/BLG adsorbed films were estimated using surface
propyl! triethoxysilane (APTES) prior to LangmuiSchaefer dilatational rheology in conjunction with a simple rheological
(LS) transfer. In previous experiments on interfacial protein model. Surface shear rheology was sensitive to component
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interactions at the interface, making it difficult to apply simple

models to these measurements. As expected, these models are

limited and require modification to account for dynamic changes
in component interactions. The relative adsorption rates and
surface activities of the “competing” proteins were important

factors for determining the composition of the adsorbed layer.
The interfacial composition and structure reached equilibrium
within the first hour of adsorption; thereafter, as long as the

experimental conditions remained constant, no further rear-
rangement or phase separation was observed.

ABBREVIATIONS USED

BCAS, f-casein; BLG, g-lactoglobulin; LB, Langmuit
Blodgett; LS, Langmuir—Schaeffer.
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