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We have developed a new method allowing the study of the thermodynamic phase behavior of mesoscopic colloidal
systems consisting of amyloid protein fibers in water, obtained by heat denaturation and aggregation of β-lactoglobulin,
a dairy protein. The fibers have a cross section of about 5.2 nm and two groups of polydisperse contour lengths: (i) long
fibers of 1-20 μm, showing semiflexible behavior, and (ii) short rods of 100-200 nm long, obtained by cutting the long
fibers via high-pressure homogenization. At pH 2 without salt, these fibers are highly charged and stable in water. We
have studied the isotropic-nematic phase transition for both systems and compared our results with the theoretical
values predicted by Onsager’s theory. The experimentally measured isotropic-nematic phase transition was found to
occur at 0.4% and at 3% for the long and short fibers, respectively. For both systems, this phase transition occurs at
concentrations more than 1 order of magnitude lower than what is expected based on Onsager’s theory. Moreover, at
low enough pH, no intermediate biphasic region was observed between the isotropic phase and the nematic phase. The
phase diagrams of both systems (pH vs concentration) showed similar, yet complex and rich, phase behavior.We discuss
the possible physical fundamentals ruling the phase diagram as well as the discrepancy we observe for the
isotropic-nematic phase transition between our experimental results and the predicted theoretical results. Our work
highlights that systems formed by water-amyloid protein fibers are way too complex to be understood based solely on
Onsager’s theories. Experimental results are revisited in terms of the Flory’s theory (1956) for suspensions of rods, which
allows accounting for rod-solvent hydrophobic interactions. This theoretical approach allows explaining, on a
semiquantitative basis, most of the discrepancies observed between the experimental results and Onsager’s predictions.
The sources of protein fibers complex colloidal behavior are analyzed and discussed at length.

1. Introduction

Lyotropic liquid crystals are encountered in a multitude of
biological systems and have both fundamental and practical
relevance, since they can be used in a number of applications
such as cosmetic, pharmaceutical, medical, or nutrition technol-
ogies.1,2

Possibly the type of liquid crystalline system most frequently
found is that based on anisotropic particles dispersed in a liquid.
Differently from spherical particles, the phase behavior of aniso-
tropic particles can be rich due to the possibility of orientational
ordering. This orientational ordering occurs at a critical volume
fraction, when the particles go from an isotropic to a nematic
distribution in the solvent. This transition originates from a
competition between two types of entropy: the orientational
entropy, which is dominant at low concentration and is max-
imized by an isotropic distribution, and the packing (or excluded
volume) entropy, which becomes more important at high con-
centration and favors a nematic distribution. The resulting gain of
the free volume with progressive increase of concentrations
compensates for the loss of orientational entropy, minimizing
the total free energy.

In 1949, Onsager constructed an elegant theory predicting the
phase behavior of anisotropic particles based on excluded volume

interactions and proposed it in a seminal paper.3 He showed that
the isotropic-nematic transition for stiff slender particles could
be treated within a virial expansion of the total free energy.
Although his theory has an analytical solution only in the limit of
aspect ratiosL/Df¥, for very thin rigid hard particles with high
enough aspect ratio, the virial expansion can be truncated after
the secondvirial term,making it particularly suitable to determine
isotropic-nematic transition in practical cases and real systems.
This transition was shown to be a first-order thermodynamic
transition and to be purely athermal, because originating by the
minimization of purely entropic energetic terms. An intermediate
isotropic-nematic biphasic region was also predicted to exist in
between the pure isotropic and nematic phases. This theory has
become very popular over the past six decades and has been
extendedwith the years to shorter particles, polydisperse particles,
charged particles, and semiflexible particles.3-5

Numerous model systems of anisotropic particles in a solvent
were investigated and compared to Onsager’s theory, showing
often a good agreement with the predicted results. These aniso-
tropic particles covered a wide range of fields, ranging from
inorganic to organic and also biological particles, such as tobacco
mosaic virus.6,7 An extensive list of the systems studied and
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benchmarked to Onsager’s theory can be found in brilliant
reviews devoted to the field.4,8

Food protein fibers in water, obtained by heat denaturation
and aggregation of β-lactoglobulin, a whey protein which is
widely used in food industries,9,10 are an interesting system to
test isotropic-nematic transitions in water, as the relevance of
this system clearly goes beyond purely academic purposes.
β-Lactoglobulin has 162 amino acids, a molecular weight of
18.3 kDa, and a compact globular structure of 4 nm of diameter,
with a hydrophobic core. This protein is known to form heat-
induced aggregates of various structures and morphologies de-
pending on the concentration, the pH, ionic strength of water, the
temperature, and the heating time.11-15 In particular, long, thin,
and rodlike aggregates can be obtained from heat denaturation
and aggregation of β-lactoglobulin at low pH and low ionic
strength.9,11,12,16-18 The ability to form these irreversible fibrils,19

formed through noncovalent bonding,20 can then be exploited in
order to obtain a real system of food-grade anisotropic fibers in
water.

Phase diagrams of β-lactoglobulin rodlike aggregates built
from heated solutions of native protein with varying initial
concentrations, pH, and ionic strength have already been at-
tempted in the literature.17,21,22 In all formerly investigated
systems, however, a coexistence of fibers with supramolecular
aggregates called spherulites was observed.10,17,21,23 These spher-
ulites are formed simultaneously with the fibers, and their number
and size depend on the initial concentration. Because spherulites
do not dissolve upon dilution in water, they clearly constitute
nonequilibrium objects, and thus phase diagrams constructed in
their presence obviously suffer from severe metastabilities. As
recognized by one group of authors in the field, the description of
phase behavior in the presence of irreversible protein aggregates
should be referred to as “state diagram” rather than phase
diagram.17

While “state diagrams” have direct relevance to processed
fibers dispersion, our main objective in this work was to study
systems made only of β-lactoglobulin fiber aggregates, thus
reflecting the true thermodynamic behavior of β-lactoglobulin
amyloid fibers in water. In order to do so, we developed a
preparation protocol based on controlled evaporation of water
starting from β-lactoglobulin fiber dispersions of identical initial

composition. The resulting system is fundamentally different
from those previously investigated because it contains a virtually
zero content of spherulites and because the fractal topology of the
β-lactoglobulin fibers is identical at all the different concentra-
tions explored.

