2902 Biomacromolecules 2007,8, 2902-2908

Interaction between Casein and the Oppositely Charged
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The interactions between the classical cationic surfactant dodecyltrimethylammonium bromide (DTAB) and 2.0
mg/mL casein were investigated using isothermal titration calorimetry (ITC), turbidity, dynamic light scattering
(DLS), and fluorescence spectra measurements. The results suggest that the cationic headgroup of the surfactant
individually binds to the negatively charged amino acid sites on the casein chains because of the electrostatic
attraction upon the addition of DTAB. When the surfactant concentration reaches a critical ydIA8 forms
micelle-like aggregates on the casein chain, resulting in the formation of insoluble casein/DTAB complexes.
Further addition of DTAB leads to the redissolution of casein/DTAB complexes because of the net positive charge
on casein/DTAB complexes and the formation of DTAB free micelles. The addition of salt screens the repulsion
between the surfactant headgroups and the attraction between casein and surfactant molecules, which weakens
the binding of surfactant onto the casein chain, favoring the formation of free surfactant micelles.

Introduction steric stabilization would be absent, leading to flocculation.
Many studies have shown that additives can significantly alter
Interactions between natural (or synthetic) polymers and the behavior and overall performance of caséin?

surfactants in aqueous solutions have attracted much interest In commercial food and cosmetic products containing casein,
because of their widespread applications and relatively complexthe addition of surfactant is generally employed to obtain better
behaviors.~7 Surfactant-polymer mixtures may associate into  performance for the products. To contribute to a better
different nanostructures, which can be designed by simply understanding of the forces involved in the surfactarasein
changing the composition of the species in the system. As ainteraction, in this article, we present a study on the interaction
result of the capability to form new nanostructures, numerous between casein micelles and the oppositely charged surfactant
research groups have devoted their attention to advancing thedodecyltrimethylammonium bromide (DTAB), employing iso-
fundamental understanding of the physics governing thesethermal titration calorimetry (ITC), turbidity, dynamic light
interactions~14 In those studies, various techniques have been scattering (DLS), and fluorescence techniques. The results
applied to the study of the surfactamiolyelectrolyte interaction,  provide detailed information on the structtigroperty relation-
including surface tensioh?® viscosity1° zeta potential methods, ship of casein micelles modulated by the oppositely charged
fluorescence spectroscopyisothermal titration calorimetry  surfactant, which will broaden the application range of casein
(ITC),!3 and dynamic light scattering (DLS}.Among these in food, cosmetic, and medical applications.
techniques, ITC has been increasingly employed during the past
years. Its high sensitivity allows the precise determination of
the parameters normally used to characterize polyraerfac-

tant interactions? Materials. Casein was purchased from Sigma (90%). Dodecyltri-
Casein has been widely used in the formulations of food, methylammonium bromide (DTAB, purity 99%) from Aldrich was
cosmetics, and some other consumer products. The caseinmecrystallized twice before use. Pyrene and 1-anilino naphthalene-8-
constituentsgis-, 0sz, 8-, andk-casein, exist in proportions of  sulfonate (ANS) (99%) were obtained from Aldrich. All samples were
approximately 4:1:4:1 by weight, and the average pl of casein prepared in 5 mM sodium phosphate buffer of ionic strength 0.01 mol/L
is 4.8. As an approximation, the caseins can be thought of asat pH 6.8. Casein concentration was kept at 2.0 mg/mL. (The critical
block copolymers consisting of blocks with high levels of micellar concentration of casein under experiment conditions is about
hydrophobic or hydrophilic amino acid residues. Therefore, 1.0 mg/mL.) Therefore, the casein micelles were in a dynamic
caseins can form casein micelles via a balance of attractive €quilibrium with submicelles and monomers in solution. The casein

hydrophobic interactions and electrostatic repulsion in aqueousSelutions were filtered through a Millipore filter with a 2¢m pore
solution15-18 size and thermostated at 26 for at least 0.5 h before use. All other

