3104 J. Agric. Food Chem. 2007, 55, 3104-3111 JOURMNAL O

AGRICULTURAL AND
FOOD CHEMISTRY
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The structure of aggregates and gels formed by heat-denatured whey protein isolate (WPI) has been
studied at pH 7 and different ionic strengths using light scattering and turbidimetry. The results were
compared with those obtained for pure g-lactoglobulin (5-Lg). WPI aggregates were found to have
the same self-similar structure as pure 5-Lg aggregates. WPI formed gels above a critical concentration
that varied from close to 100 g/L in the absence of added salt to about 10 g/L at 0.2 M NaCl. At low
ionic strength (<0.05 M NaCl) homogeneous transparent gels were formed, while at higher ionic
strength the gels became turbid but had the same self-similar structure as reported earlier for pure
pB-Lg. The length scale characterizing the heterogeneity of the gels increased exponentially with
increasing NaCl concentration for both WPI and pure -Lg, but the increase was steeper for the
former.
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INTRODUCTION The structure of aggregates and gels of pihlsy (21—26),
Whey proteins are widely employed in food formulations not BSA (27—29) and ovalbuminzg, 30—32) solutions has been
only for their high nutritional value but also for their excellent Studied in considerable detail at neutral pH using scattering
functional properties, for example, gelation, and emulsion or techniques. It was found that the aggregates had a self-similar
foam formation. The major whey proteins gidactoglobulin structure characterized by a fractal dimension close to 2
(5-Lg), a-lactalbumin ¢-La), and bovine serum albumin (BSA) independent of the ionic strength. Transparent gels formed at

(1), and their behavior upon thermal processing has been thelow ionic strength were found to consist of relatively well-
subject of extensive research (2). ordered strands of weakly branched proteins. These gels are

Heating aqueous solutions of whey proteins causes their fransparent because they are homogeneous on length scales

denaturation and induces aggregation leading to gelation abovearger than a few tens of nanometers. At higher salt concentra-
a critical concentration3—5). Purea-La aggregates and gels tions gels are more heterogeneous and consequently turbid. The

much more slowly when heated th@hLg or BSA, but in latter type of gels could be described as an ensemble of “blobs”
mixtures with eitherf-Lg or BSA it aggregates, at rates With the same self-similar internal structure as the aggregates.
comparable to those of the other proteifs-0). In the latter To our knowledge, no detailed study has yet been made of
case, mixed aggregates are formed through disulfide and otherthe structure of WPI aggregates and gels using scattering
bonds (8,10—13). techniques. The objective of the present work is to characterize

The properties and structure of the gels are affected by the structure of WPI aggregates and gels formed at neutral pH
medium composition and heat treatmetd{16). Transparent and different ionic strengths and compare it with that of
gels with a so-called fine-stranded structure are formed whenadgregates and gels formed by pyfe.g. The aggregate
the electrostatic repulsion is strong, i.e., at pH far from the Structure for WPI turned out to be very similar to that of pure
isoelectric point of the proteins and low ionic strengd17). p-Lg. However, we observed a remarkable difference in the
Under conditions of weak electrostatic repulsions, i.e., at high ionic strength dependence of the heterogeneity of the gels using
ionic strength and close to the isoelectric point of the proteins, @ combination of light scattering and turbidimetry.

opaque gels with a coarse, particulate structure are formed
(17—20). MATERIALS AND METHODS

- o q hould be add d T colai Materials. Whey protein isolate (Prolacta90, batch no. 273) and
univﬂg%var??frco”esmn ence should be addressed. E-mail: Taco.Nicolai@ 4 14 ctoglobulin extracted from the same WPI batch were a kind gift

T INRA-BIA. from Lactalis Industrie (Laval, France). As stated by the manufacturer,
*UMR CNRS Université du Maine. the WPI powder had a composition of 97.8 wt % protein (73%yg,
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18% a-La, 7% immunoglobulins, and 2% BSA), 2.0 wt % ash (dry
weight basis), and 4.3 wt % moisture. Thé.g powder contained less
than a few percent of other proteins. All other chemicals used in this
study were of analytical grade.

