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Fibril Assemblies in Aqueous Whey Protein Mixtures
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Fibril formation in mixtures of whey proteins upon heating at pH 2 was investigated. Fibrils were
found to coexist with other structures, such as spherulites. These spherulites consist of radially oriented
fibrils. At total protein concentrations above 6 wt %, transparent gels were formed. Changing the
ratio between the various whey proteins did not affect this gelation concentration as long as
p-lactoglobulin (5-lg) was present, suggesting that -l was dominant in the gelation. Pure
o-lactalbumin and pure bovine serum albumin did not form fibrils, nor did they gel upon heating at
pH 2 and 80 °C for up to 10 h. They did however induce a decrease in the 5-Ig concentration needed
for gel formation upon heating at pH 2. Our results suggest that -lg is the only fibril forming protein
at the conditions used and that no mixed fibrils are formed.
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INTRODUCTION monomers, a wide variety of structures can be formed during
aggregation. Examples are fibrils, flexible strands, branched
structures, and “random” aggregates. Fibrils are formed upon

wﬁredfnttsirtl)?ncaru(s;ia ﬁ{ their ﬁb'“t\mo forrmt ?slls ??mm\f\;g'lal heating proteins at pH values far from the isoelectric point and
ey protein ingredients, such as whey protein isolates ( S), at low ionic strength, where they are highly charged. Fibrils

are byproducts from, among others, cheese manufacturing. The_ " . . . ?
most abundant whey protein glactoglobulin (3-g). It is a are interesting because of their functional properties, such as

S gelation at very low protein concentratior, @). In systems
globular protein with a molecular mass of 18 400 g ndphnd _ : :
a radius of about 2 nmij. The isoelectric point (pl) of the where fibrillar protein aggregates are formed, large spherulites

protein is pH 5.1 2). Besidesg-lg, the WPIs contain other can also be obser_veq. _Th!s Is, for examplei rep_orted in the
. . literature on amyloid fibrils in general and on insulin g6y
globular whey proteins, such as-lactalbumin (a-lac) and

bovine serum albumin (BSA). In the food industry, there is a specifically (5—11). Krebs et al 7] studied the formation of
rowing demand for the use. of whev proteins as’ functional spherulites in bovine insulin solutions at pH 2. Incubation of
9 9. ney p o : 10 mM solutions at 37C or 65°C for 24 h resulted in the
material in food products. Commercial whey protein ingredients formation of spherulites that were found to contain a large
contain many impurities and have variable composition and are uantity of radFi)aII arranded amvioid fibrils. Even for urg
therefore generally too crude to study in a reproducible manner, 34antty y arrang ylo ) for p
For fundamental studies, whey proteins are usually isolated angProtein systems, coexistence of various structures is observed
investigated individually to understand their physicochemical ((Sr’cari'ir?g.rlt-rizethzoe;(:stgnbceeh:\f/ic?:rgfc tur:)(?[:ir??rfiggerléssrev\\llﬁg more
properties and their abilities to form gels or stabilize foams and prominen P : P . y
emulsions. For the food industry, on the other hand, isolated protein mixtures, phase _behawor has not l:_)een studied elsewhere.
whey proteins are not as attractive due to relatively high costs We will show here that in whey protein mixtures, heated at pH

of purification and implementation. To use the aggregation and é J'brmls’ Sphre“;]“tis'r andrt ndon?gcgregatne(tdh proftfelnts fcr)ri);:it
gelation of whey proteins in food applications, it is necessary everal papers nave reported studies on the etiect o 9

. . - . whey proteins on their aggregation and gelation behavior,
to study mixtures of whey proteins as present in a typical . .
comme)r/cial WPI preparatignp P yp especially at neutral pH (12—23). Kavanagh et al. (24) studied

Th " ¢ i | d dent th the heat-induced gelation of mixtures @flac andg-lg at pH
€ properties of an aggregate gel are dependent on he; g 3, varying thet-lac to-Ig ratios while keeping the total

