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Dynamics of Competitive Adsorption of os-Casein and f#-Casein
at Planar Triolein—Water Interface: Evidence for Incompatibility
of Mixing in the Interfacial Film
SRINIVASAN DAMODARAN* AND TAPASHI SENGUPTA

Department of Food Science, University of Wisconsin-Madison, Madison, Wisconsin 53706

Competitive adsorption of as-casein and f-casein from a bulk solution mixture to the triolein—water
interface has been studied. Although the binding affinity of as-casein to the triolein—water interface
was lower than that of -casein in single-component systems, in a 1:1 mixture of as-casein and
p-casein in the bulk solution the ratio of interfacial concentrations of os-casein to S-casein at equilibrium
was about 2:1, indicating that as-casein was preferentially adsorbed to the triolein—water interface.
Furthermore, the equilibrium composition of as-casein and S-casein in the interfacial film at various
bulk concentration ratios did not follow a simple Langmuir adsorption model. This deviation from
ideal behavior was mainly due to thermodynamic incompatibility of mixing of these caseins in the
interfacial region. The value of the incompatibility parameter, Xi,, for these caseins at the triolein—
water interface was much greater than that at the air—water interface. Displacement experiments
showed that while as-casein could dynamically displace -casein when the latter was in an unsaturated
monolayer state at the interface, it could not do so when S-casein was in a saturated monolayer film
state. It is hypothesized that, because of thermodynamic incompatibility of mixing, the as-casein and
pB-casein mixed film at the oil—water interface may undergo two-dimensional phase separation.

KEYWORDS: Oil —water interface; kinetics of protein adsorption; competitive adsorption; thermodynamic
incompatibility at interfaces;  as-casein; f-casein

INTRODUCTION late arriving3-casein owing to its higher binding affinity for
Recently, several studies{6) have been reported on f[he interface. At equilibrium, the ratio ofs;-casein tg3-casein
competitive adsorption of proteins at the-aivater interface. I the mixed film was 1:2. It was also demonstratédd) that
These studies have revealed that, in the initial stages of although-the two caseins were app_ar.entlly Compatlble in so!ut|on,
adsorption, i.e., before the formation of a protein film at the they exhibited incompatibility of mixing in the film at the air
interface, competitive adsorption of protein components to the Water interface and eventually separated inta-casein and
air—water interface from a bulk mixture was mostly reversible £-Casein rich phases at the interface.
and the proteins displaced each other from the interface up until Although several systematic studies have been conducted on
surface aggregation and film formation occurrég ). It was competitive adsorption of proteins at the-awater interface
also noted that the surface concentration of individual proteins (3—7), no such studies have been reported for thevdter
in the mixed binary protein films at equilibrium did not follow ~ interface. It has been shown that the kinetics and energetics of
the ideal Langmuir adsorption model, suggesting that the binding Protein adsorption at the cilwater interface is quite different
affinities of the protein components to the interface in a binary from that at the airwater interfaced). This has been attributed
system were not the same as those in single-component systemt® Stronger dispersion forces emanating from the oil phase than
(6, 7). This was attributed to thermodynamic incompatibility from the gas phase. In this respect, it is conceivable that the

of mixing of the protein components in the adsorbed film at competitive.adsorption behaviqr, incompatibility of mixing, and
the interface (67). the dynamics of exchange/displacement of proteins at the

Recent studies on competitive adsorptiorogi-casein and oil—water interfa_ce alsc_) may be quite different from t_hat
B-casein at the air—water interface have shown that these twoOPserved at the airwater interface. These may affect emulsify-
proteins dynamically displaced each other as they adsorbed fromiNg @nd emulsion stabilizing properties of protein mixtures. The
a bulk mixture to the airwater interface §). At a bulk con- objective of the present study was to investigate competitive
centration ratio of 1:1 (1.5 10%% w/v each), thexs;-casein adsorption ofxs-casein ang-casein at a planar trioleirwater
arrived at the interface first, but was easily displaced by the interface and compare the results with those from thewter

interface studies to obtain a better understanding of the influ-
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MATERIALS AND METHODS

