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ABSTRACT: The effect of the NaCl concentration (Cs) on the structure factor and the turbidity of heat-
set â-lactoglobulin gels and aggregates was investigated using light and X-ray scattering. Cross-correlation
dynamic light scattering was applied to correct for multiple scattering in turbid systems. For Cs e 50
mM the gels are transparent and homogeneous on length scales above 20 nm, showing interaction peaks
in small-angle X-ray scattering. For Cs g 200 mM the gels are opaque and heterogeneous on the micron
length scale as shown by confocal scanning light microscopy. At intermediate salt concentrations the
gels are characterized by a correlation length beyond which they are homogeneous, which decreases with
increasing protein concentration and decreasing salt concentration. The fractal structure at smaller length
scales is identical to that of the aggregates formed in dilute solution.

Introduction

Heat-induced denaturation of globular proteins leads
to modification of their conformation, but they are not
completely unfolded and keep their dense globular
structure. This modification induces aggregation and,
above a critical concentration, gelation.1,2 The structure
of the gels strongly depends on the pH and the ionic
strength. In the presence of strong electrostatic repul-
sion, transparent gels are formed, while closer to the
isoelectric point (pI) or at higher ionic strength the gels
are turbid. Electron microscopy shows that gels and
aggregates formed under strong electrostatic repulsion
are fibrilar.3-6 With decreasing interactions the ag-
gregates are denser and more strongly branched. Con-
focal microscopy shows that at high ionic strength or
close to pI the gels become heterogeneous on the micron
scale.7

Using small-angle X-ray (SAXS) or neutron (SANS)
scattering, it was found that the protein strands in
transparent gels formed under strong electrostatic
interactions are weakly ordered leading to the appear-
ance of a so-called interaction peak.6,8-10 The interaction
peak disappears at higher ionic strength, and the
scattering intensity becomes q-dependent at small q
values that cannot be accessed by SAXS or SANS. To
study the structure at larger length scales, light scat-
tering is needed, but standard light scattering on turbid
systems is perturbed by multiple scattering. Recently,
however, it was shown that the structure of turbid
protein gels can be studied using the 3-D cross-correla-
tion dynamic light scattering technique.11,12

Using this technique, we have studied the structure
of heat-set gels of â-lactoglobulin (â-lg) at pH 7 and 0.1
M NaCl over a range of concentrations.12 We have
shown that the structure can be described in terms of
an ensemble of close-packed disordered “blobs” with a
fractal internal structure that is identical to that of the
aggregates that are formed initially. The blob size
corresponds to the correlation length of concentration
fluctuations, and the gels are homogeneous at length
scales above the blob size. The correlation length

decreases linearly with increasing concentration, but the
structure at smaller length scales is independent of the
protein concentration.

The objective of the present study is to investigate
the influence of the electrostatic interactions on the
structure of the gels and to relate it to the strongly
varying turbidity. Electrostatic interactions can be
varied by varying either the pH or the salt concentra-
tion. Here we have chosen to vary the salt concentration.
In the present paper (part I) we present the results
obtained for â-lg, and in the accompanying paper (part
II) the results for ovalbumin are discussed.

â-lg is the main protein component in whey with
molar mass 18.kg/mol and a radius of about 2 nm.13,14

Heat-induced aggregation of â-lg at pH 7 is a two-step
process.15-18 During the first step well-defined primary
aggregates are formed which contain, in the absence of
added salt, about 100 proteins, i.e., with Mw ≈ 2 × 106g/
mol, and their mass increases somewhat with increasing
salt concentration.18 However, the proteins do not
aggregate at all below a very low critical concentration
that decreases with increasing ionic strength.18 At
higher protein concentrations, the primary aggregates
associate into fractal clusters with an average size that
increases with increasing protein concentration and that
diverges at Cg where the system gels. This process starts
at increasingly higher protein concentrations if the salt
concentration is lower, and Cg decreases with increasing
ionic strength. Increasing the heating temperature
accelerates the aggregation process but does not alter
it.19

