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We present experimental results about the effects of thermal treatment, ionic strength, and pH on the protein
adsorption and coalescence stability of freshly prepared (2 h after emulsification) and 6-day-stored emulsions, stabilized
by the globular proteigs-lactoglobulin (BLG). In all emulsions studied, the volume fraction of the dispersed soybean
oil is 30% and the mean drop diametedis ~ 40 um. The protein concentratio@g,g, is varied between 0.02 and
0.1 wt %, the electrolyte concentratioBg, , between 1.5 mM and 1 M, and pH between 4.0 and 7.0. The emulsion
heating is performed at 88C, which is above the denaturing temperature of BLG. The results show thag, @t
> 0.04 wt%,Cg. = 150 mM, and pH> 6.2, the heating leads to higher protein adsorption and to irreversible attachment
of the adsorbed molecules, which results in enhanced steric repulsion between the protein adsorption multilayers and
to higher emulsion stability. At low electrolyte concentrati@a, < 10 mM, the emulsion stability is determined by
electrostatic interactions and is not affected significantly by the emulsion heating. The latter result is explained by
electrostatic repulsion between the adsorbed protein molecules, which keeps them separated from each other and thus
precludes the formation of disulfide covalent bonds in the protein adsorption layer. The coalescence stability of heated
and nonheated emulsions is practically the same and does not dep€pd aimen pH is around the isoelectric point
(IEP) of the protein molecules. This is explained with the adsorption of uncharged BLG molecules, in compact
conformation, which stores the reactive sulfhydryl groups hidden inside the molecule interior, thus preventing the
formation of covalent intermolecular bonds upon heating. We studied also the effect of storage time on the stability
of heated and nonheated emulsions. The stability of nonheated emulSigas< 0.1 wt %,Cg_ > 150 mM, and
pH = 6.2) significantly decreases after 1 day of storage (aging effect). In contrast, no aging effect is observed after
emulsion heating. FTIR spectra of heated and nonheated, fresh and aged emulsions suggest that the aging effect is
caused by slow conformational changes of the protein molecules in the adsorption layer, accompanied with partial
loss of the ordered secondary structure of the protein and with the formation of lateral noncovalent bonds (H-bonds
and hydrophobic interactions) between the adsorbed molecules. After thermal treatment of the BLG emulsions, the
molecules preserve their original secondary structure upon storage, which eliminates the aging effect.

1. Introduction
Proteins are used as emulsifiers in the food, cosmetic, an

pharmaceutical industries. The efficiency of protein molecules
to stabilize emulsions depends strongly on the density and

structure of the protein adsorption layers on drop surfat®e.
The adsorption layers prevent the drerop coalescence by
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stabilizing the emulsion films, which form between two neigh-

gboring drops. The detailed molecular mechanisms of emulsion

stabilization by adsorbed proteins are still poorly understood
and under discussion in the literatdfel®

The ability of protein molecules to stabilize emulsion films
is usually attributed to (1) formation of adsorption layers with
certain mechanical stability, which protect the film against
rupture15or (2) creation of a barrier in the disjoining pressure,
I1 (force per unit area of the film), which opposes the film thinning
and thus prevents the direct contact of the two opposite film
surfaces%11.12Different factors are expected to play a decisive

(10) Tcholakova, S.; Denkov, N. D.; lvanov, I. B.; Campbell, B. Coalescence
in -lactoglobulin-stabilized emulsions: Effects of protein adsorption and drop
size.Langmuir2002 18, 8960.

(11) Tcholakova, S.; Denkov, N. D.; Sidzhakova, D.; lvanov, I. B.; Campbell,
B. Effects of electrolyte concentration and pH on the coalescence stability of
f-lactoglobulin emulsions: Experiment and interpretatiocangmuir2005 21,
4842.

(12) Tcholakova, S.; Denkov, N. D.; Ilvanov, |. B.; Campbell, B. Coalescence
stability of emulsions containing globular milk proteisdy. Colloid Interface
Sci. 2006 in press.

(13) McClements, D. J. Protein-stabilized emulsio@sirr. Opin. Colloid
Interface Sci2004 9, 305.

(14) Dalgleish, D. G. Food emulsions stabilized by protehsr. Opin. Colloid
Interface Sci1997, 2, 573.

(15) I1zmailova, V. N.; Yampolskaya, G. P. Rheological parameters of protein
interfacial layers as a criterion of the transition from stable emulsions to

and fracture phenomena in adsorbed protein layers at the air/water interface inmicroemulsionsAdv. Colloid Interface Sci200Q 88, 99.

connection with spreading oil dropletsangmuir2003 19, 10210.
(9) van Aken, G. A. Flow-induced coalescence in protein-stabilized highly
concentrated emulsionsangmuir2002 18, 2549.

10.1021/1a0603626 CCC: $33.50

(16) van Aken, G. A.; Blijdenstein, T. B. J.; Hotrum, N. E. Colloidal
destabilisation mechanisms in protein-stabilised emulsi@og.. Opin. Colloid
Interface Sci2003 8, 371.

© 2006 American Chemical Society

Published on Web 06/06/2006



Coalescence Stability gi-Lactoglobulin Emulsions Langmuir, Vol. 22, No. 14, 200043

role in these two mechanisms. The rheological properties of the systematic studies, McClements and co-worke¥s?6-30showed
adsorption layers (such as interfacial elasticity and viscosity) are that the heating and aging significantly affect the flocculation
often deemed to be important for mechanism 1, whereas thestability of BLG emulsions, and several nontrivial trends were
electrostatic, van der Waals, and steric interactions are expectedbserved and explained by considering the structure and changes
to govern mechanism 2. in the protein adsorption layet$26-30

In previous studig§—*?we quantified the coalescence stability The major goal of the present paper is to complement the
of B-lactoglobulin (BLG) emulsions in terms of the critical previous studig§-1326-30 by performing a detailed investigation
emulsion osmotic pressure leading to emulsion deBayy°R, of the effects of emulsion heating and aging on the coalescence
and compared the experimental results for the effect of severalstability of BLG-containing emulsions. The specific aims are to
factors (protein concentration, pH, and electrolyte concentration) determine the main factors that affect the coalescence stability
with theoretical estimates of the barrier in the disjoining pressure of heated (at 88C) and 6-day-aged emulsions and to relate the
isotherm,ITyax. This comparison allowed us to distinguish measured stability with the structure of the protein adsorption
three qualitatively different cases of emulsion stabilization against layers. The emulsification procedure is chosen to provide
coalescence: (1) electrostatically stabilized emulsions with emulsions with fixed oil volume fraction (30%) and practically
monolayer protein adsorption; (2) sterically stabilized emulsions, constant mean drop diametek{ ~ 40 um), thus focusing the
in which the drop surfaces are covered by protein adsorption study on the effects related to the changes in the adsorbed protein
multilayers; and (3) sterically stabilized emulsions with a upon emulsion heating and storage. The experiments are made
monolayer adsorption on the drop surface. at several BLG concentrations (varied between 0.02 and 0.1 wt