In order to further assess the effect of the length of the
β-lactoglobulin amyloid fibers, we divided the study into two
main classes of fibers: (i) a first class, in which the contour length
of the fiber is much larger than their persistence length, leading to
objects comparable to semiflexible polyelectrolytes, and (ii) a
second class, in which the contour length of the fiber is smaller
than their persistence length, leading to true rodlike charged fibers
in water. The isotropic-nematic phase transitions of these two
systems were determined experimentally, by macroscopic and
microscopic observation under polarized light. These results were
compared, for long and short fibers, respectively, to the theore-
tical results predicted using the original Onsager’s theory3 and
same theory modified for semiflexible objects.5 The phase dia-
grams of both systems were then investigated by changing the
concentration and the pH. The main picture which emerges from
the present study is that β-lactoglobulin amyloid fibers constitute
a system whose complexity encompasses by far that of systems
which can be interpreted on the basis of Onsager theories. With
the support of cross-polarized optical microscopy and transmis-
sion electron micrographs, the sources for such a complexity are
extensively discussed, and valuable hypotheses explaining the
complex phase behavior of the β-lactoglobulin are formulated
accordingly.

2. Experimental Section

2.1. Materials. BioPURE-β-lactoglobulin (lot JE 003-6-922,
from 23-05-2006) was obtained from Davisco Foods Interna-
tional, Inc. (Le Sueur,MN).Thepowder consistedof 97%protein
(dry basis), among which 95.9% of β-lactoglobulin (variant A,
55.6%; variant B, 44.4%) as determined by HPLC (data not
shown). In order to remove non-“native” proteins, the following
procedure was set up. First, the protein powder was dissolved in
Milli-Q water at 10 wt % concentration, and the solution was
adjusted to pH 4.6, using a 1 M HCl solution. Then, it was
centrifuged at 15000 rpm for 15 min at 20 �C using a Sorvall
Evolution RC high speed centrifuge (Rotor SLA-1000), and the
supernatant was recovered and adjusted to pH2, using a 1MHCl
solution. To further remove possible residual traces of insoluble
proteins, the supernatantwas filtered through a 0.22μmMillipore
filter. In order to remove traces of ions that affect β-lactoglobulin
aggregation,24 the filtered protein solution was dialyzed first
against pH 2 Milli-Q water and second against Milli-Q water,
using a Spectra-Por Dialysis Membrane 1, with a MWCO of
6000-8000 Da (Spectrum Laboratories, Inc., Los Angeles, CA).
Dialysis tubes were previously boiled for 10 min in demineralized
water in the presence of 1 mMEDTA and extensively rinsed with
demineralized water. The volume ratio between the solvent and
the protein solution was kept constantly at around 40 during the
dialysis. The dialysis was performed at 4 �C with at least 4 h
between the dialysis buffer changes. After dialysis, the solution
was adjusted back to pH 2. The mineral composition of
β-lactoglobulin was determined before and after dialysis by
ICP-EAS in a previous work.15 For storage the solution was
freeze-dried and placed in a desiccator at room temperature. All
the experiments were carried out using this dialyzed and freeze-
dried β-lactoglobulin powder.

2.1.1. Preparation of Long β-Lactoglobulin Fibers. Dia-
lyzed and freeze-dried β-lactoglobulin powder was dissolved in
Milli-Q water at room temperature, centrifuged at 10800g over a
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period of 1 h at 20 �C using a Sorvall RC3C Plus centrifuge
(DuPont,Newtown,CT), adjusted to pH2, and filtered through a
0.45 μm Millipore filter before heat treatment. The experimental
conditions we use in this work were adapted from a previously
developed protocol15 and are summarized in Table 1.

The conversion rate is the amount of β-lactoglobulin mono-
mers that havebeen converted intoaggregates after heating.16The
protocol for its determination was adapted from the protocol of
Veerman et al.16 and was detailed in a previous work.15We chose
to work with 2 wt % solutions, as at this concentration a high
conversion of β-lactoglobulin monomers into rodlike aggregates
can be achieved while avoiding formation spherulites, typically
appearing in competition with fiber formation during the heating
process at somewhat, larger concentrations.10,23,25As anticipated,
these spherulites are irreversible supramolecular aggregates and
do not dissemble upon dilution, and their size and number
increase with the concentration.17,21

The 2% β-lactoglobulin solution was distributed in 100 mL
flasks, which were hermetically sealed and placed in a water bath
for heating. Each flask contained a magnetic bar to stir the
solution during the heating process, as stirring enhanced the
conversion rate, the birefringence, and reduced formation of
spherulites.26 After heating, the flasks were immediately cooled
by immersion in ice-water mixtures to quench the aggregation
process. The solution was checked by eye for transparency and
absence of spherulites. Optical microscopy under polarized light
was used to verify a negligible number and size of spherulites.

2.1.2. Preparation of Short β-Lactoglobulin Rods. A solu-
tion of long β-lactoglobulin fibers, prepared as mentioned above,
was diluted to 1 wt% with pH 2Milli-Q water and homogenized
at 600 + 100 bar and five cycles using a two-stage high-pressure
homogenizer (Panda 2K, Niro Soavi, Italy). This process enabled
to obtain very short fibers from the long ones, with the same cross
section.

2.2. Methods. 2.2.1. Optical Microscopy/Cross-Po-
larizers. The macroscopic aspect of the samples was inspected
first by naked eye under normal light to evaluate the transpar-
ency/turbidity and determine an eventual macroscopic phase
separation. The samples were also visualized between cross-
polarizers for birefringence. Opticalmicroscopy under white light
and polarized light was then employed to confirm the macro-
scopic observation and to determine eventual phase boundaries
among coexisting phases.

2.2.2. Transmission Electron Microscopy. A drop of the
β-lactoglobulin fibers solution was casted onto a carbon support
film mounted on a copper grid. The excess solution was removed
after 30 s using a filter paper. Contrast to electrons was achieved
by negative staining by adding a droplet of phosphotungstic acid
solution 1 wt % (PTA, pH 7, Sigma-Aldrich, Switzerland) onto
the grid, over a period of 15 s, after deposition of β-lactoglobulin
fibrils solution. Any excess of staining agent was removed again
by a filter paper. Electron micrographs were acquired on a CCD

camera using a Philips CM100 Biotwin transmission electron
microscope operating at 80 kV.