Materials and Methods
Materials. The â-lactoglobulin used in this study was a gift

from Lactalis (Laval, France) and contained about equal
fractions of the variants A and B for which the aggregation
rate is equal in the mixture.20 Solutions were extensively
dialyzed against salt-free Milli-Q water at pH 7 with 200 ppm
NaN3 added to avoid bacterial growth. The salt concentration
was set by addition of a concentrated NaCl solution. For light
scattering measurements the samples were filtered through
0.45 µm pore size Anotope filters. The protein concentration
was measured after filtration by UV absorption at 278 nm
using extinction coefficient 0.96 L g-1 cm-1. Solutions in
airtight light scattering cells were heated for 24 h in a* Corresponding author. E-mail: Taco.Nicolai@univ-lemans.fr.
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thermostat bath at 80 °C, which is sufficient to complete the
aggregation process, and subsequently rapidly cooled to 20 °C.

Light Scattering. Light scattering measurements were
done at 20 °C using a commercial version of the 3D cross-
correlation instrument described in ref 21 (LS Instruments,
Fribourg, Switzerland). The light source was a diode laser with
wavelength λ ) 685 nm. Photon correlation was done with a
digital correlator (ALV-5000E, ALV). The relative excess
scattering intensity (Ir) was determined as the total intensity
minus the solvent scattering divided by the scattering intensity
of toluene at 20 °C. Ir was corrected for multiple scattering
and the transmission as described in refs 11 and 12. The
turbidity (τ) was determined at a wavelength of 685 nm using
a spectrometer. The turbidity is calculated from the ratio of
the light transmitted through the sample (Is) and that trans-
mitted though the solvent (I0) using the following relation: Is/
I0 ) exp(-τl). The path length (l) was varied between 0.1 and
1 cm in order to have a significant signal at small τ and to
minimize the effect of multiple scattering at large τ. In this
way, turbidities between 0.1 and 10 cm-1 could be determined
accurately.

SAXS. Synchrotron small-angle X-ray scattering measure-
ments were performed at the Dutch-Flemish bending magnet
BM26B “DUBBLE” beamline at the European Synchrotron
Radiation Facility (ESRF) in Grenoble (France). The beamline
optics provides an X-ray photon energy range of 6-35 keV.
(In these experiments energies used were 12.2 and 8 keV,
which correspond to the wavelengths of 0.1015 and 0.155 nm,
respectively.) The range of scattering wave vectors covered was
calibrated with the rat-tail collagen standard sample, and this
range was 0.08 < q < 1.13 nm-1. The data collected on a 2D
detector were reduced to the intensity profiles using radial
averaging. The temperature was controlled by a thermostat
bath and set at 20 °C. Absolute intensities were obtained by
measuring native proteins with known molar mass.

Confocal Laser Scanning Microscope (CLSM) Obser-
vations. CLSM was used in the fluorescence mode. Observa-
tions were made in LPCM (INRA Nantes) with a Carl Zeiss
LSM 410 Axiovert (Le Pecq, France), equipped with three
lasers and four wavelengths available (364, 488, 543, and 633
nm). â-Lactoglobulin was labeled with a fluorochrome, rhoda-
mine B isothiocyanate (RITC) (2.5 mg of RITC/g of â-Lg). The
heat treatment (80 °C, 30 min) was applied using a thermo-
stated stage (Linkam PE 60). Observation of â-Lg was made
by excitation of RITC at 543 nm, the emission being recorded
between 575 and 640 nm.

Results
â-lg solutions over a range of protein and salt con-

centrations were heated for 24 h at 80 °C. After this
prolonged heat treatment the systems no longer evolve
with heating time. If the NaCl concentration Cs e 50
mM, then the heated systems are transparent at all
protein concentrations at least up to 120 g/L. At higher
salt concentrations the turbidity increases with heating
time to a constant value independent of heating tem-
perature and duration. In Figure 1 we compare the
concentration dependence of the turbidity (τ) of â-lg
aggregates and gels formed after prolonged heating at
Cs ) 100, 150, and 200 mM. With increasing protein
concentration the turbidity rises rapidly as C ap-
proaches Cg. (Cg is 7, 10, and 15 g/L for 200, 150, and
100 mM NaCl, respectively.) At 100 and 150 mM the
turbidity stabilizes above Cg and even decreases at the
highest concentrations, while at 200 mM the turbidity
becomes too high and cannot be determined reliably
above 10 g/L.