The coalescence stability of emulsions type 1 (obtained at low %) corresponding to a monoloyer and multilayer BLG adsorption,
electrolyte concentration and away from the protein isoelectric in @ wide range of electrolyte concentrations (between 1.5 mM
point) was reasonably well descriBédby the DLVO theory, and 1 M), with pH varied between 4.0 and 7.0, which includes
which accounts for the long-ranged electrostatic and van derthe BLG isoelectric point, IER-5.2. The critical osmotic pressure
Waals interactions between the emulsion droplets. In emulsionsfor drop coalescencé&osw°®; the protein adsorption on drop
type 2 (obtained at high electrolyte and protein concentrations), surface,I’; the mean drop sizeds;; and FTIR spectra of the
the steric repulsion is created by overlapping protein adsorption heated and aged emulsions were measured. The obtained results
multilayers. The stability of these emulsions was described by are discussed from the viewpoint of the structure of the protein
considering the sterie- DLVO interactions, with the steric ~ adsorption layers and possible explanations for the observed
repulsion being modeled similarly to the case of dispersions trends are proposed.
stabilized by adsorbed polymers (the role of the polymer chains  The paper is organized as follows: In section 2 we describe
being played by adsorbed protein aggregates). In emulsions typethe materials and experimental methods used. In section 3 we
3 (obtained at low protein concentration and high electrolyte presentthe main experimental results about the effect of emulsion
concentration), the coalescence stability of two neighboring drops heating on protein adsorption and on short-term coalescence
is ensured by adsorption monolayers of protein molecules, which stability, both measud22 h after heating. The experimental results
are in direct contact with each other, because the long-rangedfor the effect of storage time on drop size, protein adsorption,
electrostatic and steric repulsions are suppressed under thesand coalescence stability for nonheated and heated emulsions
conditions. One could speculate that the stability of these are presented in section 4. The FTIR spectra of BLG solutions
emulsions is mostly governed by the rheological properties of and emulsions are presented and discussed in section 5. The
the adsorption monolayers, but we are not aware of experimentalmain results and conclusions are summarized in section 6.
data (neither ours nor those of other authors) that could support
or reject unambiguously this idea.

Our previous studies of the emulsion coalescence stability
(refs 10 and 11) were performed with nonheated, freshly preparedused as received from Sigma (Cat. # L-0130, Lot # 052K7018 for

emulsions (their stability was evaluatedl h after emulsion 5 o5 its shown in sections 3, 4.2, 4.4, and 5, and Lot No. 124H7045

preparation). On the other hand, it is known from the literature for the results described in sections 4.1 and 4.3). Commercial grade
that the conformation of the protein molecules and the structure soybean oil was purified from polar contaminants by multiple passes

2. Materials and Methods

2.1. Materials. g-Lactoglobulin (BLG) from bovine milk was

of the adsorption layer change significantly upon heating and/or
shelf-storage of the emulsioh%.2% For example, in a series of

through a glass column filled with Florisil adsorbé&hthe interfacial
tension of purified oil was 29.5% 0.5 mN/m.
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Protein solutions were prepared with deionized water, purified by @ is the oil volume fractionCyy, is the initial BLG concentration
a Milli-Q Organex system (Millipore). These solutions always in the aqueous solution, ar@ker is the BLG concentration in the
contained 0.01 wt % (1.5 mM) of the antibacterial agent p@edel- aqueous phase after emulsification (in the serum).
de Ham, Seelze, Germany). The solution ionic strengthwas adjusted Csgr Was determined by the BCA method, which involves
between 1.5 mM (only Nafy and 1 M, by using NaCl. The desired  reduction of C&" ions to Cu by the protein (biuret reaction) and
pH value was adjusted by addition of small aliquots of 0.1 M NaOH colorimetric detection of the obtained Cuons by a reagent
or 0.1 M HCl into the protein solution. In several series of experiments containing bicinchoninic acid (BCA® Formation of a purple
no acid or base was added and the obtained “natural” pH of the complex causes a strong light absorbance at 562 nm, which allows
respective protein solutions was equal to &2.1. At pH= 5.0, one to determine protein concentration by a spectrophotometer.
small fibrilar aggregates were observed to form in the nonheated The following procedure for determination GkgrWas applied:
protein solution. The heating of BLG solutions leads to formation Samples from the serum remaining below the emulsion cream were
of protein precipitate, at high electrolyte concentration and natural taken 30 min after emulsion preparation, after emulsion heating, and
pH (CeL =1 M, pH=6.2) and at low pH= 4.0 or 5.0 for arbitrary after emulsion shelf-storage. The original serum was slightly turbid,
CeL. The other solutions were clear. because it contained a small fraction of tiny dispersed oil drops. To

2.2. Emulsion Preparation and Heating ProtocolOil-in-water remove these drops, the serum was centrifuged foat5500 rpm;
emulsions were prepared by stirring 35 mL of protein solution and the lower half of the serum (deprived of drops) was used for further
15 mL of soybean oil (30 vol. %) for 3 min with a rotor-stator  analysis. A fraction of the centrifuged serum was diluted to a protein
homogenizer Ultra Turrax T25 (Janke & Kunkel GmbH & Co, IKA-  concentration falling in the range between 20 and 2090mL.
Labortechnik), operating at 13 500 rpm. This procedure ensures Then, 10QuL of this sample was mixed with 2 mL of BCA reagent
formation of emulsions with a mean volumsurface diameter of (product of Sigma) in a test tube. The test tubes were incubated for
around 4Qum.10-12 2 h at 25°C. For samples with protein concentration below 20

Immediately after emulsification, the emulsions were loaded in ug/mL, the testtubes were incubatedfd at 37°C. After incubation,
centrifugal tubes and stored at room temperature. Some of thethe tubes were stored at room temperature£2%5°C) for 10 min
emulsions were heated in a water bath by using the following and then the light absorbance was measured at 562 nm by-aidV
protocol: the heating always started 30 min after emulsion spectrophotometer (UNICAM 5625). From the measured absorbance
preparation; the temperature was raised for 15 min up to the desiredwe calculate€sgrby using a calibration curve. Different calibration
temperature (83C in most of the experiments) and then the sample curves were prepared for the various conditions studied (electrolyte
was kept at this heating temperature for 10 min, taken out of the concentrations, pH, thermal treatment). To determine the protein
bath, and stored at room temperature for different periods of time, concentration in the serum of heated emulsions, we used calibration
varying fram 2 h to 6days. At the end of the storage period, the curves prepared with protein solutions, which were heated under the
emulsions were centrifuged for characterization of their coalescencesame conditions, as the emulsions studied.
stability (section 2.5). In parallel experiments, the protein concentra-  2.5. Evaluation of the Emulsion Stability by Centrifugation.
tioninthe aqueous phase was determined in other emulsions, prepared@he emulsions were centrifuged atZDin a 3K15 centrifuge (Sigma
under equivalent conditions, to determine the protein adsorption on Laborzentrifugen). Preliminary experimental checks, performed at

the drop surface (section 2.4). different durations of the centrifugation time (ranging from 30 min
2.3. Determination of Mean Drop SizeThe mean drop sizein  up to 6 h), showed that for these emulsions 30 min is sufficient for
the studied emulsions was determined by optical microsédgy. completion of the process of water drainage from the emulsion cream

Specimens were taken at different stages of emulsion evotdtion and for reaching mechanical equilibrium at a given accelerafica.
immediately after emulsification, after heating, and after shelf-storage Therefore, all emulsions in the systematic series of experiments
for different periods of time. The oil drops were observed under were centrifuged fol h at agiven acceleration. The emulsion stability
transmitted light with a microscope (Axioplan, Zeiss, Germany), was characterized by the critical osmotic pressiBsg,©R, at which
equipped with an objective (Epiplar50) and connectedtoa CCD  the continuous oil layer was released on top of the emulsion cream
camera (Sony) and video recorder (Samsung SV-4000). The diametersn the centrifuge tub&®12 Posy©R was calculated from the

of the drops were afterward measured (one by one) from the recordedexperimental data by using the equatint?

video frames, by using custom-made image analysis software,

operated with a Targagraphic board (Truevision). The diameters CR_ _

of at least 10 000 drops from two to five independently prepared Posu™ = 4pGdVor ~ Veel/A @)
emulsions were measured for each system. The mean velume ) ) .

diameters. The mean drop size in all studied emulsions was measurednd oil phasesg, is the centrifugal acceleratiolo, is the total
to be 42+ 4 um. volume of oil used for emulsion preparatidrke, is the volume of

2.4. Determination of Protein Adsorption. Protein adsorption ~ 'eleased oil on top of the cream at the end of centrifugation/and
on the surface of the emulsion drofis,was determined from the 1S the cross-sectional area of the centrifuge test tube. Equation 2
specific surface area of the drogB,and from the decrease of the  implies thatPosy“" is the osmotic pressure of the emulsion at the
protein concentration in the aqueous phase, as a result of thelOP of the emulsion column, where the latter is in mechanical

the decrease of protein concentration was used: method and the used procedures are described in ref 10.

