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ABSTRACT
Gelation is a ubiquitous process in the preparation of foods. As most foods are multi
constituent mixtures, understanding gelation in mixtures is an important goal in food
science. Here we presented a systematic investigation on the influence of molecular
interactions on the gelation in protein mixtures. Gelatin gels with added globular protein
and globular protein gels with added gelatin were analyzed for their gel microstructure
and rheological properties. Mixed gels with altered microstructure (compared to single
gels) also differed in modulus from single gels. Mixed gels with microstructures similar to
single gels were rheologically similar to single gels. Alterations in microstructure were
attributed to segregative phase separation between proteins which occurred during
gelation. Gelation was treated as a growth process from macromolecule to space spanning
network. At conditions where electrostatic interactions were screened the occurrence of
phase separation was attributed to the molecular size ratio between gelling and nongelling proteins before gelation and changes of this size ratio during gelation. Here only
mixtures that during gelation passed a region of high compatibility (similar molecular
sizes) before entering a region of decreasing solubility phase separated. For applications
this implies that whenever the gelling molecule is larger than the non-gelling molecule
phase separation during gelation is unlikely while reversely, if the gelling molecules is
smaller than the non-gelling molecule phase separation during gelation typically does
occur.
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CHAPTER 1

1. General Introduction
Gelation is a common phenomenon in foods. Milk turns from liquid to solid during
cheese making, marmalade solidifies only after being boiled and left to set and liquid cake
batter or eggs solidify once heated. In each of these examples the ingredient (or better
molecule) responsible for gelation is different. So are the interactions between the
molecules, typically leading to different gelling mechanisms. Over many decades, the
different main gelling mechanisms have been identified and studied in detail in food
model systems [1-8]. An understanding of the main gelling mechanisms is the foundation
for investigations of gelation in increasingly complex systems. This transition from a
description of gelation in pure, single molecule systems, to complex, mixed systems is the
first step towards a better scientific description of processes as they are occurring in the
preparation of everyday foods.
Most foods are complex mixtures of different gelling biopolymers (mainly
polysaccharides and proteins). During gelation, these biopolymers are frequently found to
partition unevenly throughout the gels. This partitioning during gelation impacts on the
texture [9-13] and also the taste [14-17] of foods which can be desirable or undesirable
dependent on the application. Çakir et al. [9, 18, 19] showed in their systematic
investigation on heat induced whey protein / kappa - carrageenan mixtures how the
different spatial arrangement of gels (phase separated gel microstructure) and the
resulting rheological properties of mixed gels can be translated into textural changes. Van
den Berg et al. [10, 12, 20-22] showed similar relationships using acid induced
polysaccharide / whey protein gels indicating that these results are not system specific
and can be translated to other biopolymer mixtures. The application of this knowledge to
selectively induce or suppress textural or sensorial changes to other gel systems, however,
requires a further thorough scientific description of phase separation processes leading to
mixed gel microstructure formation during gelation.
Over the last decades an increasing number of studies, focusing especially on
polysaccharides / protein mixtures, have reported several connections between
microstructural and rheological properties of mixed gels [23-30]. Compared to the large
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number of investigations on mixed polysaccharide / protein solutions and gels, relatively
few scientific literature is available on mixed protein systems. To understand the gelation
of complex foods, however, they are equally important. Especially due to the increasing
industrial interest in interchanging protein sources (for ethical, religious, societal or simply
product formulation reasons) the scientific understanding of mixed protein systems is
becoming increasingly important. In mixed systems proteins can form one synergistic gel
[31, 32] or two independent gels [33-38] dependent on whether both proteins have the
same or different gelling mechanisms. This significantly differentiates protein mixtures
from the mixtures containing polysaccharides where mostly no synergistic networks are
formed. Also, protein mixtures differentiate from mixtures containing polysaccharides as
they are co-soluble up to high total protein concentrations (no phase separation) which
only changes upon e.g. denaturation of proteins, as pointed out in a series of publications
by Polyakov et al. [39-41].
This thesis deals with protein mixtures and the gelation of gelatin and globular proteins
that form independent gels and only interact non-specifically via e.g. excluded volume or
electrostatic interactions. Globular proteins (such as whey proteins and soy proteins) can
be gelled by heating them above their denaturation temperature [42]. Gelatin molecules,
due to their lack of tertiary structure, do not undergo denaturation at the temperatures
where globular proteins do and thus are not incorporated in the globular protein gel
network. Gelatin itself forms a gel via the formation of triple helices when cooled below its
coil to helix transition temperature [43, 44]. Globular proteins do not have the required
amino acid sequence to form these triple helixes and do not participate in the gelatin
network. The globular protein / gelatin mixture is therefore a good model system to study
the development of a protein gel structure in the presence of secondary proteins.
Combinations of gelatin with globular protein mixtures such as whey protein concentrate
[34-36, 45], soy protein isolate (shown in chapter 6 [46]), whey protein isolate [47],
aggregated whey proteins [48], mixtures of different milk proteins [49] or egg white
protein [37, 38] have already been shown to lead to a large range of rheological behavior
and related microstructures, which is important in the development of foods with
targeted textural properties. However, an investigation of the mechanisms leading to this
large range in microstructural and rheological properties in these systems is still missing.
The aim of this thesis is to understand the importance of different molecular properties
on the processes leading to the microstructural arrangements and the final rheological
properties in mixed globular protein / gelatin gels. By combining different types of gelatins
and different globular proteins it is possible to selectively change either their molecular
interaction (e.g. attraction or repulsion) and / or the molecular size ratio between gelatins
and globular proteins. This allows to study the effect of interactions and molecular size
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ratios on the compatibility of gelatins and globular proteins in solution (at equilibrium
condition) and during gelation of either one of the two proteins.
Even though this thesis exclusively describes globular protein / gelatin mixed systems,
the developed approaches and presented theory are proposed to be universal and
therefore directly translatable to other mixed biopolymer systems.

Structure formation in mixed biopolymer gels
Mixed protein gels can be classified in several ways. One is according to Brownsey and
Morris (1987) [50] who distinguished type I and type II networks, dependent on whether
one (I) or both (II) of the biopolymers form a gel. Lipatov et al. (2007) [51] categorized
mixed gels dependent on whether they arise simultaneously (both biopolymers gel at the
same time) or sequentially (one biopolymer gels after the other). Another commonly used
classification is based on the gel microstructure (one phase or phase separated) where the
latter one can be further divided into bi-continuous gels and gels with spherical enclosures
in a continuous matrix.
A combination of the classification according to Brownsey and Morris (1987) and Lipatov
et al. (2007) is shown in Figure 1.1. The starting situation is a homogeneous solution
where both biopolymers are mixed on a molecular level. Mixed biopolymer gels formed
from a solution where biopolymers show any degree of phase separation in this initial step
(in solution before gelation) are excluded from this thesis. For these mixtures the
properties of the mixed gels depend on the degree of phase separation before gelation,
which in return depends on the location of the system in the phase diagram, the kinetics
of phase separation and the effort spent on keeping the solutions in a mixed state [52-55]
and therefore poses experimental difficulties regarding reproducibility. When starting
from a homogeneous situation, as considered in this thesis, only the gelation itself and
interactions between biopolymers during gelation are the important parameters that
determine the properties of the final mixed gels.
Starting from a homogeneous mixed solution, simultaneous gelation (route (1) in Figure
1.1) can occur if both biopolymers are triggered to gel at the same time. For mixed protein
gels, where both proteins exhibit the same gelling mechanism, this typically results in a gel
structure where both proteins form one gel network. This is a common phenomenon
especially in mixtures containing different types of globular proteins, which, upon heat
induced gelation, interact to form one network consisting out of both proteins [32].
Simultaneous gelation can also occur in systems where both gel networks arise in parallel,
which allows the simultaneous formation of two separate networks. In both situations the
complex interplay between interactions among biopolymers and intermediate aggregates
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and the gel formation kinetics of the two gels determine the final gel morphology and gel
properties.
Sequential formation of gels (routes (2) and (3) in Figure 1.1), as considered in this
thesis, requires proteins to have independent gelling mechanisms. For the special case
where the gelling protein forms its gel network without being disturbed by the second
protein, routes (2) and (3) can lead to identical final mixed gels. However, in most cases
the presence of a non-gelling protein (or other biopolymer) will affect the gelation and
final protein gel properties in steps (2.1) or (3.1) and the two routes need to be considered
separately. From an experimental point of view, sequentially formed gels allow a separate
analysis of the two gelation steps which simplifies their investigation. The sequential
formation allows one to separately control the gel formation (e.g. kinetically or by varying
external conditions) of each constituent which increases the number of possible gel
structures and gel properties. Most, if not all, globular protein / gelatin mixed gels, have
separate gelling mechanisms and therefore form sequentially. Here routes (2) and (3) lead
to gels that are different in their rheological and microstructural properties as shown
earlier for the gelatin type B / whey protein mixture [34-36, 47].

Figure 1.1 Possible routes for gelation in binary mixed systems. Starting point is a homogeneous mixed
solution of polymers A and B that can be gelled simultaneously (route 1) or independently (gelled state
indicated by A’ or B’) via routes 2 or 3 (with intermediate steps 2.1 and 2.2 or 3.1 and 3.2 respectively)
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Phase behavior and gel microstructure
Another important characteristic of mixed gels is the microstructural arrangements of
the polymers inside the mixed gel. Molecules can either stay mixed on a molecular scale
throughout the gelation process or show some degree of phase separation [51].
Biopolymer gel networks that stay mixed on a molecular level throughout the gelation
process are rare and only phase separated microstructures will be considered here. The
possible microstructures for phase separated biopolymer mixtures are schematically
shown in Figure 1.2. Figure 1.2A is a two-dimensional representation of a bi-continuous
network where both phases (shown in white and black) are continuous throughout the
whole system. The second microscopic organization of biopolymers in phase separated
systems are spherical enclosures of one phase in a continuous matrix of the second phase
(shown schematically in Figure 1.2B).

Figure 1.2 Schematic two-dimensional representation of possible gel microstructures in phase separated
mixed gels. (A) bi-continuous and (B) spherical enclosures in a continuous gel matrix

The microstructure of a mixed gel depends on the composition of the mixture (location
in the phase diagram) and for how long phase separation proceeds before it is arrested by
gelation. An example of a phase diagram is shown in Figure 1.3A. Especially the location of
the binodal, which separates the one phase region (below the binodal) from the region
where phase separation is possible (above the binodal), is important for mixed systems.
Homogeneously mixed solutions which are the starting point for mixed protein gels
considered in this thesis, are located below the binodal, where no phase separation
occurs. During gelation, however, the co-solubility of the two polymers can change, which,
in a simplified way, can be understood as a shift of the binodal (and also spinodal) closer
to the axis of the phase diagram [39, 56]. Figure 1.3B visualizes schematically the change
in the location of the binodal as a function of gelation. As shown by the arrow in Figure
1.3B mixtures can change from the one phase region to the metastable or unstable region
of the phase diagram during gelation and therefore show phase separation.
Whether a sample enters the unstable or metastable region during gelation is often not
determinable but has a large effect on the final gel structure of the mixture. In the
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unstable region (above the spinodal) phase separation occurs via spinodal decomposition
leading to a bi-continuous microstructure (Figure 1.2A). Spherical enclosures of one phase
in a continuous phase of a second phase (microstructure in Figure 1.2B) are typical for
samples located in the metastable region of the phase diagram (location between binodal
and spinodal) or for the late stage of phase separation of samples that initially showed a
bi-continuous microstructure [57-59]. The final microstructure in the gel is thus
determined by an interplay between phase separation during gelation and the arrest of
the system due to the formation of a space spanning network.
200

A

B

Polymer B

150

100

Polymer B

50

Gelation

0
0

50

100

150

200

Polymer A

Polymer A

Figure 1.3 Graph A: Typical phase diagram containing binodal (solid curve), spinodal (dashed line) and tie lines
(solid lines). Graph B: Schematic phase diagram of binary mixture of polymer A and polymer B during gelation.
Arrow indicates location of sample with constant composition during gelation.
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Outline of the thesis
Figure 1.4 shows a general scheme for the preparation of a mixed biopolymer gel. The
first step involves the preparation of an aqueous solution for both proteins separately. In a
second step, a mixed solution is prepared by mixing the two protein solutions. The third
step is the gelation where a distinction is made whether component A or B forms a gel and
whether only one or both biopolymers are gelled. This thesis follows closely this general
scheme with the goal of understanding stepwise the evolution of mixed systems from a
single protein solution towards a mixed gel.

Figure 1.4 General flowchart of preparation for mixed biopolymer gels. Two types of biopolymers are indicated
with A and B and their gelled form using A’ and B’. Step α: preparation of stock solution. Step β: mixing of
stock solutions. Step γ.1: gelation of either one of the biopolymers. Step γ.2: Gelation of the secondary
biopolymer in the presence of a gel network. The systems in step γ are additionally labelled according Figure
1.1 using the steps 2.1, 3.1 and final gel structures 2.2 and 3.2.

Chapter 2 introduces membrane osmometry as a tool to characterize proteins in
solutions in terms of molecular size and molecular interactions (second virial coefficient
B’) at neutral pH and varying solvent conditions (ionic strength). Molecular weights and B’
are compared to literature values and theories dealing with molecular interactions.
Chapter 3 extends this characterization to mixed systems by quantifying the interactions
between two different proteins in aqueous mixtures. Many biopolymer mixtures show
phase separation at this stage. Proteins on the other hand are well known for their high
compatibility (no phase separation) and this chapter therefore focuses especially on the
absence of liquid – liquid phase separation in protein mixtures compared to protein /
polysaccharide mixtures.
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Chapter 4 concentrates on the gelation of gelatin in the presence of secondary, nongelled (globular) proteins. The occurrence or absence of phase separation during gelatin
gelation is explained based on the molecular interactions and molecular size obtained in
chapters 2 and 3. Phase separation is linked to rheological changes and a general
approach towards predicting whether mixed systems show phase separation during
gelatin gelation is given based on the protein size ratios.
Chapter 5 focuses on the heat induced gelation of globular proteins in the presence of
different types of non-gelled gelatin. Similar to chapter 4 the molecular size ratio between
proteins is used to explain the occurrence of phase separation and the related rheological
changes of mixed gels compared to single globular protein gels. A distinction between the
gelatin gels with added globular proteins and globular protein gels with added gelatin is
made and related to their gelation mechanisms.
Chapter 6 demonstrates that gelatin is able to form a gel inside the initially formed
globular protein gels on the example of soy protein isolate / gelatin mixtures. Fracture
properties (fracture stress and strain) of these mixed gels are related to the fracture of the
individual gel networks where the stronger of the two networks determines the fracture
of the mixed gel. Fracture properties are compared to literature via a texture map to
demonstrate the relevance of using mixed protein gels to obtain foods with desired
textural properties.
Chapter 7 deals with the applicability of different theories relating the modulus of mixed
gels to the gel microstructure and rheological properties of the respective individual gels.
Using data from the preceding chapters discrepancies in the applicability of these models
to especially globular protein gels are discussed and possible reasons for these
inconsistencies are given.
Chapter 8 discusses results across the different chapters and places the current work in
a wider context of the available scientific literature before giving an outlook on the
possible next steps in mixed biopolymer gel research.
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CHAPTER 2

2. Interactions in Protein Mixtures. Part I:
Second virial coefficients from osmometry1

ABSTRACT
The interaction of proteins (β-lactoglobulin, Bovine Serum Albumin (BSA), gelatins and
whey protein isolate (WPI)) in solution was quantified by measuring their second virial
coefficient using membrane osmometry. At neutral pH below 20 - 40 mM ionic strength,
electrostatic repulsion dominated the interaction. At higher ionic strength, BSA, WPI and
whey protein aggregates (WPA) were well approximated as hard spheres. On the other
hand β-lactoglobulin behaved as an adhesive hard sphere for which the stickiness
parameter τ (known from the Baxter model for sticky hard spheres) and depth and width
of the adhesive part of the interaction potential were calculated.

1

This chapter is based on: Ersch, C., Meijvogel, L. M. L., van der Linden, E., Martin, A. H., &
Venema, P. (2015). Interactions in protein Mixtures. Part I: Second Virial Coefficients from
Osmometry. Food Hydrocolloids (Accepted).
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Introduction
The interactions between proteins play an important role in many physical phenomena
like protein crystallization, aggregation, solubility and phase separation. For the
understanding of these phenomena it is important to know their mutual interactions,
which are typically expressed in terms of the second virial coefficient [1]. The second virial
coefficient B’ has been directly linked to the crystallization behavior of single and purified
protein solutions, which was found to solely occur within a narrow range called
‘crystallization slot’ [2-8]. Here most experimental data are available for BSA and lysozyme
at conditions typically needed to crystallize them [3, 5-7, 9-15]. However, in areas other
than protein crystallization, experimental data on second virial coefficients are rare. Only
few studies have been published, including β-lactoglobulin at the isoelectric point [16] or
uncharged polymers such as dextran [17] and PEG [18-20].
In mixtures of different polymers, their mutual interaction is characterized by their
second cross virial coefficient. Also here only a limited number of studies have been
published. Measurements of the second cross virial coefficient for the lysozyme /
ovalbumin mixture were used to explain the absence of aggregation [21]. Second cross
virial coefficients failed to predict the phase behavior of β-lactoglobulin / dextran [17] and
PEG / lysozyme [17, 22] mixtures indicating that their phase behavior is not well described
by two particle interactions. In other systems, however, second virial coefficients were
successfully used to predict the phase behavior for e.g. different PEG mixtures and for
mixtures of proteins and polysaccharides [19, 20, 23]. The success of all these
investigations largely depends to which extent one is able to measure the virial
coefficients accurately. This was addressed by Simonet et al. (2002) in their study of a guar
gum / dextran mixture using static light scattering, a frequently used technique for
measuring virial coefficients [3-5, 8, 24-28]. Virial coefficients can also be determined
using various chromatography methods [2, 14, 22] or membrane osmometry [2, 16, 17,
21, 29, 30].
We have chosen to use membrane osmometry for our study as it provides one of the
most direct ways to measure virial coefficients. Virial coefficients can be obtained directly
from measurement data by a simple and straight forward fitting procedure. The
measurements are relatively fast (approximately 20 minutes per measurement series) and
highly reproducible as long as the necessary precautions are taken to control solvent
conditions, something that will be addressed in the Material and Methods section. One of
the specific advantages of membrane osmometry is that the measured quantities are
number averaged, which makes this method insensitive to dust in the samples, often a
problem in light scattering.
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In the first part of this thesis we aim to quantify the interaction between proteins in
terms of second virial coefficients and aim to link these coefficients to the molecular
properties and phase behavior. The results are reported in two separate parts. This
chapter focuses on the interaction and phase behavior in simple systems and the
subsequent chapter 3 on more complex, i.e. mixed, systems. For simple systems we have
chosen to study bovine serum albumin (BSA), β-lactoglobulin (β-lac) and dextran because
these molecules are well described in literature and often used in applications.
Furthermore, we studied whey protein isolate (WPI) and two types of gelatin, relevant
proteins in food. To our knowledge no experimental data on the second virial coefficient
of these proteins have been published before. Determination of the second virial
coefficient under different solvent conditions will contribute towards a better
understanding of the behavior of these proteins. This approach has been proven to be
fruitful earlier in a limited number of studies, where the gelation of caseinates [31] and
the aggregate formation of β-lactoglobulin [32] was studied.
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Theory
The virial expansion for the osmotic pressure up to the first three terms is given by [33]
1

П

′

2.1

"

22

Where cp denotes the solute mass concentration [kg m-3], R is the gas constant, T the
absolute temperature and Mn the solute molecular weight [kg mol-1]. Here the first term
describes ideal behavior and is known as the Van ’t Hoff’s law [33, 34]. Deviations from
ideal behavior are expressed by the coefficients A’ [mol kg-2 m3] and A’’ [mol kg-3 m6 ]. The
coefficient A’ is usually expressed in terms of a so-called second virial coefficient defined
by B’ [m³ mol-1] as

2.2

′

The second virial coefficient B’ reflects the pair-wise interaction of two molecules and is
directly related to the potential of mean force between them [11, 16, 35] via
2

1

²

2.3

where r is the distance from the center of the particle, NA is Avogadro’s number, kB the
Boltzmann constant, and w(r) the interaction potential of mean force. We note that the
third virial coefficient plays a role once three particle interaction occur (at higher
concentrations) [2]. While the interaction is typically only expressed in terms of second
virial coefficients, the importance of higher virial coefficients should not be under
estimated especially when dealing with more concentrated systems [9, 30, 36-39].
In principle, one would like to determine w(r) using equation 2.3 from a sufficiently large
data set for B’. However, apart from the issue how to deal with the dependence of the
interaction on pH and ionic strength, this route poses a so-called inversion problem that
only has a unique solution when the potential is monotonic, something that is physically
not expected. An alternative approach is to postulate the interaction potential.
In general, the potential can be written as

2.4
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To a first approximation, proteins can be modelled as hard spheres (HS) for which the
interaction potential is shown in Figure 2.1.1 and given by
0,
∞,

>
≤

2.5

where a denotes the radius of a sphere. Using this potential in equation 2.1 leads to
16

′

2.6

3

Figure 2.1 Interaction potentials for hard spheres (HS) (1), sticky hard spheres with an infinitely thin attractive
well (Baxter model) (2) and hard spheres with an attractive square well potential (3). The particle radius is
given by a, the attractive well is indicated by (A), characterized by its depth ε (τ in Baxter model) and width δ

The simplest extension of the hard sphere model is the addition of a square attractive
well. One way to include this attractive part is the Baxter model (Figure 2.1.2) [40]
commonly known as the “adhesive hard sphere model”. It describes the adhesiveness by
using a parameter τ, which is related to the depth of the attractive well in the interaction
potential while its width is regarded to be infinitely small [41, 42].
Using the Baxter model it is possible to derive the following expression for the osmotic
pressure [38, 43]:
П

1

1

²

18 2
36 1

²

2.7

where ϕ is the hard sphere volume fraction of the solute and n the solute molar density.
It is noted that the first term in equation 2.7 corresponds to the pressure of a hard sphere
fluid (a result from the scale particle theory) [44, 45].