Th tv of . icelles is | v det ined by th reagents used were of analytical grade, and water was triply distilled.
€ property of casein micelies IS largely oetermined by the Microcalorimetry. Heats of dilution were measured using a-VP
structure of the micelle. The extreme stability of the casein

icelles deri f he | brushiof : | I ITC titration microcalorimeter from MicroCal Inc., Northampton, MA
micelles derives from the layer or brushietasein molecules, at (25 + 0.1) kJ mot?. Experiments were carried out titrating the

extending their C-terminal part into the solution. If the brush icejiar surfactant first into buffer and then into an aqueous solution
were not dense enough, or were collapsed on the surface, thggntaining 2.0 mg/mL casein. In a typical experiment, the casein
solution was placed in the 1.438 &rmsample cell of the calorimeter,

*To whom correspondence should be addressed. E-mail: and DTAB solution was loaded into the injection Syringe. Both solutions
guorong@yzu.edu.cn. were prepared in phosphate buffer and were degassed before use. The
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pH of solutions has been checked to be constant in the studied surfactant
concentration range; therefore, pH has no effect on the ITC data. The
reference cell was filled with deionized water. DTAB solution was
titrated into the sample cell as a sequence of 50 injections>ofl&=%
dm? aliquots. The duration of each injection was 10 s, and the time
delay (to allow equilibration) between successive injections was 240
s. The contents of the sample cell were stirred throughout the experiment
at 307 rpm to ensure thorough mixing. Raw data were obtained as a
plot of heating rateical s'!) against time (min). These raw data were
then integrated to obtain a plot of observed enthalpy change per mole
of injected DTAB AHqps kJ moi™) against DTAB concentration (mM). I éjznﬂﬂﬂﬂnnunnnnmm
Control experiments included the titration of DTAB into buffer, buffer e
into casein, and buffer into buffer. The last two controls resulted in o
small and equal enthalpy changes for each successive injection of buffer
and, therefore, will not be considered further in data analysis. The Coras (MM)
titration of DTAB into buffer yielded enthalpy changes that will be
discussed later. 10 0 B

Turbidity Measurements. Turbidity measurements were carried out o
with a Shimadzu 1601 PC UV/vis spectrometer. The turbidity of the .
surfactant/casein mixed solutions was monitored by the transmittance 8r - €
at 450 nm. A cuvette with 1 cm pathway was used. All of the g
measurements were conducted at £29.1) °C.

Dynamic Light Scattering (DLS). Dynamic light scattering mea- ohe
surements were made at 25:00.1°C and at a scattering angle of90 ar / e ok
to the incident beam, using an ALV 5022 laser light-scattering :f/e“:‘
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instrument equipped with a 22 mW Héle laser at 632 nm (JDS model oL QUL
1145P) in combination with an ALV-5000 digital correlator with a
sampling time range of 1.@s to 1000 ms. The duration of each
experiment was in the range of-30 min, and each experiment was
repeated two or more times.

Steady-State FluorescenceSteady-state fluorescence experiments Figure 1. (A) ITC curves for titrating 0.2 M DTAB in 2.0 mg/mL casein
were performed with an RF-5301 luminiscence spectrometer (Japansolution (m) and buffer solution (O) at 298 K. (B) ITC curves for titrating

Shimadzu Company) equipped with a thermostated water-circulating 0.2 M DTAB in 2.0 mg/mL casein solution with added O M (m), 0.1 M
bath. During the experiments for casein solution, the excitation and (@), and 0.5 M (a) NaCl, together with the dilution curves in buffer

emission slits were fixed at 3.0 and 1.5 nm, respectively, the excitation solution with added 0 M (), 0.1 M (O), and 0.5 M (a) NaCl
wavelength was set at 295 nm, and the emission spectra were collectedinsert).
from 300 to 500 nm. In all of the measurements, the scan rate was
selected at 240 nm/min. concentration (cmc) for DTAB under the conditions of this
Pyrene was used as the probe to determine the microenvironmentalstudy. The initial enthalpic responses are endothermic and are
polarity of casein micelles by observing its fluorescence fine structure. qye to the demicellization that occurs upon dilution of the titrated
The emission spectra were measured in the wavelength range 6f 350 pTAB micellar solution in the calorimetry cell. At the point of
600 nm with the exutanor; wavelength being 338 nm. The pyrene jnfiection, the cell solution concentration reaches the cmc of
concentration was 1.6 107> M. _ the surfactant, and demicellization no longer occurs. For DTAB,
ANS was used as the anionic probe to determine the property of the cmc occurs at a concentration of approximately 14 mM in
casein micelles. The emission spectra were measured in the wavelengtqhe buffer, which is smaller than that in pure water (18.0 mM).
range of 406-560 nm with the eXCitagon wavelength being 380 nm. The large endothermic deviation between the titrations at low
The ANS concentration was 1.0 10> M. DTAB concentration in Figure 1A indicates that the interaction
between the surfactant and casein occurs even at the lowest
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Results and Discussion DTAB concentration measured, 0.55 mM. In oppositely charged
polymer/surfactant systems, ionic surfactant monomers bind to
Thermodynamics of the Binding of DTAB to Casein.ITC the charged sites of the polymer backbone prior to the formation