.properti.es and the structure of th(_a aggregates and their muu.Jalprotein concentration constant at 15%. They suggest that mixed
interactions. Depending on the interactions between protein or coupled gel networks are formed by heating the whey protein
mixtures. No answer is given as to whether the aggregates are

Whey proteins are a mixture of proteins, often used as food

£ " Q?rrggponqmg_iutho&. "]‘?'?331 317 48»?515- Fax:31317483669.  composed of one protein and form a coupled network by cross-
'?S'Me\l/ |,:te:rsr','at?£'né\|/%r_lv_er inden@wur.nl Ii.nking the protein aggr.egates or whether nonspecific aggrega-
T Wageningen University. tion occurs, forming mixed aggregates that form a network.
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In this study, we focus on agqueous whey protein systems attaple 1. Composition of the Whey Protein Samples in Percent of the

pH 2, where the proteins form fibrils. Not much is known about

the aggregation and gelation behavior of whey proteins other

than g-lg at pH 2. lkeda and Morris25) studied the heat-
induced gelation of botlf-Ilg and WPI at pH 2 at 80C. The
samples were studied using atomic force microscopy. Fine

stranded aggregates were formed at pH 2. The diameter of the

strands formed by-Ig was about 4 nm and that for WPI about
10 nm. This difference might indicate that the WPI strands were
composed not only g8-lg or that the presence of other proteins
might have changed the mechanism of aggregatighlgf(25).
Veerman et al. 46) studied the gelation of BSA at pH 2 for

various ionic strengths and heating times. They reported that at

pH 2 an ionic strength of at least 0.25 M was needed to form
a gel at 6 wt % BSA. For BSA at pH 2 and various ionic
strengths, polydisperse semi-flexible fibrils with a contour length
of 100—300 nm were observed using transmission electron
microscopy R6). Goers et al.q7) showed thati-lac forms
fibrils when incubated at pH 2 in the presence of 0.025 or 0.15
M NaCl at 37°C with constant stirring. At pH 2q-lac adopts

Total Protein Concentration, as Determined with HPLC

sample f-g o-lac BSA lgG/IGMP
p-lg 100 0 0 0
p-lglo-lac = 90710 81.6 8.8 6.7 29
f-lgla-lac = 80/20 71.9 18 7.1 3
p-lg/BSA = 90/10 90 0 10 0
p-lg/BSA = 83/17 83 0 17 0
p-lg/BSA = 70/30 70 0 30 0
WPI 51 22.7 24.8 14
purified WPI 63 27 8.1 18

powder was dissolved and brought to pH 4.75, gsin6 M HCI
solution. The WPI solution was centrifuged for 30 min at 22 60Q

and subsequently filtered through 0.4 protein filters. The protein
concentrations fop-lg, a-lac, BSA, WPI, and purified WPI were
determined using a UV spectrophotometer (Cary 50 Bio, Varian) and
calibration curves of known protein concentrations at a wavelength of
278 nm.

High-Performance Liquid Chromatography (HPLC). The com-

an acid-induced molten globule state, which has been shownposition of the whey protein samples was analyzed by HPLC, using a

to be susceptible to fibril formatior2¢). This fibril formation
was accompanied by a dramatic increasg-structure, as was
determined with Fourier transform infrared spectroscopy. At
increased incubation temperature (to %5), the intacta-lac
still formed fibrils (27).

In this paper, we study the effect of mixing various globular

Shodex KW 803 column at a flow rate of 0.6 mL/min (eluent 60%
MilliQ water, 40% acetonitrile, and 0.1% trifluoroacetic acid) with
detection at a wavelength of 220 nm. The samples were diluted with
eluent containing 8 M urea and filtered over 022 membranes. For
data collection and calculation of the separate whey proteins in the
samples, PC1000 software (Thermo Separation Products GmbH,
Darmstadt, Germany) was used. The amounts of the separate whey

whey proteins on the structures formed upon heating samplesyyoteins were calculated using the area under the graphs, as calculated
at pH 2 and low ionic strength. We determine the phase behaviorwith the software, after calibration with external standards.

of these mixtures. Partial state diagrams are determined for

aqueous mixtures ¢8-Iy and a-lac and for aqueous mixtures
of 5-lg and BSA. We use the term “state diagram” here instead
of “phase diagram”, since not all of the phases we identify are
necessarily at thermodynamic equilibrium. We will show that
the phase behavior of the whey protein mixtures differs from
the phase behavior of pufelg.