The structure factor (S(q)) was obtained using the
cross-correlation technique by determining the scatter-
ing wave vector (q) dependence of Ir/HC as described in
ref 12, where H is an optical constant. The results
obtained at 100 mM were shown in ref 12, and Figure

2a shows the results for different concentrations at 150
mM. Extrapolation of Ir/HC to q ) 0 yields an apparent
molar mass, Ma, which is inversely proportional to the
osmotic compressibility. In ref 12 we showed that at 100
mM the data obtained at different concentrations can
be superimposed by plotting the structure factor S(q)
) Ir/(HCMa) as a function of qRa, where Ra is the
apparent radius of gyration. Good superposition is also
obtained at 150 mM (see Figure 2b). Similar results are
obtained at 200 mM, but because of the high turbidity,

Figure 1. Concentration dependence of the turbidity at 685
nm for â-Lg solutions at pH 7 and various NaCl concentrations
indicated in the figure, after prolonged heating at 80 °C.

Figure 2. (a) Scattering wave vector dependence of Ir/HC for
â-lactoglobulin solutions at different concentrations indicated
in the figure after prolonged heating at 80 °C (pH 7 and 150
mM NaCl). Filled symbols represent solutions, and open
symbols represent gels. (b) Structure factor of â-lactoglobulin
solutions obtained by normalization of the data shown in (a).
The solid line represents S(q) ) (1 + q2Ra

2/3)-1.
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the structure factor could be determined only over a
limited range of low concentrations. At all three ionic
strengths, the structure factor is well described by the
following simple equation:

For self-similar, fractal objects S(q) ∝ q-df over the q
range where the fractal structure is probed.22,23 The
implication of eq 1 is that the structures of the systems
are homogeneous at length scales larger than Ra and
self-similar at length scales below Ra characterized by
a fractal dimension df ) 2. The heated systems may be
visualized as a randomly distributed collection of blobs
with z-average radius of gyration Ra and weight-average
molar mass Ma.

An independent verification of the fractal structure
can be obtained by plotting Ma as a function of Ra.
Figure 3 shows that Ma ) aRa

2, which confirms that
the structure is indeed fractal with df ) 2 for large
values of Ma. The prefactor a increases with increasing
ionic strength: a ) 2.9 × 103, 4.4 × 103, and 6.2 × 103

at 100, 150, and 200 mM, respectively (with Ma and Ra
in g/mol and nm, respectively). The relationship between
Ma and Ra is compared in Figure 3 to that between the
weight-average molar mass, Mw, and the z-average
radius of gyration, Rgz, of the aggregates formed at C <
Cg, that were obtained from light scattering measure-
ments after strongly diluting the aggregates. The de-
pendence of Mw on Rgz shown in Figure 3 at 100 and
200 mM NaCl was taken from ref 18, and it was
determined in the same way at 150 mM. Within the
experimental error, the relationship between Ma and Ra
is the same as that between Mw on Rgz, which implies
that the blobs have the same structure as the ag-
gregates. The increase of the prefactor a with increasing
ionic strength implies that the local structure of the
aggregates is denser at higher salt concentrations (see
ref 6).

The concentration dependence of the Ra is shown in
Figure 4. Ra increases rapidly with increasing concen-
tration for C close to Cg, but at higher concentrations it
decreases again at 100 and 150 mM, while at 200 mM
the systems could not be studied at higher concentra-
tions. The open symbols in Figure 4 show the values of
Ra deduced from the turbidity data, which will be
discussed below. For Cs e 50 mM, the structure factor

is unity over the whole q range covered by the light
scattering technique because strong electrostatic inter-
actions render the system homogeneous. SAXS is needed
in order to observe the structural organization at
smaller length scales. In Figure 5 we show SAXS results
of gels formed at different ionic strengths for C ) 100
g/L. With decreasing salt concentration the scattering
at low q values, i.e., in the light scattering range, is
decreased leading to a so-called interaction peak for Cs
e 20 mM. The interaction peak indicates a weak
ordering of the aggregated proteins, which decreases if
the protein concentration is lower.6

For Cs e 50 mM the structure factor is not described
by eq 1, and we did not attempt to determine a
correlation length, which is less than 20 nm. On the
other hand, Ma is easily measured using light scattering,
and Figure 6 shows the concentration dependence of Ma
at 0, 50, and 100 mM NaCl. We note that in all cases 3
mM NaN3 is added as a bacteriostatic agent. At 100
mM, Ma increases strongly at Cg and passes through a
maximum consistent with the concentration dependence
of Ra, but at 0 and 50 mM Ma decreases continuously
with increasing concentration.