Triolein (99% pure), lyophilized and salt free bovifiecasein (min
90%), and lyophilized bovines-casein (min 85%) were obtained from
Sigma Chemical Co. (St. Louis, MO). These protein samples were used

without further purification. Methyl oleate (99% pure), sodium cy- . B
anoborohydride (95% pure), ultrapure N&O, and NaHPO, and NaCl

were purchased from Aldrich Chemical Co. (Milwaukee, WHC- 0{52[ |
Formaldehyde with a specific radioactivity of 10 mCi/mmol was

purchased from New England Nuclear Co. (Boston, MA). Extreme care Oy -

was taken in purifying water for adsorption studies. A Milli-Q Ultrapure
water purification system (Millipore Corp., Bedford, MA) with a
Qpaklcartridge package (composed of activated charcoal, reverse
osmosis, ion-exchange, and ultrafiltration cartridges) capable of remov-
ing inorganic and organic impurities was used to purify the water. The
resistivity of the water used was 18.X2rtm. The surface tension of
this water at 25C was 71.9+ 0.1 mN/m. 0Ol B
The purity of as-casein ang3-casein was determined by alkaline )
urea polyacrylamide gel electrophoresis (ur€AGE) as described Figure 1. Alkaline urea—PAGE profile of as-casein and ﬂ-casein samples
previously (10,11). used in this study.
Proteins were radiolabeled by reductive methylation of the amino
groups using sodium cyanoborohydride dfi@d-formaldehyde at pH with the rate meter. The cpm measurements were recorded for every
7.5, as described elsewhef2]. The protein concentrations were deter- minute for the first hour of the experiment, followed by cp-10 min
mined usingE'* values of 4.6 and 10.5 at 280 nm f@+casein, and measurements thereafter for 16—20 h. Calibration curves required for

as-casein, respectively. The specific radioactivitied‘af-radiolabeled converting cpm readings at the eilvater interface into interfacial

p-casein andiw-casein were 0.795Ci/mg and 1.18Ci mg™?, respec- protein concentrations (mg T were constructed as described

tively. These specific radioactivity values corresponded to incorporation elsewhere (13). The cpm versus interfacial radioactivit€i(m=2)

of about1.9 and 1.8 mol df‘CH; per mole of protein, respectively. calibration curve was constructed by spreadit@}labeled3-casein at
Adsorption Studies at the Oil-Water Interface. The kinetics of the oil-water interface as described earli#B), The cpm arising from

protein adsorption at the triolein—water interface was studied as radioactivity of protein in the bulk solution was determined from a
described previouslyl@). The method essentially involved spreading standard curve relating surface cpm versus bulk radioactivity of
of a 1000 A thick film on water surface and monitoring adsorption of N&“COs. The interfacial radioactivityCi m~?) of the adsorbed protein
14C-labeled proteins using a surface radiotracer probe. The surfacewas determined by dividing the background-corrected cpm with the
tension was measured by the Wilhelmy plate technique using a ST slope of the cpm versus interfacial radioactivity calibration curve. The
9000 surface tensiometer (Nima Technology Ltd., Coventry, England), interfacial protein concentration (mg™) was obtained by dividing
interfaced with an IBM computer. A thin sand-blasted-platinum plate the instantaneous interfacial radioactiviydi m~2) with the specific
was used as the sensor. radioactivity of the protein (uCi md).

The apparatus consisted of a Teflon trough having inner dimensions ~ Competitive Adsorption. In competitive adsorption experiments
of 17.45 cm length, 5.5 cm width, and 4 cm depth. One side of the involving as-casein ang-casein, the total bulk protein concentration
trough had a small hole (1 mm diameter) capped tightly with a septum was maintained constant abd10~* % (w/v) and the concentration of
for injecting protein solution into the bulk phase. The entire experi- €ach component was varied from 0.25107%% to 3.75x 107%%
mental set up was placed on a plexiglass platform, which was designed(w/v). Only in one experiment the total concentration of the proteins
to damp any vibrations. In each experiment, 350 mL of solution was maintained at % 10~4 % (w/v) with each protein at 1.5 107*
consisting of 20 mM phosphate buffer (pH 7.0) adjusted to 0.1 M ionic % (w/v) concentration. The binary adsorption experiments were carried
strength with NaCl was used as the bulk phase. Prior to spreading theout in sets. Each set consisted of a pair of experiments with identical
triolein film over the water (buffer) surface, a very thin (3 mm diameter, bulk concentrations ofi-casein angg-casein. In the first experiment,
12.7 mm length) Teflon-coated magnetic stir bar was placed at the **C-labeleds-casein and unlabelexi-casein were used. This permitted
center of the trough and the radiotracer probe ((Ludlum Measurements,monitoring of adsorption of-casein only, even though both proteins
Inc., Sweetwater, Texas) and the Wilhelmy plate were placed in adsorbed simultaneously. In the other experiment belonging to the same
position. The method for spreading a 1000 D thick triolein film has pair, *C-labeledos-casein and unlabelgticasein were used to monitor
been described in detail elsewhere (13). adsorption ofas-casein only. The sum of interfacial concentrations of