2.6. Fourier Transform Infrared (FTIR) Spectroscopy. FTIR
VoCpy — Coen) (1 — @)d spectroscopy was used to detect char_wges in the secondary structure
— _CTINLTSER 2(Cp — Cogn) 1) of the protein molecules upon adsorption, heating, and shelf-storage
SVow 6® ! £ of solutions and emulsions. For these experiments, soybean oil-in-
D,0 emulsions were prepared by using a rotor-stator homogenizer,

whereVc andVo, are the volumes of the continuous and oil phases, as described in section 2.2. The FTIR spectra were recorded on a
Bruker IFS113 FT-IR spectrophotometer, at°Z) by using a six-

(31) Gaonkar, A. G.; Borwankar, R. P. Competitive adsorption of monoglyc-
erides and lecithin at the vegetable oil-water interf&alloids Surf.1991 59, (34) Denkova, P. S.; Tcholakova, S.; Denkov, N. D.; Danov, K. D.; Campbell,
331. B.; Shawl, C.; Kim, D. Evaluation of the precision of drop-size determination in

(32) Sather, O. Video-enhanced microscopy investigation of emulsion droplets oil/water emulsions by low resolution NMR spectroscopgngmuir2004 20,
and size distributions. IfEncyclopedic Handbook of Emulsion Technotogy — 11402.

Sjoblom, J., Ed.; Marcel Decker: New York, 2001; Chapter 15, p 349. (35) Smith, P. K.; Krohn, R. I.; Hermanson, G. T.; Mallia, A. K.; Gartner, F.

(33) Jokela, P.; Fletcher, P.; Aveyard, R.; Lu, J. The use of computerized H.; Provenzano, M. D.; Fujimoto, E. K.; Goeke, N. M.; Olson, B. J.; Klenk, D.
microscopic image analysis to determine emulsion droplet size distribufions.  C. Measurement of protein using bicinchoninic adidal. Biochem1985 150,
Colloid Interface Sci199Q 113 417. 76.
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) -, . . R Figure 2. Critical osmotic pressure as a function of protein
Figure 1. Critical osmotic pressure for emulsion destructigsy-", concentrationCg, g, for heated (full squares) and nonheated (empty
as a function of the heating temperaturgfor emulsions stabilized squares) emulsions prepared in aqueous solution @th= 150
by 0.1 wt % BLG atCg_ = 150 mM and natural pH= 6.2. The mM and pH= 6.2. The heating is performed at 85. The numbers
numbers associated with the experimental points are the measuregssociated with the experimental points are the measured values of

Heating temperature, T, °c

values of the protein adsorptioh, the protein adsorptior,.
reflection ATR cell with a TIBr/Tll crystal. Hundred-scan spectra . 50 0.1 wt % BLG
were collected between 4000 and 400 €nin single-beam mode, o " pH = 6.2 heated
with 2 cnmtresolution. The spectra of the aqueous electrolyte solution g 40| j ———————— L)
and of the oil, as well as the bands originating from the water vapors 2 /3.8 45
in the 1720 and 1580 cri amide | region, were subtracted from 8 30| e
the spectra of the protein-containing samples to remove all bands s e
unrelated to the protein. The corrected spectra were smoothed using b /7
a 13-point Savitsky Golay method, and the second-derivative spectra £ 20 16 non-heated
were calculated and analyzed. T‘: 16 d
) ) S 10 === 12 mgim? 3.8
3. Effect of Emulsion Heating on Short-term 5 13 28
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Stab"".[y of EmUIs'onS'lgRth'S Seres of.experlmen_ts,the critical Figure 3. Critical osmotic pressure as a function of electrolyte
osmotic pressurePosy-", and protein adsorptionl’, were  concentrationCe,, for heated (full squares) and nonheated (empty
measured as functions of the heating temperature foremulsmnssquares) emulsions stabilized by 0.1 wt % BLG at pH6.2.
stabilized by 0.1 wt % BLG, a€g_ = 150 mM and natural pH The heating is performed at 8&. The numbers associated with

= 6.2 (see Figure 1). As one can see, the emulsion heating atthe exp_erimental points are the measured values of the protein
78 °C leads to only~30% increase oPosyCR, whereas the ~ adsorption[.

heating at 85°C increases the emulsion stability more than 4 (vs 40 kPa for the heated emulsions). This comparison shows

tlmrgs. 'I;hg”(iathl)JI&ogs_heng ztkis agtrj:gme:ve Vl'trtuﬂlyv\t/htﬁ i that the enhanced coalescence stability after heating could not
same stability “osm™" = a. 1hese results show that - o oy hjained by the increased protein adsorption only.

the emulsion coalescence stability increases stepwise in the range The most probable explanation for the enhanced stability is

between 78 and 85C, in which the denaturing of the BLG theirreversible attachment of all BLG molecules in the adsorption

i 37
mc_)rlem;]leskls ;lfntcﬁ,wntﬁo .OCCG?' d Ision stability after heati multilayer after heating. As known from the literature, the
ocheckwnetherthéincreased emuision stability atter heating molecules in the first adsorption layer, which are in direct contact

is related to increased protein adsorptibpwe measured the with the oil-water interface, are irreversibly adsorbed on the

adsorptior&, a_ng tEe res_ults_arg_showil ?/‘T‘/ nl;mbzriﬁ(inl Mg/m drop surface, whereas the molecules adsorbed over the first layer
associated with the points In Figure 1. We found thadlso (which for brevity will be termed below “the second adsorption
increases in a stepwise manner with the increase of the heatlnqayer,,) are usually adsorbed reversibly and can desorb upon
temrl)e_raturef:jorpl r =h2.8 i 0.4 mg/nf fgrgthe ?r;rfmee;]ted rinsing of the emulsion with electrolyte solutid®.1238-39 Thus
emuls!ons ;m tdose85eated gt[g oﬁ] UP;O : 31_9 ort gf for nonheated fresh emulsions prepared with 0.1 wt % BLG, we
emuilsions heated to 85 and 90. The observed increase showed thats1.6 mg/n? of the adsorbed protein is irreversibly
after heating is in agreement with the results reported in refs 17, attached (presumably this is the protein in the first adsorption
21, 29. o ) . .layer), whereas the remaining 1.2 mg/ane reversibly attached
These results indicate that the increased emulsion stability ;04 desorb after rinsing the emulsion with 150 mM NaCl
after heating at 83C is at least partially due to reinforced steric ¢ tion10
repulsion between the protein adsorption layers, caused by the 1 check whether the fraction of irreversibly adsorbed BLG
increased protein adsorption. However, similar adsorpfion, — 1qjecules increases after heating, we rinsed the emulsion heated
3.8 mg/n?, was measured in nonheated emulsions at high at 85°C (I' = 3.8 mg/n?, Figure 1) with 150 M NaCl solution.