2.2.3. Static Light Scattering.Because the long fibers, due to
their large sizes, have their Guinier regime in a reciprocal space
which is not accessible, static light scattering was performed only
the solutions of short β-lactoglobulin rods. The range of investi-
gated concentrationswas between 0.1 and 0.5wt%.The solutions
were filtered through 0.45 μm Millipore membrane filters and
were gently centrifuged at 3000 rpm for 10 min before the
measurements. These transparent solutions were investigated
using an ALV-5000 fast correlator in combination with a mono-
mode fiber compact goniometer system and an argon-ion laser
Coherent Innova 308 (λ = 532 nm). The range of scattering
vectors covered was 3� 10-3 nm-1 < q<10-2 nm-1, with q=
4πn/λ0 sin(θ/2), λ0 (λ= λ0/n), n, and θ being respectively the light
sourcewavelength invacuum, the solvent refractive index, and the
angle between the detector and the incident beam.Measurements
weremade in an angular region from 45� to 120�with a step of 5�.
Freshly distilled and filtered toluene was used to calibrate the
instrument. The Rayleigh ratio for toluene was 3.16� 10-5 cm-1

at 532 nm. A refractive index increment of 0.189 mL g-1 was
used.27 The data were analyzed using the Zimm procedure as
explained in a previous work15 in order to extract the weight-
averagedmolecularweightMw of the short β-lactoglobulin fibers.

2.2.4. Determination of the Isotropic-Nematic Phase
Transition. The determination of the isotropic-nematic phase
transitionwas carried out by progressively diluting or concentrat-
ing the initial solution of β-lactoglobulin fibers at pH 2, made a
priori using the protocol detailed in sections 2.1.1 and 2.1.2, for
the long and the short fibers, respectively, depending on whether
the initial solution was birefringent or not. The solution was first
visualized between cross-polarizers. If the solution was birefrin-
gent, it was diluted at constant pH, until disappearance of
birefringence. If the initial solution was not birefringent, it was
concentrated while maintaining the pH fixed, until birefringence
appeared.

Therefore, starting from the initial solution of long β-lactoglo-
bulin fibers of 2% at pH 2, a series of concentrations from 0.1 to
2 wt % was obtained by dilution with pH 2Millipore water. The
pH was always checked and adjusted accordingly.

Starting from the initial solution of short β-lactoglobulin rods
of 1% at pH 2, a series of concentrations from 1% to 7%wt was
obtained by a gentle concentration method (see section 2.2.5).
Again, the pH was always checked and adjusted if needed.

The effect of pHon the isotropic-nematic phase transitionwas
also investigated.The investigatedpHvalues ranged from1 to 3.8,
corresponding to a decrease in the fibers’ overall charge (per
monomer) from +21 to +1027 (see Table 2). The protocol
followed to determine the isotropic-nematic transition was
identical to what described above, apart from the different pH.

2.2.5. Building the Phase Diagram of the β-Lactoglobulin
Fibers in Water. The effects of pH and concentration were
investigated in large ranges in order to construct the phase

Table 1. Experimental Conditions for the Production ofHeat-Induced

Rodlike β-Lactoglobulin Aggregates

β-lactoglobulin concentration (wt %a) 2
pH 2.0
temperature (�C) 90
volume (mL) 100
stirring yes
heating time (min) 300
conversion rate (%) 75 ( 3

a Since we determined the density of the rods as being 1.002, we will
evenly consider the mass fraction and the volume fraction. For practical
reasons, we always worked in mass fraction.

Table 2. Comparison of Experimental Results with Theoretical

Results for the Isotropic-Nematic Phase Transition of Long β-
Lactoglobulin Fibers at Different pH Values

pH

overall
charge per
monomer27

effective
diameter
(nm) (eq 3)

theoretical
concentration, %

(Lp = 1980 nm) (eq 2)
experimental
result, %

1 +21 17.91 5.4 0.3
1.5 +21 17.91 5.4 0.4
2 +20 17.64 5.3 0.4
2.5 19 17.37 5.2 0.4
3 +16.5 16.60 5.0 0.3
3.5 +13.1 15.34 4.6 0.3
3.8 +10 13.87 4.2 0.5

(25) Krebs, M. R. H.; Bromley, E. H. C.; Rogers, S. S.; Donald, A. M. Biophys.
J. 2005, 88, 2013–2021.
(26) Bolder, S. G.; Sagis, L.M. C.; Venema, P.; van der Linden, E. J. Agric. Food

Chem. 2007, 55, 5661–5669. (27) Renard, D. Universit�e de Nantes, France, 1994.
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diagrams of long and short β-lactoglobulin fibers in water. The
method followed to build the phase diagram consisted in progres-
sively changing the pH values starting from a fixed given con-
centration. We started from 100 mL of β-lactoglobulin fibers
solution and progressively increased the pH by 0.5-1 unit by
adding one or two drops of 1MNaOH, so that the dilution effect
was negligible.

Starting from the initial solution of long β-lactoglobulin fibers
of 2% at pH 2, solutions of 100 mL of 0.1-2 wt % (step of 0.5)
were prepared by dilution with Milli-Q water at pH 2. For one
given concentration, the pH was adjusted to pH 2. 7 mL was
collected in a glass tube and placed between cross-polarizers. The
pH was then increased by 0.5-1 unit, and again 7 mL was
collected and placed between cross-polarizers, and the procedure
was reiteratively reproduced to cover the entire pHrange frompH
2 to 7.5 for each concentration. Because there was a critical pH
range, around 5-6, where the fibers precipitated, making the
redissolution of the fibers difficult afterward, we also prepared
50 mL of β-lactoglobulin fibers solutions that was immediately
brought to a basic pH value, jumping the critical region and
avoiding the precipitation, by a quick addition of several drops of
NaOH (1 M). The pH was then decreased by 0.5-1 unit by
addition of one or two drops of HCl (1 M). With this procedure
we covered the pH range from 7.5 to 6. This approach was
necessary in order to avoid aggregation and thus construct the
correct phase diagram, especially for pH values above the critical
region. Indeed, as we will see later (see section 5), when the fibers
were in the critical pH region around 5-6, they precipitated and
their contour length could be measured to decrease to less than
1 μm, as shown in Figure 10B. The consequence of passing
through the critical pH region would then be the irreversible
decrease in fibers length, leading to strong perturbations of the
phase diagram. By jumping this critical pH region allowed us
establishing reliable phase diagrams both above and below the
isoelectric point of the proteins.

In order to investigate concentrations higher than the concen-
tration of the initial β-lactoglobulin fibers solution (2% for the
long fibers and 1% for the short rods), a gentle and athermal
concentrationmethodwas developed.This consisted in a nitrogen
flux circulating over the solution to concentrate, which dries the
water vapor forming at its surface. The solution was poured in a
large beaker (at least twice the volume of the solution) which was
hermetically coveredwith a two-hole top, one for the nitrogen flux
input and one for air output. The beaker was placed onto a plate
stirrer (Vibramax 110, Heidolph Instruments, Germany) and was
kept in agitation in order to avoid the formation of gel crowns on
the surface during the drying process.We stress here that without
agitation irreversible aggregates (highly birefringent under polar-
ized light) form on the beaker surface. This gel being not redis-
persible in water, it irreversibly affects the final phase diagram.
Using the procedure described above, formationof irreversible gel
at the beaker surface could be systematically avoided. For each
concentration obtained, the pH effect was screened from pH 2 to
7.5 as described above.