Preparation of Whey Protein SuspensionsAppropriate quantities
of WPI andf-Lg powders were dissolved in Milli-Q water with 200
ppm NaN added to avoid bacterial growth. The solutions were
extensively dialyzed against Milli-Q water with 200 ppm Na&hd
adjusted to pH 7. The ionic strength was set to the required value by
adding aliquots of a concentrated NaCl solution. In the following we
only consider the NaCl concentration, and it should be realized that
the minimum ionic strength is 3 mM set by addition of NaRor light-
scattering experiments the samples were filtered throughi®.pore
size Anotope filters. The concentration was determined after filtration
by UV adsorption at 278 nm using an extinction coefficient of 1.046
Lg~* cm for WPI and 0.96 Lg* cm for 5-Lg. Solutions in airtight
light-scattering cells were heated at 80 for 24 h in a water bath.
Heated samples were cooled on ice and stored &C20ntil further
analysis.

Determination of Residual Unaggregated ProteinThe residual
fraction of unaggregated protein was determined using gel filtration
chromatography (GFC). The WPI and pyr&g samples were analyzed
on a different apparatus. For WP| we used a TSK 2000 column SWXL
(30 cm) (Tosohaas, Montgomeryville, PA) eluted with a solution
containing 0.05 mM Tris and 0.1 M NaCl, and for pytd.g we used
a TSK 2000 SWA- 4000 SW column set (30 car 30 cm) in series
with 0.1 M NaNQ as the elution liquid. The eluted protein was detected
using UV absorption at 280 nm, and the amount of residual native
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Figure 1. Gel filtration chromatography profiles of WPI solutions (5 g/L,
pH 7, 0.1 M NaCl) unheated (solid line) and heated at 80 °C for 10
(dash-dot), 20 (long dash), and 65 (short dash) min. Peaks 1, 2, 3, and
4 correspond, respectively, to o-La, 5-Lg, BSA and immunoglobulins,
and protein aggregates.

whered; is the so-called fractal dimensiod; also characterizes the
molar mass dependence of the radius of gyration for self-similar
aggregates

protein was calculated as percent area relative to the area of unheated

protein.

Light Scattering. Static (SLS) and dynamic (DLS) light-scattering
measurements were made using an ALV-5000 multi-bit multi-tau
correlator and a Spectra Physics solid-state laser operating with
vertically polarized light with wavelength = 532 nm. The scattering
wave vectorsg, varied from 3.0x 1072 to 3.5 x 102 nm! (q =
4nng sin(6/2)/4, with 6 being the angle of observation amg the
refractive index of the solution). The temperature was controlled by a
thermostated bath to withif-0.1 °C.

The relative excess scattering intensity,was determined as the
intensity minus the solvent-scattering intensity divided by the scattering
intensity of toluene at 20C. The contribution of residual unaggregated
protein to the intensity was negligible. In dilute solutidpss related
to the weight-average molar madd,() and the structure factoS(q))
of the aggregate (334)

I, = KCM,S(q) @)

with C being the protein aggregate concentration &dn optical

constant

(el )=

aC ns Rtol

where N, is Avogadro’s number, 9p/0C) is the refractive index
increment, andRy is the Rayleigh constant of toluene at 2D (Ro =
2.79x 10 5cmtatl = 532 nm).n, andns are the refractive indices
of toluene and the solvent, respectivelyy(ns)? corrects for the
difference in the scattering volume of the solution and the solvent.

The z-average radius of gyratioRy,, can be determined from the
initial q dependence o8(q)

qugzz] -1

_4xn?
AN,

@)

. 0R; <1 ®)

S(q)= ’1 +
Generally the structure of protein aggregates is self-similar over
length scales between the radius of gyration and the size of the
elementary building block §. In that caseS(q) has a power law
dependence og

S(@oq ™ ! (4)

_1 —
Rgz <Qg<r,

M,=aR,  Ry>rg ©)
where the prefactoa depends on the molar mass of the elementary
building block of the self-similar structure.

At higher concentrations, i.e., when interactions can no longer be
neglected S(q) is the structure factor of the solution avig and Ry,
should be replaced by an apparent molar md4g &nd radius R,).

Ma is inversely proportional to the osmotic compressibility. If the
interaction between the aggregates is repulsiig,decreases with
increasing concentration, which is the case for the systems studied here.
R is close to the correlation length of the concentration fluctuations,
which characterizes the length scale beyond which the system is
homogeneous. If the interaction is repulsive, the system becomes more
ordered with increasing concentration dRgddecreases.

The turbidity () was measured as a function of the wavelength
(350-1100 nm) using a spectrometer and calculated using the following
relation: I/lo = exp(—tl), with Is being the light transmitted through
the sample andb the light transmitted through the solvent. The path
length,l, was varied from 0.1 to 1 cm. The turbidity is related to the
structure factor

r=KCM, [7" [ S(@)(1+ codf)sing dody  (6)

whereK'=KRi/(Nd/Nr)2.