EXPERIMENTAL PROCEDURES

Sample Preparation. s-Lactoglobulin (5-1g) (product no. L0130)
and bovine serum albumin (BSA) (product no. A4503) were obtained
from Sigma. BioPURE - Alphalactalbumim{lac) and BiPRO whey
protein isolate (WPI) were obtained from Davisco Foods International,
Inc. (Le Sueur, MN). The BioPURE - Alphalactalbumin sample
consisted of 78%u-lac, 10%-lg, 7% BSA, and 5% immunoglobulins

Phase Behavior Studies.Samples with varying total protein
concentrations were prepared by diluting the concentrated stock
solutions of the proteins with HCI solution of pH 2. For all proteins,
the phase behavior was studied as a function of the total protein
concentration. Also, mixtures of bofftlg with o-lac andg-Ig with
BSA were prepared by mixing the diluted stock solutions in the required
ratios. Sealed glass test tubes containing the samples were heated in a
water bath at 80C for 10 h. After the test tubes were cooled in-ice
water, the samples were visually inspected for presence of structure,
viscosity, turbidity, and homogeneity and analyzed with a light
microscope with polarized light (Nikon 600E Eclipse, with a JVC
3-CCD video camera model KY-F55BE). Also an additional first-order
red compensator was used with a polarization df @0examine the
orientation of the fibrils in the spherulites. The cooling step had no
visible effect on the phase states that were observed in the samples.

Transmission Electron Microscopy (TEM). For TEM, protein

or glyco-macro peptides, as determined with HPLC (see section below samples were prepared by heating them in sealed test tubes at pH 2 for

for details). Purex-lactalbumin (obtained from Sigma, L-6010, lot. no.

10 h at 80°C. After cooling, the samples were diluted to 0.05 wt %

78H7024) was also used, but only for experiments with pure samples protein in HCI solution of pH 2. The TEM samples were prepared by

and not mixed with other whey proteins. All the other chemicals used
were of analytical grade.

The protein powders were dissolved in a HCI solution of pH 2. The
protein solutions were subsequently adjusted to pH 2,guaif6 M
HCI solution. The protein solutions were then centrifuged at 14 000
rpm (22 600 x g) for 30 min using a Sorvall RC-5B refrigerated
superspeed centrifuge. To remove any traces of undissolved protein
the supernatant was filtered through a protein filter (FD 30/Qudb
Ca—S from Schleicher & Schuell). Thlg, a-lac, and BSA samples
were repeatedly diluted with HCI solution of pH 2 and filtered through
a 3 K filter in an Omegacell membrane stirred cell (Filtron Technology
Corp.) at 4°C. The purpose of this filtration step was to remove traces
of calcium ions and to obtain a solution with the same ionic strength
and pH as the solvent. The WPl was dissolved at pH 2, and
centrifugation and filtration were used to remove undissolved protein.
This sample will be referred to as WPI or nonpurified WPI. We also
investigated WPI samples that were subject to an additional purification

negative staining. A drop of the diluted sample was deposited onto a
5 nm thick carbon support film on a copper grid (400 mesh). The excess
was removed after 15 s, using a piece of filter paper. A droplet of
staining solution (2% potassium phosphotungstate at pH 5.6 or 2%
uranyl acetate at pH 3.8) was added, and again the excess was removed
after 15 s with filter paper. Electron micrographs were made using a

,Philips CM 12 transmission electron microscope, operating at 80 kV.