All the samples investigated were kept in sealed 10 mL glass
tubes. Although the phase diagram is expected to be athermal,
points were always collected at room temperature. Samples were
then stored at 4 �C to prevent bacterial contamination and
observed reiteratively (at room temperature again) for a period
of over 2months tomake sure that acquired data corresponded to
a thermodynamic equilibrium state. This precaution was espe-
cially necessary for samples which showed flow-induced birefrin-
gence and needed some relaxation time to become isotropic again
as well as for samples which were very viscous.

3. Theoretical Background

3.1. Onsager’s Theory for Rodlike Particles. On the basis
of purely excluded volume considerations, Onsager predicted
the isotropic-nematic phase transition for anisotropic particles

subjected to hard-core interactions in a solvent to occur at a
volume fraction x:3

x ¼ 4
D

L
ð1Þ

with D the diameter of the rod and L the length of the rod.
More precisely, eq 1 gives the so-called “bifurcation point”

which is the point at which a nematic phase is first observed
coexisting with an isotropic phase (I + N). By further increasing
concentration over a small coexistence concentrationwindow, the
biphasic I + N mixture changes into a purely nematic phase.

Onsager further extended his theory to charged rigid particles,
by replacing the diameter D by an effective diameter Deff, taking
into account the electrostatic repulsion between the particles and
their surrounding double layers (see eq 3).

Odijk’s et al.4 completed Onsager’s theory for the charged
particles with the addition of the twisting parameter, taking into
account the orientation of the rods, and thus the concentration-
dependent repulsive interactions of the particles, whichmay differ
from the isotropic and nematic phase.

Accounting for flexibility of particles, was another important
achievement5,28 which extended Onsager’s theory’s applicability,
since many real anisotropic particles do show some degree of
flexibility. The theory was therefore adapted to semiflexible
chains (contour length L. persistence Lp . diameter D), which
could be considered as locally stiff rods only at length scales<Lp.
In this case, the persistence length Lp rather than the contour
length L becomes the characteristic length to be used in the
calculation of the phase transition (see eq 2).
3.2. Theoretical Calculation for Systems of β-Lactoglo-

bulin Fibers in Water. The isotropic-nematic phase transition
was calculated using eq 2,5 for the long β-lactoglobulin fibers,
which are charged and semiflexible:

x ¼ 6
Deff

Lp
ð2Þ

with Deff the effective diameter (see eq 3) and Lp the persistence
length. The coefficient 6 in front of the term Deff/Lp is somewhat
dependent on the algorithm followed to calculate the bifurcation
point and can slightly vary (ca. 10%) from method to method.
More details are given in ref 5. As will be shown later, however,
this is nearly irrelevant to draw the main conclusions of the
present article.

The Onsager’s effective diameter is

Deff ¼ D þ k-1 ln A þ C þ ln 2-
1

2

� �
ð3Þ

with D the diameter of the rod, k-1 the Debye length, C Euler’s
constant (C = 0.577), and A given by Stroobants et al.4

A ¼ 2πνeff
2k-1Q expð-kDÞ ð4Þ

with νeff the linear charge density of the rod (see eq 5), k-1 the
Debye length (see eq 6), and Q the Bjerrum length (see eq 7).

The linear chargedensity νeff gives the repartitionof the charges
along the rod and is expressed by the number of charges per unit
length calculated as follows:

νeff ¼ chargetotal
lengthmonomer

ð5Þ

(28) Khokhlov, A. R.; Semenov, A. N. Phys. A (Amsterdam, Neth.) 1981, 108,
546–556.
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TheDebye lengthk-1 is the distance overwhich significant charge
screening occurs and is calculated from

k2 ¼ 8πNe2

e0erKBT
ð6Þ

with N Avogadro’s constant (6.02 � 1023), e elementary charge
(e = 1.6 � 10-19 C), e0 dielectric permittivity in vacuum (e0 =
8.85 � 10-12 F/m), er dielectric permittivity in water (er = 80.1),
KB Boltzmann’s constant (1.38 � 10-23 J/K), and T absolute
temperature (293 K). Here, considered the lack of salt, k-1 was
equal to 2.72 nm.

The Bjerrum length Q is the separation length at which the
electrostatic interaction between two elementary charges is com-
parable in magnitude to the thermal energy scale, KBT. It is
calculated as follows:

Q ¼ e2

4πe0erKBT
ð7Þ

Here, Q is equal to 0.712 nm (for water at room temperature).
Concerning the short rods, which are charged and assumed to be
purely rigid, the isotropic-nematic transition was calculated
using the formula5

x ¼ 4
Deff

Lw
ð8Þ

whereDeff is the effective diameter of the rod andLw is theweight-
averaged contour length.

4. Results

4.1. Characterization of the Long and Short β-Lactoglo-
bulin Fibers. The aggregation of β-lactoglobulin monomers into
amyloid fibers is controlled by a very complex series of mechan-
isms, in which partial unfolding, intermolecular interactions,
supramolecular aggregation, and hydrolysis all take place to a
different extent, depending on the exact heat denaturation pro-
tocol. For example, Bolder et al.30 showed that after 5 h of heating
at 80 �C β-lactoglobulin still existed as monomers, and no
products from hydrolysis were present yet. Low-molecular-
weight hydrolyzed materials would appear after 10 h of heating
at 80 �C, with no more residual native monomers detectable.
Moreover, the same group has shown that heating longer than

10 h at 80 �C could induce hydrolysis of the fibers, as shown by a
decrease in conversion experiments, birefringence measurements,
and viscosity measurements.26 Akkermans et al.31 have further
shown that β-lactoglobulin fibers made at 85 �C during 20 h were
made from hydrolyzed peptides and not intact monomers.
Because the amount and nature of intermolecular interactions
among the different units of the fibers primarily depend on the
constituent secondary structure, it is clear that these results
indicate that also the structure of the final fibers is highly
dependent on the exact heat denaturation process followed. From
the protocol given in section 2.1.1, we were able to obtain very
long and thin rodlike β-lactoglobulin fibers, as shown in the TEM
micrograph of Figure 1A. These β-lactoglobulin fibers showed
rigidity between 500 nm and ∼1 μm length scale and exhibited
certain flexibility at higher length scale. This was in accordance
with the results of our previouswork,15where byusing ultrasmall-
angle light scattering and static light scattering, we estimated the
persistence lengthof the fibrils to bebetween 380 and 1980nmand
showed that these fibers were rigid at length scales below the
persistence length but had semiflexible behavior at a larger length
scales. The cross section of the fibers observed by TEM were
monodisperse and in agreement with our previous statistic
measurement, where we determined a cross section of 5.2 (
1.1 nm.15 The contour length of these fibers was polydisperse,
ranging from 1 to 20 μm.All these values were in good agreement
with previous studies on β-lactoglobulin fibers.12,16,18,19,21,22,29