RESULTS

Characterization of Native WPI. The elution profile of
unheated WPI solution showed two main peaks that were
attributed too-La andS-Lg representing, respectively, 20% and
70% of the total amount of protein (see solid lineFigure 1).

A small peak with 6% of the total area at smaller elution times
represents BSA and immunoglobulins. The remaining 4% eluted
in the form of aggregates. The presence of these proteins was
confirmed by SDS-PAGE (data not shown).

Unheated WPI was further characterized using SLS and DLS.
Although the fraction of aggregated protein in unheated WPI
is very small, it strongly influences the light-scattering intensity.
We corrected for this influence using dynamic light scattering
as shown in ref 35 (35). At pH 7 the weight molar mass of
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Figure 2. Residual fraction (% wiw) of unaggregated a-La (O) or 5-Lg o))
q (nm

(O) as a function of heating time at 80 °C for WPI (open symbols) and ‘ _
pure B-Lg (filled symbols): (A) 5 g/L at 0.1 M NaCl; (B) 5 g/L without Figure 3. g dependence of I/KC for WPI aggregates formed after heating
added salt, (C) 47 g/L without added salt. for 24 h at 80 °C at different protein concentrations indicated in the figures

either with 0.1 M NaCl (top) or in the absence of added salt (bottom).
WPI was 44 kg/mol in the presence of 0.1 M NacCl, which is
slightly higher than that of-Lg dimers (36 kg/mol). Without remarkable observation since, as mentioned in the Introduction,
added saltM,, of WPI was lower, 26 kg/mol, due to the shift heat-denatured pufeLg aggregates much faster than purea
of the dimer-monomer equilibrium toward the monomer for ~ at the same conditions. For comparison we also shdwgare
B-Lg (36). The values oR, showed the same tendency: 3 nm 2 the decrease of the fraction of unaggregated protein in pure
at 0.1 M NaCl and 2.3 nm without added salt. p-Lg solutions heated at the same conditions and the same total
Characterization of Heated WPI Using GFC. Figure 1 protein concentration. The aggregation rate was similar for WPI
shows the effect of heating at 8C on the protein composition ~ and pures-Lg solutions. However, a notable difference was
of 5 g/L WPI in the presence 0.1 M NaCl. The areas of the observed aC = 5 g/L in the absence of added salt. For pure
peaks representing native protein decreased progressively with3-Lg about 50% of the protein did not aggregate, while for WPI
increasing heating time, while a peak with increasing area the fraction of unaggregatgtiLg remained at a lower value of
representing aggregates appeared at small elution times. WPRbout 20%. It was reported in re§9 that -Lg does not
formed rapidly large aggregates and very few oligomers, as aggregate below a critical concentration that decreases with
found earlier for pures-Lg (21) and WPI (9), and mixtures of  increasing ionic strength from 3 g/L in the absence of added
a-La andf-Lg when 5-Lg was the main component (37). saltto 0.03 g/L at 0.4 M NacCl. Apparently, in WPI the presence
Figure 2 shows the decrease of the fraction of unaggregated Of a-La decreases the minimum association concentration for
a-La andf$-Lg in WPI solutions as a function of the heating A-L9.
time at two ionic strengths and two protein concentrations. At Aggregate Structure.Soluble aggregates with different sizes

the same concentration (5 g/L) aggregation of hothg and were formed by heating WPI solutions at different protein
o-La was considerably faster in the presence of 0.1 M NaCl concentrations for 24 h at 8 both in the absence of added
than in the absence of added salt (comgagerre 2A and2B). salted and in the presence of 0.1 M NaCl. Large aggregates
Verheul (38) observed an increase of the reaction ratg-fay were only obtained close to the critical gel concentration; see

with increasing NaCl concentration up till about 0.1 M and a below. Therefore, higher protein concentrations have been
decrease at higher salt concentrations. The initial increase ofstudied in the absence of salt than at 0.1 M NaCl. We verified

the rate is probably due to screening of electrostatic repulsion. that the growth of aggregates stagnated after this heating time.
The subsequent decrease might be caused by an increased he&he amount of residual unaggregated protein was found to be
stability of the proteins. Increasing the WPI concentration by a negligible for the concentrations investigated. The aggregates
factor of 10 in the absence of added salt led to a strong increasewere diluted so that interaction could be neglected.