electrolyte concentratiorCe. = 1 M (see Figure 3), while the 1 ¢510wing procedure was usé@iFirst, the heated emulsion
respective coalescence stability of the emulsion was only 14 kPa

(38) Svitova, T. F.; Wetherbee, M. J.; Radke, C. J. Dynamics of surfactant
(36) Verheul, M.; Roefs, P. F. M.; Kruif, K. G. Kinetics of heat-induced  sorption at the air/water interface: Continuous-flow tensiomeiryColloid
aggregation of3-lactoglobulin.J. Agric. Food Chem1998 46, 896. Interface Sci2003 261, 170.
(37) Haque, Z. U.; Sharma, M. Thermal gelatiopdéctoglobulin AB purified (39) Tcholakova, S.; Denkov, N. D.; Sidzhakova, D.; lvanov, I. B.; Campbell,
from cheddar whey. 1. Effect of pH on association as observed by dynamic light B. Interrelation between drop size and protein adsorption at various emulsification
scatteringJ. Agric. Food Chem1997, 45, 2958. conditions.Langmuir 2003 19, 5640.
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was stored undisturbedrf8 h atroom temperature and a cream initial protein concentratiorCg g, on the stability of heated and

of closely packed drops formed in the upper part of the emulsion, nonheated emulsions are presented in Figure 2. All emulsions
under the effect of buoyancy. Afterward, by using a syringe, the were prepared with aqueous solution€ef = 150 mM and pH
serum remaining below the cream was removed and replaced by= 6.2, and were heated at 8&.

the same volume of 150 mM NaCl and 0.1 wt % Na®lution One sees that emulsion stability remains almost the same after
(without dissolved protein). This sample was gently agitated by heating at the lowest protein concentration stud@g ¢ = 0.02
hand, until the emulsion drops completely dispersed in the entire wt %), whereas the emulsion stability increases more than 3
volume, and then leftundisturbed for another 1 h. A sample from times after heating at higher BLG concentrations. Note that at
the rinsing electrolyte solution, which remained below the cream, Cg ¢ = 0.02 wt %, the protein adsorption after heating remains
was taken and the protein concentration was determined by theaimost the same and corresponds to a monolayer (see ref 10).
BCA method. By applying a mass balance to the protein used At higher protein concentration, the heating leads to additional

in emulsion preparation, from the average drop stg) @nd adsorption and irreversible attachment of the protein molecules
protein concentrations in the |n_|t|al SOl_UtIQ@(u), in '_[he serum in the second adsorption layer, which is due to formation of
after emulsification €ser), and in the rinsing solutionGgin), strong (probably covalent) intermolecular bonds between the

we calculated the protein adsorption before and after rinsing of molecules in the first and second adsorption layers.

the emulsion. This calculation showed that no protein desorbed  These results support the hypothesis that the increased emulsion
fromthe drop surface upon rinsing of the heated emulsion, which stapijlity after heating is mainly due to enhanced steric repulsion
means thatamultilayer of irreversibly adsorbed protein molecules petween the drops (and possible reinforcement of the adsorption
(probably connected with disulfide covalent bonds) is formed |ayer), caused by additional adsorption and irreversible attachment
during heating. As mentioned above, exactly the same proceduregpf protein molecules in the adsorption multilayers.
leads to desorption of almost a half of the adsorbed BLG from 3 3 Effect of Electrolyte Concentration on the Coalescence
the drop surface, when applied to nonheated emulsfons. Stability of Heated Emulsions. The experimental results for

To check whether the possible flocculation of the neighboring the effect of electrolyte concentratioBe., on the stability of
drops during heating affects the coalescence stability of the heated and nonheated emulsions are presented in Figure 3. All
emulsions, in one series of experiments we studied emulsionsemulsions were prepared@§.c = 0.1 wt % and pH= 6.2 and
that were heated at 8& under continuous mild stirring at 350  \yere heated at 85C. One sees that the stability of heated and
rpm. The mean drop size of these emulsions was measured tonheated emulsions is almost the sameGgr < 10 mM,
be the same as in the emulsions prepared without stirdaig ( whereas at high electrolyte concentrati@g, > 150 mM, the
=384 2um). The optical observation of heated emulsion showed heating increases emulsion stability by about 4 times.
thatin both types of heated emulsions (with and without stirring) e protein adsorptior;, increases slightly from 1.3 to 1.5
most of the emulsion drops were collected into flocs. However, mg/n? after heating of the emulsions prepare@at= 1.5 mM,
after introducing these flocs into 30 mM sodium dodecyl sulfate \;nareas a significant increaselofs observed after heating for
(SDS) solution, most of them disintegrated into individual oil ¢, isions prepared & = 150 mM (from 2.8 to 3.8 mg/A)

drops, except for the small dropd € 10 um), a significant andCe = 1 M (from 3.8 to 4.5 mg/r).
fraction of which remained flocculated. The fact that most of the The fact that the emulsion stability and protein adsorption

flocs disrupted in SDS solution (which is not expected to break : - :
o o remain almost the same after heating of emulsions prepared at
the disulfide bonds) shows that the observed flocculation in the Cer = 1 and 10 mM (corresponding to monolayer adsorption of

heated emulsiqns was due mostly to formgtion of noncovalent BLG) means that the conformational changes in the adsorbed
bonds_,. Interestingly, the d_egree OfﬂO.CCU|at'0n in the stirred a_n_d protein molecules, occurring during heating, are of secondary
nonstirred samples was different, while the coalescence Stab'“tyimportance for these systems. We suppose that significant
g:éhse;fnﬁjmpliiviaignekisaur?ﬂg%gﬁg?fgﬁ&?%ﬂg}w&e t%rgctﬁ:"yelectrostatic repulsion between the adsorbed protgin molecules
. osm- ™ . - keeps them separated from each other, so that no intermolecular
mte_rdroplet!nteractlons,w_h|ch govemthe drajrop flacculation ... bonds are formed during heating (though some conformational
during heating, were not important for the coalescence stability changes and bond formation within the BLG molecules are

EL;T‘:SCEQES'SC;QE"?USC:'erﬂ];i;?] tlth;grtehger;?;;’r :ehn(:ufliﬁ;[r;[?]:ta:irrlle possible). At such low electrolyte concentrations, the coalescence
ty sig Y gstability is governed mainly by electrostatic and van der Waals

(with and without stlrnng_) e\_/ldences that_theS bongls formed interactions;!which are not affected significantly by the emulsion
between the molecules inside the protein adsorption layer haveheating

an important impact on the emulsion coalescence stability. . . . . .