20

The second term in equation 2.7 accounts for the attractive part of the potential and its
parameter λ is given by
6

1

1
1
6

1

2

2.8
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The parameter τ can also be obtained from the second virial coefficient using
1
4

1

2.9

In order to arrive at a more realistic description of the interaction potential, including
both repulsive and attractive contributions, Prinsen et al. (2004) have proposed an
optimized Baxter model, which gives a crude approximation of the second virial coefficient
as a function of ionic strength (equation 2.10). It has been successfully applied to lysozyme
[38] and gives, in contrast to the Baxter model, information about the depth (UA) and
width (δ) of the attractive well. The relation they proposed reads
′

′

1

3
2μ

3
2

2.10

where µr is the dimensionless radius (µr = κa / 2), with κ-1 [nm] the Debije length as given
by
8

1

2.11

with λB = e2 / εr kBT the Bjerrum length, e the charge of an electron, εr the dielectric
constant of the continuous phase and I the ionic strength given by
1
2

2.12

where c is the molar concentration and z the charge number of ion i. The parameter ξ in
equation 2.10 is a dimensionless parameter defined by

where ̅

1

̅

μ

1 with Zeff the effective charge of the protein.
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As an alternative to the Baxter model the attractive square well in the interaction
potential can also be approximated as having a depth (ε) and a width (δ) for which the
potential is shown in Figure 2.1.3 and given by
0,
,
∞,

> 1
< < 1
≤
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The second virial coefficient can in this case be expressed in terms of the parameters δ
and ε given by
16
3
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Material and Methods
Materials
β-lactoglobulin (β-lac) lyophilized powder, dextran (dextran from Leuconostoc spp. Mr
~100 kDa) and Bovine Serum Albumin (BSA) lyophilized powder were purchased from
Sigma Aldrich (Steinheim, Germany). Whey Protein Isolate (WPI, 94% protein content
determined by Kjeldal) was purchased from Davisco Foods international Inc. (Le Sueur,
USA, MN). Gelatins type A (90% protein, bloom strength 290 and pI ~8) and type B (88%
protein, bloom strength 260, pI 5; all values determined by manufacturer) were kindly
provided by Rousselot BVBA (Gent, Belgium). Ingredients except dextran were used
without further purification. All other chemicals were of analytical grade and purchased
from Sigma Aldrich (Steinheim, Germany).

Dialysis
Dialysis was performed to remove low molecular weight fragments from dextran
samples. Dextran was dissolved in deionized water (Merck Millipore, Darmstadt,
Germany) at a concentration of 0.8% w/w and stirred for > 2 hours until dissolved. The
sample was placed in dialysis tubes with a cut-off of 12 to 14 kDa (Spectra Pore, Spectrum
Laboratories INC, Los Angeles, USA) and dialyzed against an excess of water at 4 °C.
Dialysis was performed for 3 days and dialysis water exchanged twice a day. After dialysis,
dextran was freeze dried and then stored at 4°C until further use. For size exclusion
chromatography analysis, the same procedure was used for one aliquot of WPI solutions.
For SEC analysis of gelatins, gelatin solutions were dialyzed at 40°C. Samples for SEC
analysis were not freeze dried and analyzed within a day after finishing dialysis.

Sample preparation
Solutions were prepared in MOPS buffer (20 mM, pH 6.8) which was prepared using
deionized water (18 MΩ cm). The ionic strength of the MOPS buffer was adjusted using
NaCl. MOPS buffers were degassed using a vacuum pump. WPI, dextran, β-lactoglobulin
and BSA solutions were prepared by dissolving the powders in the MOPS buffer at the
desired ionic strength and stirring at room temperature until all powder was dissolved.
Gelatin solutions were prepared in the same way but stirred at 60 °C for 1 hour to dissolve
gelatin granules. Solutions were then stored at 4 °C overnight. All sample handling from
this point onwards was performed at 40 °C. The pH was re-adjusted (adjustment only
needed for gelatin containing samples) to pH 6.8 using NaOH.
For whey protein aggregate (WPA) preparation WPI was dissolved in MOPS buffer
without added salt. Due to pH adjustment the ionic strength of this buffer was around 3
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mmolal. WPA were prepared by heating the WPI solution for 30 min at 95 °C in a water
bath. WPA were prepared at 1%, 2%, 4% and 6% w/w protein content. Samples prepared
at 1% and 2% were concentrated to 6% using an amicon stirred cell equipped with a 10
kDa membrane (Merck Millipore, Darmstadt, Germany). The protein content of these
samples was then determined by Kjeldahl (N-factor 6.25). For WPA measurements at
higher ionic strength, NaCl was added to the aggregate solution after cooling to room
temperature.
For osmometry measurements, dilution series were prepared using MOPS buffer
(tempered to 40°C) to ensure constant ionic strength. The polymer concentrations for
each sample were chosen such that the osmotic pressure was between 10² and 105 Pa.
This was typically the case for concentrations between 0.2% and 4% w/w for all samples.
For gelatins and dextran it was checked that the concentrations were below their critical
overlap concentrations. Dilutions were performed on a weight basis using an analytical
scale and sample concentrations re-calculated accordingly. For interpretation of
osmometry measurements in terms of equation 2.1, the concentration has to be
expressed in mass per volume. To convert concentrations from weight per weight basis to
mass per volume it is not correct to assume that all samples have identical densities. For
this reason, the density (mass per volume) of each sample was calculated separately using
,

1

2.16

where ρS(I,C) is the density of the solution at a given polymer concentration c and ionic
strength I. Here ρB(I) is the density of the corresponding buffer, ρp the density of the
polymer and Φp the polymer volume fraction. The buffer density was measured using a
densiometer (DMA 5000, Anton Paar GMBH, Graz, Austria) and found to be linear with
increasing ionic strength (results not shown).
The volume fraction of the polymer was determined using
1

2.17

where cp is the polymer concentration in gPolymer / gwater. The density (mass per volume)
of protein (1350 kg / m³) was taken from literature [46]. For dextran the density was
determined using measurements of a dilution series of dextran resulting in a density of
1452 kg / m³. Calculations were checked with density measurements of protein solutions
and a good agreement between measured and predicted values was found (results not
shown).
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Size exclusion chromatography (SEC - MALLS)
Size exclusion chromatography (Agilent technologies, 1200 series, Amstelveen,
Netherlands) with two columns in series (TSK gel G6000 PWXL + TSK gel G3000 PWXL) was
performed at 60 °C and a constant flowrate of 0.5 ml / min. Samples were filtered (0.22
µm) before analysis. As running buffer, a 10 mM phosphate buffer having a pH of 6.8 and
125 mM NaNO3 + 0.02% NaN3 was used. Multi angle laser light scattering (MALLS) was
performed using a Wyatt Dawn Heleos II. Data was fitted using a first order fit (ZIMM
model) between 35 and 153°.

Osmotic pressure measurements
A 090 membrane osmometer from Gonotec GmbH (Berlin, Germany) was used.
Measurements were performed at 40 °C using a 10 kDa cellulosetriacetate membrane
which was purchased from the manufacturer of the osmometer. For each measurement,
the osmometer was filled freshly with the same buffer as used for sample preparation and
dilution. Calibration was performed as described by the manufacturer and calibration
constant did not vary significantly between measurements.
The equipment was left to equilibrate before each measurement for 1 hour to obtain a
stable baseline (stable ± 5 Pa) which was only obtained after rigorous degassing of the
buffer in the reference chamber. For each sample, a dilution series was injected from low
to high polymer content. After injection equilibrium pressure (pressure change < 1 Pa / 10
sec) was typically obtained within 30 sec. Longer equilibration times were observed for
samples where either small molecular weight fractions could pass the membrane or
differences in ionic strength between the sample and the reference solutions existed.
Measurement series where this was observed were excluded from this publication. Each
sample was injected three times and the value from the final injection recorded as
suggested by the manufacturer. Data below 100 Pa were excluded from data analysis.
Osmotic pressure data were fitted to equation 2.1 using linear least square regression (MS
Excel 2010). The data for the osmotic pressure was fitted taking into account the first two
terms of equation 2.1. The coefficient A’’ was only included in the fit when this term
significantly contributed (p < 0.05). This was only the case for a limited number of
measurements. The raw osmometry data and the fitting parameters are available in the
Supporting Information as distributed with the publication related to this chapter.
Standard errors for osmometry results are expressed as uncertainly in fitting parameters
from regression. Double measurements have shown very good reproducibility which
resulted in experimental errors smaller than the fitting errors.
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Results and discussion
Pure polymer systems
Figure 2.2 shows the experimental data for the reduced osmotic pressure (i.e. Π / cpRT)
for Bovine Serum Albumin (BSA) and β-lactoglobulin (β-lac) at low and medium ionic
strength. The reduced osmotic pressure was fitted using equation 2.1 which allowed the
determination of the molecular weight and A’. The difference in y-axis intercept,
corresponding to 1/Mn, reflects the difference in molecular mass for BSA and β-lac. This is
also observed at different ionic strengths (cf. Figure 2.3A). The slopes of the lines in Figure
2.2 representing A’ in equation 2.1 are presented in Figure 2.3B. For both proteins an
increase in ionic strength yields a decrease in A’. For β-lac a change from a positive to a
negative value of A’ was observed when the ionic strength changed from 3 to 70 mM. This
indicates a change from a repulsive to an attractive interaction at increasing higher ionic
strength.
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Figure 2.2 Reduced osmotic pressure for BSA () and β-lac ( ) at an ionic strength of 3 mM (open
symbols) and 70 mM (closed symbols). Lines are first order fits of equation 2.1 to the data.

Figure 2.3 shows the molecular weight and A’, for BSA, β-lac and dextran, as a function
of ionic strength. Figure 2.4 contains the corresponding size exclusion chromatography
(SEC) results for the same material. Dextran had a nominal molecular weight of 100 kDa
according to the supplier. The average molecular weight from SEC was 210 kDa with a
large polydispersity (Figure 2.4 Mw/Mn ~ 4) similar to values reported in literature [47].
Both values are significantly above the values obtained by osmometry (40 kDa). The peak
maximum of the size distribution from SEC, however, is around 40 kDa which is close to
the molecular weight obtained by osmometry. Differences between measurements are
results from differences in the measurement principles applied. While in light scattering
larger aggregates dominate the measurements due to their volume averaged nature,
osmometry results are number averaged and therefore typically show lower Mn values.
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The Mn of BSA obtained from osmometry is around 80 kDa independent of ionic
strength. The BSA monomer has a nominal molecular weight of 66 kg / mol [48] which is
also the value obtained from light scattering for the BSA monomers (peak at 37.5 min,
Figure 2.4). Osmometry measurements reflect an average over all molecules, and, as SEC
results indicated the presence of slightly larger aggregates, the osmometry results yield a
slightly larger molecular weight than that of the single BSA molecule.
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Figure 2.3 Molecular weight (graph A) and A’ (i.e. B’/Mn2, with B’ the second virial coefficient) (graph B) as
determined from osmometry for dextran (▽), BSA (O) and beta lactoglobulin (☐) as a function of ionic
strength. The coefficient A’ expected for hard sphere interaction for BSA (dashed) and β-lac (dash-dotted) in
graph B are calculated using equation 2.6 and literature values for protein radii as presented in the text.

The monomer of β-lac has a nominal molecular weight of 18.3 kg / mol [49]. SEC analysis
showed an average molecular weight of 35.1 kg / mol (β-lac dimer) and the presence of a
small number of aggregated protein (peak around 28 min, Figure 2.4). In line with this the
average Mn from osmometry is slightly above the molecular weight of the dimer.
Osmometry results indicate that below an ionic strength of 50 mM this dimerization is
slightly more shifted towards the monomer. Above 50 mM however, a constant value of
39 kDa indicates complete dimerization of β-lac. This is in line with earlier published
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researches on the dimerization and oligomerization of β-lac [32, 49-51] which is known to
vary with salt concentration [32, 51].
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Figure 2.4 Molecular weight distribution from SEC for dextran (dashed), BSA (standard and material used for
osmometry) and β-lactoglobulin from SEC

For dextran, as for the proteins, increasing ionic strength leads to a decrease in the
second virial coefficient. For dextran, the shape of the curve in Figure 2.3 is significantly
different than for the proteins. While the proteins show an initial decrease in A’ and a
plateau value at higher ionic strength, the A’ of dextran decreases over the whole range of
ionic strengths. This is most likely caused by a change in solvent quality, since dextran is an
uncharged polymer, making electrostatic contributions to the interaction negligible [17,
52].
A’ values for BSA are comparable to literature values (Table 2.1). For β-lac values are
slightly higher than values obtained at the isoelectric point [16] but no direct comparison
to literature is possible. A’ values decrease with increasing ionic strength and level off
above 20 – 40 mM for both proteins. For the ease of wording, this will be referred to as
plateau value of A’ in the subsequent paragraphs.
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Table 2.1 Literature values for virial coefficients and molecular weight from osmometry

Protein

pH
5.6
7.6
5.4
7.4

BSA

6
7
8
7.4
7.4

β-lac
Dextran

5.18
5.18

Conditions
0.1 M KCl
0.15 M
(NH4)2SO4

Mn [kDa]

A’ [mol m³ kg-²]

A” [mol m6 kg-3]

63.00

9.20E-05

--

101.00

1.71E-04

--

80.2

4.00E-05

--

70.1

6.02E-06

--

8.39E-06

6.07E-07

2.09E-05

9.26E-07

8.69E-06

5.87E-07

1M
(NH4)2SO4

Ref
[12]
[13]

[10]

0.15 M NaCl

--

1.79E-04

--

[37]
[53]

1 M NaCl

57.2

-1.64E-05

1.25E-06

0.03 M NaCl

36.4

-2.43E-04

3.81E-06

0.18 M NaCl

34.0

-1.55E-04

8.26E-06

1.0 M NaCl

38.7

-7.35E-05

--

0.03 M NaCl

347.00

3.00E-04

[16]
[17]

29

22

Interactions in Protein Mixtures. Part I: Second virial coefficients from osmometry

The experimental value of A’ at high ionic strength for BSA lies close to the theoretical
value for a hard sphere with a radius 3.35 nm, the size of the BSA monomer [54]. Similar
hard sphere behavior has been reported earlier for BSA at high ionic strength, over a wide
pH range [10]. Increased repulsion between proteins at decreasing ionic strength (I) has
been discussed in terms of electrostatic double layers [32, 55, 56]. Figure 2.5 shows
experimental values and theoretical predictions for the second virial coefficient B’ for BSA.
The theoretical predictions have been calculated by using for the radius the hard sphere
radius increased by the Debije length. While this calculation is only the simplest possible
approximation of a complex molecular interaction it suggests that the reduction of B’ at
increasing ionic strength is closely related to the screening of the electrostatic interactions
and the decrease of the Debije length.

-1

B′ [m mol ]

3

3

2

1

0
0

30

60

90

120

Ionic Strength [mmol kg-1
Water]

Figure 2.5 Second virial coefficient B’ for BSA (O) at different ionic strengths, the line was calculated via
equation 2.6 using an effective radius of the protein given by a + κ-1, where a = 3 nm and κ-1 the Debije length.

Now going back to the case of β-lactoglobulin, Figure 2.3, we also observe a decrease in
the second virial coefficient at increasing ionic strength. As for BSA this can be attributed
to a decrease of the Debije length, κ-1. At ionic strength I above 40 mM, and pH 6.8, the
negative value for the second virial coefficient indicates that an attractive pair interaction
exists between β-lac molecules, mainly present in the form of dimers. Negative second
virial coefficients for β-lac have been reported for pH’s close to the isoelectric point (Table
2.1, [16]). Negative B’ values also have been determined for lysozyme and sodium
caseinate at similar solvent conditions [2, 36].
To account for the measured attraction (negative B’) between β-lac molecules the hard
sphere approximation as used for BSA needs to be extended. The simplest extension is the
addition of an attractive square well potential to the interaction potential as shown in
Figure 2.1.3. For an attractive well width (δ) equal to the Debije length we obtained a
depth (ε) of 0.6 kBT. Additionally we have used the adhesive hard sphere model (Baxter
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model) and determined the stickiness parameter τ (a measure for the adhesiveness) via
equation 2.7. In this route the parameter τ is obtained directly from osmotic pressure data
at low volume fractions. We also have determined τ from our second virial coefficient data
using equation 2.9 (results shown in Table 2.2). The two methods give comparable values
for τ. Following the route of Prinsen et al. (2004) we have also determined the parameter
δeUA (equation 2.10) which gives an estimation of the depth (UA = 2.97 kBT) and width (δ =
0.0647 σ/2) of the attractive potential well. Values are within the range of expected values
[42]. In order to fit our data we find an effective surface charge of -3e.
Values for τ have been used to predict liquid - liquid phase separation in protein
solutions. For example, for β-lactoglobulin [43] liquid-liquid phase separation was
observed at the iso-electric point at low ionic strength. For the Baxter model, liquid –
liquid phase separation is predicted for τ < 0.113. Indeed, Parker et al. (2005) finds that
the β-lactoglobulin system phase separates at τ = 0.11 and remains one phase at τ = 0.24.
In our systems τ > 0.113 (cf. Table 2.2), implying that no phase separation is expected.
Indeed we did not observe phase separation, nor has it been reported.
Using literature values of the second virial coefficient for β-lac [16] we determined τ at
the isoelectric point (τ = 0.066 for I = 180 mM and τ = 0.056 for I = 30 mM). These τ values
would predict phase separation at both conditions. However, this is not what is observed
experimentally (see published phase diagram [43]). A possible reason for this discrepancy
is that τ is volume fraction dependent, as already put forward by Prinsen et al. (2004). This
volume dependency is caused by contributions of the higher virial coefficients to τ when
determined at higher volume fractions. In the interpretation of τ this should be included.
When obtained experimentally at low volume fractions (or via the second virial
coefficient) τ is in general not sufficient to predict phase separation unless the second
virial coefficient is dominating the phase separation. This value, however, is a direct
measure of the molecular two particle interaction (“stickiness”). When obtained at higher
volume fractions on the other hand τ can possibly be used to predict phase separation but
cannot be used to derive information on the particle-particle interactions.
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Table 2.2 τ parameter for β-lactoglobulin obtained via different routes using hard sphere radius = 2 nm, UA =
2.97, δ = 0.0647 and =-3

Ionic Strength
[mmol / kgwater]
3.29

Mn
[kDa]
34.71

B’
[m³ / mol]
0.232

23.93

39.09

0.094

43.71

36.63

-0.033

0.178

53.69

37.61

-0.098

68.79

38.89

-0.027

83.36

38.91

99.44

38.34

τ [38]

τ [43]

µr

ξ

0.364

0.708

0.982

0.336

0.189

1.327

0.243

0.113

0.131

1.471

0.216

0.186

0.199

1.665

0.186

-0.027

0.188

0.200

1.832

0.164

-0.036

0.172

0.188

2.001

0.146

Crude protein systems
Besides being able to measure the molecular weight of relatively pure systems,
osmometry has the advantage that it is strictly number based. This method is therefore
suitable for crude systems that may contain small numbers of larger aggregates besides
monomeric proteins. If the crude systems consists of differently sized molecules one
determines the number averaged molecular weight and interaction. As these results
summarize a large number of different molecules and aggregates they will be referred to
as apparent molecular weight, Mn,A, and apparent second virial coefficient,
and
according coefficient , related to one another by equation 2.2.
Figure 2.6 shows the Mn,A and
of WPI and gelatin together with the results for β-lac
and BSA. The quality of these data as obtained from membrane osmometry depends on
the assumption that the used membrane is impermeable to all molecules. For crude
systems it is important to verify this. Figure 2.7 shows the SEC elution profiles of our
protein mixtures before and after excessive dialysis. Dialysis was performed with a
membrane having a nominal cut-off of 12 - 14 kDa which is slightly above the 10 kDa cutoff as used in osmometry measurements. The good agreement between both elution
profiles for WPI and gelatin shows that no material was able to move through the
membrane.
In Figure 2.6 the Mn,A for both gelatins scatters around 80 kDa with no clear trend over
ionic strength. This value for the apparent molecular weight is significantly below the peak
maxima and average molecular weights as obtained from SEC-MALLS (Figure 2.7), which
were 150 kDa and 145 kDa for gelatin A and B, respectively. These differences are
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however still reasonable because of the uncertainty in the SEC-MALLS analysis due to the
width of the elution peak.
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-2.0E-4
0