The protocol given in section 2.1.2 enabled us to obtain a new
system consisting of short β-lactoglobulin fibers in water. Work-
ing under our set of experimental conditions, we obtained short
rods of contour length below the persistence length of the
long fibers but still with identical cross section, as seen in
Figure 1B. Using TEM micrographs, we determined the num-
ber-averaged length of the short rods, which was Ln = 111 ( 56
nm (n = 577 samples). Using the same set of data, we also
extracted the weight-averaged length, using Lw =

P
Li

2/
P

Li,
whichwas 138 nm.Using static light scattering,we determined the
weight-averaged molecular weight Mw of the short fibers via the
Zimm plot. Assuming that the fibers were linear strings of
β-lactoglobulin monomers, we estimated the weight-averaged
length of the short rods using the following formula:

Lw ¼ Mw

Mw;monomer
Dmonomer ð9Þ

Figure 1. TEMmicrographs of heat-induced β-lactoglobulin fibers diluted to 0.1% in water at pH 2: (A) long fibers and (B) short fibers.

(29) Rogers, S. S.; Venema, P.; Sagis, L. M. C.; van der Linden, E.; Donald, A.
M. Macromolecules 2005, 38, 2948–2958.
(30) Bolder, S. G.; Vasbinder, A. J.; Sagis, L. M. C.; van der Linden, E. Int.

Dairy J. 2007, 17, 846–853.
(31) Akkermans, C.; Venema, P.; van der Goot, A. J.; Gruppen, H.; Bakx, E. J.;

Boom, R. M.; van der Linden, E. Biomacromolecules 2008, 9, 1474–1479.
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withMw the weight-averaged molecular weight obtained with the
Zimmplot,Mw,monomer themolecular weight of a singlemonomer
(18.3 kDa), andDmonomer the diameter of a singlemonomer.With
this assumption,Lw was calculated to be 170 nm. This reasonably
good agreement with TEM statistic determination can be
explained by our heat treatment at 90 �C and 5 h, for which a
very limited hydrolysis of monomers is expected, in agreement
with Bolder et al.30 Thus, in the present case fibers should be
constituted essentially of partially unfolded β-lactoglobulin
monomers with little to nil contribution from hydrolyzed mono-
mers.
4.2. Isotropic-nematic Phase Transition: Experiment vs

Theory. We determined in our previous work15 that the persis-
tence length of long β-lactoglobulin fibers should be between
380 and 1980 nm. By using these two values and eq 3, the upper
and lower boundary for the isotropic-nematic phase transition
can be calculated. By using the lower value of 380 nm (upper
boundary), the concentration at which the isotropic-nematic
transition should occur is calculated to occur at 28%, or more,
which, as will be shown, is clearly above all the experimental
transitions observed in the present systems. The values calculated
at different pH for the isotropic-nematic transition of long
β-lactoglobulin fibers taking Lp = 1980 nm (lower boundary)
are summarized in Table 2.

The experimental isotropic-nematic phase transition was
determined visually under polarized light as shown in Figure 2.

Figure 2 presents the series of long β-lactoglobulin fibers at pH
2 and increasing concentrations. The solutions were all liquid and
transparent up to 5%, where a gel was obtained. Under polarized
light, the sample at 0.3% was not birefringent, whereas at 0.4%
the sample started to be very slightly birefringent. Therefore, the
isotropic-nematic phase transition was assigned to occur at
0.4%. The sample became progressively more birefringent as
the concentration was increased. At 2% and above, the sample
was birefringent with bright colors, suggesting the possible pre-
sence of cholesteric liquid crystalline phases. These could
originate, for example, by the formation of chiral helical con-
formations of the fibers. Circular dichroism was attempted to
elucidate this point, but at these concentrations, the intensity of
absorbed light was so high to saturate the circular dichroism
signal, making impossible drawing of any conclusion.

Optical microscopy was used as complementary technique to
characterize the liquid crystalline phase behavior of β-lactoglo-
bulin fibers in water.

As seen in Figure 3, the isotropic phase was characterized by
one uniform continuous phase, which is the same under normal
and polarized light. The nematic phase was characterized by one
single continuous phase showing birefringent waves spanning the
entire sample, as observed under polarized light but not visible
under normal light. The gel revealed a microscopic phase separa-

tion, with coexisting isotropic (nonbirefringent) and nematic
(birefringent) phases, visible under polarized light. Figure 3C
clearly shows that the sharp interfaces between the nematic and
the isotropic phases in the gel disappear when cross-polarization
is removed. For comparison, the micrographs were acquired in
presence of air bubbles to provide a physical interface, which
remains visible, under both normal and polarized light.

The isotropic-nematic phase transitions which were experi-
mentally determined depending on the pH are summarized and
compared to the theoretical results in Table 2.

The experimental isotropic-nematic transitions determined at
different pH in the present work (Table 2) are in good agreement
with the work of Sagis et al.,21 who found an isotropic-nematic
phase transition of 0.5% at pH 2, although in that case, the phase
was reported as isotropic plus nematic droplets (spherulites),
whereas in the present work, the transition is clearly an isotro-
pic-nematic transition.

Furthermore, our experimental results are in strong disagree-
ment with the results predicted by the theory, for which phase
transitions are expected at concentrations which are 1 order of
magnitude higher.

Finally, it should be considered that only 75% of the
β-lactoglobulin contributes to the isotropic-nematic transition,
as 25% of the β-lactoglobulin native protein is not converted into
fibers, as explained before. This contributes to further set apart
the theoretical and experimental phase transitions.

The experimental determination of the isotropic-nematic
phase transition of short β-lactoglobulin rods was not obvious
in comparison with the long β-lactoglobulin fibers. Indeed, as
shown in Figure 4, under normal light, the samples showed an
increase in turbidity with the concentration, and when the same
samples were placed between cross-polarizers, it was difficult to
clearly disentangle the contribution to birefringence due to a
nematic phase versus light diffraction.

Figure 2. Phase transitions of long β-lactoglobulin fibers in water
at pH 2 and increasing concentrations, as observed under cross-
polarized light.