RESULTS AND DISCUSSION

Sample Composition.The composition of the samples was
obtained through HPLC analysis. The compositions are given
in Table 1. From Table 1, it is clear that tRdg/a-lac samples
also contained BSA and immunoglobulins or glyco-macro
peptides (IgG/GMP). This was due to the composition of the
o-lac sample that we used (see Experimental Procedures

step in which the whey protein aggregates were removed at a pH closeSe€ction). The WPl sample had a different whey protein

to the isoelectric point (purified WPI). The removal of whey protein
aggregates was done as described by Weinbreck e28)l. The WPI

composition after purification than before purification. In the
purification step, mainly BSA was removed. The BSA that was
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Figure 2. Glass test tubes with purified WPI samples after heating for 10
h at pH 2 and 80 °C and subsequent cooling to room temperature. From
left to right the samples shown are 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, and
10 wt %. In panel A, test tubes with the samples were turned upside
down to indicate which samples had gelled. In panel B, test tubes with
the samples were placed up-right between crossed polarizers to study
their birefringence.

to higher total protein concentrations § wt %). Neither pure
a-lac nor pure BSA formed a gel under the given conditions
for concentrations up to 9 wt %. No fibrils or spherulites were
formed upon heating pur-lac or pure BSA, as was observed
with light microscopy and TEM. This is described in more detail
in the next section. Addition afi-lac or BSA tof-lg induced
a decrease in thg-lg gelation concentration. Based on these
results, we conclude thgi-lg is responsible for the heat-set
gelation of whey protein samples at pH 2. The phase behavior
observed for WPI (either purified or nonpurified WPI), as a
function of the total protein concentration, did agree with the
behavior observed for the mixtures as showrrigure 1.

For constructing the state diagrams, samples were studied

water fraction [w/w]

Figure 1. State diagrams for (A) mixtures of -lg and o-lac and (B)
mixtures of 5-Ig and BSA, both for heating the solutions for 10 h at 80
°C at pH 2 and subsequently cooling them prior to examination. The

shaded areas indicgte systems with macroscopically visible spherulites with polarized light. InFigure 2, an example is given for the
embedded macontmu_ous phase. The gctual data pomts these diagrams macroscopically observed samples, in this case for heated
are based on are available as Supporting Information. purified WPI. The same observations were made for the other
whey protein mixtures. lirigure 2A test tubes with the heated
removed was most likely present in aggregates, which were samples are shown, turned upside down, showing that from 6
precipitated at pH 4.75 and removed during centrifugation.  wt % and up semi-transparent gels were formed. The increase
State Diagrams and Structures of Protein Assemblies.  in turbidity is due to the increasing protein concentration in the
State DiagramsThe phase behavior for mixtures of whey samples. The turbidity was not affected by the heat treatment.
proteins as a function of the ratio between the proteins and theln Figure 2B, these same test tubes were placed up-right
total protein concentration was determined in the aqueous-rich between crossed polarizers, showing birefringence from spheru-
corner of the state diagranfsigure 1 shows the state diagrams lites in the samples between 1 and 6 wt % (the spherulites light
for mixtures off3-lg/a-lac mixtures A) and 5-lg/BSA mixtures up brightly when placed between crossed polarizers). When
(B). The spherical structures will be referred to as spherulites, these samples are shaken flow birefringence is observed
analogous to the similar ordered structures found in polymer throughout the entire sample. The strong gels formed in the
crystallization. These structures were reported previously in the samples of 7 wt % and up showed permanent birefringence
literature onB-Ig at low pH (5, 8) and on insulin at low pH.7 throughout the entire sample. We have also observed that these
10,11, 29, 30) For samples with a hightlg to a-lac or-Ig to gels are strain-thinning (results not shown). These observations
BSA ratio, gels with embedded spherulites were formed at total (permanent birefringence and strain-thinning behavior) suggest
protein concentrations between 2 and 6 wt %. For samples with that these samples, which we refer to here as gels, are possibly
a similar total protein concentration but with a lowgdg to liquid crystalline phases. The transition we have so far referred
a-lac or f-lg to BSA ratio, aqueous solutions or viscous to as gelation appears to be a transition from a concentrated
solutions with spherulites were obtained for total protein fibril solution (showing only flow birefringence) to a poly-
concentrations up to 6 wt %. By aqueous solutions, we mean domain liquid crystalline phase with permanent birefringence.
solutions with a low viscosity, approximately equal to that of This was previously suggested by Sagis et 8). for 5-Ig
water. The distinction between viscous and aqueous solutionssamples that were heated at pH 2 for 10 h at °8 at
was made by visual observation only. Clear gels, free of concentrations above 9.5 wt %. The theory of Odjk)(predicts
spherulites, were found at total protein concentrations above 6such a transition for semi-flexible chains in the same range
wt %, independent of thg-Ig to a-lac or3-Ig to BSA ratio, as where we observe it.
long as sufficienp-lg (about 70% of the total protein content) Structures of Protein Assembliekhe spherulites that were
was present in the samples. At very Igrg/a-lac or 5-Ig/ observed with the naked eye showed a Maltese cross extinction
BSA ratios, the gelation concentration was found to increase pattern when viewed between crossed polarizers (see also
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Figure 4. Microscopic images of (A) 0.5, (B) 1, (C) 2, (D) 3, (E) 4, and
(F) 5 wt % WPI. All samples were heated for 10 h at pH 2 and 80 °C.
Scale bars represent 200 nm.