20

40

60

80

100
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Ionic Strength [mmol kg-1
Water]

a function of ionic strength at pH 6.8 and 40 °C for WPI (▽), gelatin type A (☐) and gelatin type B (O). Lines
show interpolated values for pure BSA (dashed line) and β-lac (solid line) from Figure 2.3.
Figure 2.6 Apparent molecular weight Mn,A (graph A) and apparent coefficient A’A (graph B) from osmometry as

WPI is a complex mixture of different proteins which makes it difficult to compare its
average molecular weight to literature values. It contains mainly β-lac (50%; 18-36 kDa), αlac (20%; 14 kDa) , immunoglobulins (10%; 100-200 kDa) and BSA (6%; 69 kDa)
(percentages in w/w)[49, 57-59]. SEC-MALLS analysis (Figure 2.7) also indicated the
presence of larger aggregates. In fact, WPI contains aggregates from a few µm as found in
SEC to tenths of µm as shown in the CLSM image in Figure 2.7. In osmometry, however,
these aggregates hardly contribute since the results are number averaged. The fact that
one measures a number average also explains why the apparent molecular weight Mn,A of
WPI is significantly below that of β-lac, since in WPI especially α-lac is present in large
numbers. The molecular weight of WPI increases with increasing ionic strength from 25
kDa at low ionic strength to 31 kDa above 40 mM. WPI measurements were performed at
similar total protein concentrations as the measurements for pure β-lac. In WPI
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measurements, the β-lac therefore was present only at 50% of the concentration used in
pure β-lac measurements. With the monomer / dimer equilibrium shifting towards the
monomer at low ionic strength and low protein concentration it can be expected that in
WPI measurements at low ionic strength relatively more monomeric β-lac is present. With
increasing ionic strength the equilibrium shifts towards the β-lac dimer which is suggested
to be the main cause for the increase of Mn,A upon increasing ionic strength.
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0.4
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β-lac

0.2
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0
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Molecular Weight [kDa]
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0.4
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Figure 2.7 Molecular weight and relative refractive index as a function of elution time of WPI (graph A) and
gelatins (graph B) as obtained from SEC-MALLS. Graph A: WPI before dialysis (solid line) and after dialysis
(interrupted line), β-lac and α-lac standards are shown for reference (dashed lines); Graph B: gelatins as
labelled in the graph before (solid line) and after dialyzing (interrupted line). Image in graph A shows a CLSM
image of a WPI solution (scale bar 100µm)

The apparent coefficient
of WPI and gelatin B have a similar behavior as a function
of ionic strength as for BSA, which was attributed to the screening of the electrostatic
double layer. At pH 6.8, i.e. above the isoelectric points (pI) of WPI and gelatin B (WPI pI =
4.8-5.2 [59], gelatin B pI = 5 [60]), the proteins WPI and gelatin B carry significant amounts
of negative charge, similar to BSA. Gelatin A at pH 6.8 (pI 8 [60]) is only weakly positively
charged and its apparent second coefficient
was found to be independent of ionic
strength. Therefore electrostatic repulsion is assumed to be negligible in the interaction
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between gelatin A molecules at neutral pH. This was in line with our experimental results
within the range of measured ionic strength. Assuming that we may approximate proteins
as hard spheres, an effective protein radius of 2.2 nm was obtained from plateau values of
for WPI. For gelatin this value is larger with 4.5 nm for type A and 6 nm for type B. Our
values are typically lower than the ones reported in literature [61, 62].
Figure 2.8 presents the apparent molecular weight Mn,A together with the apparent
second virial coefficient
for whey protein aggregates (WPA) at varying ionic strength.
WPA were prepared at fixed solvent conditions (pH 6.8, 3 mM ionic strength) at increasing
protein concentration, leading at sufficiently high protein concentration, to protein
aggregates with constant internal structure and increasing radius [32]. The effective
aggregate radius as calculated from the virial coefficient at high ionic strength is shown in
Figure 2.8A. The effective aggregate radius and molecular weight both increase with
increasing protein concentration. Their values are significantly smaller than values
reported [63, 64].
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Figure 2.8. Graph A: Apparent molecular weight (☐) and WPA radius ( ) calculated from the apparent second
virial coefficient
at high ionic strength. The value of Mn,A and radius at zero concentration WPI corresponds
to native WPI. Graph B: apparent second virial coefficient ( ) for WPI (dashed line) and WPI aggregates
prepared at 1% (☐), 2% (O), 4% (▽) and 6% (◊) protein concentration.
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is positive and
For both WPA and WPI the apparent second virial coefficient
increase with increasing
decreases with increasing ionic strength. The values of
aggregate size and are larger than
as obtained for WPI. Results indicate no significant
difference between the dependency of
versus ionic strength for whey proteins versus
whey protein aggregates. This suggests that the interaction between WPA is similar to the
interaction between WPI molecules; a hard sphere interaction with a radius equal to the
hard sphere radius plus the Debije length.

Conclusion
Osmometry was successfully used to determine the molecular weights of various
protein and a dextran sample. The number averaged molecular weight results obtained
from the osmotic pressure measurements were systematically below volume averaged
values reported in literature. This difference is attributed to the different measurement
principles. Number averaged values are especially useful for direct incorporation in
thermodynamic theories.
For the proteins BSA and WPI, and whey protein aggregates (WPA), the behavior of the
second virial coefficient as a function of ionic strength suggests that they can be modelled
as hard spheres with a radius equal to the hard sphere radius plus the Debije length. Once
the electrostatic double layer was screened, simple hard body interaction described their
interactions well. For the protein β-lac we found that for our solvent conditions it was well
described as a sticky hard sphere, where the depth and width of the attractive well in the
interaction potential were determined.
To our knowledge this is the first systematic investigation of second virial coefficients for
food relevant proteins at conditions frequently used for applications. Especially for those
conditions where proteins have been shown to behave as hard spheres, application of
these results to explain their behavior via well described theories for colloidal systems
should now be feasible. The next steps will be towards describing the phase behavior of
mixed systems based on the virial coefficients. Here, a special interest lies in whether for
mixed systems it is possible to predict their phase behavior based on two particle
interaction (second virial coefficient), which we will report on in chapter 3.

Supporting Information
Second virial coefficients in table format and raw data of osmotic pressure
measurements are published as supporting material with the publication connected to
this chapter.
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CHAPTER 3

3. Interactions in Protein Mixtures. Part II: A
virial approach to predict phase behavior2
ABSTRACT
A virial theory was used to relate molecular interactions (in terms of second virial
coefficients, B’) and molecular size ratios to liquid – liquid phase separation. Application of
the virial theory to binary hard sphere mixtures (additive and non-additive) confirmed the
applicability of this simple approach towards predicting phase behavior based on twoparticle interactions. Experimentally, second cross virial coefficients were obtained for
dextran / gelatin, whey protein isolate (WPI) / gelatin mixtures and whey protein
aggregate (WPA) / gelatin mixtures using membrane osmometry at varying ionic strength.
From this, solvent conditions where interactions between proteins are dominated by
electrostatics and solvent conditions where interactions are dominated by hard body
interactions could be determined. Using experimentally obtained second virial
coefficients, the liquid – liquid phase separation for gelatin / dextran mixtures was
successfully predicted. Second cross virial coefficients for gelatin / whey protein isolate
and for gelatin / whey protein aggregates could be related to the absence of phase
separation in these mixtures. This could be related to a similar size of the proteins and
their non – additive behavior at conditions where they mainly interact via hard body
interactions.

2

This chapter is based on: Ersch, C., van der Linden, E., Martin, A. H., & Venema, P.
(2015). Interactions in Protein Mixtures. Part II: A Virial Approach to Predict Phase
Behavior. Food Hydrocolloids (Accepted).
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Introduction
Proteins are present in many biological systems whose macroscopic appearance can be
typically described by the interactions between proteins [1]. The interactions can be
quantified in terms of the second virial coefficient, taking into account interactions
between pairs of proteins. However, experimental data on the second virial coefficient for
proteins are scarce in literature.
Second virial coefficients for proteins have been mainly obtained in connection with the
crystallization behavior of lysozyme and Bovine Serum Albumin [2-12]. Other proteins are
only studied sporadically and within a limited range of solvent conditions [13-17]. The
molecular interactions between polymers of different kind (including proteins) have
received even less attention. The interaction between different polymers is quantified in
terms of the so-called second cross virial coefficient. Studies here mostly focus on model
biopolymer solutions and their phase behavior. Using a virial theory, Edmond et al. (1968)
[16] successfully predicted the phase behavior of PEG mixtures. A similar approach was
followed by Kang et al. (1987) [17] for dextran / PEG mixtures and by Semenova et al.
(1998) [18] describing the phase separation of several protein / polysaccharide mixtures.
Schaink et al. (2007) [14] showed for β-lactoglobulin / dextran mixtures that a virial theory
only including the second virial coefficient underestimates the critical concentrations
above which phase separation can be expected. In line with this result Bloustine et al.
(2005) [19] also observe that in order to describe the phase behavior of PEG / lysozyme
mixtures it was important to include higher virial coefficients.
Apart from using (second) virial coefficients to describe phase separation in polymer
mixtures, they are also valuable to describe other processes. Virial coefficients have been
used for the explanation of caseinate gelation [20], the coacervation of ovalbumin and
lysozyme [21] and the aggregate formation of β-lactoglobulin [22]. Nevertheless, the total
number of investigations including virial coefficients to describe protein (or more general
biopolymer) interactions is limited.
Experimentally, the second virial coefficient can be obtained using different scattering
techniques [10, 11, 23-29], sedimentation experiments [16] or membrane osmometry [13,
14, 21, 30-32]. We have decided to use membrane osmometry because of its direct
measurement of the osmotic pressure, and because the measured values are numberaveraged and therefore insensitive to sample impurities, like dust. In chapter 2 we have
determined the molecular weight and molecular interactions for a variety of proteins and
crude protein mixtures. These results were used to estimate the strength of the adhesive
interactions between β-lactoglobulin molecules, which turned out to be well-described as
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adhesive hard spheres. Bovine Serum Albumin, whey protein isolate (WPI) and two types
of gelatins were found to interact mainly via hard body interactions at higher ionic
strengths, while at lower ionic strengths electrostatic repulsion (additional to hard body
interaction) contributes more and more to their total interaction.
In this chapter we focus on the pair interaction between proteins at solvent conditions
often found in foods (neutral pH and low to intermediate salt concentrations). Because in
many foods proteins are frequently present in their aggregated form we also include whey
protein aggregates prepared by a pre-heating step of the native protein. Compared to
whey protein in the native state, whey protein aggregates are reported to cause phase
separation in protein mixtures at lower concentrations [34-36]. We aim to present the
experimental results in such a way that they can be directly used in other studies involving
protein mixtures.
The theory section of this chapter is divided in three parts. Part 1 presents the route
how second cross virial coefficients can be obtained from osmometry measurements. Part
2 focuses on predicting liquid – liquid phase separation based on two-particle interactions
via the virial expansion approach. In the third part we then apply this approach to predict
liquid – liquid phase separation in binary hard sphere mixtures. In the experimental part
we then apply the theory to predict phase separation in gelatin / dextran mixtures and
explain the absence of phase separation in different gelatin / whey protein mixtures.
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Theory
Polymer interactions
The interaction between polymers can be described by their so called interaction
potential of mean force. This means that an average over all solvent molecules has taken
place (the behavior of solvent molecules has been integrated out). For thermodynamic
considerations the interaction potential is typically expressed in terms of the second virial
coefficient where the relation between the two is given via the McMillan-Mayer theory
[37]
2

3.1

1

with B’ the second virial coefficient, NA Avogadro’s number, w(r) the interaction
potential of mean force, r the radial distance and kBT the thermal energy, with kB the
Boltzmann constant and T the absolute temperature. In this expression w(r) is assumed to
be isotropic. Experimental determination of virial coefficients can be performed using
osmotic pressure measurements. The relationship between osmotic pressure П [Pa] and
polymer weight concentration cp [kg m-3] can be written for single polymer solutions as:
1

П

′

3.2

" ²

Here R is the gas constant and Mn the molecular weight. The first term represents the
Van ‘t Hoff law and A’ [mol m3 kg-2] and A” [mol m6 kg-3] are coefficients describing the
deviation from ideal behavior. These coefficients are directly related to the second and
third virial coefficient, B’ and B”, respectively. For the second virial coefficient this
relationship is given by:
′

3.3

′

To account for the interaction between different types of polymers in mixtures,
equation 3.2 can be extended including pair-wise particle interactions as
П

1

′

,

′

,

2

′

,

3.4

Here (П / cpRT) is the so-called reduced osmotic pressure and cp the total polymer
weight concentration [kg m-³]. A’1,1 is the interaction coefficient for polymer 1, A’2,2 the
interaction coefficient for polymer 2 and A’1,2 the cross interaction coefficient
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representing the particle-particle interaction between polymer 1 and polymer 2. The
weight fractions w1, w2 for polymer 1 and 2 are defined by
,

,

,

1

,

,

,

,

,

3.5

where cp,1 and cp,2 are the weight concentrations of polymer 1 and 2 respectively and cp
the total polymer concentration. 1/
in equation 3.2 is defined by
1

,

,

3.6

Using equation 3.2 the cross interaction coefficient (A’1,2) can be obtained from osmotic
pressure measurements if the coefficients A’1,2, A’2,2 and molecular masses Mn,1, Mn,2 of
both polymers were determined in separate measurements. The coefficients can then be
related to the second virial coefficients via a generalized version of equation 3.3 given by
,

,

,

,

3.7

with i = 1,2 and j = 1,2 referring to the two polymers. Ideally, one would like to
determine the interaction potential from the virial coefficients by measuring the second
virial coefficient as a function of e.g. pH, T or ionic strength and inverting equation 3.1. In
case of a gas this can be done using different temperatures. However, in case of a protein
this route is less practical and, in general, the inversion is anyway only possible if the
interaction potential w(r) is monotonic, something which is not expected [38]. Another
route to compare experimental values for the second virial coefficients to theory would be
to postulate the interaction potential w(r) and evaluate equation 3.1. However, this
requires detailed knowledge of a number of molecular and solution parameters which are
not known for the crude polymer sources we study here.
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We will therefore analyze the experimentally obtained second virial coefficients in terms
of a simple hard sphere (HS) model for which the interaction potential is given by
0,
∞,

>
≤

3.8

and the second virial coefficient (B’1,1 or B’2,2) as
16

,

3.9

3

33

where a is the radius of the sphere (protein). The interaction potential for the second
cross coefficient is given by
,

0,
∞,

⁄2
⁄2

>
≤

3.10

where a1 and a2 refer to the radii of spheres 1 and 2, respectively, as shown in Figure
3.1. The second cross virial coefficient for a mixture of binary additive hard spheres can be
calculated from the hard sphere potential w(r)HS 1,2 which reads
,

16

3

3.11

2

a1

B´1,1
B´1,2

B´2,2
a2

Figure 3.1 Mixture of two types of spheres with the radii (a) and second virial coefficients (B’) indicated.
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Phase diagrams based on two particle interaction
To obtain phase diagrams we follow the virial expansion approach originally forwarded
by McMillan and Mayer (1945) [37]. Second virial coefficients as obtained from
osmometry can be directly used in this approach without conversions or additional
assumptions. To determine the phase diagram, one uses the fact that in thermodynamic
equilibrium (at the binodal) the chemical potential of each component and the osmotic
pressure in both phases are equal [14]:

3.12
Where the two phases are denoted by I and II, µi denotes the chemical potential of
component i = 1,2 and Π denotes the osmotic pressure. Within the McMillan-Mayer
theory the potential of mean force is introduced, where the contribution of the solvent
molecules is integrated out and as a result the chemical potential of the solvent does not
have to be considered anymore. The chemical potential of a polymer in a dilute solution
can be expressed in terms of the second virial coefficients and polymer molar
concentration using [39, 40]
μ

μ

2

,

2

3.13

,

,

Where i = 1,2 refers to polymers 1 and 2 respectively, μ the standard state chemical
potential, c the molar concentration in [mol m-3] and B’ the second virial coefficient in [m³
mol-1].
From equation 3.4 and equation 3.13 it is possible to evaluate equations 3.12 which for
two polymers in solution are explicitly given by:
′

2 ′

2 ′
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3.14

The resulting system of three equations with four unknowns ( , , , ) can be
evaluated iteratively by choosing a value for either one of the four unknowns and
calculate the other three. Alternatively, this can be expressed as a set of five equations
with five unknowns when taking the conservation of mass into consideration, as is shown
in the appendix to this chapter. Equations 3.14 can be used to calculate the location of the
binodal. The binodal is the line in a phase diagram that separates the one phase region
from the two phase region (for an example of a phase diagram we refer to Figure 3.6). In
the region close to the binodal (but still below the spinodal), mixtures are metastable or
can phase separate via nucleation and growth. The spinodal can be determined using the
determinant of the stability matrix of the system (equation 3.15) [41]. The spinodal
separates the metastable region of the phase diagram (area between binodal and
spinodal) from the unstable region (area above the spinodal). Binodal and spinodal
coincide at the critical point (equation 3.20) which is defined as the point with the lowest
total polymer concentration that shows phase separation.

3.15

0

Here M1 is the stability matrix of the partial derivatives of the chemical potential for the
two polymers relative to their number density [42, 43], given by:
μ

μ

μ

3.16

μ

By substituting this into equation 3.15 we arrive at
μ

μ

μ

μ

3.17

0

Evaluating equation 3.17 leads to the following equation for the spinodal
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which can be rewritten as
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The critical point of the mixture can be found by applying the following two conditions
[41]
0

3.20

0

where the matrix M2 can be obtained by replacing any of the row vectors of M1 by

3.21
Following this route, a set of two equations (derivation details given in appendix) are
obtained (equations 3.22) that must be solved numerically to obtain the molar
concentration of polymer 1 (c1) and polymer 2 (c2) at the critical point.
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3.22

For a two-polymer system for which the second virial coefficients are known, equations
3.14 to 3.22 allow the construction of a phase diagram without any adjustable
parameters. To estimate whether in certain situations phase separation is predicted by
this approach we use equation 3.18. For a system with positive second virial coefficients
(mainly repulsive interactions), equation 3.18 only has a solution if
larger than the product of B’1,1 B’2,2. We define the parameter B’crit as
′

′

′

,

,

′

,

′

,

is at least

3.23

For B’crit > 1 a system can in principle show phase separation while for B’crit < 1 this is not
possible. Whether a liquid – liquid phase separation does occur, however, also depends on
the total solute concentration which needs to be considered separately. This will be
discussed in the subsequent paragraphs.
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Phase separation in hard sphere systems
The approach described in the previous section can be used to determine the phase
diagram of mixed systems where the second virial coefficients (B’1,1, B’2,2 and B’1,2) are
known. These can be obtained experimentally as will be discussed at a later stage. To
illustrate the features of this virial theory we first consider a binary hard sphere mixture
where two-particle interactions (and therefore second virial coefficients) typically describe
the phase behavior of binary hard sphere systems well [44, 45]. The hard sphere model
has been proven valuable to understand the phase behavior of systems containing
monodisperse colloidal particles. The hard sphere approximation also applies to binary
mixtures of hard spheres and polymers as long as the polymers are not much larger than
the colloids [46]. An overview of theoretical and experimental results regarding hard
sphere systems can be found in the relevant literature [46, 47].
Hard sphere interactions are typically modelled as either additive or non-additive [48,
49]. For so called additive hard spheres the interaction between similar spheres (B’1,1 and
B’2,2), as well as the interaction between two different spheres (B’1,2), are solely due to
their excluded volume (equation 3.11). Non-additivity accounts for deviations of the
interactions between both species (B’1,2) relative to the value expected for the additive
case, which when introduced in equation 3.11 yields
,

16

3

2

1

∆

3.24

where Δ (≥ -1) is defined as the non-additivity parameter. The parameter Δ in equation
3.24 is the simplest possible way to account for a non-ideal behavior where the physical
reasons behind non-ideal behavior are not known. For Δ = 0 equation 3.24 reduces to
equation 3.11 which represents the additive hard sphere case. In binary hard sphere
mixtures phase separation is based on the depletion of the smaller particles away from
the larger particles. Because in hard sphere mixtures all second virial coefficients can be
calculated using equation 3.24 we can use the route outlined in the previous section to
predict phase behavior. Alternatively one could use depletion theory [46] to derive the
interaction potential and from the interaction potential the second virial coefficient.
Phase separation via depletion in binary hard sphere mixtures depends on the size ratio
q of the two spheres:
3.25
Where a1 and a2 are the radii of the two spheres.
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For binary additive hard sphere mixtures Bcrit (see equation 3.23) can be expressed in
terms of q by
′

,

,

,

1
64

3.26

Figure 3.2 shows the behavior of Bcrit as a function of the size ratio q together with the
total critical volume fraction (obtained from equations 3.22 with Ф ,
′ , ⁄4 where i =

1,2 refers to spheres 1 and 2 respectively). The critical volume fraction Φcrit is defined as
the total volume fraction of spheres at the critical point (Φcrit= Φc,1+ Φc,2 with Φc,1 and Φc,2
the volume fractions of particle 1 and 2 at the critical point). Because the hard spheres
only differ in size, Figure 3.2 is symmetrical around q = 1. At q = 1 where the spheres are
equally sized we have Bcrit = 1, indicating the absence of liquid - liquid phase separation.
Since spheres only interact via their excluded volume, the q = 1 case corresponds to a
system consisting of monodisperse hard spheres. Here indeed, no liquid – liquid phase
transition was predicted, but only a liquid – solid phase transition [47]. For unequally sized
hard spheres where q ≠ 1 we find that Bcrit > 1, indicating the possibility of liquid – liquid
phase separation at sufficiently high volume fraction. The critical volume fraction (Φcrit)
needed for a liquid – liquid phase transition is around Φcrit = 0.3 for either q << 1 or q >> 1.
The critical volume fraction Φcrit seems to show two shallow minima close to q = 10 and q
= 0.1 and diverges when approaching q = 1.
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Figure 3.2 Behavior of Bcrit (indicated by interrupted line, left vertical axis) and the critical volume fraction Φcrit
(, right vertical axis) as a function of sphere size ratio q.