Figure 3. Optical micrographs of long β-lactoglobulin fibers in
water at pH 2 under polarized (90�) and normal light (0�) at
different concentrations: (A) 0.2%, (B) 3%, and (C) 5%. These
micrographs showrespectively an isotropicphase, a nematic phase,
and a microseparated biphasic region formed by isotropic plus
nematic phases. In (C) the interface separating the isotropic from
the nematic phase is only visible under cross-polarized light,
disappearing under normal light. This indicates the presence of
an interface with only small concentration gradients and only
observable under polarized light. The bubble drop is given as a
reference of a real interface within two phases with strong density
changes (and thus refractive index changes): observable in both
polarized and normal light.
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Optical microscopy was necessary in order to fully assess the
isotropic-nematic phase transition, which, unlike for the long
β-lactoglobulin fibers, was very tenuous for short rods as shown
in Figure 5.

Using this procedure, we determined the isotropic-nematic
phase transition for short β-lactoglobulin rods to occur at 3%.
Once again, the experimental phase transition was found to occur
at concentrations 1 order ofmagnitude lower than those expected
based on Onsager’s theory (eq 8, see Table 3).

The fact that the difference between the experiment and the
theory was about 1 order of magnitude for both systems suggests
that the theory is not as straightforwardly applicable to the
present fibers. Possible reasons for these discrepancies will be
discussed in the last part of the paper.
4.3. Phase Diagram of β-Lactoglobulin Fibers in Water.

The phase diagram of long β-lactoglobulin fibers is given in
Figure 6. The phase diagram superimposed the set of results from
observation under both normal light and polarized light. The long
β-lactoglobulin fibers exhibited rich and complex phase behavior.
The liquid state was found between 0 and 4.5 wt%, and from 5%
and above, a gel was obtained, as previously mentioned (see
section 4.2 and Figure 2).

At macroscopic scale and under normal light, the phase
diagram revealed domains of completely transparent solutions,
translucent solutions, or phase-separated solutions. For instance,
belowpH2.7, the solution of long β-lactoglobulin fibers remained
transparent, at any concentration explored below the gel thresh-
old (white region). A translucent solution was observed for pH
regions between 2.7 and 4.2 and above 7 (yellow region), for
concentrations above 1%. A macroscopic phase separation oc-
curred for all concentrations between pH4.2 and6.6 (blue region).

Using polarized light and polarized light microscopy, we
delimited isotropic, nematic, and biphasic domains. Figure 7
shows a typical series of samples screening the various pH at
the isocomposition concentration of 3%, as observed under
normal light and under polarized light.

Referring to the phase diagrams in Figure 6, the nonbirefrin-
gent region was observed for two distinct areas (red spots). The
first areawas observed at any pHbelow 4.5 and above 6.5 (that is,
far from the protein isoelectric point) and concentrations lower
than the corresponding isotropic-nematic transitions. Consider-
ing that this region of the phase diagram was completely trans-
parent and nonbirefringent, this indicated the presence of an
isotropic phase with individually dispersed protein fibrils. The
second onewas observed for pHvalues between 4.6 and 5.6 for all
concentrations below the gel threshold. Because the lack of

Figure 4. Short β-lactoglobulin rods at pH 2 and increasing
concentrations visualized under normal light and between cross-
polarizers.

Figure 5. Optical micrographs of short β-lactoglobulin rods in water
at pH 2 under polarized (90�) and normal light (0�) at (A) 2% and
(B) 3%, showing respectively an isotropic phase and a nematic phase.

Table 3. Comparison of Experimental and Theoretical Results for the

Isotropic-Nematic Phase Transition of Short β-Lactoglobulin Rods

at pH 2

pH

overall
charge per
monomer

Deff

(nm)
(eq 3)

theoretical
isotropic-nematic

transition, %
(Lw = 170 nm) (eq 8)

experimental
result, %

2 +20 17.64 41.5 3

Figure 6. Phase diagram of long β-lactoglobulin fibers in water.

Figure 7. Long β-lactoglobulin fibers at 3% and increasing pH
values visualized under normal light and between cross-polarizers.ht
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birefringent behavior was simultaneously observed with turbid-
ity, this region was due to aggregation and precipitation of the
fibers, which became globally neutral around the isoelectric pHof
5.1. Outside the pH region between 4.2 and 6.6 and above a
critical concentration (0.3% for pH below 4.2 and 1.5% for pH
above 6.6), a very large birefingent domain was observed (black
squares and blue triangles), corresponding to the nematic phase of
the β-lactoglobulin fibers.

One interesting observation concerns the macrophase-sepa-
rated phase diagram region in proximity of the isoelectric point
(blue region). In this large window of the phase diagram, two
types of phase behavior were observed. Between pH 4.6 and 5.6,
i.e., closest to the isoelectric pH, the sample macrophase-sepa-
rated into transparent supernatant and white opaque sediment,
both lacking birefringence under polarized light (red spots). We
assumed this behavior to arise from the complete neutralizationof
charges on the fibers, leading to pronounced random-coil beha-
vior of the fibers followed by isotropic aggregation. At pH values
a bit further from the isoelectric pH, the sample also macro-
phase-separated into transparent supernatant and white opaque
sediment, but the sediment was birefringent under polarized
light (blue triangles). We assumed this behavior was due to the
partial neutralization of charges in the fibers, which, although
aggregating, would preserve a semiflexible behavior with then a
more pronounced tendency to align, as also witnessed by the
proximity in the phase diagram of the pure nematic phases.

The entire region of the phase diagrams below the gel threshold
presented a reversible physical behavior upon pH and concentra-
tion changes, except in the isoelectric region (blue area), confirm-
ing the thermodynamic character of the phase diagram. For the
gel, however, dissolution of the nematic phase did not occur upon
dilution, and the system maintained birefringent spots both
between cross-polarizers and under polarized light microscopy.
This indicates that the presence of aggregation in the gel region

does not follow thermodynamic behavior, but rather a concen-
tration-induced irreversible aggregation of the fibers, similarly to
what is observed for the formation of spherulites. A possible
explanation on why the birefringent aggregates coexist with an
isotropic phase rather than a nematic phase can simply be found
on the nonequilibriumnature of this regionof the diagram: the gel
being obtained by further concentrating the pure nematic region,
irreversible aggregation within the nematic phase starts to occur,
which phase separates the system into a fiber-enriched region (the
aggregates) and a fiber-impoverished region (the isotropic con-
tinuous phase obtained by a nematic f isotropic shift upon
diminution of effective fiber content).