of the aggregation rate (comparggure 2B and2C). Figure 3 shows the dependence RfKC on the scattering

In all cases the aggregation rate was similar fecg and wave vector for aggregates formed at 0.1 M NaCl and in the
a-La as reported earlier for mixtures heated af806—9). At absence of added salt. With increasing protein concentration,
C = 5 g/L, a significant amount (about 20%) 6fLg did not the scattering intensity increased andgtdependence became

aggregate in the absence of salt while nwdta did. This is a more important becausé,, andRy, of the aggregates increased.
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Figure 4. Comparison of the structure factors of highly diluted WPI 109
aggregates formed after heating for 24 h at 80 °C at different
concentrations either with 0.1 M NaCl (O) or in the absence of added
salt (). The solid line represents S(q) = (1 + ¢?Rg;%/3)™%.
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. Figure 6. Dependence of M, on Ry, for 5-Lg aggregates (O) and WPI
108 1 1:) 1(’)0 aggregates (CI) formed after 24 h heating at 80 °C with 0.1 M NaCl (top)
C ) or without NaCl (bottom). The solid lines have slopes of 2.0 (top) and 1.7
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Figure 5. Concentration dependence of the weight-average molar mass ( )

of WPI (squares) and -Lg (circles) aggregates formed in the presence

of 0.1 M NaCl (open symbols) or in the absence of added salt (solid at low protein concentrations but rose steeply wi@mp-

symbols). The solid lines are guides to the eye. The dotted lines indicate Egﬁ C?i?etgg cgggalljgleol \i‘/t'?t (iﬁgcegltraélicrrféa%slgt()e g}ll‘sfcgnnin
the critical gelation concentration: Cy ~ 100 g/L for WPI and 5-Lg in the aqare yate is fé)rme d so tHX.iﬂtN o a%C ﬂ Con t%e resepnce 9
absence of added salt, Cy & 25 g/L for WPI, and C; & 15 g/L for 5-Lg ggreg o P

at 0.1 M NaCl c_>f 0.1 M NaCl,M,, increased at much lower protein concentra-
’ ’ tions sinceCy ~ 25 g/L for WPl andCy ~ 15 g/L for pure
For the largest aggregates the intensity has a powerdaw f-Lg, The dependence ofq on the ionic strength will be
dependence characteristic for self-similar clusters and the slopediscussed below.
represents the so-called fractal dimensidy) (see Materials Figure 6 shows a comparison of the dependencé/gfon
and Methods section). Similar results were reported earlier for Ry, in the absence and presence of added salt for WPpelgl
pure 8-Lg aggregates (24) formed at different concentrations aggregates. In all cases the dependence was compatible with a
of NaCl for which it was shown that the structure factor could power law (M, O Rs%), which is expected for self-similar
be described by eq 4 over the whaj@ange covered by light  clusters.dr obtained fromFigure 6 was consistent with that
scattering, implying thatk = 2. However, in the absence of obtained from the structure factor and the same for WPI and
added salt, the structure factor deviated from eq 4 for large pure 5-Lg, but the experimental uncertainty was larger. The
values ofgRy, and a slightly weaker power law decay was values of\, for a givenRy, were slightly smaller for WPI than

observed, indicating a slightly smaller fractal dimensiah= for B-Lg in the absence of added salt, while they were slightly
1.7. The smaller fractal dimension implies that aggregates larger in the presence of 0.1 M NaCl. The implication is that
formed at low ionic strength had a more open structure. the local structure of the WPI aggregates is slightly denser than

Figure 4 shows that the results obtained for WPI at different that of f-Lg aggregates in the presence of 0.1 M NaCl, while
concentrations superimposed when plottB(g|) as a function in the absence of added salt the local structurefedfg
of gRy; and were also well described by eq 4. As was the case aggregates is slightly denser than that of WPI aggregates.
for puref-Lg aggregates, a small deviation from eq 4 occurred  Gel Structure. As mentioned above, gels are formed only
at largegRy; in the absence of added salt because the fractal above a critical protein concentratioBy was determined by
dimension was slightly smaller. Within the experimental error visual observation after heating at 80 for 24 h by the absence
the fractal dimensions of aggregates formed by WPI are the of flow when tilting the samples and the presence of insoluble

same as those formed by pyte_g both at 0.1 M NaCl ¢ = material after dilution. In this wagq could be determined with