Until now we have only considered additive hard spheres. In practice most systems
show non-additivity, which changes their phase behavior [48]. We have determined the
location of the critical point for binary hard sphere systems with varying non-additivity (Δ)
over a range of size ratios q (from 10-3 to 103 ), which is shown in Figure 3.3. The q values
for the case Δ = 0.2 are shown on a separate axis inside the plotting area in Figure 3.3. The
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graph is symmetrical relative to the line Φc,1 = Φc,2 where the points for q < 1 lie above and
those for q > 1 lie below this diagonal line. The q-values for other Δ values change similarly
where q = 1 lies on the line Φc,1 = Φc,2.
For Δ < 0 the range of q-values where no phase separation is found widens (larger
diagonal distance between the line Φc,1 = Φc,2 and the critical point values). The condition
Δ < 0 corresponds to a decrease in second cross virial coefficient compared to the purely
additive case. The larger q-range where no phase separation is found (gap between
diagonal and critical points) is a good measure for a higher compatibility of binary hard
spheres in this case (Δ < 0).
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Figure 3.3 Location of the critical point (equations 3.22) for binary mixtures of additive and non-additive hard
spheres at varying q-values (10-3 to 103). Axis show the volume fraction of particles at the critical point (Φc,1
and Φc,2). The inset is an enlarged view at low volume fractions. Solid line without points represents additive
hard spheres with Δ = 0 at varying size ratio q. Binary hard sphere systems with a negative non-additivity
parameter Δ are indicated with triangles ( for Δ = -0.1 and  for Δ = -0.05). Binary hard sphere systems with
a positive non – additivity parameter Δ are indicated by squares and dots (Δ = 0.05 (), Δ = 0.1 (), Δ = 0.2
( ), Δ = 0.4 () and Δ = 0.6 ()). The change in q for Δ = 0.2 is indicated by an additional axis in the graph area.
For other Δ values q changes correspondingly.

With increasing positive Δ the location of the critical point shifts to lower volume
fraction at given q-values (indicated by dashed lines with labelled q-values). Above Δ = 0.2,
phase separation is also observed at q – values closer to 1 (closer to the diagonal). Both
observations show the decreasing compatibility of hard spheres with increasing Δ which
leads to phase separation at lower volume fraction and lower q-values. Δ > 0 corresponds
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to a situation with increased repulsion compared to the additive hard sphere case. It
corresponds to cases such as electrostatic repulsion between the two different types of
hard spheres or non-spherical shapes which are both known to reduce compatibility of
colloidal particles.
Results show that the virial expansion theory including up to the second virial
coefficients is capable to predict phase separation in binary hard sphere mixtures. Results
are comparable to approaches such as e.g. Monte Carlo simulations of non-additive hard
spheres where e.g. Δ ≈ 0.2 as critical non-additivity factor for liquid – liquid phase
separation has been obtained (at q = 1) [50, 51]. Figure 3.4 shows the phase diagrams for
systems with q = 1 at different non-additivity parameters. At Δ = 0.2 liquid – liquid phase
separation is in fact predicted at reasonably low total volume fraction (Φcrit ~ 0.4) for
phase separation to be observable in practice. Of course, since we do not consider
possible solid-liquid phase separation in this model, the liquid-liquid phase separation
might be meta-stable relative to the liquid-solid transition.
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Figure 3.4 Calculated binodals (dashed lines) and critical points (filled dots ()) for equally sized binary hard
sphere mixtures (q = 1) as a function of the particle volume fraction Φ1 and Φ2 at varying non-additivity Δ = 0.2
(), Δ = 0.4 () and Δ = 0.6 ( ). Some of the tie lines are indicated by solid lines.
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Material and Methods
Materials used in this chapter have been described and characterized in detail in
chapter 2 which also contains more details about the osmometry measurements. Whey
protein isolate (WPI) was purchased from Davisco Foods international Inc. (Le Sueur, MN,
USA). Gelatin samples were provided by Rousselot BVBA (Gent, Belgium). Dextran
(Dextran from Leuconostoc spp. Mr ~100 kDa) was obtained from Sigma Aldrich
(Steinheim, Germany). All materials except dextran were used without further
purification. Dextran was dialyzed and freeze dried before use to remove low molecular
weight fractions (details see Material and Methods section in chapter 2).
Whey protein aggregates (WPA) were prepared by heating a 4% or 6% w/w WPI solution
(20 mM MOPS buffer pH 6.8 with an ionic strength of 3 mM) at 95 °C for 30 minutes which
lead to differently sized aggregates (characterized in chapter 2). The aggregate solutions
were then adjusted to the desired ionic strength for the measurement and from this point
onwards treated identically to the protein stock solutions. The protein or dextran stock
solutions were prepared by initially dissolving proteins or dextran in MOPS buffer (20 mM
pH 6.8) at the desired ionic strength (adjusted by adding NaCl). Ionic strength (I) was
calculated using
1
2

3.27

where c is the concentration of ion i in mol / kgwater and z the corresponding charge.

Gelatin stock solutions were heated for 1 hour at 60 °C until dissolved. WPI and dextran
stock solutions were stirred at room temperature until dissolved. Stock solutions were
then stored at 4 °C overnight. Before sample preparation stock solutions were heated to
40 °C. Stock solutions were then mixed to obtain samples with different polymer ratios.
From these samples a dilution series was prepared using MOPS buffer with the desired
ionic strength. In this way samples inside one dilution series were identical in their ionic
strength and polymer ratio while differing in total polymer concentration. Measurements
were performed at polymer concentrations between 0.2% and 4% w/w so that the
osmotic pressure was between 10² and 105 Pa.

Osmometry measurements were performed at 40 °C using a 090 membrane osmometer
from Gonotec GmbH (Berlin, Germany) equipped with a 10 kDa cellulose-triacetate
membrane. To calculate the second cross virial coefficient (B’1,2), osmotic pressure data
for different polymer ratios were fitted simultaneously to equation 3.4 (truncated after
the second coefficient) using one A’1,2 value for all polymer ratios. The average molecular
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weight ( ) was used as a variable in these fitting procedures to allow a comparison
thereof with the expected value as calculated via equation 3.6. All calculations were
performed in MsExcel 2010 with the exception of solving the set of equations 3.14 to 3.22
which was performed using MatLab® 2013a.
To obtain phase diagrams, samples were prepared in 96 well plates (200 µl per well).
The complete range of experimentally accessible concentrations was obtained by first
mixing stock solutions in different mixing ratios and then diluting these samples further.
Phase separation was detected by visually analyzing the sample for changes in turbidity.
Visual observation was shown to be more accurate than the measurement of transmission
which was influenced by the unavoidable formation of small, highly stable air bubbles on
top of the samples during pipetting.
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Results and Discussion
Gelatin A / Dextran model system
The reduced osmotic pressure of gelatin type A / dextran mixtures at three different
polymer ratios is shown in Figure 3.5A. The value for the cross coefficient A’1,2 and the
apparent average molecular weight
was obtained by fitting the reduced osmotic
pressure to equation 3.4. The coefficients A’1,1 and A’2,2 and the molecular weights Mn,1
and Mn,2 were obtained from osmometry measurements of the single components of the
mixture (w1 = 1 or w2 = 1) as determined in chapter 2. One single value for A’1,2 gave a
good fit for all three polymer ratios. Figure 3.5B shows the apparent average molecular
weight ( ) (black dots) as obtained by fitting the experimental results to equation 3.4,
together with the value of
as determined from equation 3.6 (open circles). Given the
good correspondence in Figure 3.5B between the two sets of data points, it can be
concluded that aggregation or dissociation of the biopolymers did not occur upon mixing.
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Figure 3.5 Graph A: Reduced osmotic pressure of dextran / gelatin type A mixtures at three different weight
fractions (gelatin weight fraction 0.31 , 0.54  and 0.73 ) at ionic strength 100 mM as a function of total
polymer weight concentration. The lines are fits to the data using equation 3.4. Graph B: Experimental results
for the average molecular weight
values (indicated by black dot with error bars) and theoretically expected
values via equation 3.6 (O) as a function of the weight fraction of gelatin in the mixture.

Gelatin and dextran are well-known for their liquid-liquid phase separation at relatively
low concentrations [52-54]. It is therefore expected that the phase separation can be
described using the earlier described virial theory where only pairwise interactions are
considered. Figure 3.6 shows the phase diagram for a gelatin type A / dextran mixture
obtained at 40 °C. The phase diagram was calculated using equations 3.14 to 3.22 and the
second virial coefficients from osmometry (Table 3.1). The phase diagram shows the
binodal, spinodal, the critical point and the tie lines. The experimental data is also
included and was obtained earlier by Edelman et al. (2003) [52]. Given the proximity of
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the calculated and experimental data we conclude that the above virial theory is capable
to predict the liquid-liquid phase transitions for this system.

Gelatin Concentration [kg m-3]

200

150

100

50

0
0

50

100

150

200

Dextran Concentration [kg m-3]

Figure 3.6 Calculated phase diagram of dextran / gelatin type A at 40 °C with the binodal including the tie lines
(solid curve and lines), spinodal (interrupted line) and critical point ( ). Second virial coefficients are B’1,1(Gelatin)
= 1.28 m3 / mol, B’2,2(Dextran) = 0.12 m3 / mol and B’1,2 = 1.27 m3 / mol, molecular weights are given in Table 3.1.
Experimental data () was obtained from Edelman et al. (2003) [52]

Gelatin / WPI
We have also determined the second cross virial coefficient (B’1,2) for WPI / gelatin type
A and type B mixtures. The results are listed in Table 3.1. The molecular weights Mn and
second virial coefficients (B’1,1 and B’2,2) for WPI and gelatin (type A and type B) had
already been obtained in chapter 2. For gelatins the molecular weight was found
independent of ionic strength. For WPI a slight increase in molecular weight with
increasing ionic strength was observed and attributed to the dimerization of βlactoglobulin. Table 3.1 also contains the effective radii for WPI and gelatin. Radii were
obtained from second virial coefficients at high ionic strength where electrostatics are
screened as determined in chapter 2. For WPI and gelatin type B the second virial
coefficient B’1,1 decreases with increasing ionic strength which is based on the reduction of
electrostatic repulsion due to the screening of the electrostatic double layer. For gelatin
type A on the other hand the second virial coefficient B’ is independent of ionic strength.
Measurement conditions are close to the isoelectric point of gelatin type A where the
contribution of the electrostatic interaction is minimal. Since we measured the behavior of
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the second virial coefficients and molecular weights as a function of ionic strength, we are
also able to determine the second cross virial coefficients as a function of ionic strength.
Results are shown in Table 3.1 and Figure 3.7A and B.
9

A

B

B′ [m3 mol-1]

6

33

3

0

-3
0

30

60

90

120

0

30

60

90

120

Ionic Strength [mM kg-1
Solvent]

Figure 3.7 Graph A: Second virial coefficients for WPI (), gelatin type A () and their cross second virial
coefficient B’1,2 (). Graph B: Second virial coefficients for WPI (), gelatin type B () and their cross second
virial coefficient B’1,2 (). Dashed line (-----) represents the expected second cross virial coefficient of WPI and
gelatins if they would behave as additive hard spheres (equation 3.11).

For WPI / gelatin A the second cross virial coefficient B’1,2 is negative at low ionic
strength, indicating a net attraction between the molecules. This net attraction stems
from the fact that the molecules have opposite charges, as the pH of the solvent lies in
between the isoelectric point of WPI and gelatin A. To estimate the strength of this
attraction we have used a hard sphere model with an attractive square well potential as
shown in Figure 3.8. With the width (δ) of the attractive well estimated in the order of
magnitude of the Debije length (κ-1) the square well depth (ε) can be calculated for the
measured (negative) second cross virial coefficients. For WPI / gelatin type A at low ionic
strength this leads to ε < 0.6 kBT. This attraction is not sufficient to form stable aggregates
(in the form of complex coacervates). This result is supported by a good overlay between
measured and predicted
values shown in Figure 3.9 and macroscopic observations
that showed no changes in turbidity of these solutions. Addition of small amounts of salt
reduced the attractive interaction between WPI and gelatin A. At an ionic strength of 100
mM the cross second virial coefficient B’1,2 lies above the value expected for hard body
interactions (cf. equation 3.11) of these proteins (Figure 3.7A).
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Figure 3.8 Hard sphere potential (HS) with attractive square well potential (A) for the two particle interaction.
The additive radius is given by a1,2 = (a1+a2)/2 where 1 and 2 refer to gelatin A and WPI

In the other mixed system (WPI / gelatin B) both proteins are negatively charged at the
used solvent conditions. This is also reflected in their second cross virial coefficient B’1,2
which is positive and lies between the values of the second virial coefficients B’1,1 and B’2,2
of the single systems (Figure 3.7B). The second cross virial coefficient (B’1,2) decreases with
increasing ionic strength with a similar trend as the one observed for the second virial
coefficients B’1,1 and B’2,2.
Although the interactions between WPI and gelatin A and WPI / gelatin B (characterized
by the second cross virial coefficient B’1,2) have different signs (positive (repulsive) for
gelatin B and negative (attractive) for gelatin A) in both cases increasing the ionic strength
leads to a decrease in their magnitude. This behavior has been attributed in chapter 2 to
the suppression of the electrostatic double layer in single protein systems. It suggests that
also the interaction between WPI and gelatins are dominated by the electrostatic
interactions at low ionic strength. At higher ionic strength, the B’1,2 are close to those
expected from the hard body interaction (represented by the dashed lines in Figure 3.7A
and B).
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Figure 3.9 Experimental results for the average molecular weight
values (indicated by the open symbols) of
WPI / gelatin mixtures as a function of the weight fraction of gelatin. The average molecular weight
was
determined at an ionic strength of 3 mM (), 20 mM (O) and 100 mM (). The values for the expected
average molecular weight
as obtained from equation 3.6 are included in the graph (closed symbols with
lines).

With second virial coefficients B’1,1 and B’2,2 and the second cross virial coefficient B’1,2
determined for the mixed protein systems we now investigate the possible liquid – liquid
phase separation in these mixtures. For mixtures where proteins only show repulsive
interactions (positive second virial coefficients B1,1, B’2,2 and B’1,2) phase separation can
occur when Bcrit > 1. For systems where either one of the second virial coefficients is
negative this criterion is not sufficient. For WPI / gelatin A at low ionic strength where the
cross virial coefficient is negative we have used equations 3.22 directly to determine
whether liquid – liquid phase separation can be predicted. For the systems at 4 mM and
24 mM ionic strength there is no solution to equations 3.22 that is physically realistic, i.e.
no phase separation is predicted using the above described route.
For mixtures with positive second cross virial coefficients Bcrit is given in Table 3.1. Only
for two of the measured mixtures Bcrit was found larger than 1. The predicted critical
protein concentration for WPI / gelatin type A at 100 mM ionic strength (cp,WPI = 130 kg /
m³ and cp,gelatin A = 129 kg / m³) and WPI / gelatin B at 24 mM ionic strength (cp,WPI = 406 kg
/ m3 and cp,gelatin B = 1072 kg / m3) are outside the experimentally accessible concentration
range, where the mixtures become too viscous to handle. From our results we conclude
that no phase separation for gelatin (type A or type B) / WPI mixtures is observed, and
that it also is not predicted by the described virial route within the experimentally
accessible protein concentration ranges.
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Protein 1

Gelatin A

Gelatin B

Protein 2

Gelatin A

WPI

Dextran

I [mmol/kgWater]

4

24

104

4

24

104

100

Mn1 [kDa]

80

80

80

78

78

78

80

Mn2 [kDa]

25

30

30

25
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30

43

B’11 [m³/mol]

1.13

1.13

1.13

7.12

2.43

2.43

1.28

B’22 [m³/mol]

0.54

0.18

0.09

0.54

0.18

0.09

0.12

B’12 [m³/mol]

-2.22
±0.14

-0.61
±0.02
1.4

0.55
±0.07

1.62
±0.07

0.70
±0.04
1.8

0.45
±0.01

1.27
±0.04
1.1

Bcrit [1]

--

--

2.81

0.69

1.11

0.87

10.48

a1 [nm]

4.5

4.5

4.5

6

6

6

4.5

a2 [nm]

2.2

2.2

2.2

2.2

2.2

2.2

3

q [1]

0.5

0.5

0.5

0.4

0.4

0.4
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Table 3.1 Molecular weight Mn, second virial coefficients B’1,1 and B’2,2 in 20 mM MOPS buffer at pH 6.8 from chapter 2 together with the second cross virial
coefficients B’1,2 for different gelatin (A or B)/ WPI and a gelatin A / dextran mixture; (standard deviations determined from uncertainty in fit and only shown for
data obtained in this chapter). Definition of symbols: ionic strength (I) ; B’crit is obtained using measurement values for B’1,2, B’2,2 and B’1,2 and equation 3.23; a1
and a2 are the number averaged molecular radii of protein 1 and 2 as given in chapter 2; q is the molecular size ratio given by equation 3.25; Bcrit HS: the Bcrit value
expected for the protein 1 / protein 2 pair with only hard sphere interaction (using the given q value and equation 3.26).

Comparison protein / protein and protein / polysaccharide systems
There is a large difference between the critical phase separation concentration of
gelatin A / dextran (70 kg / m³) and gelatin / WPI mixtures (> 250 kg / m³). This poses the
question for the reasons behind this difference. When comparing the second virial
coefficients B’1,1 and B’2,2 and the radius for WPI and dextran molecules, no large
differences could be observed (Table 3.1). The differences in phase behavior must
therefore be attributed to the difference in the cross interaction (second cross virial
coefficient B’1,2).
We have added to Table 3.1 the Bcrit value as it would be expected from the hard body
interaction (called Bcrit HS) which relates to the additive hard sphere situation based on the
molecular size of the proteins. For gelatin / WPI mixtures the measured Bcrit is always
below this value expected for hard spheres. Within the non-additive hard sphere model
this would correspond to a slightly negative non-additivity parameter Δ for WPI / gelatin
mixtures. For the dextran / gelatin A mixture the measured Bcrit is about 10 times above
Bcrit HS which corresponds to a strongly positive non-additivity parameter (Δ ≈ 1.7). Nonadditivity can be related to several properties such as e.g. chemical incompatibility or nonspherical shape and the exact source thereof cannot be answered using only information
on the second virial coefficients. However, we can conclude that the difference in phase
behavior between dextran / gelatin and WPI / gelatin mixtures can be attributed to their
difference in the second cross-virial coefficient B’1,2.