The phase diagram of the short β-lactoglobulin rods is given in
Figure 8. As expected, the phase diagram was similar to the one
for the longβ-lactoglobulin fibers.As explained in section 4.2, due
to the difficulty to draw the phase diagram as accurately as for the
long β-lactoglobulin fibers, we investigated the concentration
range and the pH range by an increment step of 1.0.

As for the long β-lactoglobulin fibers, the phase diagram of the
short β-lactoglobulin rods showed transparent domains, translu-
cent domains, and macrophase-separated domains.

The main difference with the long β-lactoglobulin fibers con-
cerned the isotropic-nematic phase transition, which occurred at
3% (see section 4.2). Another differenceworth beingmentioned is
that for concentrations from 3 to 5% and pH below 3, where a
nematic phase was observed, the solution was translucent, whereas
in the case of long β-lactoglobulin fibers, the solution remained
transparent at these same conditions. We assumed that the short
rods had a greater propensity for aggregation, perhaps due to the
high-pressure homogenization step or simply the shorter length.

We finally stress again that the real thermodynamic nature of
the phase diagrams presented above was assessed by checking in
both cases reversibility upon concentration/dilution and changes
in pH. Both long and short fiber systems were found to be
completely reversible in the liquid domain (<5% and <6% for
the long and short fibers, respectively) and outside the isoelectric
region (approximatively below 4.3 and above 6.5).

5. Discussion

The results presented above highlight the complex phase
behavior of β-lactoglobulin fibers in water and, with respect to
the isotropic-nematic transition, amarked deviation between the
experimental findings and the behavior expected based on Onsa-
ger’s theory.We shall discuss here the possible relevant sources for
such a complex behavior, froma physical chemistry point of view.
5.1. Formation of β-Lactoglobulin Fibers Supramolecu-

lar Helical Bundles. The first element of complexity may very
well arise from the process of fibril formation and conformation.
The fibers are made from partially unfolded β-lactoglobulin
monomers, which by heat denaturation are able to form long
linear aggregates, held together by intermolecular β-sheets.9

Previous literature, however, has suggested that individual fibers
can also associate together into supramolecular helical bundles.32

In order to verify this hypothesis in the present system, we took
TEMmicrographs at various concentrations and pH for the long
and the short β-lactoglobulin fibers.

Figure 9 shows indeed the presence of such helixes for both
long and short β-lactoglobulin fiber systems, having a pitch
usually ranging from 60 to 100 nm. For the long β-lactoglobulin
fibers, the TEM micrographs indicate that increasing the con-
centration does not significantly increase the number of helixes.

Figure 8. Phase diagram of short β-lactoglobulin fibers in water.

(32) Arnaudov, L. N. Wageningen Universiteit, The Netherlands, 2005.
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However, increasing the pH from2 to 4 significantly increased the
number of helixes, which might explain why the solution became
translucent above pH 3. Concerning the short β-lactoglobulin
fibers, the presence of helices is greatly enhanced by the concen-
tration even at pH 2, which again may explain the extended
translucent region of the phase diagrams with short rods (see
Figures 4 and 8). High-pressure homogenization may have
favored aggregation, by possibly exposing free binding sites when
cutting the fibers into short rods. This may explain the more
pronounced tendency of short rods compared to long fibers to
produce helices upon increase of concentration. Indeed, by
increasing the concentration to 5 wt % at pH 2, all the short
β-lactoglobulin rods were found in pair forming helixes with one
or two pitches of 100 nm (see Figure 9B).

Obviously, the presence of supramolecular helical aggregates
immediately add complexity to the nature of the β-lactoglobulin
fiber systems, as it affects directly both the effective diameterDeff,
and the persistence length Lp (and ultimately the contour length
Lw). Since both Deff and Lp are expected to be increased by the
helical formation, it becomes challenging to predict how the
isotropic-nematic transition may be affected by this phenomen-
on.
5.2. Persistence Length Dependence on Linear Charge

Density. A second major complication arises from the fact that
β-lactoglobulin fibers behave quite differently from standard
semiflexible polyelectrolytes. In the case of standard polyelec-
trolytes, the increase of pH (and thus the decrease of linear charge
density) is expected do simultaneously decrease bothDeff and Lp.
The conformation of theβ-lactoglobulin fibers, however, does not
seem to be very much affected by a change of pH. A screening on

the persistence length of the fibers depending on the pH was
carried out by TEM, as shown in Figure 10.

In Figure 10, it can be observed that there is no real striking
effect of pH on the persistence length of the long β-lactoglobulin
fibers, which remains quite extended in all the examples shown.At
pH 3.8 (picture A), where the linear charge density is already
decreased by half from +20 to +10, the fibers still maintain a
very strong rigidity. At pH 5.6 (picture B), where the total linear
charge density is nearly zero and the system is in an isotropic,
turbid aggregated state, the fibers still maintained a rodlike shape.
However, most of themwere found to be aggregated together and
with a much shorter contour length. At pH 7.5 (picture C), the
fibers were found again rigid, yet with their original long contour
length and a persistence length higher than 500 nm. The fact that
the fiber’s persistence length was not dramatically affected by the
pH, even close to the isoelectric point, was not so surprising, as
ionic strength has been shown in the literature to moderately
affect the persistence length of these fibers. For example, Aymard
et al.11 showed using light scattering that β-lactoglobulin fibers
made at pH 2 and 0.013 M, heated at 80 �C, had a persistence
length of at least 600 nm. When these fibers were dissolved in
water at 0.1 M, it was shown that the persistence length was
decreased to 120 nm, as expected based on the decrease of
electrostatic repulsions, but that this persistence length was still
much higher than the persistence length of β-lactoglobulin fibers
initially made at 0.1 M, that is, 38 nm. This suggests a strong
dependence of the persistence length on the initial experimental
conditions: if semiflexible fibers are formed at very low ionic
strength, their persistence length does not decrease dramatically
with a high ionic strength and is not affected by dilution or

Figure 9. TEMmicrographs of helixes in solutions of β-lactoglobulin (A) long and (B) short fibers. The initial conditions before dilution for
TEM observation were (A) 1%, pH 2 and (B) 5%, pH 3.