To initiate protein adsorption in single protein adsorption experi- both caseins at any instant yielded the dynamic total protein concentra-
ments, a known volume (0.5—2.0 mL) of protein stock solution (1% tion at the triolein—water interface.

w/v) was injected through the hole in the side of the trough, without ~ Displacement.The ability of as-casein to displacg-casein from
disturbing the oil film. The final bulk concentration of protein in the —an ageds-casein film at the oftwater interface and vice versa was
trough was in the range of 181072 % (w/v) in adsorption isotherm  investigated as follows: First/C-labeledos-casein (or**C-labeled
studies. The surface tension and surface radioactivity (cpm) measure-3-casein) was allowed to adsorb to the triolein-water interface from a
ments were initiated soon after injection of the protein solution. The 1.5 x 107%% (w/v) bulk solution for 24 h or until the interfacial
bulk phase was gently stirred by using the stir bar, which had been concentration reached a constant value. Then, an aliquot of a stock
preadjusted to about 60 rpm. The stir bar was very slowly moved along solution (1%) of unlabeleg3-casein (or unlabeledi-casein) was
the length of the trough by moving the magnetic stirrer beneath the injected into the bulk phase so that the final bulk concentration of
plexiglass platform for proper mixing of the injected protein solution. j-casein (oroas-casein) was 1.5¢< 107% w/v. The change in the
Proper care was taken to prevent ripples on the oil film. To the naked interfacial radioactivity (cpm) was monitored continuously for several
eye, the oil-covered water surface remained perfectly calm under this hours to determine if the unlabelgdcasein (or unlabeleds-casein)
gentle stirring motion. The stirring was continued only for the first 15  from the bulk phase displaced tH€-labeledas-casein (of“C-labeled
min, after which it was stopped. p-casein) at the interface.

The surface tension and surface cpm were continuously monitored
until they reached an equilibrium value, which usually took about RESULTS AND DISCUSSION
16—20 h depending on protein concentration in the bulk. The cpm were
integrated using a rate meter (model 2200, Ludlum Measurements, Figure 1 shows the alkaline ureePAGE pattern ofxs-casein
Sweetwater, Texas) and printed out on a strip chart recorder interfacedandf-casein samples used in this study. Ba&asein contained
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8 where, K is the equilibrium constanta is the average area
occupied by the protein molecule at saturated monolayer
coverage (i.e., Ika), andC, is the bulk concentration of protein
at equilibrium. The adsorption isotherms of-casein and
p-casein were analyzed according to eq 1, and the results are
shown inFigure 3. The equilibrium binding constants, calcu-
lated from the slope of the lines Figure 3, are 1.75 and 3.63
cm, respectively, fols-casein ang3-casein, suggesting that
p-casein has greater affinity than-casein for the oil—water
interface. Previously, it has been reported that the binding
affinities of f-casein andxs-casein to the airwater interface
were 1.25 and 1.07 cm, respectiveR).(These values clearly
show tha{s-casein inherently has greater affinity thancasein
0 : : ' for both air-water and oit-water interfaces, and that for both
Te-5 Te-4 Te-3 Te-2 caseins the oitwater interface is more attractive than the-air
Bulk concentration, % wiv water interface.

The time-dependent increaseslirandI1 during adsorption
of ascasein ands-casein to the trioleirwater interface in
single-component systems at x5107%% (w/v) bulk concen-
tration are shown irFigure 4. For both these protein§, did
0 not reach a true equilibrium value even after 24 h of adsorption.
12 - This also was the case with the surface pressure values.
Therefore, the adsorption isotherms showtfrigure 2, which
were based on 24 h values, should be regarded as apparent
adsorption isotherms. Boifh— t¥2andIl — t¥2 curves exhibited
a biphasic behavior, suggesting existence of two molecular
4 - processes affecting adsorption of caseins to the interface. One
may involve initial anchoring of the protein to the interface and
the other may involve two-dimensional aggregation at the
interface (14). The initial rate of adsorption of proteins at an
interface from a dilute solution is generally regarded as