Gelatin A / Whey protein aggregates
Aggregation of proteins has been reported to significantly increase their incompatibility
with other proteins and also polysaccharides [34, 35]. While it seems reasonable to
assume that this is mainly based on the larger excluded volume of aggregates compared
to single proteins it might also be due to changes in the particle – particle interaction. We
have measured the cross second virial coefficients of gelatin A with whey protein
aggregates (abbreviated as WPA) of varying size. These aggregates were obtained by
varying the WPI protein concentration during aggregation. Aggregates prepared at
identical conditions are expected to have similar internal and surface properties, and
similar shape, and mainly vary in their size. Their interactions with other components are
therefore assumed to be dependent on size only. The results are shown in Table 3.2 and
Figure 3.10.
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Protein 1

Gelatin A

Gelatin A

Gelatin A

Gelatin A

Gelatin A

Protein 2

WPA 6%

WPA 6%

WPA 6%

WPA 4%

WPA 4%

I [mmol/kgwater]

4

29

104

4

29

Mn1 [kDa]

80

Mn2 [kDa]

292
-1

B’1,1 [m³ mol ]
-1

194
1.13

B’2,2 [m³ mol ]

9.39

3.16

0.62

4.23

1.51

B’1,2 [m³ mol-1]

-1.76
±0.11

-0.48
±0.14

0.01
±0.003

-2.07
±0.56

-0.36
±0.09

B’1,2 HS [m³ mol-1]

2.23

a1 [nm]

0.89
4.5

a2 [nm]

7.6

4.4

q

1.69

0.98
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Table 3.2 Molecular weight Mn, second virial coefficient ; B’1,1 and B’2,2 (from chapter 2) together with the interaction coefficients for different gelatin / whey
protein aggregate (WPA) mixtures; (standard deviations determined from uncertainty in fit) Definition of symbols: Ionic strength (I); a1 and a2 are the number
averaged molecular radii of protein 1 and 2 as given in chapter 2; q the molecular size ratio given by equation 3.25; B’1,2 HS: the B’1,2 value expected for the protein
1 / protein 2 pair with only hard sphere interaction (using the given q value and equation 3.26)

Table 3.2 and Figure 3.10 also contain the number averaged molecular weight and the
second virial coefficients for WPA from chapter 2. In comparison to WPI (Table 3.1) the
molecular weight and second virial coefficient B’1,1 of WPA increased more than 10 fold
(see Figure 3.10B). As a result, the size ratio q with regard to gelatin type A also changed.
For WPI the molecular weight and second virial coefficient B’1,1 was below that of gelatin
A. For WPA the molecular weight and second virial coefficients B’1,1 are higher than those
obtained for gelatin type A.
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Figure 3.10 Graph A: Cross second virial coefficient (B’1,2) for gelatin A / WPI () and gelatin A / WPA
(prepared at 4 % () or 6% () protein content) as a function of ionic strength. Graph B: Second virial
coefficients (B’1,1 or B’2,2) for single systems from chapter 2 for WPI (), gelatin A ( ) and WPA prepared at
6% () and 4% () protein content

The experimentally obtained second cross virial coefficient B’1,2 between WPA and
gelatin A are shown in Table 3.2. At low ionic strength, a negative B’1,2 was found for the
gelatin A / WPA interaction. With increasing ionic strength the attraction reduces and at
an ionic strength of 100 mM the second cross virial coefficient was close to zero (see
Figure 3.10A). This behavior was likewise found for WPI / gelatin A mixtures which is also
shown in Figure 3.10A. At low ionic strength the B’1,2 values for WPI and WPA are
identical. Here the molecular interactions appear to be dominated by the electrostatic
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attraction. The contribution of the hard sphere repulsion to the second cross virial
coefficient seems negligible as no difference was observed between the differently sized
WPI and WPA. At an ionic strength of 100 mM the contribution of electrostatic
interactions to B’1,2 to the attraction is significantly reduced. For WPA / gelatin A the
measured B’1,2 value at 100 mM ionic strength is slightly positive but below the value
expected from the molecular size of WPA and gelatin A. Expressed in terms of the nonadditive hard sphere model this would correspond to a negative non-additivity parameter
Δ suggesting high co-solubility of gelatin A and WPA.
The phase diagram for WPA / gelatin A mixtures at 100 mM is shown in Figure 3.11. No
phase separation was observed over the whole range of experimentally accessible protein
concentrations which is in line with the high co-solubility predicted by the negative nonadditivity parameter Δ.

Gelatin A Concentration [g g-1
Water]

0.12

0.09

0.06

0.03

0
0

0.02

0.04

0.06

WPA Concentration [g g-1
Water]

Figure 3.11 Phase diagram of gelatin A / WPA determined at 40 °C, where gelatin A is still liquid. The symbols
() indicate the prepared samples. All samples remained clear and no sign of phase separation could be
observed.
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Conclusion
We have shown that using the virial expansion approach up to the second virial
coefficient allows the prediction of a liquid – liquid phase separation for binary hard
sphere mixtures. For the theoretical case of additive and non-additive hard sphere
mixtures this approach was successfully applied to identify the possibility of phase
separation as a function of the particle size ratio (q) and non-additivity parameter (Δ).
The considerations for the non-additive hard sphere model could also be used to explain
the presence (gelatin / dextran) or absence of phase separation in mixed protein systems.
Using experimental results for the second virial coefficients (B’1,1, B’2,2 and B’1,2) the phase
diagram of dextran / gelatin could be successfully predicted. The occurrence of phase
separation was attributed to the non-additivity of the biopolymers. For protein / protein
mixtures their high compatibility could be attributed to their similar sizes (q close to 1) and
to the fact that second cross virial coefficients remained typically below those for additive
hard spheres. The values for second cross virial coefficients remained low even after
aggregation of one of the proteins (WPI), explaining the remaining high compatibility of
the protein aggregates with the other protein.

Supporting Information
Numeric data of virial coefficients and raw osmotic pressure data are published in the
supporting information of the publication related to this chapter.
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Appendix to Chapter 3
Binodal
In the theory section we have discussed that the set of equations (equations 3.14) with
four unknowns ( , , , ) can be solved iteratively by choosing one of the three
variables and computing the other three. Here we would like to extend this set of
equations to obtain 5 equations with 5 unknowns. Using this set of equations has the
advantage that it uses the polymer concentration of the two polymers as input
parameters which in an experimental setup are known.
We start from the conservation of mass in the system

3.28

Where n is the number of molecules, subscripts refer to polymers 1 and 2 and roman
numbers to the two phases. Since also the volume of the system does not change we can
write

With the concentration of the two components in the two phases given by

3.29
3.30

The total polymer concentration can be expressed by

3.31
Which can be simplified

3.32
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Finally leading to

3.33
By defining α as the volume fraction of phase I

3.34
We arrive at
1

Which leads to
1

3.35
3.36

1

Equations 3.36 together with 3.14 form a set of 5 equations with 5 unknowns. As input
parameters the virial coefficients (B’1,1, B’2,2 and B’1,2) and the individual polymer
concentrations (c1 and c2) are needed. As an additional output from the optimization
procedure one obtains the volume ratio α. For a set of polymers for which the virial
coefficients are known this approach can be used to predict directly experimental results
for the cases where the polymer concentrations are known and the ratio of the phases is
easily measured.

Spinodal and critical point
We start with the condition that a mixture at the critical point fulfills equations 3.20 as
given in the theory section by
0

0

3.20

Where M1 is a matrix with the partial derivates of the chemical potential for the two
polymers relative to their number density given by equation 3.16 in the theory section
μ

μ

μ

μ

3.16

75

33

Interactions in Protein Mixtures. Part II: A virial approach to predict phase behavior

Which leads to
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This can be further simplified and re-written in terms of the second virial coefficient and
molar concentrations
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0

Equation 3.39 can be used directly to obtain the location of the spinodal as outlined in
the theory section. The matrix M2 in equation 3.20 can be obtained by replacing any of the
row vectors of M1 by

3.40
Where
1

1

1

1

2
2

,
,

We here replace the second row in M1 which leads to
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,

and allows to evaluate the second equation in 3.20 which then can be formulated in
terms of the second virial coefficients and molar concentrations via
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Which leads to a solution for equation 3.20 given by
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3.43

0

,
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Here, c1 and c2 are the molar concentrations of polymer 1 and polymer 2 at the critical
point that can be obtained by numerically solving equations 3.44.
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CHAPTER 4

4. The microstructure and rheology of
homogeneous and phase separated gelatin
gels3
ABSTRACT
The gelation of gelatin in mixtures of gelatin (type A or type B) and globular proteins
(Whey Protein Isolate (WPI), Whey Protein Aggregates (WPA) and Soy Protein Isolate
(SPI)) was studied with a focus on their phase separation during gelation. Confocal laser
scanning microscopy, visual observations and rheology were used to link the changes on a
microscopic scale to macroscopic gel properties (visual appearance and gel stiffness).
An increase in storage modulus G’ compared to single gelatin gels was observed for
protein mixtures containing gelatin and SPI or gelatin and WPA. This could be related to
segregative phase separation between proteins during gelatin gelation as detected by
CLSM and visual observations. In protein mixtures without phase separation (gelatin / WPI
mixtures) the storage modulus G’ of the gels was the same as in pure gelatin gels. Since all
protein mixtures were prepared at an ionic strength of 150 mM, where the electrostatic
interactions were screened, the occurrence of phase separation was attributed to the
excluded volume interaction between gelatins and globular proteins.

3

This chapter is based on: Ersch, C., Linden, E. v. d., Venema, P., & Martin, A. H. (2015).
The microstructure and rheology of homogeneous and phase separated gelatin gels.
(Submitted).
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Introduction
Many foods are complex multi-component mixtures of biopolymers, for example
polysaccharides and proteins. Thermodynamic incompatibility, leading to phase
separation, is a common phenomenon in these mixtures. In foods phase separation has a
significant impact on the texture [1-5] but also taste [6-9] which can be either desirable or
undesirable depending on the application. Understanding the mechanism underlying
phase separation is crucial to prevent it or to use it consciously to develop products with
desired properties.
Thermodynamic incompatibility leading to phase separation of biopolymers in solutions
has been researched over many decades theoretically [10-13] and experimentally [14-20].
Combinations of these approaches have led to an increased understanding of driving
forces behind phase separation such as e.g. depletion interactions and electrostatic
interactions. These mechanisms, however, are only directly applicable for systems in
solution. One example where it is typically difficult to apply these theories are biopolymer
mixtures where gelation of one of the biopolymers occurs. Gelation is kinetically
controlled and often combined with additional effects such as changes in solubility of the
molecules or irregular shapes of the intermediate aggregates, which add complexity to the
system and complicate its scientific description.
In foods the main categories of biopolymers are polysaccharides and proteins. In
contrast to polysaccharide / protein mixtures [21-30], mixed gels containing two different
proteins [31-38] have been given less attention in literature. Gelation in protein systems
can be induced via different routes such as the reduction of the electrostatic repulsion
between proteins (induced by pH change or addition of salts) or protein aggregation
induced by denaturation, typically caused by heating. Many proteins share the same
gelation mechanisms, which allows them to form synergistic networks, for example heat
induced soy protein / whey protein isolate gels [39]. For protein mixtures where no
specific interactions occur between different proteins during gelation, separate protein
networks can be formed [32, 34-38] as will be discussed in more detail in chapter 6 and 7.
One such system that has gained special interest over the last years is the mixture of
gelatin with globular proteins. Here the globular proteins can form a gel via heat induced
gelation or by applying pressure. Gelatin gels are formed when cooling the system below
the helix to coil transition temperature [31, 34, 36]. In the gelatin / globular protein
mixtures the two independent gelation mechanisms allow for a sequential gelation of the
two protein species, i.e. the formation of globular protein gels in the presence of (nongelling) gelatin [34, 35, 37, 38] or gelatin gelation in the presence of non-gelled or already
gelled globular protein [32, 33, 36].
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Here we have chosen to study gelatin / globular protein mixtures at conditions where
only gelatin forms a gel. At the chosen solvent conditions (pH 7, 150 mM NaCl) globular
proteins do not participate in the gel network and only influence the gel formation via
non-specific interactions between gelatins and globular proteins. Earlier work on gelatin /
globular protein mixtures has shown that at neutral pH 7, above the helix to coil transition
temperature, gelatin (type B) is compatible (no phase separation occurs) with native and
aggregated whey protein isolate and other milk proteins [31-33]. In these studies also the
microstructure and rheological response of gelatin gels were not affected by the presence
of native whey proteins [32, 33]. The presence of aggregated whey proteins or larger
protein clusters (e.g. casein micelles) on the other hand led to phase separation during
gelation and to changes in the rheological response of mixed gelatin gels [32, 33]. In this
study we aim to further investigate the phase behaviour and rheological response (storage
modulus) of globular protein / gelatin mixed systems during gelatin gelation at neutral pH.
Different mixed systems were investigated containing either gelatin type A (isoelectric
point pI = 8, Mn = 80 kDa4) or gelatin type B (pI = 5, Mn = 80 kDa4) which were mixed with
whey protein isolate (WPI, pI ~ 5, Mn = 30 kDa4), soy protein isolate (SPI, pI ≈ 4.8, Mw
glycinin = 360 kDa, β-conglycinin ~150 kDa [40]) or whey protein aggregates (pI ~5, Mn ≈
290 kDa4). In combining these globular proteins with gelatin type A or B, the effect of
molecular interactions (pH above the isoelectric point of both proteins or in between the
isoelectric points) and different size ratios on the phase separation during gelatin gelation
could be analyzed.

4
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determined in chapter 2

Material and Methods
Material
Defatted soy flour was obtained from Cargill containing ~50% w/w protein (Kjeldahl)
and native soy protein isolate (SPI) was extracted using isoelectric precipitation as
described in chapter 6 and reference [41]. Whey protein isolate (WPI) (product name
BIPRO, 94% w/w protein) was purchased from Davisco Foods International Inc. (Le Sueur,
USA, MN). Pork skin gelatin type A and type B were generously provided by Rousselot
BVBA (Ghent, Belgium) having a nominal bloom strength of 290 and 260 (determined by
manufacturer) and a protein content of 89.6 and 88.8 % w/w (Kjeldahl), respectively. The
isoelectric point of gelatin A was around pH 8 and for gelatin B at pH 5 (determined by
isoelectric focusing and QC-RLT by the manufacturer). Both gelatins had only negligible
amounts of salts present (determined by ICP-AES). All other chemicals were purchased
from Sigma Aldrich (Steinheim, Germany). They were of analytical grade and used without
any further purification. Experiments were performed using deionized water (Merck
Millipore, Darmstadt, Germany; 18.2 MΩ cm).

Sample preparation
Protein stock solutions containing WPI were prepared by dissolving protein powder in
deionized water (Merck Millipore, Darmstadt, Germany) containing 150 mM NaCl at pH 7.
Stock solutions were stirred at room temperature (WPI) or 60 °C (gelatins) for several
hours until dissolved and subsequently stored overnight at 4 °C. Sample preparation was
performed at 40 °C by diluting stock solutions with deionized water containing 150 mM
NaCl to the different protein concentrations (0 – 20% w/w) at different protein ratios.
Mixtures with soy protein isolate (SPI) contained 300 mM NaCl and the preparation of
these samples is described in detail in chapter 6.
Whey protein aggregates (WPA) were prepared as described in chapter 2 by heating a
6% w/w WPI solution (prepared in deionized, ionic strength adjusted to 3 mM with NaCl)
at 95 °C for 30 minutes. After cooling to room temperature WPA were used in the same
way as WPI solutions to prepare samples.
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Small deformation rheology
Samples were added in a liquid state (40 °C) to the rheometer (Anton Paar MC502, Graz,
Austria) equipped with a sand-blasted cup-bob geometry (CC17). Samples were covered
with paraffin oil to avoid evaporation and afterwards equilibrated at 40 °C for 10 minutes
before starting the measurement. Measurements were performed at a strain of 0.5% and
a frequency of 1 Hz while cooling samples from 40 °C to 15 °C at a constant rate of 5
°C/min. The storage modulus G’ was recorded after 15 min at 15 °C.

Covalent labelling of gelatin
Gelatin was dissolved at 0.5% w/w in 100 mM carbonate buffer at pH 9.1. The solution
was heated to 60 °C until gelatin dissolved completely and subsequently cooled to room
temperature. FITC was dissolved in Dimethyl sulfoxide (DMSO) at 4 mg / ml and slowly
added to the gelatin solution to a final concentration of 4 mg FITC per gram protein. The
solution was stirred at room temperature in the dark for 6 hours and then dialyzed against
an excess of deionized water for 3 days. The water against which the sample was dialyzed
was refreshed 6 times and the samples were subsequently freeze dried. The freeze dried,
FITC labelled protein was stored at 4 °C in the dark. Samples containing FITC labelled
gelatin were prepared identically to the ones without covalent labelling and still gelled
when cooled and melted when heated.

Confocal Laser Scanning Microscopy (CLSM)
For non-covalent staining of the protein 0.001% w/w Rhodamine B was added to the
samples for CLSM. Before analysis samples were heated to 40 °C and transferred into
CLSM cuvettes (Gene Frame® 125 µl, obtained from Thermo Scientific) which were sealed
with a cover glass. Cuvettes were placed with the cover glass on top of a peltier element
and tempered at 40 °C for 10 min. They were then cooled from 40 °C to 15 °C at 5 °C / min
and kept at 15 °C for 30 min. Afterwards they were stored at 4 °C until analyzed.
CLSM images were taken using a Leica DMI6000 (Wetzlar, Germany). Imaging was
performed ~5 µm from the cover glass which during sample preparation was in touch with
the peltier element. Imaging was performed in the sequential mode. Rhodamine B was
excited at 561 nm and the signal acquired between 570 nm and 790 nm, FITC was excited
at 488 nm and the signal acquired between 500 nm and 570 nm. Images were acquired
using a scanning speed of 400 Hz and two frames were average for each image. Imaging
was performed at 1024 x 1024 measurement points. Several images at different
magnifications and different locations in the samples were taken and shown images
represent the structure found throughout the samples.
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Phase diagrams
Mixtures of gelatin (type A and B) and WPA were prepared in 96 well plates. Sample
preparation was done at 40 °C. Well plates were tempered at 40 °C for 1 hour after
finalizing sample preparation and then placed in a water bath at 20 °C overnight. After this
cooling period the occurrence of turbidity was analyzed visually.

Results and discussion
Phase behavior

44

Prior to gelation, protein mixtures were prepared at 40 °C where changes in visual
appearance (mainly turbidity) of the solutions give an indication of possible changes
occurring upon mixing. For the WPI / gelatin type A or type B mixed solutions no changes
in macroscopic appearance were observed when mixing the stock solutions at 40 °C. At all
studied protein concentration and ratios, the mixed protein solutions were clear with a
color similar to that of WPI solutions, indicating that no phase separation occurred. These
visual observations are also in line with results from osmometry where no phase
separation was found for these mixed solutions in chapter 3. The same results (clear
solutions upon mixing at any protein ratio and concentration) were observed for whey
protein aggregates (WPA) / gelatin type A and gelatin type B solutions.
For aqueous mixtures of soy protein isolate (SPI) / gelatin A, macroscopic observations
of turbidity were hindered by the high turbidity of the SPI stock solution itself. Visually,
however, SPI / gelatin type A mixtures had the same turbidity as SPI. To confirm that no
phase separation occurred in these mixtures, CLSM imaging was performed at 40 °C. As an
example, Figure 4.1 displays images for a sample containing 6% SPI and 2% (all w/w)
gelatin type A. The right image shows the SPI signal, the left image the gelatin signal and
the center image an overlay of the two (details regarding the channels will be provided
later). SPI solutions contained protein aggregates (spots with higher intensity) which
explained the high turbidity of the SPI stock solution (see also image for pure SPI samples
in Figure 4.2). In between these aggregates soy proteins were evenly distributed
throughout the sample. Also gelatin was found to homogeneously distribute throughout
the samples with a lower concentration (intensity) at locations where the SPI aggregates
were found. These images, typical for all SPI / gelatin type A mixtures, indicate no sign of
phase separation (also compare with images showing phase separation after cooling in
Figure 4.2). Thus, also the SPI / gelatin type A mixed solutions can be considered to be
homogeneous at 40 °C, that is, above the helix to coil transition temperature of gelatin.
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Figure 4.1 CLSM images of a sample containing 6% SPI and 2% gelatin type A at 40 °C. Left image: Gelatin
channel. Middle image: overlay. Right image: SPI channel as explained in the text. Scale-bar represents 25 µm

In the next step, the phase behavior and microstructure of these systems after gelatin
gelation was investigated. The microstructure of gelatin gels (type A and type B) with
added WPI or SPI is shown in Figure 4.2. The first column shows CLSM images of either a
WPI or a SPI solution in the absence of gelatin (0% gelatin). Besides the soluble protein,
non-soluble protein aggregates were also found in these samples. These samples were
stained non–covalently using Rhodamine B. This fluorescent probe has a higher affinity for
the hydrophobic areas of proteins than for the water phase. The fluorescence intensity
(here shown as red colour) can be attributed to the concentration of WPI or either SPI. In
mixed gelatin / globular protein (SPI, WPA or WPI) systems, Rhodamine B was found to
have significantly higher affinity for the globular protein than to gelatin as also reported
for other fluorescent dyes [42]. This can be attributed to the absence of pronounced
hydrophobic areas in the gelatin molecule. Intensity in the Rhodamine B channel in mixed
systems can therefore be attributed to the location of globular proteins. To furthermore
allow the independent visualization of both proteins, gelatin was labelled covalently with
FITC. The signal from the FITC channel is shown in green in Figure 4.2.
In gelatin A gels with added WPI both proteins were homogeneously distributed,
indicated by the even intensity distribution of both channels (colours). Also
macroscopically no changes in sample turbidity were observed during the gelation. Gels
containing 2% gelatin B and 6% WPI were homogeneous in their microstructure. At 6%
gelatin B and 6% WPI, domains enriched in WPI (and depleted in gelatin) were observed.
These domains could also be observed macroscopically by a slight change in sample
opaqueness which had also been described earlier for this system [32]. Macroscopically,
however, the sample stayed translucent which indicates that the total number, total
volume and total amount of protein in these domains is relatively low.
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Figure 4.2 CLSM images of mixtures (pH 7, 150 mM NaCl) containing 6% WPI or SPI and 0%, 2% or 6% gelatin
(type A or B) at room temperature where gelatin was gelled. Gelatins were labelled covalently with FITC
(shown in green), the location of WPI or SPI in the samples is shown in red as discussed in the text. Scale-bar
represents 25µm.