is one of the most sensitive techniques that permits the directof micelle-like aggregates on the polymer chains. Casein
measurement of thermodynamic changes in the course ofmolecules are negatively charged under physiological conditions
binding and micellizatiod*25Figure 1A shows the isothermal at pH 6.7. At the beginning of the titration, the added DTAB
titration curve @) of 0.2 M DTAB in 2.0 mg/mL casein solution ~ micelles from the injection syringe break up into DTAB
together with the dilution curvéX) of DTAB in buffer. A large monomers, and the DTAB monomers are further diluted in
deviation between these two titration thermograms is evident. casein solution and then bind to negatively charged sites on
The difference is attributed to the interactions between DTAB the casein micelle shell through electrostatic attraction, which
and casein. Since the heat of demicellization effects are notresults in an increase if\Hqpsin the initial part of the titration
mirrored in the caseinsurfactant binding experiments, the ITC  curves. Obviously, DTAB monomers can also bind to the
data shown in this article have not been corrected by subtractionnegatively charged sites on casein monomers (or casein sub-
of the DTAB—buffer control. micelles) through electrostatic attraction.

The titration of the micellized DTAB into buffer leads to the At a certain surfactant concentration, ca. 1.4 mM, as shown
observation of an inflection in the ITC isotherm plot of molar in Figure 1A, a sudden increase in the enthalpy of titration in
enthalpy change against DTAB concentration (Figure 1A). The casein solutions is observed. This is associated with the
position of this inflection corresponds to the critical micellar cooperative formation of small surfactant aggregates ar%JBg/
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casein chains. This concentration is called the critical aggrega-
tion concentration (g, which is much lower than the cmc of
DTAB in water.

The observed increase in enthalpy, with respect to the
reference curve for the surfactant dilution in water, is associated
with the casein chain dehydration caused by surfactant
binding26-28 As surfactant binding progressestons reaches
a maximum and then decreases as the surfactant concentratio
increases. This decrease in the enthalpy difference suggests
smaller extent of casein dehydration upon surfactant binding,
which continues until the reaction passes through a minimum
¢’ (in the case represented in Figure 1, at ca. 10 mM), followed
by a very small increase in enthalpy until the two dilution curves
merge. Therefore, this merging point (at ca. 18 mM) represents
the concentration after which the formation of free micelles
becomes more favorable and is usually referred to,ashe
second critical or saturation concentration. At higher concentra-
tions, only the dilution of DTAB micelles takes place.

To further understand the casein/DTAB complex formation,
isothermal titration microcalorimetry has been used to character-
ize the formation of casein/DTAB complexes in the presence
of 0.10 and 0.50 M NacCl. The enthalpy binding curves obtained
from titrating 0.2 M DTAB into 2.0 mg/mL casein solutions
containing 0, 0.1, and 0.5 M NacCl (given by filled symbols)
are plotted in Figure 1B, together with the dilution curves of
DTAB into buffer containing identical amounts of NaCl (given
by open symbols in the insert figure in Figure 1B). The distinct

endothermic peak detected in the dilution curves characterizes

the cmc of DTAB under different salt conditions. It is found
that cmc decreases from 14 to 6 mM when the NaCl concentra-
tion increases to 0.5 M since micellization is favored by the
additional salt that screens the electrostatic repulsion betwee
the surfactant headgroups.

In the presence of 0.1 M NacCl, the binding isotherm exhibits
almost the same profile as that in the absence of salt. However,
ci1 increases from 1.1 to 1.9 mM, and decreases from 18 to
14.6 mM. Obviously, the addition of salt screens the electrostatic
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Figure 2. Turbidity 100-%T of casein (2.0 mg/mL) with DTAB as a
function of CpraB.