2.0+ 0.1) and in the absence of added sdjt 1.7 + 0.1) a precision better than 10%igure 7 shows the dependence
Figure 5 compares the concentration dependencilpffor of Cy on the NaCl concentration for WPI arfiiLg. At low

WPI at both ionic strengths with that obtained for pyrég ionic strength €0.02 M), Cy was the same fgf-Lg and WPI

solutions. In the absence of added dsllf, was almost constant  and weakly ionic strength dependent. At higher salt concentra-
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Figure 7. Dependence of Cy on the NaCl concentration for WPI (O) and
B-Lg (O). The solid lines are guides to the eye.
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Figure 8. Dependence of M, on the NaCl concentration for WPI (OJ) and
B-Lg (O) solutions with C = 100 g/L after 24 h heating at 80 °C. The
tions, Cy decreased strongly for both systems but was somewhatSolid lines represent an exponential increase.
larger for WPI.
We studied the influence of the ionic strength on the structure
of WPI andg-Lg gels at a fixed concentration of 100 g/L. At
low ionic strength the gels are transparent so that standard light-
scattering techniques could be used. With increasing ionic
strength the gels became more turbid and the measurements
were influenced by multiple scattering. Nevertheless, the
structure factor can still be determined in this case using the
technique of cross-correlation dynamic light scatterid@)(
Elsewhere it was shown for pufkLg that the structure factor 107t
of turbid gels is the same as that of the dilute aggregates and T
can be described by eq 33, 24). Of course, one does not obtain 106 , .
My and Ry, but an apparent molar masbld) and radius of 102 10°
gyration (R). As mentioned in the Materials and Methods Rg (nm)
sec'tion,Ma is proportional to.the osmotic compressibility and Figure 9. Dependence of M, on R, for WPI () and -Lg (O) solutions
Ra Is c_Iose to the correlation length of the concentratlon_ with C = 100 g/L after 24 h heating at 80 °C. The solid line has a slope
fluctuations. Both parameters are a measure of the heterogenei
of the gels. The gels can be viewed as a close-packed ensemble
of so-called blobs with radiuB, and molar mas#la with the that can be determined using turbidity is limited by the
same self-similar structure as the aggregates. During heatingtransmission at the highest wavelengths with the minimum path
the aggregates grow until they fill up the whole space. Further |ength that could be used in the experiment (1 mm). The error
growth leads to interpenetration of the aggregates until a gel is on the values o, and R, obtained from this method is less
formed. R, is determined by the size of the aggregates when than 10% except for larghl, when the turbidity saturates at
they fill up the space; see below. On length scales larger than|ower wavelengths and smai, when there is little influence
Ra the gels are homogeneous. of the S(q) on the wavelength dependence.
If the structure factor is knownM, andRa can be determined Figure 8 compares the ionic strength dependencilgfor
more easily for turbid systems by measuring the turbidity as a wpj andg-Lg gels. In the absence of added salt, both systems
function of the wavelength. Usin§(q)= (1 + ¢’R/3)~*in eq are transparent biM, is significantly larger for WPI gels than
6 the integral can be solved analytically for f-Lg gels. An exponential increase bf, with increasing
salt concentration was observed for both systems, but for WPI

= K'CMaZ:z[j (x+2)+ 8x+4xX'+8 In(1 + x)] (7) gels the increase was steeper. It was shown elsewhefelfgr
NG X that the local density increased only weakly with increasing salt

concentration (23). Therefore, the strong increaskl!p€ould

101t

1010 L

109 L

Ma (g/mol)

108 L

with only be caused by a strong increase of the heterogeneity of the
) gels. The steeper increaseMf for WPI implies that at a given
_ [4mn, E ionic strength WPI gels are coarser thahg gels. The scatter
A /3 of the data obtained from different samples is much larger than
the experimental error for the same sample. The reason is
We found in all cases that the wavelength dependencevafs probably that the structure is sensitive to small changes of the
consistent with eq 7 if we included the small wavelength ionic strength and pH.
dependence of the refractive index incremenin/d€) 0 2791, The dependence dfl, on R, is shown inFigure 9. If one

In the few cases wherl, could be determined both by light neglects the effect of the ionic strength on the local density, a

scattering and turbidimetry using different optical path lengths, power law dependence ®fl, on R, is expected: M, 0 R

the results were the same. Of coursédfs smaller than about ~ The results obtained at different salt concentrations can be
40 nm,S(q) is close to unity over the relevamtange and is approximately described by a power law with an exponent of

insensitive to the form of(q). In this case onlyM, can be 2, which demonstrates that the main reason for the increase of
obtained from turbidity measurements. The maximuniVif Ma is the increase of the heterogeneity of the gels.