In conclusion, the heating = 85°C of emulsions prepared As explained in the previous subsection, multilayers of
atCaLe = O.1wt% Ceu = 150 mM, and pH= 6.2 leads to 4-fold covalently b_ound molecules_ are formeo_| when = 150 mM
increase of emulsion coalescence stability, which is explained 2rr1ndutlks1?orrl1e;t;rggi]”tte mperaturdia 85°C, which leads to enhanced
by the increased protein adsorption and the formation of To check hy.th th d electrostati Isi
mulitilayers of irreversibly attached protein molecules. These 0 check-whetner the suppressed electrostatic repuision
molecules are probably bound by disulfide bonds, which are between the adsorbed BLG molecules is of crucial importance
known to form between adsorbed BLG molecules uioon heating for the formation of covalent bonds and enhancing the emulsion
at such high temperaturédd?. stability, we performed a series of experiments, in which the

3.2, Effect of Protein Co.ncentration on the Coalescence electrolyte concentration was changed at different stages of
Stability of Heated Emulsions.The results for the effect of the emulsion evolution, see Figures 4 a_md .5' o

One sees from the results shown in Figure 4 that the stability

- - . .
(40) Kitabatake, N.; Wada, R.; Fujita, Y. Reversible conformational change of all§£nU|Slon§1ea_teChtCEL - 150mMis praCtlcaHy the samg,
in f-lactoglobulin A modified witH\-ethylmaleimide and resistance tomolecular  Posm™" = 40 kPa, irrespective of the electrolyte concentration
agg(zrlelg);z;l_t'lof? on healgllngéAl\gn(:G. F%olq Cheméoojk“g_% 431%3- Molecul during emulsification, the emulsion coalescence stability being
offmann, M.; Sala, G.; Olieman, G.; Kruif, K. G. Molecular mass . - .
distribution of heat-induceg@-lactoglobulin aggregated. Agric. Food Chem. evaluated by centrifugation. For example, the emulsion prepared
1997, 45, 2949. at CgL = 10 mM and heated &g = 150 mM had the same
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Figure 4. Schematic presentation of the effects of electrolyte
concentration on the protein adsorptibnand emulsion coalescence
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Figure 6. Critical osmotic pressure for emulsion destruction as a
function of pH, for heated (full squares) and nonheated (empty
squares) emulsions stabilized by 0.1 wt % BLGG = 150

mM. The heating is performed at 8&. The numbers associated
with the experimental points are the measured values of the protein
adsorption[.

molecules a€g = 10 mM suppresses the additional adsorption
of protein during heating. However, covalent bonds could be
formed between the adsorbed protein molecules, as illustrated

stability assessed by the critical osmotic pressure for emulsion schematically in Figure 5.

destruction PosuCR.

Emulsification
l Cg, = 150 mM
Change Cg, Heating, T =85 °C

Cg = 10mM Cg =10mM

PoguC® = 17 kPa

Figure 5. Schematic presentation of the effects of electrolyte

concentration on emulsion coalescence stabiigg\CR, for a system
in which the emulsification is performed@t, = 150 mM, followed
by a heating aCg. = 10 mM.

From these series of experiments we can conclude that (1) the
heating of emulsions aCg. = 150 mM leads to additional
adsorption of protein and to formation of covalent bonds between
the adsorbed protein molecules. Both processes enhance the
emulsion stability. (2) The heating of emulsion€at < 10 mM
(prepared at the san@| ) does not change their stability, due
to significant electrostatic repulsions between the protein
molecules, which suppresses the additional protein adsorption
and precludes the formation of intermolecular bonds during
heating. (3) The heating of emulsiong& < 10 mM, initially
prepared a€g = 150 mM, leads to formation of intermolecular
bonds between the adsorbed protein molecules, without significant
additional adsorption of protein during heating. As a result, the
emulsion stability in this case moderately increases after heating

stability as the emulsion that was both prepared and heated and IS between those of cases 1 and 2.

CgL = 150 mM. Furthermore, if the emulsion is heatedCat

=150 mM and afterwar@g,_ is decreased down to 10 mM, the
emulsion stability remains the samegR®R = 40 kPa (the same

result was obtained with the emulsions heate@@at= 1 M).

Therefore, the emulsion stability after heating is determined
exclusively by the irreversible attached protein molecules in the

formed adsorption multilayers during heating.

Let us discuss briefly the stability of emulsions prepared at

CgL =150 mM and then heated and centrifuge@at= 10 mM

(see Figure 5). During emulsification, the protein molecules

formed an adsorption multilayer on the drop surface Wit

2.8 mg/n? (see Figure 4). As shown in our previous study, a

fraction of the adsorbed moleculds 1.6 mg/n?) is irreversible

attached in the first adsorption layer (directly contacting with the
OW interface), whereas the remaining protein is reversibly

3.4. Effect of pH on the Coalescence Stability of Heated
Emulsions.This series of experiments is aimed at clarifying the
effect of pH on the protein adsorption and coalescence stability
of heated emulsions. All emulsions are prepared with 0.1 wt %
BLG solution, atCg. = 150 mM, and heating at 8%C.

The protein adsorption for heated and nonheated emulsions
at pH=4.0is almost the same and indicates formation of protein
multilayers,I" ~ 3.5 mg/n? (see Figure 6). Significant protein
precipitation was induced by the heating at13 ~ IEP, which
did not allow us to measure the protein adsorption after heating
at this pH. As discussed in section 3llincreases significantly
after heating at pH> 6.2.

As seen from the results in Figure 6, the heating of emulsions
atpH= 6.2 CgLc = 0.1 Wt %,Cg = 150 mM) leads to significant
increase of emulsion stability. In contrast, the emulsion stability

attached onto the first layer, thus forming a second adsorption remains almost the same for emulsions prepared at pH between
layer that is not in a direct contact with the OW interface. The 4.0 and 5.0. Most probably, at pH 5, the BLG molecules do

decrease ofCg after emulsification down to 10 mM most

not unfold upon adsorption and during heating, so that the reactive

probably leads to some desorption of the protein molecules from sulfhydryl groups remain hidden in the molecule interior, which
the second adsorption layer, which however could not be detectedprecludes the possibility for formation of intermolecular covalent
by the method used (the expected change of the proteinbonds. This explanation is in qualitative agreement with the
concentration as a result of desorption is only 0.005 wt %, which experimental results reported in ref 30, in which the flocculation
cannot be detected when the total protein concentration is aroundn heated emulsions at pH 3.0 and 7.0 are compared and it

0.1 wt %). The subsequent heating of this emulsio@gt= 10

mM also does not lead to detectable change in the protein

is found that no disulfide bonds are formed at pH3.0.
To compare the impact of pH on the emulsion stability at

adsorption, whereas the emulsion stability increases from 13 todifferent stages of emulsion treatment (during emulsification,
17 kPa. Probably, the electrostatic repulsion between the proteinduring heating, and after heating) we performed a series of
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Table 1. Critical Osmotic Pressure for Emulsion Destruction, 12000
PosmCR, for Emulsions Prepared at Cgc = 0.1 wt %, Cg. = 150 Cog=0.1wt%
mM and Heated at 85°_C, for Which the pH I_s Changed during 10000 Cg, =150 mM
the Emulsion Treatment as Indicated - —%% pH = 6.2
. .
pH sooo| s S e
- - - © N
during during during PosvCR, X i N
emulsification heating centrifugation kPa o, 6000 r S é

4 4 4 4+1 Q® AN
6.2 45 45 41 4000 | ~,
5 5 5 3+1 \i‘f .
4 5.6 5.6 13+ 4 2000 f -
5 5.9 5.9 15+ 4
6.2 6.2 6.2 40t 4 0l . . . ‘
6.2 6.2 4.5 46 4 1 10 100 1000 10000
6.2 6.2 5.2 40t 4

tgr, Min

experiments in which the pH of the emulsion aqueous phase wasFigure 7. Critical osmotic pressure for emulsion destructRsy®, .
changed after emulsion preparation (see Table 1). One sees th%ig fténctlgnlc%fos:gﬁgel_tl@%fgr emulsions stabilized by 0.1 wt %
the emulsion coalescence stability correlates with the pH values PR » PH= 0.2,

at which the heating is performed; for example, all emulsions o O
heated at pH= 6.2 have a coalescence barriefRafsn°R ~ 40 O Fast adsorption
kPa, despite the various pH values during emulsification and O & e ot
centrifugation. Furthermore, when the emulsion is prepared and