can be seen ifrigure 3 (columns Il andlll). The samples
that were heated for 10 or 34 frigure 3E,F) also showed
some larger spherulites>@00 um). These larger spherulites
had a slightly nonspherical shape, when viewed in bright field
(seeFigure 3E,F, column ). In polarized light, a somewhat
distorted Maltese cross is observed, which is also indicative of
a nonspherical shape. The images that were taken using
polarized light combined with the first-order red compensator
filter (Figure 3, column IlI) show that quadrants of the
spherulites are colored. The blue color indicates that the fast
optical axis of the spherulite is parallel to the fast optical axis
of the first-order red compensator filter.

Figures 3and4). This indicates that the structures present had ~ When spherulite formation is compared among various WPI
some kind of crystalline order. The spherulites fracture when a concentrations, an increasing number of spherulites was ob-
sufficiently high force is applied, using a high shear mixer served between 1 and 3 wt %, followed by a decrease for 4 and
(Ultra-Turrax), without any observable deformation (results not 5 Wt %. This is shown irFigure 4. In the WPI samples with
shown). This suggests that the spherulites are crystalline, inconcentrations of 2 wt % and higher, isotropic structures
contrast to the bulk phases which are liquid crystalline. No between the spherulites are visible in bright field, as is also
differences were observed between the spherulites that werevisible inFigure 3, column I. The structures must be isotropic
obtained in the various samples studied, regardless of the typeSince they do not show any birefringence when placed between
of proteins present. To study the development of the Spheru”tesCl’OSSEd polarizers. These isotropic structures grow with increas-
as a function of time, test tubes were filled with 2 wt % purified ing WPI concentration, until a gel (or liquid crystalline phase)
WPI solution at pH 2. The test tubes were sealed and placed inWithout spherulites is formed at total protein concentrations of
a water bath at 80C. After varying heating times (2, 4, 6, 8, 6 wt % and higher. The reason for the disappearance of the
10, or 34 h), the test tubes were taken out of the water bath andspherulites may simply be a kinetic effect. Spherulite formation
cooled. Subsequently the samples were examined both visuallyis very slow (seé=igure 3), and when the transition to a liquid
and with a light microscope, using bright field, polarized light, crystalline or gel-like phase, which is fast at high concentrations,
or polarized light combined with a first-order red compensator occurs before the spherulites have formed, their formation will
filter. In Figure 3, microscopic images of the samples are be inhibited.