Bulk concentration, % wiv diffusion-controlled (15) and follows the relationship

Figure 2. Adsorption (A) and interfacial pressure (B) isotherms of
os-casein (O) and SB-casein (O) at the triolein—water interface. The bulk T = 2C0(9)
phase was phosphate buffered saline solution, pH 7.0, | = 0.1. t 7T

Feq’ mg/m?
~

16 4 B

Heq’ mN/m

0 T T T
1e-5 1e-4 1e-3 1e-2

1/2
tl/2 (2)

only as; and o fractions and was devoid of ang-casein \_/vhereC_:o is_the bulk'c_oncentration of_proteinis time, an_dD _
contamination. Similarly the8-casein sample contained only IS the diffusion coefficient of the protein. The apparent diffusion

the majorﬁ_casein fractions and was essen“a"y devoid of coefficient Of(ls-Casein an(}B-casein, calculated from the initial
ascasein contamination. slopes ofl'; — t2 curves inFigure 4A, is 148x 1077 and 124

Figure 2a shows adsorption isotherms dfC-labeled x 1077 cn¥/s, respectively. These values are about 2 orders of
o-casein ang-casein in single component systems. Both these magnitude greater than those determined from adsorption studies
proteins exhibited a plateau abovex6L0~%% (w/v) bulk protein at th_e air-water |nterfa(_:e %) and their dlffus_|V|ty in bulk
concentration. The saturated monolayer coverdgg, for solution. It should be pointed out that these high values could
[-casein andxs-casein at the triolein—water interface was 7.6 Not be attf'bUIEd to convection since the bulk phase was not
and 7.1 mg m2, respectivelyFigure 2b shows the equilibrium stirred QUrlng thg time course pf adsorption, except very gently
interfacial pressurd() of adsorbeds-casein ang-casein films _for the f|_rst 15 min. Prewousl_y, it has been s_,hown tha_t d|sper5|o_n
in single component systems over the same bulk concentrationintéractions between proteins and the oil—water interface is
range. Thdlsy for ascasein angg-casein at saturated mono- ~ attractive, whereas those between proteins and the air—water
layer coverage were very similar, about 15 mNmit should |nterfac¢ were ge.nerally repulsive (9). T_hus, the fas_ter rate of
be noted thatw-casein used in this study is a natural mixture adsorption and highereq values of caseins at the oil—water
of asr-casein andisrcasein with a composition as shown in  interface than at the aiwater interface might be due to the
Figure 1. Therefore, the adsorption isotherm and other kinetic dominant attractive dispersion interactions between the proteins
data ono-casein should be regarded as an average behavior of2nd the oil phase. g ) _
this mixture. Figure 5 shows competitive adsorption efs-casein and

Adsorption of proteins at an interface is generally assumed /-casein from a 1:1 bulk mixture to the trioleiwater inten:race.
to follow a Langmuir adsorption model when the protein 1Ne total protein concentration in the bulk was 3Q0™* %

concentration in the bulk phase is below the critical concentra- (W/V). Under these conditions, the interfacial concentration of
tion at which saturated monolayer formation occurs. The %sCasein and’)’-;:aseln reached an equilibrium value of 3.69
equilibrium interfacial concentratioiieq under these conditions ~ @nd 1.92 mg m* respectively. That is, the ratio ofs-casein

is given by the relationship (8) to ﬁ-ca}sein concentration in the mixed film at j[he triotein
water interface was about 2:1. The total protein load at the
KC r triolein—water interface at equilibrium was 5.61 mg fwhich
r b r €q =KC, (1) was lower than the value for either of the proteins in single

= 0
“ 1+KaG, 1- (reo(rsaD component systems ats3 107%% bulk concentration (Figure
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Figure 3. Adsorption isotherm data of (A) S-casein and (B) as-casein plotted according to the Langmuir equation (eq 1). The solid lines are linear
regression.
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Figure 4. Evolution of interfacial concentration (A) and interfacial pressure Time (min'?)
(B) with time during adsorption of os-casein (O) and S-casein (O) in
single-component systems at the triolein—water interface from a bulk
solution containing 1.5 x 1074% (w/v) protein.

Figure 5. (A) Kinetics of competitive adsorption of as-casein (O) and
B-casein (O) at the triolein—water interface from a 1:1 bulk solution mixture
containing 1.5 x 107% (w/v) of each protein. A represents total interfacial
concentration obtained from the sum of O and O curves. (B) Evolution
of interfacial pressure during adsorption of a-casein and 3-casein at the
triolein—water interface in the binary protein system.