For comparison, we also show in Figure 6 the weight-
average molar mass of the aggregates (Mw) formed at
C < Cg. At low protein concentrations interactions are
weak, and Ma ≈ Mw except at concentrations close to

Figure 3. Comparison of the dependence of Ma on Ra (open
symbols) with that of Mw on Rgz (filled symbols) at different
NaCl concentrations. The symbols are as in Figure 1. The solid
lines have slope 2.

S(q) ) (1 + q2Ra
2/3)-1 (1)

Figure 4. Concentration dependence of Ra at different NaCl
concentrations. The filled symbols represent values determined
directly using cross-correlation dynamic light scattering, while
the open symbols represent values deduced from the turbidity.
The symbols are as in Figure 1.

Figure 5. Scattering wave vector dependence of Ir/HC ob-
tained from SAXS for â-lg gels at 100 g/L and different NaCl
concentrations indicated in the figure obtained after prolonged
heating at 80 °C.
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the critical association concentration where Ma is in-
fluenced by the presence of unaggregated proteins. The
critical concentration for the formation of primary
aggregates is 3, 0.5, and 0.2 g/L for 0, 50, and 100 mM,
respectively,18 and the effect is only visible in Figure 6
for the results obtained in the absence of NaCl.

With increasing protein concentration repulsive in-
teractions between the aggregates become increasingly
important so that Ma is less than Mw. For Cs e 50 mM,
the effect of electrostatic repulsion dominates over that
of the growth of the aggregates and Ma decreases
continuously, starting from the molar mass of the
primary aggregates. For C > 50 mM, Ma increases first
as Mw rises rapidly close to Cg, but at higher concentra-
tions again repulsive interactions dominate and Ma (Ra)
decreases.

Discussion
The visual aspect of â-lg gels at pH 7 varies strongly

over a small range of NaCl concentrations from trans-
parent at 50 mM to practically opaque at 200 mM.
Qualitatively, the strong increase of the turbidity can
be understood in terms of the increasing heterogeneity
(correlation length) of the gels. For a quantitative
explanation we can use the relation between the turbid-
ity and the structure factor:12

where H′ is another optical constant. Despite the
strongly varying turbidity, the structure factor of the
heated â-lg solutions is not changed between 100 and
200 mM and is independent of the protein concentration.
The simple form of S(q) allows one to relate the turbidity
to the structural parameters Ma and Ra:

with

If in addition we use the power law relation between
Ma and Ra shown in Figure 3, it is possible to deduce
Ra from the turbidity. The results are included in Figure
4 and are consistent with the directly measured values
of Ra, although for small values of Ra the power law
relationship with Ma is only approximate. Using the
quantitative relationship between τ and Ra is very
advantageous because the turbidity can be measured
much more simply and rapidly than Ra. Once S(q) and
the relationship between Ma and Ra have been estab-
lished for a relatively small number of samples, the
concentration dependence of Ra can be studied in detail
using the turbidity. In the present case, the relationship
between τ and Ra is simple and can be expressed
analytically, but in general, eq 3 will have to be resolved
numerically.

The balance between the increase of Mw and Rgz,
which dominates at low concentrations, and the increase
of repulsive excluded-volume and electrostatic interac-
tions, which dominates at high concentrations, deter-
mines the concentration dependence of Ma and Ra. In
the presence of 100 mM NaCl the concentration de-
pendence can be roughly understood considering only
excluded-volume interactions, as was discussed in detail
in ref 12. At low concentrations the aggregates are still
relatively dilute and Ra ≈ Rgz. As the concentration
increases, the cumulated volume fraction (φ) occupied
by the aggregates increases:

where Ci is the concentration of aggregates with radius
of gyration Rgi and molar mass Mi, and Na is Avogadro’s
number. Increasing excluded-volume interaction causes
the measured apparent molar mass and radius of
gyration to be less than Rgz and Mw. On small length
scales the structure of the system is the same as that
of dilute aggregates, but on larger length scales excluded-
volume interactions are screened by the overlap or
interpenetration of other aggregates. The interpenetra-
tion of the aggregates renders the system homogeneous
at length scales larger than Ra when φ > 1. In analogy
with semidilute polymer solutions24 we may visualize
the system as a collection of disordered blobs with size
Ra and molar mass Ma that fill up the whole space. The
cumulated volume fraction of the aggregates diverges
at Cg while that of the blobs becomes a constant of order
unity.