shown, which clearly show that spherulites are formed upon The average diameter of the spherulites was constant for
heating. Afte 2 h of heating, some vague sphere-like structures various concentrations, ranging between about 20 angiQ0
were visible with bright field Figure 3A, column I), but no We have observed that the spherulites are very stable, for periods
structure was observed with polarized light. Upon longer heating of time up to over a year (results not shown). These observations
times, the number and size of spherulites increased, reaching are in line with recent work of Rogers et a8§). They observe
size between about 20 and 10@. They show a Maltese cross that the fibrils grow radially from an amorphous core, which
extinction pattern when viewed between crossed polarizers, asdoes not decrease in size.

Figure 3. Microscopic images of 2 wt % purified WPI samples at pH 2
that were heated at 80 °C for 2, 4, 6, 8, 10, or 34 h, respectively, for
rows A—F. Column | shows images for bright field, column Il shows images
with polarized light, and column Ill shows images with polarized light and
a first-order red compensator filter. All scale bars represent 100 xm. The
double-headed arrows indicate the orientation of the fast optical axis of
the compensator filter, which was always at a 45° angle with respect to
the transmission orientation of the polarizer and the analyzer.
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Figure 5.  TEM micrographs of (A) 2.5 wt % f-g, (B) 2.5 wt % [-lg/BSA
mixture with ratio 5-lg to BSA of 90/10, (C) 1.5 wt % purified WPI, and
(D) 2.5 wt % p-lglo-lac mixture with ratio 8-Ig to a-lac of 90/10. All
samples were heated for 10 h at pH 2 and 80 °C. Scale bars represent
1 um.

Figure 6. TEM micrographs of (A) pure BSA and (B) pure o-lac. Both
samples were heated at a concentration of 2.5 wt % for 10 h at pH 2 and
80 °C. The samples were diluted to 0.05 wt % with HCI solution at pH 2.
The scale bars represent 100 nm.

In all samples containing-lg, spherulites were observed
macroscopically and using a light microscope. It is known that
B-lg forms fibrils under the conditions chosen for our experi-
ments (13, 25,31—33). These fibrils are about the width of a
monomer and up to several micrometers lohg3(1l—33) (see
alsoFigure 5A). When other whey proteins were mixed with
B-lg, fibrils were still formed as observed with TEM (sEgure
5B—D). In the absence @#-lg, no fibrils or spherulites were
formed by puren-lac or pure BSA as observed visually or with
light microscopy (results not shown). For BSA, this is in
agreement with the results found by Veerman et al. (26) who
reported that at pH 2 an ionic strength of at least 0.25 M was
required to form BSA fibrils. Moreover, Veerman et al. (26)
observed fibrils only after heating BSA at 8C and not at 80
°C (unpublished results). TEM on thelac and BSA samples
revealed that no fibrils were formed. We observed only very
small structures in the samples, as showrrigure 6. These
structures might be small aggregates with a diameter 62200
nm. Another possibility is that these structures are grains of
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supported by recent findings of Krebs et 87}, They examined

the specificity of seeding of hen lysozyme fibrils at low pH by
using preformed fibrils of five different proteins. These five
proteins had an increasingly different sequence identity and
structure than hen lysozyme. The experiments showed that a
decrease in sequence identity between hen lysozyme and the
protein that was used for seeding a hen lysozyme solution
decreased the efficiency of seedi®3). Therefore it seems very
unlikely that mixed fibrils will be formed of proteins that have
different sequences. Singelg has a very different sequence
and structure than-lac or BSA, these different proteins will
most likely not be incorporated into one fibril. At higher ionic
strengths, lkeda and Morri2%) report results where they
suggest that the WPI strands they formed are composed not
only of 8-Ig but also other proteins or that the presence of the
other proteins might modify the aggregation mechanisytlof.