) —_—
heated at pH= 6.2, the subsequent lowering of pH does not O oneron B O
affect emulsion stability. These results confirm the hypothesis @ O )

that the covalent bonds formed between the protein molecules(A)

in the adsorption layer during heating are most important for the © 0O O

emulsion stability of the heated emulsions. Formation of
Non-covalent second
intermolecular adsorption layer

bonds

4. Effect of Storage Time on the Emulsion Coalescence
Stability

4.1. Effect of Storage Time on Emulsion StabilityIn this
series of experiments we studied the emulsion coalescence
stability as a function of the shelf-storage period at room tem- (D)

Further denaturing
and formation

of intermolecular bonds

(hours, days)

perature, for emulsions stabilized with 0.1 wt % BLGg. = (C)
150 mM, pH= 6.2 (for similar experiments at lower BLG Less stable
concentration, 0.02 wt %, corresponding to adsorption monolayer, emulsion

see ref 12). The following protocol was used: A series of BLG Figure 8. Schematic presentation of the processes that occur in the
emulsions was prepared under equivalent conditions. Theseadsorption layer during emulsion shelf storage.

emulsions were stored undistributed at room temperature for ) ) o ) )

different periods of time, from 1 min (i.e., immediately after protein adsorption af_ter rinsing c_>fthe emulsions with electrolyte
emulsion preparation) up to 14 days. The critical osmotic pressureSelution 1 h after their preparation and after 6 days. We found
for drop coalescencPpsyCR was periodically determined during that the molecules in the second acjsorptlo'n layer are reversible
this storage period by centrifugation. The respective drop size attached aftel h and they become irreversible attached after 6
distribution and protein adsorption were determined in parallel days of storage. Hence, strong intermolecular bonds are formed
emulsion samples. between the protein molecules adsorbed in the firstand the second
adsorption layers during the storage period.

The most probable explanation of the aging effect is the
formation of noncovalent intermolecular bonds (H-bonds and
hydrophobic interactions) between the adsorbed protein molecules
(see Figure 8), which transform the adsorption layer into a brittle
shell, which ruptures upon surface extension. As explained in
ref 10, the formation of an emulsion film (or the expansion in

. . area of such film) in the point of contact between two drops is
Remarkably, we did not detect any tendency for increase or : . .
accompanied with an extension of the drop surfaces. If the

decrease dF at storage times longer than 30 min. The measured - I . N
. o . adsorption layer is brittle, then bare (deprived of proteinj-oil
drop size distributions and mean volume-surface diameters were . : .
. . water spots could appear on the film surfaces upon their expansion,
virtually the same for all emulsions. Therefore, the decreased . . o
. " . leading to film destabilization and dreflrop coalescence.
emulsion stability observed at storage times longer than several

“ ; , ; The above explanation is in qualitative agreement with the
hours (called hereafter “the aging effect”) could not be explained 5 b 8 .
. . . results by Murray et af2who studied the rheological properties
by changes in the amount of adsorbed protein or by changes in

drop size. These results mean that the observed aging effect iSof BLG adsorption layers on air/water interface, as a function

o . . .~ “of aging time. It was showfh that the elasticity of the BLG
due primarily to changes in the structure of the protein adsorption ’ - o
| - ) O . e adsorption layer increased with time, and the consequent
ayer, which make it less efficient in emulsion stabilization. To
check whether the storage time leads to formation of intermo- 45 Mmurray, B. S.: Cattin, B.; Schuler, E.. Sonmez, Z. O. Response of adsorbed
lecular bonds between the adsorbed molecules, we measured thgrotein films to rapid expansiot.angmuir 2002 18, 9476.

The results folPos)CR as a function of storage time, shown
in Figure 7, indicate several stages of emulsion evolution: (1)
a slight increase of emulsion stability for storage times between
1 and 30 min, (2) a subsequent plateau in the interval between
ca. 5 and 180 min, and (3) a significant decrease of emulsion
stability by more than 4 times during the following 6 days of
storage.
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20 " Table 2. Critical Osmotic Pressure for Emulsion Destruction,
g 0.1wt % BLG PoswCR, for Nonheated Emulsions (0.1 wt % BLG,Ce. = 150
X pH=6.2 1h-stored H
r ’ Isi mM, pH = 6.2) in the Presence of Urea
,5 15 emuisions =
2 storage Posu®, kPa
5 time no urea 3 Murea 4 M urea 6 M urea
g1 30min  9.7+13 20+15 267415 25+15
£ 24 h 2.5+ 0.5 16+ 1.5 257+ 1.5 25+ 1.5
° - S 6day-stored 6days  2.0:0.3 notmeasured 25F#15 25+1.5
5 5 “~.__ emulsions
= | L Table 3. Critical Osmotic Pressure for Emulsion Destruction,
° , 2.8 . PoswCR (kPa), for Nonheated Emulsions and Those Heated at 85
1 10 100 1000 °C, Stabilized by 0.1 wt % BLG at Three Electrolyte
Cel, mM Concentrations, Cg. (pH = 6.2)
Figure 9. Critical osmotic pressure for emulsion destruction as a nonheated heated
function of electrolyte concentratioiGg,, for 1-h-stored (empty Ce, MM 3h 6 days 3h 6 days
squares) and 6-day-stored (full squares) emulsions stabilized by 0.1:
0 = 1.5 6+1 5+1 8+2 5+2
wt % BLG at pH= 6.2.
10 13+ 2 9+2 13+ 2 10+ 2
150 10+ 1 3+05 40+ 4 40+ 4

expansion of the surface led to slower relaxation of the surface
tension. This result was explained n ref 42 with the formation stability at three different concentrations of urea, presented in
of robust surface aggregates, which suppressed the further

adsorption of the protein molecules on the interf&@ne should Table 2, show that the additior 4 M of urea only is sufficient
. X ... to prevent completely the aging effect. As shown by Pace and
note that such brittle adsorption layers are expected to exhibit i Peey ging y

) . o Tanford#the addition of 4.4 M urea has little effect on the BLG
rather complex rheological behavior, for example, exhibiting

high elasti dul Il lateral def i a1 molecules in the bulk protein solution at room temperature
" '9 e_as”|c modulus upon small latéral aeformations and low significant denaturing of the dissolved protein is observed. This
effective” elastic modulus upon larger deformation, which could

means that in our experiments, in whichr34oM urea is added
rupture the layers.

) to the protein solutions, the urea acts exclusively on the protein
4.2. Effect of Electrolyte Concentrationonthe Long-Term qjecyles incorporated in the adsorption layer. Even at 3 M
Emulsion Stability. In this series CéfRexperlments we measured req \which is certainly insufficient to cause a detectable protein
the critical osmotic pressur@osyi-", for 6-day-stored emul-  jonatyring in the bulk solutioff.the aging effect of the studied
sions, as a function of electrolyte concentration. As seen from g\ isions is strongly suppressed, which means that the urea
Figure 9, the stability of the aged emulsions is lower than the

strongly affects the bond formation between the partially unfolded
stability of the respective fresh emulsions (meaduteh after gy b y

. ) X .~ adsorbed molecules (see also the discussion of the FTIR spectra
preparation) for all studied electrolyte concentrations. This aging i, the next section).

effect is more pronounced at moderate and high electrolyte
concentrations.