Turbidity Analysis of Mixtures of Casein and DTAB.
Figure 2 shows turbidimetric titration curves of casein solution
with DTAB. As shown in Figure 2, turbidity is constant and
very small at a DTAB concentration lower than 1.4 mM, then
increases sharply at a DTAB concentration higher than 1.4 mM,
and then remains constant with the addition of DTAB. Beyond
11 mM, the turbidity decreases sharply to a small value and
finally remains constant again when the DTAB concentration
reaches 18 mM with the continuous increase of DTAB
concentration. The point of the initial turbidity increase is
designated as;cthat of the turbidity decrease is designated as
¢, and the finally turbidity constant is designated as c

Because the abrupt change in turbidity arises mainly from
the change of mass and size of aggregates in the solution, the
above changes of turbidity are supposed to be the result of the
formation and the redissolution of large casein /DTAB com-

nplexes. Here, thejcvalue corresponds to the critical DTAB

concentration for the onset of surfactant aggregation formation
on casein chains. Below;,cDTAB monomers bind to the
negatively charged sites on the casein micelle. Although the
net charge on the casein micelle surface has been reduced, the
remaining net charge can still stabilize the casein micelle.

attraction between the OppOSIte|y Charged amino acid residueSBeyond G, DTAB aggregates are formed at the shell of casein

in casein and the polar head of DTAB, which weakens the
binding of DTAB molecules to the casein, resulting in the

micelles, and insoluble casein/DTAB complexes are formed
because of the marked electrical neutralization of the negative

increase of ¢ However, the addition of salt screens the charge of casein micelles by cationic DTAB. This leads to the
electrostatic repulsion between the surfactant headgroups, whichsharp increase in the turbidity of the system beyondit the

favors the formation of free micelles, and hence a lower ¢

When the NaCl concentration is increased to 0.5 M, the
profile of the binding isotherms is greatly altered, almost
coinciding with the curves of DTAB into buffer at the same
NaCl concentration. The calorimetric titration curve does not
give an endothermic peak for the complex formation. The slight
deviation of the binding curve (shown Ia) from the dilution
curve (shown by) at low DTAB concentration characterizes
the weak binding of DTAB to casein. Thereafter, the enthalpy
curve is almost identical to the peak detected in the dilution
curve and exhibits an endothermic peak at a DTAB concentra-
tion of 6 mM. This peak does not represent the micellization

same time, the binding of DTAB on casein monomers (or
submicelles) also leads to insoluble casein/DTAB complex
formation.

After the turbidity maximum, larger casein/DTAB complexes
begin to redissolve into smaller complexes'aBeyond ¢, the
net positive charges on the complexes due to the binding of
more cationic surfactant molecules will lead to the redissolution
of the large casein/DTAB complexes, corresponding to a
decrease in turbidity. Beyond,aasein chains are saturated by
DTAB molecules, and the turbidity remains constant. In this
concentration range, the size of the new casein/DTAB com-
plexes is larger than that of free casein micelles, which results

of casein-bound surfactant molecules but represents the formain a higher turbidity than that in the absence of surfactant, as

tion of free micelles. In excess salt, where the electrostatic

confirmed by DLS (see the next section). The values;Gfrd

attractive force between casein and surfactant is considerablyc, obtained here are found to agree with the results from ITC

screened, electrostatic binding is significantly weakened, and
consequently, the casein-induced micellization of surfactant
cannot occur since very small amounts of surfactant are
electrostatically bound to the casein chains. However, the

measurements.

Dynamic Light Scattering. DLS measurements were used
to further investigate the mechanism of interaction between
DTAB and casein. The distribution function of 2.0 mg/mL

electrostatic repulsion between the surfactant headgroups is als@asein solution in the absence of DTAB is bimodal (data not

shielded by the addition of salt, which favors the formation of
free micelles.

shown). The fast mode represents the casein submicelles and
monomers, and the slow mode characterizes the casein mic&Be\?.
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Figure 3. Relationship of the apparent hydrodynamic radii with DTAB
concentration for 2.0 mg/mL casein and DTAB.