Light-Scattering Study of the Structure of Aggregates and Gels J. Agric. Food Chem., Vol. 55, No. 8, 2007 3109

The overall structure of the aggregates is the same for WPI
andp-Lg and characterized by a fractal dimension of 2.0 at 0.1
M NaCl and 1.7 in the absence of salt; the local structure is
somewhat denser for WPI aggregates in 0.1 M NaCl and
somewhat less dense in the absence of added salt. For both
systems the aggregate size increases with increasing protein
concentration and diverges at the critical gelation concentration.
Cgy is not sensitive to addition of very small amounts of NaCl,
probably because the ionic strength is dominated by the
contribution of the counterions. However, it decreases strongly
above about 0.02 M NaCl. A similar NaCl concentration

M s dependence dfy was found for ovalbumin31) and BSA @9).
1 10 100 The decrease @@y occurred at somewhat higher ionic strength
C(g) for WPI than for 5-Lg. The effect is equivalent to that of
Figure 10. Concentration dependence of R, for WPI (O) and 8-Lg (O) decreasing the NaCl concentration by a factor of 1.5. Apparently
solutions in the presence of 0.1 M NaCl after 24 h heating at 80 °C. The the preaggregates formed by pyé.g associate and gel more
solid lines are guides to the eye. easily than those formed by WPI at higher ionic strengths.
The structure of the gels is very strongly dependent on the

So far we have discussed the dependence of the structure orstrength of the electrostatic interactions even though the
the NaCl concentration at a given protein concentration. aggregate structure itself is only weakly dependent on the NaCl
However, it was shown in re23 that the structure of heated concentration. It is important to distinguish the long-range
protein solutions is strongly dependent on the protein concentra-repulsive interaction between the aggregates from the specific,
tion. Therefore, we performed a more detailed study of the short-range, attractive interaction between individual proteins
concentration dependence at 0.1 M NaCl. The concentrationthat leads to bond formation. The latter causes aggregation and

1000

R, (nm)

100 ¢

dependence d&, is shown inFigure 10for WPI and pures-Lg. the increase o, while the former reduces the concentration
The results for purgs-Lg were discussed elsewher@4j and  fluctuations and leads to a decreaseviafcompared tdviy,.
show a maximum ofR, close to Cy. For both systemsR, It was shown using small-angle X-ray scattering that at low

increased initially with increasing protein concentration because ionic strength the gels are ordered, showing a preferred distance
larger aggregates were formed, $égure 5, but the onset of ~ between the branched protein stran26)( When more NacCl
the increase was shifted to higher protein concentrations for is added the electrostatic repulsion is screened, resulting in less

WPI. R, reached a maximum of about 300 nm closeCtp~ order. As a consequence, the correlation length of the system
15 g/L for pureB-Lg, while for WPI it continued to increase  increases with increasing NaCl concentration, but it is not
aboveCy ~ 20 g/L to a value of about zm at 50 g/L. obvious why the dependence is approximately exponential.

In ref 23 it was shown for purgg-Lg that the dependence of ~WhenRs is significantly larger than the radius of gyration of
Ma on R, was the same as that &, on Ry,. We found that the preaggregates (about 25 nm) the structure factor can be

this was also the case for WPI (results not shown). described by eq 3. This was shown fffLg using cross-
correlation dynamic light scatterin@$). We did not determine
DISCUSSION S(q) directly for WPI gels, but the wavelength dependence of

the turbidity was consistent with values calculated from eq 6
It has been established in quite some detaipfdg solutions using eq 3 forS(q) both fors-Lg and WPI gels at all NaCl
at neutral pH that the aggregation process occurs in two stepSconcentrations tested.
(41). In the first step so-called preaggregates are formed At low protein concentrations only small aggregates are
containing approximately 100 monomers. The preaggregatesformed during the heating process, but with increasing concen-
have an elongated shape with a diameter of about 10 nm and &ration more and larger aggregates are formed. They grow until
length of about 50 nn¥R). In a second step these preaggregates they fill up the whole space and then connect to form the gel.
associate to form large fractal clusters. At low ionic strength |n a first attempt to model the gelation process one may assume
the second step is inhibited due to electrostatic interactions, that the aggregates are monodisperse and interact through
which explains whyM,, increases only weakly at low protein  excluded volume interactions, i.e., the aggregates cannot
concentrations. From the present results for WPl we may interpenetrate. In this casiR, andM, are the size and the molar
conclude that a similar tWO'Step mechanism occurs for WPI. mass of the aggregates when they reach the over|ap concentra-
The structure of gels formed by heating pgg solutions  tion. Simple geometric considerations give the following
at pH 7 was discussed in detail elsewhe?8,(24, 26). The relationship between the protein concentration hhdand R,
main objective of the present study was to compare the structure