2). Previously, competitive adsorption af-casein ang-casein
under similar conditions at the aiwater interface showed that
the ratio ofas-casein tgs-casein at the airwater interface at
equilibrium was about 1:25), which was exactly the opposite The most intriguing aspect of the datakigure 5A is that

of the behavior observed at the trioleiwater interface. It even though the apparent binding affinity @f-casein to the
should be noted that, in the binary system, healues of triolein—water interface was less than thatfbtasein, its['eq

both as-casein angs-casein reached stable equilibrium values was twice that ofs-casein in the binary system containing 1.5
after about 400 min of adsorptiorrigure 5A), which was x 107%% (w/v) each ofagcasein ands3-casein in the bulk

not the case in single component systems (Figure 4A). The solution. This suggests that factors other than binding affinity
surface pressure of the mixed protein film did not reach a per se seem to influence the final composition of these caseins
true equilibrium value although it appeared to reach an ap- in the binary film as opposed to in the single component film
parent equilibrium value after about 1000 min of adsorption at the triolein-water interface. One possible explanation may
(Figure 5b). be that these two caseins may exhibit incompatibility of mixing
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Figure 6. Kinetics of competitive adsorption of as-casein (O) and 5-casein
(m) at the triolein—water interface from bulk solutions containing various
concentration ratios of os-casein and jS-casein. The A curve represents
total interfacial concentration, obtained from the sum of O and M curves.
The bulk concentration ratios of as-casein/3-casein were (A) 0.25/3.75,
(B) 0.44/3.56, (C) 0.67/3.33, (D) 1.33/2.67, and (E) 2/2. The total protein
concentration in all these binary solutions was 4 x 107% wiv.

in the film at the interface. This may facilitate preferential
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Figure 7. Evolution of interfacial pressure with time during adsorption of
os-casein and S-casein at the triolein—water interface in various binary
systems described in Figure 5. The symbols correspond to as-casein/3-
casein bulk ratios, (v) 0.25/3.75, (O) 0.44/3.56, (») 0.67/3.33, (O0) 1.33/
2.67, and (@) 2/2.

25 30

ratio in the bulk, for example ats-casein tgs-casein ratio of
0.25:3.75 Figure 6A), the interfacial concentration gfcasein
initially increased rapidly to reach a peak at about 25 min of
adsorption, then gradually decreased with time up to about 100
min and then slowly increased with time. On the other hand,
the interfacial concentration ofs-casein increased continuously
during the desorption phase g¢f-casein and reached an
equilibrium value of about 0.8 mg ™. The data irFigure 6A
suggest that after the initial rapid adsorptionge¢asein to the
interface, owing to its high bulk concentration, it was displaced
from the interface by the late arriving:-casein and the system
reached a new equilibrium value. As thecasein tg3-casein
bulk concentration ratio was increased, keeping the total protein
concentration in the bulk phase constant at 407%% (w/v),

the I'eq Of as-casein increased and that @fcasein decreased
(Figures 6B—E). The desorption phase ffcasein (as a result
of displacement byxs-casein) also gradually decreased as the
os-casein tg3-casein bulk ratio was increased. However, while
the shape of thd® — t¥2 curves ofascasein was typically
hyperbolic at all bulk ratios, that gi-casein was nonhyperbolic,
suggesting that adsorption gkcasein to the interface was

adsorption of one protein at the expense of the other. Previously,abruptly stopped after a period of time, presumablydgasein.
using an epi-fluorescence microscopy technique, it has beenDesorption ofas-casein bys-casein did not take place even at

demonstrated thatis;-casein andfg-casein exhibited two-
dimensional phase separation in films formed at the-aater
interface because of incompatibility of mixin@®). That such
a phenomenon may also exist at the triotewater interface is
evident from the fact that the total amountIaf; in the binary
system (i.e., 5.61 mg m) was less than that in single
component systems at 3:0 107%% (w/v) bulk concentration
(Figure 2). This could occur only when the presence of one
protein at the interface alters the binding affinity of the other
to the interface because of incompatibility of mixingy ).