In Figure 7 we compare the concentration dependence
of the cumulated volume fraction of the aggregates (φa)
and the blobs (φb) at 100 and 150 mM NaCl. φ was
calculated using eq 4 and assuming that the aggregates
and the blobs are monodisperse with Rg and M equal
to Rgz and Mw or Ma and Ra, respectively. In all cases
φa diverges at the gel point because φa ∝ Mw

0.5, where
we used C4πRgz

3Na/3Mw and Mw ∝ Rgz
2.

At 100 mM we find that indeed φb becomes a constant
above Cg so that the image of heated proteins as a
collection of monodisperse fractal blobs appears reason-
able at this salt concentration. As discussed in ref 12,
it follows from eq 4 that if φb is constant and Ma ∝ Ra

df,
then Ra ∝ C(df-3).

At 150 mM φb becomes much larger than unity close
to Cg and decreases with increasing concentration above
Cg. We speculate that this is caused by heterogeneity
of the system, which decreases with increasing protein

Figure 6. Comparison of the concentration dependence of Mw
(open symbols) and Ma (filled symbols) at different NaCl
concentrations indicated in the figure. The dashed lines
indicate Cg.

φ ) ∑Ci

4πRgi
3Na

3Mi
(4)

τ ) H′CMa∫0

2π∫0

π
S(q)(1 + cos2 θ) sin θ dθ dæ (2)

τ ) H′CMa2π[-4
a2

(a + 2) + 8a + 4a2 + 8
a3

ln(1 + a)]
(3)

a ) (4πn
λ

Ra

x3)2
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concentration. In other words, we may visualize this
system as a collection of polydisperse blobs. For a
polydisperse system φb is overestimated if calculated
using φb ) (C4πRa

3Na)/(3Ma) because Ra represents
a z-average and Ma a weight-average. The overestima-
tion becomes less important with increasing protein
concentration because the system becomes more homo-
geneous.

At 200 mM the heterogeneity, and as a consequence
Ra, Mw, and τ, become very large, and light scattering
can no longer be used to characterize the structure. In
this case, the structure can be visualized using confocal
scanning light microscopy. Figure 8 shows a comparison
of confocal microscopy images of gels formed after
heating at 150 and 200 mM NaCl. Below 150 mM NaCl
the structure cannot be resolved with the confocal
microscope because the gels are homogeneous on length
scales larger than 500 nm. At 150 mM some structure
can be seen, albeit close to the limit of the resolution,
but at 200 mM the structure can be clearly observed,
confirming that the gels are heterogeneous on large
length scales not accessible to light scattering measure-
ment.

Conclusion
â-Lactoglobulin gels at pH 7 formed after prolonged

heating are homogeneous above a characteristic length
scale that decreases with increasing protein concentra-
tion. In the absence of added salt, strong electrostatic
interactions lead to weakly ordered systems with a
structure factor that is characterized by an interaction
peak at large q values accessible only in SAXS or SANS
experiments.

With increasing salt concentration the interaction
peak progressively disappears, and the structure factor
above 50 mM NaCl can be described by eq 1. The
structure of the gels at higher salt concentrations can
be visualized as a collection of blobs with a fractal local
structure that is identical to that of the aggregates
formed in dilute solutions. The average blob size de-
creases with increasing concentration and decreasing
salt concentration. Above 150 mM NaCl the heterogene-
ity of the gels is on the micron scale and cannot be
characterized using light scattering, but it can be
visualized using confocal microscopy.

The variation of the turbidity with the protein and
the salt concentration can be quantitatively related to
the molar mass and radius of the blobs.
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