Figure 4. Plots of fluorescence maximum intensity () and emission
wavelength (O) for 2.0 mg/mL casein against DTAB concentration.

mophore present in Trp. Casein consists mainlyogf and

pB-caseinosi-casein contains two Trp residues at positions 164
and 199, ang-casein has a Trp residue at position 143. Thus,
the three Trp residues are mainly located in a primarily

The relationship of the apparent hydrodynamic ralii 4,y
of the slow modes, which represent the casein/DTAB complex,
with the DTAB concentration is shown in Figure 3. As indicated
by the turbidity, there are soluble casein/surfactant complexes . . . ) .
at low and high DTAB concentrations. Since the DLS experi- _hydrophoplc doma}ln of the casein m_|ceIIe and can provide
ments cannot provide credible results when insoluble casein//MPortant information on the casein micelle structété: ,
DTAB complexes are formed, only the data at low and high As indicated by the turbidity, there are soluble casein/

DTAB concentrations are shown here. It is found tRatpp of surfactant complexes with the initial binding of surfactants, and
casein micelles in the absence of surfactant is about 120 nm,c@sein/surfactant complexes are dissociated again after the
which is consistent with literature valu&sté At very low addition of more surfactants. Thus, we performed fluorescence

surfactant concentrations, ® ¢ < 1.4 mM, the increasing  &XPeriments on native casein micelles and casein micelles mixed
amount of the surfactant in solution leads to a decreaBgdpy with DTAB at DTAB concentrations lower than 1.4 mM and
of the casein micelles to a MINIMUNR,,app then increases higher than 16 mM. Between DTAB concentrations of 1.4 and

sharply at DTAB concentration higher than 1.4 mM. At higher 16 MM, fluorescence could not be conducted precisely because
DTAB concentrationsRy zpp decreases with DTAB concentra-  Of the high turbidity of the system. Although the turbidity of
tion, reaching an asymptote of about 360 nm at the DTAB the system with DTAB concentration of 16 mM is a little hlghe(,
concentration of about 18 mM. the experiments show that the baseline is well enough to provide

When we add DTAB to the casein solution, the negative Ccredible results.
charge of carboxylates at the casein micellar shell is neutralized, The casein solution was selectively excited at 295 nm to avoid
with the polar head of DTAB bound to the casein chains. Thus, interference from the tyrosine residuésrigure 4 shows the
the repulsion between the carboxylates is decreased, and théhfluence of DTAB concentration on emission intensity @nd
solubility of k-casein is also decreased, resulting in the con- Maximum emission wavelengtfiy(). As shown in Figure 4,
formational change of-casein from extended to shrunken the sharp increase inis accompanied by a blue shift Aax
forms, which in turn leads to the decreased hydrodynamic radiusWith the increase of DTAB concentration at DTAB concentra-
of casein micelles. However, the decreased electrostatic repul-tions lower than 1.4 mM. When the system becomes clear again,
sion between casein molecules leads to the more compact @ndAmaxincreases a little and then remain almost unchanged
structure of casein micelles, and also the decrease of theWith further additions of DTAB.
hydrodynamic radius. Just as discussed above, the binding of DTAB monomers to
As discussed in the above section, the marked increase incasein micelles makes the structure of casein micelles more

Rnapp iS due to the low solubility of casein/DTAB complexes compact with the addition of DTAB at DTAB concentrations
at DTAB concentrations higher than 1.4 mM, and the decrease lower than 1.4 mM. Thus, the Trp residues are located at a more
in Rn,appis due to the dissolution of the large insoluble casein/ hydrophobic domain, which leads to a lowefaxand a higher
DTAB complexes at higher DTAB concentration. The binding +. Beyond ¢ the larger casein/DTAB complex redissolves. The
of DTAB to casein is saturated, af,sppremains constant when  €lectrostatic repulsion among more and more bound surfactant
the DTAB concentration is higher than 18 mM. It can be found aggregates causes the structure of the new casein/DTAB
that the constant value &,appat DTAB concentrations higher ~ complex to be looser, which makes the Trp residues be located
than 18 mM is higher than that in the absence of surfactant, at @ more polar microdomain in casein/DTAB complexes and
which can be explained by the following two factors. First, large hence a highekmax
casein/DTAB complexes only partially dissociate into smaller It is noteworthy that thémax Of Trp residues at high DTAB
complexes. Second, the bound DTAB aggregates on the caseirconcentration does not change much compared with that in the
chains also lead to the increase in the size of casein/DTAB absence of DTAB. Clearly, Trp residues are not exposed to the
complexes. aqueous phase, which indicates that the hydrophobic domain
Intrinsic Fluorescence Studies.Fluorescence experiments of casein micelles is not disrupted completely at high DTAB
were also used to study the casein/DTAB complex. Among all concentrations.
the amino acid residues in proteins, tryptophan (Trp) has by Pyrene and ANS Fluorescence StudiesPyrene is an
far the highest fluorescence yield, and its fluorescence is stronglyexcellent probe of local environment polarity changes. The
influenced by its environment because of the indole chro- intensity ratio of the first peak to the third pealk/(s) of the CDV
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in the presence of 2.0 mg/mL casein. As shown in Figures 5 and & andl¢/1; drop significantly