To determine ifs-casein ang@-casein dynamically displaced
each other during adsorption at the trioleimater interface,

high ascasein tg3-casein bulk ratios, for example at 3:1 ratio
(data not shown). This is surprising given the fact that the
binding affinity of 5-casein for the trioleirrwater interface was
greater than that afic-casein. As discussed earlier, this might
be related to thermodynamic incompatibility of mixing between
os-casein angb-casein above a threshold concentration in the
interfacial region, favoring preferential adsorptionogfcasein.
The I'eq values of both caseins in each of the binary
experiments are summarized Table 1 and thel'eq versus
os-casein/f-casein bulk ratio profiles are shownFigure 8.
TheT'eq Of 0-casein increased and that @fcasein decreased
with increasing ratio ofts-casein tgs-casein in the bulk. The

competitive adsorption at various bulk concentration ratios was extent of increase dfeq Of as-casein was larger and the extent

studied. Figures 6 and 7 show I'-t¥2 and T1-t¥2 curves,
respectively, for competitive adsorption afs-casein and
p-casein at five different bulk concentration ratios. The total
protein concentration in the bulk solution in all these experi-
ments was 4.0< 1074 % (w/v). At low as-casein tg3-casein

of decrease of¢q of -casein was smaller for a unit increase
in as-casein tg3-casein concentration ratio in the bulk solution.
It should be noted that while tHé., of as-casein angs-casein
in single component systems at 4 107%% (w/v) bulk
concentration was 6.13 and 7.15 mgdrespectively, thé ol
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Table 1. Compositions of the Mixed a-Casein/-Casein Films at the 3000
Triolein—Water Interface at Various Bulk Ratios?
2500 - e RGO
bulk protein interfacial protein QR /E 53
) ilibri -2 £
conc, % (whv) conc at equilibrium (mg m) S 2000 - Unlabeled p-caséin injected
os-casein p-casein os-casein p-casein total L
]
40%x107* 0.0 6.13 0.0 6.13 o 1500 -
2.0x1074 2.0x1074 3.86 2.09 5.95 g
1.33 x 1074 2.67 x 1074 3.01 2.64 5.65 S 1000
1.0 x 10~ 3.0x 10~ 2.37 3.25 5.62 =
0.67 x 1074 3.33x107* 1.83 3.46 5.29
0.44 x 10 3.56 x 10~ 1.65 3.82 5.47 500 -
0.25 x 1074 3.75x 1074 0.69 4.45 5.14 7
0.0 40x1074 0.0 7.15 7.15 0 s

0 10 20 30 40 50 60
\/ Time (min'?)

Figure 9. Displacement of **C-labeled os-casein by unlabeled 3-casein
(O) and **C-labeled 3-casein by unlabeled as-casein (O) from the triolein-
water interface. The arrows represent the times at which the unlabeled
proteins were injected into the bulk phase. See text and Materials and
Methods for further details. The specific radioactivities of as-casein and
p-casein were 0.795 and 0.34 uCi/mg, respectively.

aThe total bulk protein concentration was 4 x 1074% (w/v).

also could not displacgs-casein from the trioleinwater

interface. It should be recalled that during simultaneous adsorp-

tion of as-casein ang3-casein from the bulk phases-casein

could dynamically displac@-casein from the trioleinrwater

interface during initial phases of the adsorption procEggufe

6). Coupled with the data dfigure 6, the data inFigure 9

0 : : : : clearly demonstrate that so long as the interfacial concentration

000 025 050 075 1.00 of -casein is below the threshold concentration to form a film,

os-casein from the bulk phase can displgteasein from the

triolein—water interface.

Figure 8. Relationship between equilibrium interfacial concentration of The inability of either of the proteins to displace the other

as-casein (O) and p-casein (O) and the bulk concentration ratio of when the latter is in an aged film state at the trioteivater

as-casein to B-casein. interface is in stark contrast with their behavior at the-air
water interfaceq). It has been shown that both;-casein and

at equilibrium in all these binary experiments was in the range g-casein could exchange and displace each other from the air

Ty mg/m?

0L,-CN/B-CN ratio in bulk

of 5.14—5.95 mg m? (Table 1), which was lower than thEeq water interface even in an aged saturated monolayer #im (
values in single component systems. For instance, in the caserhjs tentatively suggests that batl-casein ang-casein form

of 0.25:3.75 bulk ratio ofis-casein tof-casein, thel'ora Was a more cohesive film at the triolein-water interface than at the
only about 5.14 mg n? whereas wheis-casein was omitted  air—water interface.