of aggregates and gels formed by WPI with that of péuleg. 3M,
The protein aggregation rate was found to be the same for WPI Cr—— (8)
and puref-Lg becausen-La co-aggregates easily wiffrLg N AR,

even though it aggregates very slowly in pure solution. Indeed,
almost allo-La aggregated even @t= 5 g/L in the absence of  Using the power law relation betweén, [ R one obtains

salt, when only one-half of the protein aggregated in plitey that R, 0 C~L. This was indeed found to be the case for pure
solutions. Recently, it was shown that the preaggregates are nop-Lg gels at 0.1 M NaClZ4).
formed at very low protein concentration39) and that the However, it is obvious that this model cannot be valid in

minimum concentration to induce aggregation decreases withgeneral because it implies thit, and R, are approximately

increasing ionic strengttkigure 2B shows that the minimum  independent of the ionic strength. Clearly, not only do the
association concentration f@Lg is reduced in WPI due to  aggregates interact through excluded volume interaction, but
the co-aggregation with-La. other types of long-range interactions play a role that are
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predominantly repulsive at low ionic strength and attractive at  (2) de la Fuente, M. A,; Singh, H.; Hemar, Y. Recent advances in

high ionic strength. Perhaps the agreement with the simple the characterization of heat-induced aggregates and intermediates
model for purep-Lg gels at 0.1 M NaCl was caused by a of whey proteins.Trends Food Sci. Techna2002, 13, 262—
fortuitous compensation of repulsive and attractive interactions. 274.

Increasing attractive interaction between the aggregates leads ) Fc)lark, A. H'f Sdzti&” of glc:bulaltr Hp;rlotginé. 'Lﬁ u(;lctiogngl
to increasing amplitude of the concentration fluctuations. One roperties of Food Macromoleculesill, S. E., Ledward, D.

) A., Mitchell, J. R., Eds.; Aspen Publishers, Inc.: Gaithersbourg,
may still model the system as an ensemble of fractal blobs, but MD, 1998; pp 77—142.

the ensemble is not monodisperse and the polydispersity (4) Clark, A. H.; Kavanagh, G. M.; Ross-Murphy, S. B. Globular

increases _stro_ngly with increasing ionic strength. Apparently, protein gelation-theory and experimerftood Hydrocolloids

the attraction is stronger between aggregates formed by WPI, 2001,15, 383—400.

leading to more heterogeneous gels at a given ionic strength. (5) Gosal, W. S.; Ross-Murphy, S. B. Globular protein gelation.
If net attractive interaction dominates the excluded volume Curr. Opin. Colloid Interface Sci2000,5, 188—194.

interaction, the system will phase separate. We did not observe (6) Hong, Y. H.; Creamer, L. K. Changed protein structures of

phase separation in the range of NaCl concentrations studied, bovine -lactoglobulin B andu-lactalbumin as a consequence

but microscopy has revealed the presence of dense protein _ ©f heat treatmentnt. Dairy J. 2002,12, 345-359. _
domains in very heterogeneous gels formed close to the (7) Hines, M. E.; Foegeldmg,'E. A. Irteracltlonsl_@f_lactslbum:r
isoelectric point or in the presence of high salt concentrations ;’:j%cbeod\'g:l;g:? :g?i‘émér;(fé't’ihaeﬁﬁ%gg”4'f glé_egT: Y
(20, 43). Unfortunately, the structure of such systems cannot . ' i X

. . . ? ; . (8) Gezimati, J.; Creamer, L. K.; Singh, H. Heat-Induced Interactions
be investigated using light scattering because they are too turbid. and Gelation of Mixtures g8-Lactoglobulin andx-Lactalbumin.