at DTAB concentrations lower than 1.4 mM with the addition
fluorescence spectrum of pyrene shows the microenviron- of DTAB. This indicates that the pyrene molecules located at
mental polarity where the probe exidfsFurthermore, an  the hydrophobic domain in casein micelles are stacked in a
excited monomer can encounter a ground-state pyrene to formfavorable configuration for the excimer formation. However,
an excimer, which gives a broad band at about 450 nm. The the more compact structure of casein micelles upon the addition

ratio of the maximum emission intensity of the excimkj (o of the DTAB makes the pyrenes be stacked in an unfavorable
the monomer I¢) for pyrene,ldl;, can be used to judge the configuration for pyrene excimer formation, hence a lower
efficiency of excimer formation, which can provide fur- Because pyrene is a neutral hydrophobic probe, it is not
ther information about the hydrophobic domain in the influenced by the cationic headgroup of DTAB bound on casein
micelle33 micelles. The extrinsic fluorescence measurements have also

Figure 5 shows the fluorescence spectra of pyrene in the been performed with another probe, ANS, which possesses an
casein solution with different DTAB concentrations. Figure 6 anionic sulfonate group. The quantum yield of ANS is about
shows the effect of DTAB concentration on thél; andlJ/I1 0.004, and the emission maximum is 520 nm in water, whereas
ratio. As can be seen, the intensity ratio has a value of 1.14 in it has a strong emission in nonpolar organic solvents and a low
the absence of surfactants, which indicates that pyrene moleculesimax suggesting that the changes in ANS fluorescent properties
reside in a hydrophobic domain in casein micellégls are mainly due to the changes in the polarity of the dye
decreases at DTAB concentrations lower than 1.4 mM, increasesmicroenvironmeng*3%
obviously, and then remains unchanged at DTAB concentrations The effects of DTAB concentration dpandAmaxof ANS in
higher than 16 mM with the addition of DTAB. the absence and presence of casein are shown in Figure 7. Figure

The more compact structure of casein micelles makes the7 shows that the decrease of thes accompanied by a red
pyrene molecules be located at a more hydrophobic domain, shift in AmaxWith the increase in DTAB concentration at DTAB
resulting in a lowerly/l3 with the addition of DTAB below concentrations lower than 1.4 mM in casein solution. In this
DTAB concentrations of 1.4 mM. The looser structure of the concentration region, the effect of DTAB dpandimaxin the
new casein/DTAB complex leads the micropolarity around the presence of casein micelles is very much different from that in
pyrene molecules to be higher, hence a higher ratl@/lafwhen the absence of the casein micelle. When the system becomes
the casein/DTAB system becomes clear again. Moreover, theclear againls decreases, amihaxincreases obviously, and then
ratio 14/13 (1.21) for casein/DTAB complexes at high DTAB remains almost unchanged with the addition of DTAB. In this
concentrations is lower than the ratid 5 (1.35) for pure DTAB concentration regionly and Amax in the presence of casein are
micelles. Thus, the hydrophobic microdomains of casein/DTAB very similar to that in the absence of casein.
complexes at high DTAB concentrations are more hydrophobic  The smallinax 0f ANS in the casein solution in the absence
than pure DTAB micelles. of DTAB shows that portions of ANS molecules are Iocate%%tv
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Figure 8. Schematic diagram describing the binding interactions between DTAB and 2.0 mg/mL casein at different DTAB concentrations.