from the system thdq increased to 7.15 mg ™. This Recently, an empirical approach has been developed to study

suggests that the presence of even a small concentration othermodynamic incompatibility of mixing of proteins at inter-
oascasein in the bulk impedes adsorption dtasein to the  faces (6,7). The Langmuir model for competitive adsorption
interface. This might be due to incompatibility of mixing of  of two proteins from a bulk phase to an interface is given by

these two caseins at the triolein—water interface. 1

It has been suggested that reversibility/irreversibility of protein
adsorption at an interface and exchange between protein K,C,
molecules in the bulk and at the interface was dependent on I',= 1T KacC +Kac 3
the magnitude of concentration-dependent intermolecular in- 11 2¥22
teractions at the interface (7). According to this view, protein K.C

ion is intrinsi i 22

adsorption is intrinsically reversible and exchangeable so long r,= (4)
as the adsorbed protein molecules are in a nonaggregated state 1+ K@aC; + Kal,
at the interface. However, once film formation via intermolecular
interactions occurs above a critichl reversibility and ex- wherel'; andT'’; are interfacial concentrations at equilibrium,

changeability are lost. To determine if this is true in the case of C; andC, are bulk concentrations at equilibriuiay, anda, are
os-caseinB-casein at the trioleinwater interface, displacement  areas occupied per molecule at saturated monolayer coverage
experiments were carried out on 24 h aged monolayer films of (i.e., 1/Tss), andK; andK; are equilibrium binding constants
os-casein ang-casein. The results are showrHigure 9. When of protein 1 and protein 2, respectively, at the interface. This
unlabeleds-casein was injected into the bulk phase6¢E- Langmuir model for competitive adsorption of proteins assumes
labeled os-casein film aged for 24 h at the trioleiwater thatI'eq Of proteins 1 and 2 in the mixed film are affected only
interface, no perceptible change was observed in the interfacialby their concentrations in the bulk, the number of vacant sites
cpm readings, implying thaf-casein could not displace available at the interface, and their relative binding affinities to
os-casein from the trioleirwater interface. Similarlygs-casein the interface. It also implicitly assumes that the adsorbed proteins
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10 A of previous studies at the air—water interface (5—7) reveal
< several important differences. First, even though the apparent
08 \\ binding affinity of as-casein is lower than that ¢gf-casein to

both air—water and trioleinwater interfacesoscasein is

\\ preferentially adsorbed to the trioleimvater interface, whereas

2 06 \ this was not the case at the -awater interface. Although the
E‘Z \ exact molecular reasons for this behavior are not clear, it might
? \\ be the net result of the energetics of protgmmotein, protein—
~ 04 \ water, and proteirtoil interactions in the interfacial region. It

\ is likely that the magnitude of Flory-Higgins protetsolvent
\ interaction parametergs of the two proteins in the triolein
water interfacial region may play a role in amplifying incompat-
AN ibility of mixing of the casein in this interfacer}. In a protein

' ' ‘ 1/protein 2/solvent ternary system, even if the interaction
0.0 02 04 06 08 10 parametely1, = 0, meaning that the polymers are compatible

o
N

C,.cn/Ciot with each other, they can still exhibit incompatibility of mixing
i o in a solvent medium if there is a difference in the protein
Figure 10. Plot of I'gs—con/Tior Versus Ces—cn/Ciot at equilibrium  for solvent interaction parameteligzs — y24 (17). In the case of

adsorption of as-casein and S-casein at the triolein—water interface in

' : : i oil—water interface, the situation is more complicated than the
the hinary systems. The broken line represents the ideal Langmuir curve

X air—water interface because the solvent in the interfacial region
predicted by eq 5. is an inhomogeneous mixture of oil and water. Thug,and
. . x2s Will have two components, vizyi, and yaw, depicting
do not aggregate and/or interact with each other. For such Anteraction with water, ango and o, depicting interaction

noninteracting ideal system, from eqs 3 and 4 with oil. Therefore, for two proteins at the eilvater interface
I, K.C, I, K,C,

rtOt K:LC]_ + K2C2 an Ftot chl _|_ K2C2 (5) |X15 XZS' |(X1W XlO) (XZW X20)|

|(X1w - XZW) + (Xlo - XZo)l (6)