The smaller aging effect, observed at low&y, is probably
related to the larger distance between the protein molecules in
the adsorption layer, which leads to slower buildup of the
presumed brittle protein shell on the drop surface. We recall that
I' ~ 1.3 mg/n? atCg. = 10 mM, which is noticeably lower than
the adsorptiod” ~ 2.8 mg/n? measured aCg_ = 150 mM.

In conclusion, we suppose that the observed aging effect is
due to formation of a brittle protein shell on the drop surface,
which is built through formation of strong lateral noncovalent
bonds (H-bonds and hydrophobic interactions) between the
adsorbed protein molecules. This hypothesis is checked below
with several additional series of experiments.

4.3. Effect of Additives on the Aging Effect.To check for
the effect of possible formation of intermolecular bonds in the
adsorption layer on emulsion aging, we performed additional
experiments in the presence of additives. First, we determined
the role of the possible covalent intermolecular disulfideSS
bonds by performing centrifugation experiments for evaluating
the emulsion stability (immediately after formation and after
shelf-storage) in the presence of 10 mM dithiothreitol (DTT), a
reducing reagent that is known to block the formation efsS
bonds between protein molecufédVe found that DTT had no
significant effect on emulsion stability, which means that the
aging effect is not related to the possible formation of disulfide
bonds in the adsorption protein layer.

The role of the noncovalent interactions was tested by addition
to the agueous phase of urea, which is known to break the - -

(43) Pace, N. C.; Tanford, C. Thermodynamics of the unfolding-tfcto-

hydrOgen bonds apd to suppress the hydroDhOblc Intera(:Flor]globulin A in aqueous urea solutions between 5 andG3Biochemistryl 968
between the protein molecules. The results for the emulsion 7, 198.

Thus, we can conclude that the aging effect is related to
formation of noncovalent hydrogen and hydrophobic bonds
between the adsorbed protein molecules, which probably trans-
form the adsorption protein layer into a brittle shell, which is
inefficient in stabilizing the emulsion drops against coalescence
(see also section 5 below). Although some disulfide bonds could
be formed upon shelf-storage of the emulsions, the performed
experiments with DTT and urea show that these bonds have no
important impact on the aging effect.

4.4. Effect of Storage Time on the Coalescence Stability of
Heated Emulsions.This series of experiments was aimed at
comparing the short-term (3 h after preparation) and long-term
stability (after 6 days of storage) of heated and nonheated
emulsions. The experiments were performed with emulsions
containing 0.1 wt % BLG and 1.5, 10, or 150 mM electrolyte,
at heating temperature of 86. As seenin Table 3, aweak aging
effect &30% decrease in emulsion stability) is observed at low
electrolyte concentration, 1.5 and 10 mM, for the heated emul-
sions. In contrast, at high electrolyte concentration (150 mM),
the coalescence stability of the heated emulsions does not change
with the storage time. The latter result indicates that the con-
formational changes in the protein molecules occurring during
heating at highCg. suppress the subsequent formation of non-
covalent hydrogen and hydrophobic bonds, thus preventing the
aging effect described in section 4.1. This hypothesis is supported
by the FTIR spectra, which are presented and discussed in the
following section.
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5. FTIR Spectra

Non-heated
. . . . -sheet ~heli :
As discussed in section 4, the pronounced aging effect observed Prsnoets arhelix solution
[ B-structures turns | B-sheets 1 day

at high electrolyte and protein concentratio@g (= 150 mM,
CgLe = 0.1 wt %) is not related to changes in the mean drop size

or protein adsorption during emulsion storage. The obtained r\vj\\

results suggest that the emulsion aging is primarily caused by
buildup of intralayer noncovalent bonds between the adsorbed

protein molecules, which led to formation of a brittle protein Non-heated

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
1

|
| |
| |
shell on the drop surface. In contrast, the thermal treatment of i i S daye,
BLG emulsions significantly increases their short-term stability ! |
and the aging effect disappears (see Table 3), which is explained . l . - . (A)
with the formation on the drop surface of a network of denatured 1720 1700 1680 1660 1640 1620 1600 1580
BLG molecules, which are cross-linked by disulfide bonds. Wavenumber,cm™
To investigate the conformational changes in the secondary
structure of the protein molecules after their adsorption and upon Bsheets  ovhelix Ng:;:;z‘:d
heating, we recorded FTIR spectra of protein solutions and L pstructures | turns | p-sheets 1 day
emulsions prepared at 0.1 wt % BLG a@d, = 150 mM, by : i | P
following the procedure of Fang and Dalglie¥h. \J\'/\ I i i
5.1. Effects of Storage Time and Heating on the FTIR i I |
Spectra of BLG Solutions. The FTIR spectra of heated and ™ ' ! !
nonheated BLG solutions, stored for different periods of time, PN |
are compared in Figure 10. From these spectra one can deduce L1 Y [Heated
the following. | | P 1 day
(1) The FTIR spectra of freshly prepared BLG solutions (see : i i i i (B)
L L L 1 L |

Figure 10A) are similar to those reported in the literature, with

) . - 1720 1700 1680 1660 1640 1620 1600 1580
six major characteristic bands at 1694 ¢nj3-type structure),

1680 cn1! (8-sheet), 1668 crri (small band fo3-turns), 1652 Wavenumber,cm™
cm! (a-helix), and 1634 and 1623 crh (8-sheetf0:44-46
(2) The shelf-storage of nonheated solution leads to significant Bsheets a-helix Non-heated

changes in the spectra (Figure 10A), which can be interpt&ted

as a result of partial denaturing of the molecules, disintegration
of initially present protein aggregates in the fresh solution (see
the reduction of the peak at 1623 cHy and formation of a more
hydrated, less compact protein structusee the shifts of the
B-sheet band from 1634 to 1629 ctand of thea-helix band
from 1650 to 1648 cmt.

(3) The heating of the protein solutions leads to strong local
perturbation of the protein structure (the peaks are wider and
smaller in height, Figure 10B), but the original secondary structure
of the dissolved protein remains stable upon long-term storage 4
(Figure 10C). Wavenumber,cm

It is worthwhile noting that we do not report in the current Figure 10. Comparison of the FTIR spectra for (A) nonheated

o ; BLG solution 1 day and 6 days after solution preparation, (B)
study results about the stability of emulsions that are preparednonheated BLG and heated BLG solutions 1 day after preparation,

with preheate_d protein solutior]s. Preliminaryexperiments_, _shoyved and (C) nonheated BLG and heated BLG solutions after 6 days of
that the heating of the protein solutions before emulsification storage at room temperature.

had rather different effect on emulsion stability, as compared to

the effect of heating of a preformed emulsion. One obvious reasonTherefore, the effect of solution heating on emulsion stability

for this difference is that the protein solution heating (prior to  deserves a detailed investigation, not attempted in the current
emulsification) could not directly induce formation of intermo-  paper.

lecular bonds inside the adsorption layer, which is the main g 5 Effects of Protein Adsorption and Emulsion Heating.
effect of heating on preformed emulsions. On the other hand, the o comparison of the FTIR spectra obtained from nonheated

effect of solution heating on the rheological properties of g G solution and from BLG-stabilized emulsion (several hours
postformed protein adsorption layers was studied inthe literature 4¢qr emulsification) (Figure 11A) shows that the secondary

and a complex time evolution was observed (e.g., refs 47, 48). sirycture ofthe BLG molecules remains well preserved for several
- hours after the adsorptiersee the main bands f@rsheets, turns,
(44) Boye, J. I.; Ma, C. Y.; Ismail, A.; Harwalkar, V. R.; Kalab, M. Molecular

and microstructural studies of thermal denaturation and gelatjpseatoglobulins and a'_hellx’ V\_/hICh ar_e _Slm”ar in the _solut|ons and in the

A and B.J. Agric. Food Chem1997, 45, 1608. emulsions. This resultis in agreement with the data of Fang and
(45) Dong, A.; Huang, P.; Caughey, W. S. Protein secondary structures in Dalgleish?o

water from second-derivative amide | infrared spedBi@chemistry199Q 29, .