Figure 10. TEMmicrographs of longβ-lactoglobulin fibers at different initial concentrations andpH: (A) 2%, pH3.8, (B) 0.1%,pH5.6, and
(C) 1.5%, pH 7.5. For TEM observation the samples were diluted to 0.1%.
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concentration.11,21 Itwas suggested that other factors, nonpresent
in polyelectrolytes, do contribute to the high persistence length of
protein amyloid fibers, such as the formation of intermolecular
hydrogen-bonding β-sheets, which would partially maintain the
rigidity by interlockingmechanisms.12,29,33 Furthermore, changes
in pH have little effect not only on the persistence length but
also on the Deff: this latter is increased on one hand by the
pH-promoted helical aggregation; but on the other hand, it is
simultaneously decreased by the decrease in linear charge density
occurring with the increase of pH (see eq 3). This combination of
events may very well explain why the isotropic-nematic transi-
tion seems to occur at the same concentrations independently of
the pH (see Figure 6 and Table 2).
5.3. Amphoteric Nature of β-Lactoglobulin Fibers. The

third important factor to bear in mind is that charges are not
uniformly distributed along the fibers, that is, the fibers are
amphoteric27 as the charge distribution depends on the residues
of the amino acids forming the β-lactoglobulin monomer. At pH
2, β-lactoglobulin fibrils are positively charged (+20) and bear
only positive charges; therefore, the electrostatic interactions are
purely repulsive.11 However, when increasing the pH, the overall
positive charge of fibrils starts to decrease while negatively
charged residues start to appear. This leads to electrostatic
interactions among fibers of the same overall charge, whichmight
not only be purely repulsive: both attractive and repulsive
electrostatic interactions, together with hydrophobic interactions,
can then start to take place among different patches of the fibers.
This amphoteric character of the fibers may very well explain the
ability of fibers to form helixes at pH 2, where the repulsion of
neutral charges occurs together with (attractive) hydrophobic
interactions among neutral residues or at pH larger than 2, where
both negative and positive charges are present. The fact that
the helixes have a regular periodicity is also in strong support of
this hypothesis. Work is currently in progress to elucidate the
mechanisms of formation of these helices in β-lactoglobulin
fibers.
5.4. Activation of the Free Thiol Group at pH 7. As an

additional enlightening example illustrating the difference be-
tween β-lactoglobulin fibers and classical polyelectrolytes, it is
interesting to compare the isotropic-nematic transitions mea-
sured for long fibers at acidic and basic pH. At pH 7 and above,
the fibers bore an overall charge of -8.527 and the isotropic-ne-
matic phase transition occurred at a concentration between 1.5

and 2%(seeFigure 6). At pH3.9, the fibers bore anoverall charge
of+8.627 and the isotropic-nematic phase transition occurred at
0.5%, which is 3-4 times lower. If the fibers were classical
polyelectrolytes, then according to Onsager’s theory, the isotro-
pic-nematic phase transition should occur at exactly the same
concentration, the only difference among the two cases being only
the sign of the overall charge. The higher transition observed for
pH 7 and above may be explained by the activation of the free
thiol groups30,34 and the possibility to form covalent disulfide
bridges between neighbor fibers, leading to random branching
among fibers. This would have the effect to decrease the average
aspect ratio and thus to delay the isotropic-nematic transition, as
observed experimentally.
5.5. Unfavorable Rod-Solvent Interactions and Flory’s

Theory. One of the unexpected results of the present work was
the evidence of hydrophobic interactions between protein fibers
and water leading to fibers aggregation and formation of supra-
molecular helices. In 1956, Flory has published a lattice theory for
suspensions of rods in a solvent, which enables to account for
positive, unfavorable rod-solvent interactions.35 Figure 11
shows a schematic phase diagram illustrating the main findings
of Flory’s theory and the differences with respect to Onsager’s
predictions. In athermal conditions, that is, for negative or zero
rod-solvent Flory-Huggins interaction parameters χ, Flory’s
and Onsager’s theories basically predict the same trend, which is
an isotropic-nematic transition occurring at moderately concen-
trated compositions and a narrow I+Ncoexistence channel. The
difference in the exact compositions of the predicted I f N
transitions for the two theories, by a factor 2, results from the
lattice treatment in Flory’s case. More interestingly, as soon as
positive, unfavorable interactions are occurring among the rods
and the solvent, meaning a positive χ value, the I + N channel
widens to a very large coexistence region and the isotropic line
moves to vanishing small compositions.35 This may very well
explain why amyloid fibers experiencing hydrophobic interac-
tions with water (and thus interfibers aggregation) would experi-
ence an isotropicf nematic transition at compositionswell below
those predicted by Onsager’s theory.

Our isotropic-nematic phase study on both semiflexible long
fibers and short rodlike fibers has shown for very low pHs the
direct transition fromapurely isotropic to a purely nematic phase.
Both Onsager’s and Flory’s theories allow, in correspondence of
bifurcation points, for an intermediate region in between the
isotropic and the nematic, where the two phases coexist. As just
discussed, this coexistence region is small in the case of Onsager
theory and is large in Flory’s treatment as soon as positive
interaction energies are added to the model. Here, despite careful
observation under cross-polarized optical microscopy, we have
no evidence of interfaces between a nematic and an isotropic
phase, if the pH is maintained low enough (pH 4 or less for long
fibers, pH 3 or less for short fibers). Therefore, if a coexistence
region exists in this region of the phase diagram, it necessarily
needs to be vanishingly narrow. This is quite in contrast with the
isotropic plus nematic region found for both long and short fibers
at pH slightly closer to the isoelectric points (blue triangles in
Figures 6 and 8, respectively), for which the region of coexistence
seem to extend to a large portion of the phase diagram.

To conclude this study, we have shown that systems made of
β-lactoglobulin fibers in water constitute remarkably complex
systems with very rich phase behavior. The complexity of the

Figure 11. Phasediagramof rod-solvent suspensions considering
particle-solvent interactions, as predicted by Flory’s lattice theo-
ry. The isotropic-nematic phase transition according toOnsager’s
theory is also mentioned. Redrawn from ref 35.

(33) Gosal,W. S.; Clark, A. H.; Pudney, P. D. A.; Ross-Murphy, S. B.Langmuir
2002, 18, 7174–7181.

(34) Hoffmann, M. A. M.; van Mil, P. J. J. M. J. Agric. Food Chem. 1997, 45,
2942–2948.

(35) Flory, P. J. Proc. R. Soc. London A 1956, 234, 73–89.
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fibers has multiple origins, but we can mention at least two main
factors: (i) the intrinsic rigidity of the fibers, which is only partially
due to the electrostatic charge density, but also depends on the
mechanisms of molecular reorganization of the proteins during
heat denaturation, and (ii) the amphoteric nature of the fibers, for
which an odd distribution of negative and positive charges along
their contour length leads to complex inter- and intrafiber
interactions, the most evident being the formation of helices.
As a main consequence of this level of complexity, the direct
application of conventional Onsager and Onsager-modified

theories appear to be inappropriate to fully describe the present
systems, and the Flory’s theory accounting for hydrophobic
interactions of rod suspensions in water seems to produce
theoretical predictions which are more consistent with our experi-
mental observations.
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