Knowing K3 andK; from single-component systems, the value
of I'y/ Tyt (0r T/ Tior) can be calculated for any combination  This expression basically relates to the sum of differences in
of C; and C,. If the proteins in a binary film at an interface  hydrophilicities and lipophilicities of the two proteins. The larger
exhibit incompatibility of mixing, then the binding affinities  the difference, the greater would be the incompatibility at the
K, andK; in the binary system would not be the same as those Oil—water interface. Previouslyly), it has been pointed out
in single component systemB)( Thus, if incompatibility exists, that incompatibility between two polymers can manifest even
the experimental'y/T'; VersusCy/Cio; profile would not be the ~ When the value ofyas — y2d is as little as 0.03.
same as that predicted by the Langmuir model. The extent of An alternative explanation for the preferential adsorption of
deviation will be a direct measure of the degree of nonideality as-casein may be related to its propensity to self-aggregate and
of mixing between the proteins (). form network structure. This property, which is lacking in
Figure 10 shows experimental qs—cn/Tior VErsusCeys—cn/ pB-casein, may enables-casein to form a self-aggregated film
Ciot curve along with that predicted by eq 5. A similar plot for at the triolein-water interface, thereby forcing-casein to
B-casein will be similar in profile but inverted diagonally. Itis  desorb from the interface. The absence of this phenomenon at
evident that there is significant deviation of the experimental the air-water interface might be related to the fact that the
curve from the predicted one, indicating that thecasein/ saturated monolayer coverage f¢-casein at the airwater
S-casein binary film at the trioleinwater interface exhibits a  interface is only about 1.6 mg TA which may not be high
nonideal adsorption behavior, probably because of nonideal€nough to form a strong network structure.
mixing at the interface. If these two proteins are completely  Previously (18) it has been reported that during aging of a
incompatible, then they cannot coexist at all in the interface. tetradecane-in-water emulsion stabilized by a mixture of
That is, the presence of one protein at the interface will totally as;-casein ang3-casein,-casein from the bulk serum phase
prevent adsorption of the other. For this condition, the shaded gradually displaceds;-casein from the emulsion droplet surface.
area inFigure 10 can be regarded as a measure of 100% In the emulsion formed with a 1:1 mixture ofs-casein+
incompatibility or immiscibility. Then, the ratio of the area j-casein, the surface load ¢f-casein was twice that of
between the predicted and experimental curves and the totalas-casein 18). The results of the present study disagree with
shaded area can be defined as the true degree of incompatibilitythose previous reports. It is quite likely that several washing

X12, betweenagcasein andp-casein in the trioleirwater and centrifugation steps used in the previous emulsion studies
interfacial region. The incompatibility parameép, calculated for determining protein composition and load at the interface
in this manner fons-casein/Scasein binary film at the triolein might have resulted in experimental artifacts. It is also likely

water interface is 0.38. Previously, it has been shown that that the observed displacemenbgf-casein by3-casein in those
as-casein ang-casein also exhibited incompatibility of mixing  studies might not have been from the primary adsorbed layer,
at the air—water interface and the value of incompatibility but from loosely held multilayers around oil droplets. The data
parameter in that system was 0.54 7). This suggests that the  presented here pertain only to dynamics of displacement at
degree of incompatibility between-casein angi-casein at the monolayer coverage since no multilayer formation was obvious
triolein—water interface is much stronger than at the-aiater from the adsorption isotherms in the bulk concentration range
interface. studied (Figure 2). Moreover, in the previous stud¥8j,
Comparison of the results of competitive adsorption of n-tetradecane was used as the oil phase in the preparation of
os-casein ang-casein at the trioleinwater interface and those  oil-in-water emulsion. It is quite possible that the energetics of
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interaction ofag-casein byg-casein with the triolein—water
interface might be very different from that with timetetrade-
cane—water interface. It is quite possible that the pure hydro-
carbor-water interface of the-tetradecanewater systems may
behave very similar to the atwater interface. The fact that
the ratio of interfacial load ofxs-casein tofS-casein in the

n-tetradecane-in-water emulsion was 1:2 when the concentration

ratio of the proteins in the bulk phase was 117), which was
exactly the same as that found at the-airater interface under
similar conditions (}, indirectly supports the above supposition.
The results of this study clearly demonstrate that competitive
adsorption ofos-casein angs-casein from a bulk solution to
the oil—water interface does not follow the simple Langmuir
model, and this deviation might be related to incompatibility
of mixing of these caseins in the oil—water interfacial region.
Since thermodynamic incompatibility generally leads to phase
separation, it is likely thafis-casein angs-casein in the mixed
film at the triolein—water interface may undergo time-dependent

two-dimensional phase separation. Two-dimensional phase

separation ims-casein/f-casein mixed films at the air—water
interface has been reportety. If phase separation does occur
at the triolein-water interface, then the interface between phase-
separated regions in the mixed protein film around oil droplets
in emulsions may act as a source of instability in these
emulsions.
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