3303. The BLG spectra obtained from freshly prepared and from
(46) Qi, X.; Holt, C.; Mcnulty, D.; Clarke, D. T.; Brownlow, S.; Jones, G.  6-day-stored (aged) emulsions are compared in Figure 11B. A

Effect of temperature on the secondary structurg-tafctoglobulin at pH 6.7, as

determined by CD and IR spectroscopy: A test of the molten globule hypothesis.

Biochem. J1997, 324, 341. (48) Wang, Z.; Narsimhan, G. Interfacial dilatational elasticity and viscosity
(47) Kim, D. A.; Cornec, M.; Narsimhan, G. Effect of thermal treatment on  of S-lactoglobulin at airwater interface using pulsating bubble tensiometry.

interfacial properties gf-lactoglobulin.J. Colloid Interface Sci2005 285, 100. Langmuir2005 21, 4482.
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Figure 12. Comparison of the spectra of heated emulsion (6 days
after preparation) and nonheated fresh BLG solution.
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\ aggregation
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' |
disordered :

in the nonheated emulsion significantly changed its secondary

1 ' ' / "é’:uﬂi?éﬁd structure during shelf-storage, and many disordered regions and
6 days intermolecular bonds were formed. These differences in the
| spectra of the two emulsions correlate well with the different
L\ Non-heated emulsion stability: a large aging effect is observed for the
i i I ‘*"1‘“(::;’" nonheated emulsions and no aging effect is found for the heated
. / ! ones.
(B) i i i ! i In conclusion, no significant difference is observed between

the spectra of heated and nonheated emulsions within several
hours after their preparation. However, after 6 days of storage,
the secondary structure of the adsorbed protein in heated emulsion
Figure 11. Comparison of the spectra for (A) nonheated solution remained similar to that of the initially dissolved protein, whereas
and emulsion 1 day after preparation and (B) nonheated emulsion{he adsorbed molecules in the nonheated emulsion significantly
1 day and 6 days after preparation. changed their structure; i.e., more disordered structure and surface
aggregates were formed. These conformational changes correlate
well with the observed changes in the emulsion stability upon
Ehelf-storage and after heating.
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large peak from disordered protein domains is seen at 1645 cm
inthe spectrum of the aged emulsion, whereas this peak is almos
missing in the spectrum of freshly adsorbed BLG. The intensity
of the3-sheet bands at 1637 and 1628¢moticeably decreases,
which indicates that a fraction of the initigtsheets transforms

into disordered structure. A new band appeared in the spectrum - A combination of experimental methods was applied to assess

of the aged emulsion at 1616 cfywhich is attributed in the  {he effects of several factors (heating, shelf storage, pH, electrolyte

literature to formation of protein aggregatés. _ concentration, protein adsorption) on the coalescence stability
Let us compare now the spectra of 6-day-stored emulsion andyf g| G-containing emulsions and to explain the observed trends:

6-day-stored BLG solution (cf. Figures 10A and 11B). This (A) Effect of Emulsion Heating on Protein Adsorption and

comparison allows one to distinguish the conformational Change.SEmuIsion Coalescence StabilityThe heating of emulsions at

upon storage, which are related to protein adsorption. The ma|nCBLG > 0.04 Wt %,Ce. > 150 mM, and pH= 6.2 leads to
ggﬁéeggessrit:nvzﬁgetgzssrfjgﬁéﬁ;_)f Iﬁgti((ja imeugtsrlgrr:] %?ctjhzogjt?;additional protein adsorption and irreversible attachment of the
) P 9 protein molecules in the formed adsorption multilayers. As a

ETSE;%’;:&Z Zﬁg 23223 2: f&%‘%ﬁfmﬁigﬂ?;j ;T:Sé?a?es result, the emulsion coalescence stability increases more than 3
' times. The stability of emulsions, heated under these conditions,

which are missing in the spectrum of the aged BLG solution.
Hence, the adsorption of the protein facilitates the disordering gfispggtscftlg?%teoz:;ts;s(lat;s:eoqgeg;;/:l:)crease of pH, chadge of

of the molecule’s structure and the formation of intermolecular ) i ) .
The increased adsorption and the irreversible attachment of

bonds (these two processes are probably interrelated). ) . -
The comparison between the FTIR spectra of heated emulsiont"€ Protéin molecules in the adsorption layer (observethad

after 6 days of storage and of freshly prepared BLG solution is = 0.04wt %'C,EL = 15,0 mM, and pH= 6.2) are most probably
presented in Figure 12. Interestingly, the main bands related todu€ to formation of disulfide bonds upon heating.
thep-sheets at 1694, 1680, 1634, and 1623 thad almost the The heating of emulsions & < 10 mM (prepared at the
same intensity and width as those of the spectrum of the storedsameCeL) does not change emulsion stability, due to significant
emulsion, which indicates that the main features of the secondaryelectrostatic repulsion between the protein molecules, which
structure of the protein in heated emulsion are preserved duringsuppresses the additional protein adsorption and the formation
shelf-storage. Note that the structure of the heated BLG solutionsOf intermolecular bonds during heating.
is also preserved upon shelf-storage (Figure 10C). The heating of emulsions at pH around IEP does not change
Let us compare now the spectra of heated and nonheatedheir stability, which indicates that no intermolecular covalent
emulsions that had been stored for 6 days (Figures 11B and 12) bonds are formed in this case. Probably, the protein molecules
The maing-structure bands remained almost the same in the do notunfold after adsorption, which keeps the reactive sulfhydryl
heated emulsion after 6 days of storage. In contrast, the proteingroups hidden inside the molecular interior.

6. Summary of the Main Results and Conclusions
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(B) Change of Emulsion Coalescence Stability during Shelf-  oil—water interface), while the effect on emulsion coalescence
Storage (Aging Effect). The stability of BLG-containing stability is the opposite: the heating increases emulsion stability,
emulsions may significantly decrease after 1 day of shelf storage.whereas the aging strongly decreases the emulsion stability.
This phenomenon, termed “the aging effect”, is not related to  Most of the explanations given above are in a very good
changes in the mean drop size or protein adsorption. agreement with the explanations given by McClements and

The aging effect is caused by conformational changes in the coauthor*2426-30for the flocculation stability of BLG emulsions
protein adsorption layer, accompanied with formation of non- (a detailed comparison of the main conclusions from our studies
covalent bonds (H-bonds and hydrophobic interactions) betweenand those by McClements et al. is presented in a review dficle
the adsorbed molecules. Probably, these bonds transform theAlthough the results are obtained with one specific protein, BLG,
adsorption layer into a brittle shell, which is inefficient in the proposed physicochemical and molecular explanations imply
protecting the drops against coalescence. thatthe observed trends might be typical for other globular proteins

The FTIR spectra show that the emulsion heating preservesthat partially unfold upon adsorption and form intermolecular
the initial conformation of the adsorbed BLG molecules upon S—S bonds upon heating.
shelf-storage, which correlates very well with the disappearance
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