In the gelatin A gels with added SPI two distinct phases could be observed on a
microscopic scale (Figure 4.2, third row), one enriched in gelatin and the other enriched in
SPI. The phase separation of the two proteins could also be observed macroscopically
where the mixed gelatin type A / SPI gels increased in opaqueness upon the gelation of
gelatin (upon cooling).
In addition to WPI and SPI, gelatin type A and B were also mixed with whey protein
aggregates (WPA). It is known that phase separation occurs in the WPA / gelatin B mixture

87

The microstructure and rheology of homogeneous and phase separated gelatin gels

during gelatin gelation [32]. For WPA / gelatin type A and type B mixtures, a phase
diagram was constructed based on turbidity / visual observations (see Figure 4.3).
Most WPA / gelatin type B mixtures (Figure 4.3B) showed a strong increase in
opaqueness upon cooling from 40 °C to 20 °C. Only at low total protein concentration the
solutions stayed clear. The critical point for phase separation (mixture with lowest total
protein concentration where phase separation was found) lies around 0.008 gprotein / gwater
WPI and 0.01 gprotein / gwater gelatin B. Phase separation was observed for all samples
prepared above these protein concentrations.

Gelatin Concentration [g g-1
Water]

For WPA / gelatin type A mixtures (Figure 4.3A), phase separation was mainly observed
at high WPA concentration and low gelatin concentration. The unstable region of the
phase diagram for WPA / gelatin A mixtures (region where phase separation is expected
i.e. the binodal) is located close to the WPA axis and does not have the typical shape as
expected for phase diagrams at thermodynamic equilibrium. The asymmetric phase
diagram in Figure 4.3A for WPA / gelatin A is likely to be caused by the faster gelling of
gelatin at higher gelatin concentration, thereby hindering phase separation to occur.
A
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Figure 4.3 Phase diagram of gelatin (graph A: type A and graph B: type B) / whey protein aggregate mixed gels
at 150 mM ionic strength and pH 7. Samples are marked according to their turbidity, clear (), slightly turbid
() or highly turbid () at 20 °C.

As pointed out in chapter 3 the interaction of WPA and gelatin (type A and B) at the
used solvent conditions (pH 7, 150 mM NaCl) is well described by their hard body
interaction and the average molecular weight of both gelatin types is comparable. Here
the main difference between gelatin type A and type B is their size distribution (see figure
2.7). Gelatin type B contains relatively more high molecular weight gelatins which is
suggested to be the reason for the differences in the observed phase behaviour in mixed
systems containing whey protein aggregates.
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Figure 4.4 shows the microstructure of two phase separated gels at 3% WPA and 6%
gelatin (type A or type B). The gelatin signal (green) and WPA signal (red) are shown
separately and an overlay of the two signals is shown in the middle column. The intensity
of the signals in Figure 4.4 is proportional to the concentration of either gelatin or WPA.
The separate images for the two channels show that each protein is concentrated in one
phase and depleted from the other as typical for segregative phase separation. There is a
4-fold difference in the length scale at which phase separation can be observed (or the
domain size). This length scale is larger for WPA / gelatin type B mixtures than for WPA /
gelatin type A mixtures. This relates to location deeper in the unstable region of the phase
diagram of WPA / gelatin type B mixtures compared to WPA / gelatin A mixtures as when
considering the phase diagram in Figure 4.3.
In conclusion, we find that during gelation two mixed systems (WPI / gelatin type A and
WPI / gelatin type B) showed no phase separation. The other three mixed systems (WPA /
gelatin type A, WPA / gelatin type B and SPI / gelatin type A) showed segregative phase
separation.

Figure 4.4 CLSM images of 3% WPA / 6% gelatin (type A top, type B bottom row) at pH 7 and 150 mM NaCl
after cooling and gelatin gelation. Scale bar for top row is 25 µm and for bottom row 100 µm. Gelatin was
covalently labelled with FITC, the FITC signal (gelatin location) is shown in the right column (green). The red
colour corresponds to Rhodamine signal (WPA, left column); The middle column is an overlay of the two
channels.
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Rheology
The gelation of single gelatin and mixed gelatin gels containing added globular proteins
was followed during cooling from 40 °C to 15 °C. The storage modulus (G’) and loss
modulus (G”) at 15 °C is plotted as a function of the gelatin concentration in Figure 4.5.
Figure 4.5A1 and Figure 4.5B1 show the G’ and G” respectively for single gelatin type A
and type B gels. The G’ increases exponentially with increasing gelatin concentration. For
gelatin A and gelatin B similar G’ and G” values were obtained. The measured G’ data were
fitted for both gelatin types separately to equation 4.1 as earlier described [43].

4.1

with G’ the storage modulus, C and t scaling constants, c0 the minimal gelling
concentration and cp the protein weight concentration. The protein weight concentrations
are expressed relative to the total weight of water rather than the total sample weight as
defined by:

4.2
with mprotein the total mass of protein and mwater the total mass of water in the sample.
Good fits between model and experimental G’ data with fitting parameters similar to
literature values (t = 1.94, c0 = 0.7% [43, 44]) were obtained for both gelatin A and B as
shown in Figure 4.5A1.
The G’ and G” of gelatin gels with added globular proteins is shown in Figure 4.5A2 and
Figure 4.5B2 respectively. The expected G’ and G” values for single gelatin gels are shown
as lines. The G” values of mixed gels are significantly above those found for gelatin gels.
This can be attributed to the increased viscosity of the solutions (the continuous liquid
phase in the pores of the gelatin gel) with added protein. SPI has the highest viscosity as a
single protein solution and hence shows the largest effect on the G” in mixed gels while
WPI containing samples only slightly increase in G”.
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Figure 4.5 Storage and loss modulus of single (graphs 1) and mixed (graphs 2) gelatin gels at 15 °C. Graph A1:
Storage modulus G’ for gelatin type A ( and solid Line) and gelatin type B ( and dashed line). Symbols are
measured values and lines are fits to equation 4.1. Graph B1: Loss modulus G’’ for gelatin type A ( and solid
Line) and gelatin type B ( and dashed line). Symbols are measured values and lines are drawn to guide the
eye. Graph A2: G’ for mixed gelatin gels as a function of gelatin concentration. Curves represent pure gelatins
as shown in graph A1. Symbols refer to WPI (ranging from 6% to 18%) / gelatin type B (☐), WPI (6% to 18%) /
gelatin type A ( ) and SPI (2% to 12%) / gelatin type A (▽) mixed gels. Graph B2: G” for mixed gelatin gels as
in graph A2. All concentrations are given in w / w.
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The G’ of the mixed gelatin gels is close to that of the single gelatin gels. Only for
samples with added SPI a slight increase in G’ can be observed. To investigate this effect in
more detail we scale the results of the elastic modulus of the mixtures G'mixture by the
elastic modulus of the gelatin G'gelatin as predicted by equation 4.1. In this way the data
can be displayed independent of the gelatin concentration. We define a new parameter s
as:
≡

′
′

4.3

In the ideal case where gelatin forms a gel independent of the presence of other
proteins, s = 1. If s > 1 this indicates increased G’ values compared to the pure gelatin gel
and for s < 1 the opposite situation holds. Figure 4.6 shows the ratio s for mixed gelatin /
globular protein gels. For WPI / gelatin (type A and type B) mixtures s ≈ 1 independent of
the amount of added WPI. These rheological observations are in line with the
microstructural analysis and macroscopic observations where gelatin (type A or B) / WPI
gels did not show phase separation.
For the phase separated mixtures of gelatin type A with SPI or WPA we find that s > 1
and increases with increasing SPI or WPA concentration. This can be linked to the earlier
described phase separation. The condition s > 1 indicates that gelatin gelled at an
increased effective concentration as caused by the local segregative phase separation
where each protein is confined in its own volume, i.e. increasing its local concentration.
This can be directly related to the microstructure for these mixed gels as shown in Figure
4.2 and Figure 4.4 which show one phase enriched in gelatin.
2

s

1.5

1

0.5

0
0

0.05

0.1

0.15

0.2

WPI / WPA / SPI Concentration [g g-1
Water]

Figure 4.6 The s value (equation 4.3) for mixed gelatin / globular protein gels at 15 °C at varying gelatin
concentration (5% to 15 % w/w) as a function of globular protein concentration (WPI, WPA or SPI). Symbols
represent measurement points for WPI / gelatin type B (☐), WPI / gelatin type A ( ), WPA / gelatin type A
( ) and SPI / gelatin type A (▽)
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Influence of size
Phase separation during gelation could be linked to an increase in storage modulus G’ as
observed for WPA / gelatin type A, WPA / gelatin type B and SPI / gelatin type A. On the
other hand WPI / gelatin type A or type B mixtures showed no phase separation upon
gelation and no increase in G’. All protein mixtures in this study were prepared at an ionic
strength of 150 mM at pH 7. In chapter 3 we have shown that at neutral pH and ionic
strength > 100 mM gelatins (type A and B), WPI and WPA can be modelled as hard
spheres. An important parameter influencing the phase separation in binary hard sphere
mixtures is the size ratio q defined by

4.4
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where aG is the effective radius of the gelatin molecules and aGP the effective radius of
the globular proteins. The size ratio q for the different mixtures included in this
publication is given in Table 4.1.

Table 4.1 Characteristic size (radius, a; molecular weight Mw or Mn and q from equation 4.4) for gelatin /
globular protein mixtures at 40 °C in solution before gelation. Values taken from chapter 2 are number
averaged and indicated using †. Values taken from other literature (*[41] +[40]) are volume averaged.

Gelatin

Gelatin B

Gelatin A

Gelatin A

Gelatin A

Gelatin B

Mn [kg / mol]

80†

80†

80†

80†

80†

aG [nm]

6†

4.5†

4.5†

4.5†

6†

Globular
Protein

WPI

WPI

SPI

WPA

WPA

Mw or Mn [kDa]

32†

32†

180-360+

290†

290†

aGP [nm]

2.2†

2.2†

5.5*

7.6†

7.6†

2.7

2

0.8

0.6

0.8

Phase
separation
after gelation

No

Yes
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As outlined in chapter 3 the phase diagram for binary hard sphere systems can be
determined using a virial approach. One characteristic point in the phase diagram
indicating the overall miscibility of the two components is the critical point. It is defined as
the point with the lowest total concentration where phase separation occurs and is shown
in Figure 4.7 as a function of q. The volume fraction at the critical point Φc summarizes the
location of the binodal for a large number of different sample in the simplest way. Lower
Φc values indicate a location of the binodal closer to the axis (at lower total protein
concentration) and increasing Φc correspond to a higher miscibility of the two proteins
(binodal at higher protein concentration). The region around q = 1 is characterized by a
high miscibility of the protein mixture. The miscibility decreases rapidly in the range
between q = 1 to q = 10 (or q = 1 to q = 0.1) and afterwards remains almost constant
around a volume fraction of 0.3. The q-values and corresponding critical volume fraction
for the mixed gelatin / globular protein systems were added to Figure 4.7. Upon gelation,
q will increase as a result of the increasing characteristic excluded volume of the gelatin
due to triple helix formation.

Critical Volume Fraction [1]

The two mixtures with q > 1 (WPI / gelatin type A or type B) did not show phase
separation upon gelation. In contrast, the three mixtures with q < 1 (WPA / gelatin type A
or type B and SPI / gelatin type A) phase separated during gelation. Interestingly, these
three mixtures passing q = 1 (region of high miscibility), show phase separation during
gelation. The two mixtures where no phase separation occurs do not cross this point q = 1.
First passing a region of increasing miscibility followed by passing a region of decreasing
miscibility during gelation seems to facilitate phase separation.

1

0.75

0.5

0.25
Gelatin Gelation
0
0.01

0.1

1

10

100

q

Figure 4.7 The critical volume fraction (total volume fraction of hard spheres at critical point in phase diagram)
as a function of q (size ratio between spheres, detailed explanation on calculations given in chapter 3). Data
points show values from this research for mixed gelatin / globular protein systems that show phase separation
() and those that do not show phase separation ().
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Conclusion
At salt conditions where electrostatic interactions between proteins are screened,
phase separation occurred during gelatin gelation in mixtures of gelatin (type A or type B)
and globular proteins (SPI or WPA) dependent on their molecular size ratios. Phase
separation during gelation was observed as increased opaqueness of the samples which
could be attributed to segregative phase separation and changes in the gel microstructure
of mixed gelatin gels. These microstructural changes were directly related to increased gel
stiffness.
The q value (size ratio between the different proteins) was put forward as a good
indicator whether microstructural and rheological changes are expected in a mixed gelatin
/ secondary (globular) protein gel. Mixtures where the molecular size ratios cross the
value q = 1 during gelation showed phase separation upon gelation. Our results are based
on observations of five different gelatin / globular protein mixtures which suggests that
this behavior is not system specific. In chapter 5, we will additionally show that crossing q
= 1 also induced similar changes during the gelation of globular proteins in the presence of
gelatin, which is the next step towards a generalization of this effect.
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CHAPTER 5

5. Microstructure and rheology of globular
protein gels in the presence of gelatin5
ABSTRACT
The microstructure and rheological response of globular protein gels (whey protein
isolate (WPI) and soy protein isolate (SPI)) in the presence of gelatin (type A, type B and
hydrolyzed gelatin type A) was investigated. Microstructural information was obtained
using a combination of confocal laser scanning microscopy (CLSM) and spin echo smallangle neutron scattering (SESANS). Addition of gelatin led to a coarsening of the globular
protein gel structure and to a reduction in storage modulus of globular protein gels. The
presence of hydrolyzed gelatin on the other hand did not induce these changes in the
globular protein gels. Results were obtained at conditions where proteins only interact via
hard body interactions, where the ratio of molecular sizes (q) was concluded to be the
most important determinant for the occurrence or absence of rheological and
microstructural changes in globular protein gels prepared in the presence of gelatin.

5

This Chapter is based on: Ersch, C., Meinders, M. B. J., Bouwman, W. G., Nieuwland, M.,
Linden, E. v. d., Venema, P., & Martin, A. H. (2015). Microstructure and rheology of
globular protein gels in the presence of gelatin. (Submitted).
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Mixed protein gel, gel microstructure, rheological response, CLSM image analysis,
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Introduction
Gelation is a ubiquitous phenomenon in foods where the molecules responsible for
gelation are normally proteins or polysaccharides. Gelation requires molecules to
associate into a space spanning network which one observes macroscopically as a
transition from a liquid to a semi-solid state. In single component systems the mechanisms
that lead to association of molecules, and ultimately gelation, are important to
understand gelation of foods. Such mechanisms may for example be protein denaturation,
reduction of electrostatic repulsion or formation of junction zones between molecules [15]. In case where two types of biopolymers (e.g. proteins and polysaccharides but also
different types of proteins or different types of polysaccharides) are present during
gelation these molecules may interact before and during gelation, thereby influencing the
final properties of the gel network. Understanding the changes in the interactions
between biopolymers in solution and during gelation is a challenging task, but essential to
understand the sequential events leading to the formation of mixed gels.
For most food relevant biopolymers and their mixtures, quantitative information on the
molecular interaction, the molecular dimension and their conformational changes during
gelation is not available in literature. Therefore, most research on mixed biopolymer gels
focuses on the properties of the final gels. The related scientific literature contains
multiple examples of the rheological responses and microstructures of mixed
polysaccharide / protein systems [6-21] or mixed protein systems [22-37]. For protein /
polysaccharide mixtures also relationships between the microstructural arrangements of
biopolymers, rheological properties and the texture [6, 38-41] or taste [42-45] have been
investigated. Even though it is likely that these relationships also hold for mixed protein
systems this has not yet been established. The next step to use these structure / sensory
relationships to selectively develop foods with desired sensorial properties is to study the
underlying mechanisms leading to structural and rheological changes in mixed gels due to
the presence of secondary biopolymers.
Here we study the influence of molecular interactions and molecular size on the
microstructure and rheology for gelatin / globular protein mixed systems. In these systems
both proteins are in principle able to form a gel. Dependent on whether gelatin or globular
proteins are gelled first, different microstructures and rheological responses have been
obtained [33-37, 46]. In these mixed protein systems segregative phase separation has
been reported to lead to an increase of the storage modulus of the mixtures relative to
the single gels as shown by Fitzsimons et al. (2008) [26], Pang et al. (2014) [28] and in
chapter 4 of this thesis. The occurrence of this phase separation during gelatin gelation
occurred whenever the globular proteins had a larger effective radius (from spherical
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equivalent of the measured excluded volume of the proteins) than the effective radius of
gelatin molecules as we discussed in detail in chapter 4. Globular proteins with a smaller
effective radius than gelatin did not lead to phase separation or rheological changes,
compared to the single gelatin gels. In mixtures where globular proteins were gelled
before gelatin gelation, mixed gels were found to have bi-continuous microstructures [33,
34, 36, 37]. This bi-continuous microstructure resulted in a gradual change in fracture
properties making them interesting candidates for gradually changing textural properties
of gels which will be discussed in more detail in chapter 6. This effect is especially
interesting since it was observed for mixtures of gelatin with whey protein concentrate
[33, 34], egg white [36, 37] and soy protein isolate (see chapter 6), suggesting a generic
mechanism.
Here we study mixed gelatin / globular protein gels with a focus on the gelation of the
globular protein. We concentrate on the formation, microstructure and rheology of the
globular protein gel in the first stage of the sequential gelation of both proteins.
Rheological properties of the globular protein gels were studied above the helix to coil
transition temperature of gelatin where gelatin had no elastic response (gelatin solutions
behave purely viscous). The microstructure of the globular protein gels was probed using
spin echo small-angle neutron scattering (SESANS) and confocal laser scanning microscopy
(CLSM) image analysis using covalently labelled gelatin. Mixed gels of globular whey
proteins (isoelectric point (pI) ~ 5, Mn = 30 kDa6) or globular soy proteins (pI ~ 4.8, Mw
glycinin = 360 kDa, β-conglycinin ~150 kDa [47]) mixed with gelatin type A (pI = 8, Mn = 80
kDa6), type B (pI = 5, Mn 80 = kDa6) or gelatin type A hydrolysate were investigated. By
combining these globular proteins with the different gelatin types, their molecular size
ratio and molecular interactions were varied.

6

Determined in chapter 2
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Material and Methods
Materials
Soy protein isolate (SPI) was extracted using isoelectric precipitation from defatted soy
flour as described earlier [48]. Whey protein isolate (WPI) was purchased from Davisco
Foods International Inc. (Le Sueur, USA, MN) product name BIPRO (94 % protein
determined by Kjeldahl). Commercially available gelatin (type A and type B) were provided
from Rousselot BVBA (Ghent, Belgium). Type A (from porcine skin) had a bloom strength
of 290, an isoelectric point (pI) around 8 and a protein content of 89.6% w/w. Type B
(from bovine bones) a bloom strength of 260, pI of around 5 and a protein content of
88.8% w/w. A detailed characterization of these research materials is given in chapter 2.
Peptan 5000, hydrolyzed gelatin type A was also obtained from Rousselot BVBA (Ghent,
Belgium). Other chemicals such as acids and bases used for pH adjustments were of
analytical grade and purchased from Sigma Aldrich (Steinheim, Germany).

Sample preparation
Sample preparation was performed as described in chapter 4. In short, stock solutions of
proteins were prepared with deionized water (Merck Millipore, Darmstadt, Germany ,18.2
MΩ cm) at pH 7 and constant ionic strength (150 mM for WPI containing samples and 300
mM for SPI containing samples). Stock solutions were mixed to prepare samples with
different protein concentration and protein ratios. Sample handling was done at 40 °C
where gelatin solutions were in the liquid state.

Small Deformation Rheology
Samples were measured in a rheometer (Anton Paar MC502) using a sand-blasted cupbob geometry (CC17). They were added in the liquid state (heated for 30 min to 40 °C) and
covered with paraffin oil to avoid evaporation. Measurements were performed at a strain
of 0.5% and a frequency of 1 Hz. Samples were heated inside the equipment from 40 °C to
95 °C at 5 °C/min and afterwards kept at 95 °C for 1 hour.

Spin echo small-angle neutron scattering (SESANS)
In SESANS samples deuterium oxide (D2O) was used instead of deionized water for
sample preparation and WPI solutions were filtered using a syringe filter with a 1.2 µm
cut-off (Sartorius Minisart®). Samples were heated inside the SESANS cuvettes (path length
1 cm) for 30 minutes at 95 °C and subsequently cooled down to room temperature at
which temperature the SESANS measurements were performed if not stated otherwise.
SESANS measurement were performed at the reactor institute at Delft University of
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Technology (the Netherlands) using the setup described by Rekveldt et al. [49]. For the
data analysis we use routes described by Andersson et al. [50] which will be outlined in
short below.
From the SESANS measurements the normalized polarization P(z) (normalized by the
empty beam) is given by

5.1

with z the spin echo length, Σt the scattering power (which indicates the average
number of times a neutron scatters while transversing the sample) and G(z) a normalized
dimensionless function which contains information about the microstructure of the
sample. In this study we have used the self-affine random density distribution model to
describe G(z) which is given by:
2

2

2

5.2

where a is a measure for the size of the random inhomogeneity in the system. Γ is the
gamma function, H the Hurst exponent (related to the fractal dimension of the systems)
and K the modified Bessel function. Protein gels are well described as a two phase system
with one phase being the protein phase and the other the solvent phase (often called gel
pores). For these systems the scattering power Σt is given by:
²

Ф 1

Ф

5.3

2

5.4

with λ the wavelength (0.203 nm), t the path length (1 cm), Ф the volume fraction of
one of the phases, Δρ the neutron scattering length density contrast between the protein
and the solvent phase (Δρ = ρD2O – ρprotein with ρD2O = 6.38 1014 m-² and ρprotein = 3 1014 m-²
[51]) and ξ the correlation length of the system which is related to the size of the random
inhomogeneity via:
2
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Confocal Laser Scanning Microscopy (CLSM)

Gels were prepared by adding the liquid sample (at 40 °C) to hermetically sealed
cuvettes (Gene Frame® 125 µl, obtained from Thermo Scientific) and heating these
cuvettes on a Peltier element with the same heating / cooling profile as used for small
deformation rheology. After 1 hour at 95 °C the samples were cooled at 5 °C / min to 15 °C
and kept at 4 °C until analyzed. Globular proteins were stained using 0.001% w/w
Rhodamine B. In some samples gelatin was covalently labelled with Fluorescein
Isothiocyanate (FITC). The labelling procedure was given in the Material and Methods
section of chapter 4. Imaging was performed using a Leica DMI6000 microscope (Wetzlar,
Germany) at room temperature. Images were taken at a sample depth of 5 µm from the
cover glass which was in contact with the Peltier element during heating at several
randomly chosen locations in the sample and different magnifications. Measurements
were performed at 1024 x 1024 measurement points (pixels) at a scanning rate of 400 Hz
and two frames were averaged. The sequential mode was used, FITC was excited at 488
nm (measurement between 500 and 570 nm) and Rhodamine B was excited at 561 nm
(measurement between 570 and 790 nm).