They used a much higher ionic strength, where more flexible
chains are formed upon heatifiglg or WPI, compared to the
semi-flexible fibrils that are formed at low ionic strength. This

is also evident from the AFM images presented in their paper
(25). It may be possible that aggregation at higher ionic strength
does lead to the formation of mixed aggregas.(Our results
show that for low ionic strengths this is unlikely.

Effect of a-lac and BSA on Gelation.Upon heating of5-Ig
at pH 2, low ionic strength and 80C, the conversion of
monomers into aggregates is lower than 100%3(, 33). In
heated whey protein samples, fibrils, spherulites, and non-
aggregated proteins will be present and possibly small ag-
gregates that are formed loylac and BSA. Depletion interac-
tions between the long fibrils can be induced by monomers (or
small aggregates). This can result in attractive interactions
betweerp-Ig fibrils, causing a decrease in the minimum gelation
concentration of-Ig. This might explain the gelation in samples
with high -Ig ratios and total protein concentrations as low as
2 wt %, resulting in gels with entrapped spherulites. At lower
B-1g ratios but similar total whey protein concentrations-@
wt %), the depletion interactions will occur as well, but because
of a lower fibril concentration, only viscous solutions will be
formed instead of gels. At total protein concentrations of 6 wt
% and higher, where no spherulites are observed, clear gels or
liquid crystalline phases are formed. This is only the case when
p-lg is present in the samples.

An alternative explanation for our observations could be that
BSA anda-lac are affecting the conversion of protein monomers
into fibrils. If for example these proteins increase the amount
of protein incorporated in fibrils, a drop in the minimum gelation
concentration ofs-lg would be observed. Since we have not
determined the actual conversion/fg, we cannot comment
on the validity of this explanation.

Conclusion. Fibril formation and phase behavior of heated
aqueous whey protein mixtures were studied for various ratios
between the whey proteins and as a function of the total protein
concentration. Fibrils were found to coexist with other structures,
such as spherulites. Spherulites were observed for samples with

the uranyl acetate staining solution since we observed thesetotal protein concentrations up to 6 wt % wighlg present.
structures also in TEM images of other samples. Cold-gelation These spherulites consist of radially oriented fibrils and are

experiments with the addition of €aat pH 7 did not show
any gelation, indicating that no structure was formad34).

In samples wherg-lg is present, both fibrils and spherulites
were observed. The fibrils formed in whey protein mixtures
show a very similar morphology as the fibrils formed Byg
(seeFigure 5). Combining this with the results for pucelac

or pure BSA where no spherulites or fibrils were formed, we
suggest that the fibrils might be formed of jy$tg. This is

similar to the spherulites that have been observed in amyloid
solutions. The amount of spherulites formed increased for
increasing total protein concentrations, with a maximum at about
4 wt %. Above 4 wt %, the amount of spherulites decreased,
and they completely disappeared at about 6 wt %. The
spherulites grow in size and number upon increasing heating
time. At total protein concentrations above 6 wt %, transparent
gels were formed. Changing the ratio between the various whey
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proteins did not affect this gelation concentration as long as (11) Waugh, D. F.; Wilhelmson, D. F.; Commerford, S. L.; Sackler,

B-lg was present, suggesting thiatg is dominant in the heat-
induced gelation of whey proteins at pH 2. Mixing/tg with

other whey proteins, as present in commercial whey protein
isolate preparations, did not show a change in the morphology

of the fibrils formed upon heating at pH &-Lac and BSA
were both found to decrease the gelation concentratiofi-fgr
We propose thati-lac and BSA induce attractive interactions
between the fibrils formed bg-lg. a-Lac and BSA appear to

form small aggregates that can induce depletion, resulting in

an attractive interaction between thég fibrils. This will cause
gelation at lowers-Ig concentrations upon heating at pH 2 in
the presence ofi-lac or BSA.o-Lac and BSA alone did not
form fibrils, as was determined with TEM, nor did they gel
upon heating at pH 2 and 8 for up to 10 h. This suggests
thatS-Ig is the only fibril forming protein at the conditions used
and that no mixed fibrils are formed.
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