the hydrophobic domain of casein micelles. DTAB molecules shell and hence a decrease of the casein micelle’s hydrodynamic
bind to the negative sites on the casein micelle shell upon theradius. Therefore, the Trp residues and pyrene are located in a
addition of DTAB. Since ANS is negatively charged, the more hydrophobic domain. On the contrary, the anionic probe
electrostatic attraction between the polar head of DTAB and ANS senses a more hydrophilic microenviroment because of
ANS causes ANS molecules located at the hydrophobic domainthe electrostatic action between ANS and DTAB. When the
of casein micelles to move toward the casein micelle shell, DTAB concentration exceeds,cthe casein bound surfactant
which leads to the increase in microenvironment polarity around aggregates result in the formation of large insoluble casein/
those ANS molecules, leading to a highigfax. At the same surfactant complexes (Figure 8c) because of the marked
time, some portions of ANS molecules located in the aqueous electrical neutralization of the negative charge of casein micelles
solution are transferred into the casein micelle shell because ofby cationic DTAB. This leads to the sharp increase in the
the electrostatic interaction between ANS and DTAB, which turbidity of the system beyond,.cBeyond ¢, the net positive
causes more ANS molecules to be located at more hydrophobiccharges on the complexes due to the binding by more cationic
domains, resulting in the sharp increasésirWhen the system  surfactant molecules lead to a redissolution of the complexes
becomes clear again, more DTAB aggregates bind on the caseir(Figure 8d), corresponding to the formation of the new casein/
micelle shell, and almost all ANS molecules transfer into the DTAB complexes. Furthermore, the structure of the new casein/
micelle-like DTAB aggregates because of the strong electrostatic DTAB complexes is looser because of the electrostatic repulsion
attraction, which causes the microenvironment around ANS between the bound DTAB aggregates. Thus, the Trp residues
molecules in the presence and in the absence of casein to bend pyrene are located in a more hydrophilic microenviroment.
similar. Thereforelmaxandls of ANS in the presence of caseins At a DTAB concentration of 18 mM g, all of the caseins are
is very similar to that in the absence of casein at DTAB saturated by DTAB aggregates, and free DTAB micelles appear
concentrations higher than 16 mM. Our results show that in solution (Figure 8e).
electrostatic interaction plays an important role in the binding
of ANS to the casein/DTAB complex and that the hydrophobic Conclusions
affinity is a minor interaction among ANS and casein/DTAB
complexes, which is consistent with the results of Matulis and  The complexing of 2.0 mg/mL casein with the cationic
Lovrien 36 surfactant DTAB has been studied. DTAB monomers bind to
Binding Mechanism. Taking all of the above results for the the negatively charged amino acid sites on casein chains
casein/DTAB system into consideration, a simple model of (including casein micelles, submicelles, and monomers) by
interaction between DTAB and the casein is depicted in Figure electrostatic attraction below,cwhich makes the structure of
8. In the absence of DTAB, casein micelles coexist with casein casein micelles become more compact because of the decrease
monomers (or submicelles) in the 2.0 mg/mL casein solution, in the net negative charge of the casein micelle shell. When
as shown in Figure 8a. For simplicity, only casein micelles and the surfactant concentration reacheas tbe micellization of
monomers are given in the figure. At DTAB concentrations casein bound surfactant occurs, resulting in the formation of
lower than ¢ (1.4 mM), the cationic headgroups of the surfactant insoluble casein/surfactant complexes. The further addition of
individually bind to the negatively charged amino acid sites on DTAB leads to the redissolution of the casein/DTAB complexes
the casein chains because of electrostatic attraction (Figure 8b)because of the net positive charge on complexes. The structure
which results in an increase ifiHqps At the same time, the  of the new casein/DTAB complex is looser because of the highly
structure of casein micelles becomes more compact because obound DTAB aggregates. Electrostatic interaction plays an
the decrease in the net negative charge of the casein micelldmportant role in the binding of ANS to the casein/DTA@DV
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complex. It is believed that the above findings provide new
insights into the form-function relationship of casein micelles
modulated by the cationic surfactant, which will broaden the
application range of casein micelles in food, cosmetic, and
medical domains.
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