Image analysis
To obtain quantitative structural information from the CLSM images the spatial
autocorrelation function was determined. The spatial autocorrelation function G(a,b) of a
(digitized) image (2 dimensional, (2D) matrix) with M x N pixels in the x, y - plane is defined
by [52]
,

,

<

,

,

,

>

,

5.5

where i(x,y) is the intensity value of a pixel with coordinates (x,y) in the image and <…>x,y
represents the average over all x and y values. The autocorrelation function G(a,b) is
normalized by the average intensity of an image as the average is influenced by
acquisition factors which are not part of the structure of interest [53]. The scaled intensity
or fluctuation of intensity can be written as
,

,

<

<
,

, >
>

5.6

which in case of the autocorrelation function leads to the following expression for the
scaled auto correlation function g(a,b):
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The intensity fluctuation δi(x,y) in a voxel is linearly related to the concentration of
fluorescent dyes and, therefore also the protein concentration [54]. The autocorrelation
function is therefore related to the density correlation function of the fluorescent dye and
the stained sample structures given by [55]:
〈

〈

〉

〉

,

5.8

1

with
the density of fluorescent molecules at position where = xî + yĵ and = aî
+ bĵ are the position vectors and î and ĵ unit vectors in the x and y direction, respectively.
For isotropic systems, ρ( ) = ρ(r), with = | |. Therefore, equation 5.8 can be radially
averaged leading to the radial density autocorrelation function c(r).
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For non-crystalline species, the density
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is uncorrelated at large distances leading
〉

5.10

1

The value of the normalized autocorrelation function c(r) at r = 0 equals the variance of
the fluctuation intensity δi and is a measure of how much of the total intensity is
concentrated in areas with higher intensity relatively to the average intensity of the
image. This value (also referred to as σ2) has been used in literature as a measure for the
coarseness of gels [54, 56] and can be calculated directly from the image using

→

²

〈

〈 〉 〉

1

∑ ∑

〈〉

,

〈〉

5.11

Using these two conditions at r = 0 and r  ∞, the density auto-correlation function c(r)
can be expressed as the normalized density auto-correlation function p(r):
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For ease of reading we will refer to this function p(r) simply as correlation function. The
characteristic parameters of this function such as the zero crossing, first minimum and
maximum describe different properties of the observed system. In a system with only one
type of structures this curve is typically well described by a stretched exponential decay
such as [52-54]:

5.13
with ξ the correlation length of the structure and β a form factor.
The image analysis was performed using MatLab® (R2013a Version8.1.0.604;
MathWorks Inc.). The autocorrelation function was calculated using the standard routine
in the DipImage library (Version 2.5.1; Quantitative Imaging Group, Delft University of
Technology). For each image a background image was subtracted before analysis.
Background images were obtained from images using a Gaussian filter with a sigma value
much larger than the observed structures. This procedure was found not to change results
for images with a homogeneous intensity distribution while being able to correct for
errors introduced by the CLSM optics (e.g. dark corners) where present.

Size Exclusion Chromatography – Multi Angle Laser Light Scattering
Size exclusion chromatography with multi angle laser light scattering (SEC-MALLS,
Agilent technologies, 1200 series) was performed using three columns in series (TSK gel
G5000 PWxl + TSK gel G3000 PWxl + TSK gel G2500 PWxl). The columns were heated to 60
°C and separation performed at a constant flow of 0.5 ml / min using 10 mM phosphate
buffer at pH 6.8 with 125 mM NaNO3 and 0.02% NaN3. The MALLS data (acquired using
Wyatt Dawn Heleos II) was fitted using a first order Zimm model (using the software Astra
6).
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Results and discussion
Rheological characterization
Single and mixed protein systems were characterized for their rheological response at
95 °C. Figure 5.1 shows the storage modulus (G’) and loss modulus (G”) of single whey
protein isolate (WPI) and single soy protein isolate (SPI) gels as a function of protein
concentration. The storage modulus G’ of WPI and SPI was fitted using equation 7.10 with
an earlier described procedure [57].

5.14

Here C and t are constants, cp the protein concentration (in gprotein / gwater ) and c0 a
minimum gelling protein concentration. For WPI a good description of the data over a
large protein concentration range was found. Also for SPI equation 5.14 describes the
behavior of G’ well within the range of measured protein concentrations even though the
concentration range was limited by the minimum gelling concentration (~ 0.04 gprotein /
gwater) and the concentration of the SPI stock solution obtained from the isolation
procedure (~ 0.11 gprotein / gwater).
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Figure 5.1 Storage modulus G’ (,) and loss modulus G’’ (, ) for single SPI (,) and single WPI (, )
gels after 1 hour at 95 °C. Curves were fitted using equation 7.10. Gelatin type A ( ) and type B ( ) showed a
purely viscous response and only the loss moduli are shown.

We would like to stress that the model underlying equation 5.14 is a percolation model,
but that we use equation 5.14 only semi-empirically. Percolation theory assumes the
network to arise throughout the gelation process in a spatially random manner [5] which
is strictly spoken not true for WPI or SPI gels. Globular proteins, especially in the presence
of salt, exhibit an entrance into a two - phase region during the gelation process, and the
protein system shows micro-phase separation, resulting in a system with protein rich and
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protein poor phases [58]. The latter we refer to as pores. One therefore should not
interpret the fitting parameters such as critical parameters and exponents in our case.

For pure gelatin no elastic response was observed at 95 °C, this is in line with its coil
conformation at this temperature. Therefore, also in a mixed globular protein / gelatin
system, the measured G’ values can be attributed solely to the globular protein gels (WPI
or SPI). The concentration of globular proteins in the mixed gels is known. Using this
globular protein concentration and equation 5.15 it is possible to calculate an expected G’
value (denoted by G’GP, where GP stands for globular protein) for a mixed SPI or WPI gel.
This G’GP is based on the assumption that the presence of gelatin does not change the
storage modulus, and that the protein concentration is based on the actual available
water in the sample rather than total sample weight. This definition has already been used
in the preceding chapters and the importance of the definition of protein concentration in
mixed gels will be discussed in more detail in chapter 8.
The measured storage modulus (G’measured) and theoretical G’GP for WPI gels at three
different whey protein concentrations as a function of gelatin type A concentration are
shown in Figure 5.2. At low gelatin concentration no differences between the measured
and theoretical storage modulus were observed. With increasing gelatin concentration
G’measured values are below the theoretical G’GP for single WPI gels. This behavior is
opposite to the increase in G’ upon the addition of (non-gelling) globular proteins to
gelatin gels as observed in chapter 4 which will be addressed later on in this chapter.
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Figure 5.2 Measured storage modulus (G’measured) for mixed gels after 1 hour at 95 °C containing 0.06 (), 0.12
() or 0.16 () gprotein / gwater WPI with added gelatin A. Horizontal lines indicate G’GP which is the storage
modulus expected for pure WPI gels without added gelatin.
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To express the disparity between G’measured and G’GP we use ratio s as introduced in
chapter 4 given by
≡

′

5.15

′

Figure 5.3 shows the ratio s for mixed SPI / gelatin type A, WPI / gelatin type A, WPI /
gelatin type B and WPI / hydrolyzed gelatin type A gels as a function of gelatin
concentration. The ratio s of SPI and WPI gels decreases with increasing gelatin type A
concentration. We note that for WPI and SPI the s values follow the same curve, even
though there is a difference of 2 orders of magnitude in absolute value of the storage
modulus between these systems (cf. Figure 5.1). Also the ratio s for mixed WPI gels with
added gelatin type B decreases with increasing gelatin concentration. The decrease in s
occurs at lower gelatin concentration for gelatin type B compared to gelatin type A. For
both gelatin types s levels off to s = 0.2 at high gelatin concentrations.
Figure 5.3 also shows the ratio s of WPI gels prepared in the presence of hydrolyzed
gelatin type A. Here s > 1 for all measured gelatin and WPI concentrations (performed in
the range between 0.02 to 0.12 gprotein / gwater hydrolyzed gelatin type A and 0.05 to 0.20
gprotein / gwater WPI). The s > 1 indicates that these mixed gels showed an increased storage
modulus compared to the one expected for the single WPI gel at identical WPI
concentration (corrected for the availability of the water). Increased values compared to
the pure WPI gels are most probably due to a high affinity of hydrolyzed gelatin to water
which might reduce the availability of water to WPI.
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Figure 5.3 Ratio s (equation 5.15) for the gels from the different protein mixtures for gels containing WPI /
gelatin A (), SPI / gelatin A () and WPI / gelatin B ( ) (all open symbols) and gels containing WPI /
hydrolyzed gelatin type A ( ). Dashed line is meant as a guide the eye.
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Gel microstructure of single gels
To relate the rheological properties to the microstructure of mixed gels we performed
neutron scattering (SESANS) and image analysis on CLSM images for single and mixed gels.
Figure 5.4 shows CLSM images of single WPI gels at three different protein concentrations.
The images show typical gel structures consisting of a connected network of aggregated
protein. These aggregates are typically referred to as building-blocks which on a certain
length scale, connect to form a space spanning network [5]. For protein gels, the size of
the building blocks is an important parameter in their characterization. The building block
size can be determined from the first minima of the radial density correlation function p(r)
(equation 5.12) which is shown in Figure 5.5A. This minimum represents the distance from
any location with high WPI concentration (high intensity) towards the lowest intensity
(background) [59, 60]. The other characteristic property related to the size of the building
blocks is the correlation length ξ which was obtained by fitting equation 5.13 to p(r) as
indicated by the solid lines in Figure 5.5A.

Figure 5.4 CLSM images of single WPI gels at 6%, 10% and 15% w/w protein concentrations (scale bar 7.5 µm).

An additionally important property for gel structures is the way how the aggregates are
arranged. This is described by two parameters. First, the typical distance between
aggregates, given by the first maximum of the correlation function where the probability
to find another building block is highest. Secondly, their arrangement also determines the
size of the gel pores, typically defined as the region depleted of protein between the gel
building blocks. With the pores having a significantly lower intensity (lower protein
concentration) than the protein gel, their size can be extracted from the width of the
minimum in the density correlation function p(r). Here it was defined as the distance
between the first and second zero crossing of the density correlation function. For a better
visible example of the negative peak and first maxima please see Figure 5.8.
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The last parameter of interest when analyzing protein gels is the structure within the gel
building blocks. Despite the fact that the range of length scales probed by CLSM is not
sufficient to extract a fractal dimension of the building blocks [54], the slope of p(r) can be
used to compare different structures. This can be done by determining the linear region of
p(r) over the relative distance (radial distance / size of building blocks). The density is also
represented in the parameter β of equation 5.13. For β = 2 this equation corresponds to a
Gaussian model which would be expected for a 2D projection of a sphere with
homogeneous internal structure, β values above 2 are expected for disks. Lower values
can have various reasons, one being a non-homogeneous intensity (protein) distribution
or an irregular shape of the aggregates.
Table 5.1 summarizes the different parameters obtained from image analysis for single
WPI gels at three protein concentrations. With increasing protein concentration the size of
the gel building blocks decreases (correlation length and diameter) so does the distance
between them and the pore size. These changes are typically summarized in the term
“denser protein network” which can also be observed in the images in Figure 5.4.
Figure 5.5 shows the density correlation function from CLSM image analysis and the
normalized polarization from SESANS measurements for single WPI gels. While for the
analysis of the CLSM images one assumes isotropy to extract information of the 3D gel
structure from a 2D projection, SESANS directly probes a relatively large 3D sample
volume (approx. 1000 mm³). The results therefore represent an average over a large
number of gel building blocks which makes this technique an interesting addition to the
image analysis.
With increasing WPI concentration the initial slope of the normalized polarization versus
spin echo length curve changes. The initial slope in this graph represents the volume
fraction of WPI inside the gel building blocks. A steeper slope at increasing protein
concentration (from 0.06 to 0.15 gprotein / gwater WPI) reflects the increased volume fraction
(higher protein density) of WPI inside the gel building blocks. Additionally, the observed
decrease in total scattering (higher plateau value of normalized polarization at high spin
echo length) with increasing WPI concentration suggests a decrease in the size of the
typical gel building blocks.
To quantify these changes, we have fitted the data in Figure 5.5B to equation 5.1. The
obtained results are shown in Table 5.1 together with the results from CLSM. With
increasing WPI concentration the size of the random inhomogeneity (a) and the
correlation length of the system (ξ) decrease and the Hurst exponent increases. Low Hurst
exponent at low protein concentrations indicate an open structure where protein is nonhomogeneously distributed. At increasing WPI concentration the Hurst exponent is closer
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to 0.5 which indicates that the protein is more homogeneously distributed inside the
sample (on the length scale probed by SESANS) which is in line with the visual
observations of the CLSM images as shown in Figure 5.4. The correlation length obtained
from SESANS are in agreement with results obtained from CLSM. The agreement between
the two techniques validates the obtained results from each separate technique and
indicates that each of the techniques can be used to obtain structural characteristics of
protein gels. More than that, both techniques are complementary and together allowed a
full characterization of the WPI gel structures (as shown in Table 5.1) over the length scale
30 nm to several cm which in this research serves as a basis for the analysis of the gel
structures in mixed gels.
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Figure 5.5 Density correlation and normalized polarization function for WPI gels containing 0.06 (), 0.10 ()
and 0.15 () gprotein / gwater . CLSM images of these samples are shown in Figure 5.4. Graph A: Average density
correlation from image analysis. Graph B: Normalized polarization from SESANS. Lines show fits used for data
analysis for CLSM image analysis (equation 5.13) and SESANS (equation 5.1)
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Parameter

Source

Interpretation

Unit

6%

10%

15%

Correlation length (ξ)

Equation 5.13

Characteristic length scale of areas with high
fluorescent densities

nm

569.5
±18.7

360.6
±5.7

285.9
±21.9

The diameter of the spherical equivalent of
the gel building blocks as visible in CLSM images

nm

2377
±418

1368
±79.2

1343
±384

The diameter of a spherical equivalent of the
gel pores (protein depleted areas).

nm

6856 ±
168

2794
± 600

--

Typical distance between two gel building
blocks, center to center

nm

4346
±1985

1878
±111

1804
±270

--

1.61
±0.08

1.76
±0.01

1.43
±0.04

0.43

0.28

0.18

CLSM

Diameter of gel building blocks

Gel pore size

SESANS

Building block distance

First minima
from
equation 5.12
Width negative
peak
from equation
5.12
First maxima
from
equation 5.12

Exponent β

Equation 5.13

Scattering power (Σ )

Equation 5.1

Size of (intermediate) gel
building blocks (a)
Hurst exponent (H)
Correlation Length (ξ)

Arrangement of protein inside gel building
blocks (related to structure)
Average how often a neutron scatters when
passing the sample

Equation 5.2

Size of random inhomogeneity in sample

nm

1055.2

309.6

116.4

Equation 5.2
Equation 5.4

Related to fractal dimension of gel
Sample specific typical length scale

-nm

0.069
420.9

0.29
381.3

0.45
216.1
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Table 5.1 Characteristic values describing the WPI gel structure obtained from CLSM image analysis and SESANS analysis for single WPI gels at three different
protein concentrations. Standard deviations are given for values where several independent measurements were taken.

Gel microstructure of mixed gels
Figure 5.6 shows CLSM images of mixed gel structures where globular proteins (WPI or
SPI) were gelled in the presence or absence of gelatin. The first column of Figure 5.6
shows single globular protein gels (made of only WPI or SPI). The second and third
columns show mixed gels where the globular protein was gelled in the presence of 0.02 or
0.06 gprotein / gwater gelatin or gelatin hydrolysate. Gelatin was labelled covalently using
FITC, while in addition the total protein was labelled non-covalently using Rhodamine B.
Throughout the experiments, it was observed that Rhodamine B had a significantly lower
affinity for gelatin compared to globular proteins. This is based on the absence of
hydrophobic patches in gelatin needed for Rhodamine to bind as already argued in
chapter 4 and elsewhere for other systems [61]. In the analysis of mixed gels, this
difference can be used to differentiate between the two proteins. The Rhodamine B signal
will therefore be used to identify the location of WPI or SPI and the signal from FITC to
identify the location of gelatin. For gelatin hydrolysates FITC labelling was not used
because this would increase their molecular mass by more than 10%. For these samples
only the Rhodamine B signal (WPI) is shown.
Upon the addition of gelatin type A the gel structure of the globular proteins (SPI and
WPI shown in red in Figure 5.6) changes and a more pronounced phase separation is
observed. With increasing gelatin A concentration the globular proteins become more and
more concentrated in their phase and gelatin A is mainly found in the globular protein
depleted phase (the globular protein gel pores). Analysis of images at other magnifications
(results not shown) showed that at all protein concentrations and protein mixing ratios
both phases were continuous throughout the entire sample volume. A similar result was
found for the WPI / gelatin type B mixed gels. Comparison of the microstructural data to
rheological results showed that the increase in gel coarseness is accompanied by a
decrease in G’ of the mixed gels. This effect, however, seems independent of the absolute
length scale (size) of the phase separated domains as WPI / gelatin A and SPI / gelatin A
have similar rheological behavior but differently sized phase separated domains. Figure
5.6 also contains CLSM images of WPI gels prepared in the presence of gelatin type A
hydrolysates. Here the microstructure was similar to that of the pure WPI gel and no
enhanced phase separation could be observed. The presence of gelatin hydrolysate had
no significant effect on the microstructure of the WPI gels which is in line with the
observation that the storage moduli of the WPI gels were not decreased by the addition of
hydrolysates.
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Figure 5.6 CLSM images of single and mixed globular protein (WPI or SPI) at room temperature after being
heated to 95 °C. All gels contain 0.06 gprotein / gwater globular protein (WPI / SPI). The location of globular
proteins is shown in red and gelatin in green (details given in text). The first column contains reference images
of globular protein gels without added gelatin. Within each row gelatin concentration increases from 0 to 0.02
and 0.06 gprotein / gwater gelatin. Scalebars are 7.5 µm

For mixed systems the fluorescent signals in CLSM for WPI (Rhodamine B) and gelatin
(FITC) were acquired separately. For visualization purposes this allows to display them in
different colors as shown in Figure 5.6. For image analysis this additionally permits the
analysis of the spatial arrangement of each protein, or better each channel, separately. As
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an example, Figure 5.7 shows an overlay and CLSM images of the two channels separately
for a sample containing 0.06 gprotein / gwater WPI and 0.02 gprotein / gwater gelatin type B. The
images of the separate channels show that areas high in WPI concentration are low
concentrated in gelatin and the other way round. The two images are in fact negative
images of each other which is a direct indication of segregative phase separation between
the two proteins. For image analysis this means that one image can be transferred into the
other by inversion. Inversion (as all linear modifications of the intensity values) of an
image before autocorrelation has no effect on the results from autocorrelation [52]. Thus
for phase separated systems as those shown in Figure 5.7 no differences between the
results from image analysis for the two channels are expected.
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Figure 5.7 CLSM images from the Rhodamine channel (WPI), the FITC channel (gelatin B) and an overlay of a
sample containing 0.06 gprotein / gwater WPI and 0.02 gprotein / gwater gelatin type B (scale-bar 7.5 µm)

Figure 5.8A shows the density correlation function for single and mixed WPI gels at
constant WPI concentration. As expected the density correlation functions from the two
channels overlay. The shift of the correlation functions for gels with added gelatin to
higher length scales indicates an increase in the correlation lengths of the systems which is
more pronounced for gelatin type B compared to type A mixed gels. Figure 5.8B shows the
first minima (location thereof in autocorrelation function indicated with an arrow in Figure
5.8A, representing the diameter of gel building blocks) of the density correlation function
p(r) for a number of mixed gels. As expected also here no significant difference between
the results from the two channels was obtained. The same result was found when
comparing the other gel characteristics such as e.g. correlation lengths or distance
between aggregates (results not shown). It is thus sufficient to analyze one of the
channels in mixed systems to obtain the characteristic parameters such as e.g. gel building
block size in mixed gels. In the following we will therefore only discuss the results
obtained from non-covalently staining proteins with Rhodamine B.
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Figure 5.8 Graph A: Separate density correlation functions from the Rhodamine channel (WPI, open symbols)
and FITC channel (gelatin, closed symbols) for gels containing 0.06 gprotein / gwater WPI and no gelatin (reference,
) and mixed gels containing 0.06 gprotein / gwater WPI and 0.06 gprotein / gwater gelatin type A () or type B ().
Insert shows magnification of the area containing first minima (indicated by arrow). Graph B: First minima
corresponding to typical building block diameter obtained from image analysis of CLSM images for mixed gels
containing 0.06 gprotein / gwater WPI and varying concentration of gelatin type A (, ) or gelatin type B (,).
Results from Rhodamine channel (WPI) are shown with open symbols and from FITC channel (gelatin) with
closed symbols.