Sometimes a distinction has been made between so-called J. Agric. Food Chem1997,45, 1130—1136.
fine-stranded (transparent) gels and particulate (turbid) gels (9) Kazmierski, M.; Corredig, M. Characterisation of soluble ag-

based on electron microscopy. It is clear from the present gregates from whey protein isolat€ood Hydrocolloids2003,
investigation that there is a continuous transition from highly 17, 685—-692.

ordered, transparent gels to highly heterogeneous, turbid gels (10) Calvo, M. M.; Leaver, J.; Banks, J. M. Influence of other whey
that is not compatible with this simple dichotomy. The transition proteins on the heat-induced aggregatiomdéctalbumin.Int.

between transparent gels and turbid gels that occurs at ap- Dairy J. 1993,3, 719-727. :
proximately 0.05 M NaCl for WPI and 0.1 M NaCl for pure (11) Gezimati, J.; Singh, H.; Creamer, L. K. Heat-Induced Interactions
B-Lgis simply. the consequence of the st-rong but continuous and Gelation of Mixtures of Boving-Lactoglobulin and Serum

! £1h o . . he i Albumin. J. Agric. Food Chem1996,44, 804—810.
increase of the scattering intensity. However, since the increase (12) Havea, P.; Singh, H.; Creamer, L. K. Formation of New Protein

of the heterogeneity with increasing salt concentration is Structures in Heated Mixtures of BSA andLactalbumin.J.
exponential, the transition between very homogeneous (finely Agric. Food Chem2000,48, 1548—1556.

stranded) and very heterogeneous (particulate gels) occurs over(13) Schokker, E. P.; Singh, H.; Creamer, L. K. Heat-induced
a small salt concentration range. Therefore, the dichotomy may aggregation off-lactoglobulin A and B witho-lactalbumin Int.

be useful, but one should not conclude from this that there is a Dairy J. 2000,10, 843—853.

qualitative difference in the aggregation process at lower and (14) Boye, J. I; Alli, I.; Ismail, A. A.; Gibbs, B. F.; Konishi, Y.
higher ionic strength. The ionic strength at which the transition Factors affecting molecular characteristics of whey protein
occurs depends on the pH and the type of protein, e.g., it occurs gelation.Int. Pairy J.1995,5,337-353. _

at somewhat lower NaCl concentrations for ovalbursit) and (15) Puyol, P.; Pérez, M. D.; Home, D. S. Heat-induced gelation of
BSA (29) than forg-Lg at pH 7. It was shown here that it occurs whey protein isolates (WPI): effect of NaCl and protein

concentrationFood Hydrocolloids2001,15, 233—237.

(16) Vardhanabhuti, B.; Foegeding, E. A.; McGuffey, M. K.; Daubert,
C. R.; Swaisgood, H. E. Gelation properties of dispersions
containing polymerized and native whey protein isol&eod

at somewhat lower NaCl concentrations for WPI thanfdrg.
It would be interesting to investigate whether for other proteins
and at different pH the increase bf, and R, with the NaCl

concentration is also exponential. Hydrocolloids2001, 15, 165—175.

The two main conclusions of the work presented here are as (17) Ikeda, S.; Morris, V. J. Fine-Stranded and Particulate Aggregates
follows. (1) The aggregation mechanism of WPI at pH 7 is close of Heat-Denatured Whey Proteins Visualized by Atomic Force
to that of pures-Lg. Heat-induced aggregation of WPI at neutral Microscopy.Biomacromolecule2002,3, 382—389.
pH is a two-step process: formation of primary aggregates (18) Vel’h(.?UL M.; Roefs, S. P. F. M. Structure Olf Particulate Whey
followed by their association into large self-similar aggregates Protein Gels: Effect of NaCl Concentration, pH, Heating

Temperature, and Protein Compositign.Agric. Food Chem.
1998,46, 4909—4916.

(19) Verheul, M.; Roefs, S. P. F. M.; Mellema, J.; de Kruif, C. G.
Power Law Behavior of Structural Properties of Protein Gels.

with fractal dimensiorndi = 1.7 in the absence of added salt
andds = 2 at 0.1 M NaCl. (2) The heterogeneity of WPI and
pB-Lg gels as characterized by the correlation length increases

exponentially with increasing salt concentration. The correlation Langmuir 1998, 14, 2263—2268.
length increased more strongly for WPI gels reachingriin (20) Verheul, M.; Roefs, S. P. F. M. Structure of whey protein gels,
the presence of 0.1 M NaCl than f@rLg gels which reached studied by permeability, scanning electron microscopy and
1 um in the presence of 0.2 M NaCl. rheology.Food Hydrocolloids1998,12, 17-24.

(21) Le Bon, C.; Nicolai, T.; Durand, D. Growth and structure of
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