Figure 5.9 displays the average size of the gel building blocks for WPI gels prepared in
the presence of gelatin type A (Figure 5.9A1), gelatin type B (Figure 5.9B1) or hydrolyzed
gelatin type A (Figure 5.9A2). For WPI / gelatin type A at 0.06 gprotein / gwater WPI a constant
increase of the gel building block size over the whole range of analyzed gelatin
concentrations was observed. The same result was found at 0.1 gprotein / gwater WPI and
increasing gelatin type A concentration even though here the effect was less pronounced.
The presence of hydrolyzed gelatin type A (Figure 5.9A2) on the other hand did not have
an influence on the size of the gel building blocks of WPI. At both analyzed WPI
concentrations (0.06 and 0.1 gprotein / gwater) the building blocks has a size around 1.6 µm
independent of the concentration of hydrolyzed gelatin type A. The building block size of
WPI gels formed in the presence of gelatin type B (Figure 5.9B1) increased strongly at low
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gelatin type B concentrations (< 0.05 gprotein / gwater). At 0.06 gprotein / gwater WPI the gel
building block size showed a maximum around 0.06 gprotein / gwater gelatin while at 0.1
gprotein / gwater WPI it increased over the whole range of analyzed gelatin type B
concentrations. Parallel to the building block sizes also the correlation length, the
distances between the gel domains and the sizes of the gel pores increased for the WPI /
gelatin A and the WPI / gelatin B mixed gels (results not shown). For gel structures one
typically summarizes these changes with the term “increasing gel coarseness” which will
be used from this point onwards for the ease of reading.
In comparison, gelatin type B had a more pronounced effect on the gel coarseness than
gelatin type A at comparable concentrations. This is similar to the effect of the change in
G’ of the WPI gels (see Figure 5.3). In chapter 2 and 3 we presented a detailed
characterization of these research materials in terms of their molecular sizes, their
molecular interactions and also on the interaction of gelatin with native and aggregated
whey protein. At solvent conditions as those used here (pH 7, ionic strength 150 mM)
gelatin and whey protein (as well as whey protein aggregates) were shown to interact
mainly via hard body interactions. Also, the number averaged molecular weight of gelatin
type A and type B were comparable. The differences between gelatin type A and type B
are most probably due to the presence of relatively more higher molecular weight
fractions in gelatin type B than gelatin type A (see Figure 5.14) which can lead to an
enhanced phase separation between aggregates of WPI and gelatin during gelation. We
will discuss the relationship between the (molecular) size of proteins, changes in size
during gelation and the effect on phase separated microstructures further on.
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Figure 5.9 Size of the gel building blocks (first minimum in p(r) from image analysis) for gels containing 0.06
gprotein / gwater (open symbols) or 0.1 g / gwater (closed symbols) WPI and different gelatin. A1: gelatin type A; A2:
hydrolyzed gelatin type A; B1: gelatin type B; symbols at zero gelatin ( ) represent pure WPI gels containing
0.06 and 0.1 g / gwater WPI

To further analyze the differences in WPI gel network structures formed in the presence
of gelatin type A or hydrolyzed gelatin type A we have performed SESANS measurements
on these mixed WPI gels. The length scale over which SESANS is able to detect structural
elements is in the range 20 nm to several µm. The length scale of gelatin gels is typically
one order of magnitude lower [62]. For SESANS measurements, it is therefore expected
that the presence of gelatin does not influence the scattering obtained from the WPI gel.
To test this we analyzed a mixed protein gel containing 0.06 gprotein / gwater WPI and 0.1
gprotein / gwater gelatin type A at room temperature and at 40 °C. Figure 5.10 shows the
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normalized polarization versus spin echo length results at both temperatures. The
formation of an ordered structure (gel at room temperature) from a liquid (at 40 °C)
where molecules are randomly distributed would significantly change the scattering
results if the obtained structures were within the probed length scale of SESANS. No
differences between the two measurements could be observed demonstrating that
gelatin indeed forms a gel below the length scale probed by SESANS. The gelatin gel can
therefore be assumed to be “invisible” in SESANS measurements. However, the presence
of gelatin is expected to reduce the neutron scattering length density contrast between
the WPI and the solvent phase (gelatin is located in the solvent). Accordingly we observed
a decrease in the total scattering of mixed gels compared to the single WPI gels (higher
normalized polarization at high spin echo length values in Figure 5.10 compared to Figure
5.5) upon gelatin addition.
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Figure 5.10 Normalized polarization P(z) versus spin echo length from SESANS at 40 °C () and at room
temperature () for a sample containing 0.06 gprotein / gwater WPI and 0.1 gprotein / gwater gelatin type A.

In conclusion, the scattering signal from SESANS in mixed protein gels can be attributed
to the structure of the WPI gel when keeping in mind the effect that gelatin has on the
scattering length density contrast between WPI and the solvent phase.
Figure 5.11 shows the normalized polarization for WPI gels prepared in the presence of
gelatin type A (Figure 5.11A) or hydrolyzed gelatin type A (Figure 5.11B). For WPI gels
prepared in the presence of 0.04 gprotein / gwater gelatin type A the scattering intensity
(normalized polarization value at high spin echo length) is below that expected for the
pure WPI gel at this concentration. As discussed before, addition of gelatin is expected to
lead to a lower total scattering (higher values for normalized polarization). However, the
scattering intensity is also related to the size of the typical building blocks. CLSM results
showed an increase in the size of the gel building blocks for WPI gels with added gelatin
(see Figure 5.9) which leads to a higher scattering intensity. For the sample containing
0.04 gprotein / gwater gelatin type A the increase in size seems to have a stronger effect on
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the scattering intensity than the decrease in neutron scattering contrast. At higher gelatin
concentration (0.07 gprotein / gwater) the decreasing scattering contrast and increasing
building block sizes balanced each other out and the measured scattering intensity was
close to that of the pure WPI gel. For mixed WPI gels containing hydrolyzed gelatin type A
(Figure 5.11B) a decrease in scattering intensity was observed for both tested
concentrations of hydrolyzed gelatin. This suggests that no large changes in the typical size
of the building blocks occurred, as also concluded from the results of CLSM. The decrease
in scattering intensity indicates that gelatin reduced the contrast between the WPI gel and
the (gelatin containing) solvent, as expected.
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Figure 5.11 Normalized polarization versus spin echo length from SESANS measurements of mixed samples
containing 0.06 gprotein / gwater WPI and 0.04 () or 0.07 () gprotein / gwater gelatin type A (graph A) or hydrolyzed
gelatin type A (graph B). Lines represent behavior of pure data (from Figure 5.5B) containing 0.06 gprotein / gwater
(solid line) or 0.1 gprotein / gwater WPI (dashed line)

Besides this information about the changes in the size of the gel building blocks SESANS
also allows an estimation of the density of the primary building blocks via the initial slope
of the normalized polarization over spin echo length curve [50]. For pure WPI gels this
slope increased with increasing protein concentration (cf. Figure 5.5). The curves of the
pure WPI gel prepared at 0.06 gprotein / gwater WPI and the mixed gels containing the same
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WPI concentration overlay in the range between 50 to approximately 1000 nm. As a
comparison, the curve for a single WPI gel prepared at 0.1 gprotein / gwater WPI is shown in
Figure 5.11. The initial slope is significantly steeper for the single gel prepared at 0.1 gprotein
/ gwater WPI compared to single and mixed gels prepared at 0.06 gprotein / gwater. This
suggests that on a length scale below 1 µm gel building blocks of mixed WPI gels have
similar structures to single WPI gels prepared at the same nominal protein concentration
(0.06 gprotein / gwater WPI). At higher length scales, however, mixed gels containing gelatin
type A vary in their gel structure from pure WPI gels (discussed before in CLSM analysis).
In the SESANS measurements these changes were observable in the obtained Hurst
exponent (equation 5.2, related to the fractal dimension) for mixed systems. The Hurst
exponent of pure WPI gels and WPI gels with added hydrolyzed gelatin A were close to 0
while those for WPI gels with added gelatin type A were close to 0.4. Although it is
questionable whether one should analyze WPI gels or phase separated mixed gels in terms
of fractals [2, 58], these changes in the Hurst exponent suggest a different spatial
arrangement of proteins in the mixed WPI gels compared to pure WPI gels., in line with
the results from CLSM.

Effect of gelatin size on the formation of WPI gels
So far we have been able to strongly suggest a relationship between microstructural
changes in globular protein gels and their rheological response. The relationship originates
from segregative phase separation between gelatin and WPI during gelation (see e.g.
Figure 5.8). This segregative phase separation leads to a confinement of both proteins in
their separate phases, where each phase is depleted of the other protein. In the presence
of hydrolyzed gelatin A such segregative phase separation and according changes in the
gel microstructure and related rheological response, were not observed.
In order to address the different effects of gelatin versus hydrolyzed gelatin on the
network structure of globular protein gels, we will first discuss the gelation in pure
globular protein (WPI) systems. Heat induced gelation of WPI reflects a complex interplay
between aggregation of whey proteins and a concomitant phase separation between
these aggregated proteins and the water phase. The process is schematically shown in
four steps in Figure 5.12A. In the initial step of gelation a homogeneous protein solution
(Figure 5.12A.1) is heated above the denaturation temperature of whey proteins leading
to the formation of primary aggregates [63] (Figure 5.12A.2). These aggregates are only
stable once they are above a certain size which is typically around 30 to 100 nm
dependent on multiple factors such as solvent conditions and gelation kinetics [64, 65]. At
the solvent conditions used in this study (pH 7, 150 mM NaCl), aggregates separate from
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the solvent phase (referred to as micro-phase separation [58]) as shown in Figure 5.12A.3.
This is suggested to occur via spinodal decomposition [66] which is arrested in an early
stage by the interconnection of the gel building blocks inside the WPI rich phase (Figure
5.12A.4). This implies a formation of a bi-continuous structure of WPI rich (gel) and
solvent rich (gel pores) phases. This microstructure (see also Figure 5.6) is typical for
globular protein gels at conditions where electrostatic repulsion is screened [58] (which
was the case in this study).

A.1

A.2

A.3

A.4

B.1

B.2

B.3

B.4

Figure 5.12 Schematic representation of gelation for pure WPI gels (row A) and WPI gels with added gelatin
(row B). WPI is represented by black spheres and gelatin as a linear polymer. In scheme B.4 closed spheres
represent situation at low total protein concentration and open circles indicate changes upon increasing the
total protein concentration.

The proposed effect how the presence of gelatin impacts the WPI gel formation is
shown in Figure 5.12B. As for the single WPI gels the initial stage is a homogeneously
mixed solution containing WPI and gelatin (Figure 5.12B.1). Upon heat induced
denaturation of whey proteins these start to aggregate (Figure 5.12B.2) while gelatin
molecules stay soluble and do not participate in this aggregation. SESANS results
suggested that the density of the primary aggregates in mixed gels is identical to that for
pure WPI gels (see initial slope in Figure 5.11). This suggests that the primary aggregates
(and possibly also secondary, as SESANS indicated changes only above 1 µm) were formed
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while the system was still completely mixed and thus WPI at its original concentration
(which in the case of SESANS measurements was 0.06 gprotein / gwater).
During further aggregation, the size of the intermediate gel building blocks (or whey
protein aggregates) increases. Since the size of the gelatin molecules stays constant the
formation of even larger WPI aggregates changes the size ratio between globular protein
(aggregates) and gelatin
This size ratio (q) is an important parameter in determining whether mixed systems
phase separate or stay mixed and can be expressed by:

5.16
where aG is the effective radius of the gelatin molecules and aGP the effective radius of
the globular proteins (or their aggregates during gelation). As discussed in chapter 2 and
chapter 3 gelatin and WPI or whey protein aggregates are well approximated as having
mainly hard body interactions at neutral pH and ionic strength > 100 mM. The phase
behavior of such systems as a function of the size ratio q can be approximated using a
virial approach. Figure 5.13 shows the theoretical critical volume fraction as a function of q
for a binary hard sphere mixture. The critical volume fraction in Figure 5.13 represents the
point in a phase diagram with the lowest total particle (or here protein) volume fraction
where phase separation is expected (critical point in a phase diagram). Around q = 1
binary mixed systems show a high co-solubility which decreases with increasing and
decreasing q-values. The q-values of the mixed WPI / gelatin type A and type B and WPI /
hydrolyzed gelatin type A before gelation occurs are added to Figure 5.13. The q-values
were based on the effective molecular size of the globular proteins and gelatin from
chapters 2 and 3. For hydrolyzed gelatin the size was estimated based on SEC results
shown in Figure 5.14 which also indicates the reverse size ratio between WPI and gelatin
compared to WPI and hydrolyzed gelatin. The arrow indicates the proposed change in q
during the gelation of globular proteins (formation of larger globular protein aggregates).
The two mixtures where the presence of gelatin altered the globular protein
microstructure are characterized by q > 1 while for the WPI / hydrolyzed gelatin A sample
q << 1, where the microstructure of the mixture was equal to that of the pure globular
protein gel. Samples where the globular protein microstructure was altered crossed the
point q = 1 and subsequently a region with decreasing co-solubility (higher possibility for
phase separation) during globular protein gelation. It is proposed that this passing of a
region with high co-solubility and subsequent passing a region with reducing co-solubility
signifies phase separation during globular protein gelation. If this phase separation occurs
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Critical Volume Fraction [1]

deeper into the 2-phase region, an increase in gel coarseness is expected (increase in size
of gel domains, distance between gel domains and gel pores), as schematically shown in
Figure 5.12B.4.
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Globular Protein Gelation
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Figure 5.13 Critical volume fraction calculated for hard sphere systems as a function of the particle size ratio q.
The location of WPI / gelatin A () and WPI / gelatin B () systems where increased phase separation was
observed and the WPI / hydrolyzed gelatin A where the microstructure of WPI was similar to that of pure WPI
() are indicated in the graph. The arrow indicates the direction the size ratio q changes upon gelation of WPI.
Graph re-printed from chapter 3.

We have arrived at the same conclusion when investigating gelatin gelation in the
presence of globular proteins in chapter 4. This suggests this effect to be general for these
mixed gel systems. Yet, when comparing the effects of phase separation on the
rheological response of mixed gelatin gels from chapter 4 with that of globular protein /
gelatin gels presented in this chapter, the effects seem contradictory. Phase separation
due to the presence of (non-gelling) secondary proteins led to an increase in G’ for mixed
gelatin gels while in globular protein gels the storage modulus decreases upon the
occurrence of (increased) phase separation. These differences are most likely based on
different gelling mechanisms. Gelatin exhibits isotropic gelation and for a mixed gelatin
gel, phase separation will mainly have an impact on the water distribution and therefore
respective concentrations of the gelatin, but to a lower degree on the gel structure. The
globular protein gels in the current study, however, were prepared at conditions where
electrostatic interactions are screened and where their gelation mechanism includes
micro-phase separation. The presence of gelatin in this systems mainly altered the
structure of the already phase separated, bi-continuous globular protein gel but did not
lead to a gelation of WPI at simply increased protein concentration.
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Figure 5.14 SEC-MALLS elution profile containing the relative refractive index (dashed lines, left vertical axis)
and molecular weight from light scattering (solid lines, right vertical axis) for WPI, gelatin type A and type B
taken from chapter 2 and hydrolyzed gelatin type A as indicated in the graph.

Conclusion
Rheological methods together with microstructural analysis using CSLM and SESANS was
shown to selectively probe the structure of WPI gels (or more general globular protein
gels) in the presence of gelatin. This allowed the stepwise analysis of the formation of
mixed globular protein / gelatin gels. We focused on the first step of the sequential gelling
step of globular protein / gelatin gels which will serve as an important basis for researches
aiming to understand the properties of the final gels (where both proteins are gelled). In
the case of mixed WPI gels, microstructural changes due to the presence of gelatin during
the gelation of globular proteins were directly related to a reduction in storage modulus
G’ of the WPI gels. The mechanism leading to these changes was suggested to be an
enhanced segregative phase separation at a late stage of WPI gelation between WPI gel
building blocks and the solvent phase containing gelatin which only occurred when gelatin
molecules had an effective diameter above that of the globular proteins.
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CHAPTER 6

6. Modulating fracture properties of mixed
protein systems7
ABSTRACT
To design foods with desired textures it is important to understand structure build-up
and breakdown. One can obtain a wide range of structures using mixtures of different
structuring ingredients such as for example protein mixtures. Mixed soy protein isolate
(SPI) / gelatin gels were analyzed for their linear rheological properties, fracture properties
and microstructure. The two ingredients were found to form independent networks
despite changes in the SPI microstructure, which were attributed to enhanced micro
phase separation. It is shown that mixing of SPI and gelatin allows to arrive at a large
variety of fracture properties. This provides opportunities for tailoring textures in foods
using mixed independent gel networks. The fracture stress of mixed gels corresponded to
the fracture stress of the strongest of the two gels. At constant fracture stress, increasing
Young’s modulus of the mixed independent gels resulted in reduced fracture strain.

7

This chapter is based on: Ersch, C., ter Laak, I., van der Linden, E., Venema, P., & Martin, A. H. (2015).

Modulating fracture properties of mixed protein systems. Food Hydrocolloids, 44, 59-65.
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Introduction
The demand for a sustainable production of protein containing products leads to an
increased interest in the use of alternative (mostly plant) proteins. This leads to challenges
like employing these proteins in existing foods without changing texture, taste and
appearance. Because simple replacement of one protein with another usually leads to
different properties one needs to resort to mixtures. Studying the fracture properties of
mixed protein systems in which one is of plant origin is therefore essential to gain insight
on how textural properties can be modulated when introducing new proteins.
To employ biopolymer mixtures in foods, a basic understanding of their interactions and
phase behaviour is important. Thermodynamic (in)compatibility of macro constituents is
one of the most important and mostly researched topics in mixed systems. Polysaccharide
(PS) / protein mixtures as the most commonly researched biopolymer mixture [1-8]
usually show phase separation at relatively low (total) polymer concentration [7]. Protein
mixtures, on the other hand, are thermodynamically compatible over a wide
concentration range dependent on their Osbourne classification, hydrophobicity and
surface charges [9] and their similar size (see chapter 3). However, changes such as
denaturation, aggregation and/or coil-helix transitions reduce their compatibility with
other polymers and interaction with water (i.e. solubility) drastically. This can induce
phase separation and therefore structural changes in single and mixed systems [10-12].
The rheological properties and microstructure has been described in detail for several
polysaccharide / protein [1-8] and protein / fat [13, 14] mixtures. Van den Berg et al.
(2008) and Sala (2007) have linked large deformation properties for two examples of the
above mentioned mixtures to sensory attributes by mixing whey protein with different
polysaccharides [2] or using different types of proteins in emulsion filled gels [13]. For
mixed protein systems, however, these relationships have not yet been established. First
steps towards understanding the structure formation and breakdown properties have
been undertaken for mixed protein systems containing gelatin and a globular protein.
Here, gelatin was shown to gel inside existing networks (gels) of globular proteins whereas
the reverse situation is more challenging [15]. Rheological properties of mixed gels ranged
from gelatin-like to whey protein [15-18] or egg white-like [19]. Rheological changes were
attributed to segregative phase separation driven by polymerization of one of the two
proteins (e.g. aggregation or coil to helix transition [12]). However, these results were only
obtained for a limited number of proteins (not including plant proteins), protein
concentrations and mixing ratios. Therefore, using plant proteins and at the same time
mapping rheological properties at all possible concentrations and mixing ratios provides
new insight and opportunities for tailoring mixed gelatin / globular protein systems.
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Soy protein is one of the most researched and readily available plant storage proteins
and therefore, of high interest for research and industrial applications. Only few related
studies on mixed gels including soy protein isolate (SPI) have been published [20, 21].
Moreover, the interpretation thereof is often difficult since SPI itself can be considered a
mixed system [22-24]. Gelatin, on the other hand, is frequently studied in mixed systems
[12, 15, 17-19, 25-34]. Gelatin is thermo-reversible and rheologically well distinguishable
from heat induced, globular protein gels such as the brittle and weak (tofu-like) SPI gel.
Due to its lack of tertiary structure it compares well to many polysaccharides, when in the
coil conformation [7]. Nevertheless, it is thermodynamically compatible with most
proteins over a wider range of concentrations other than most polysaccharides [35].
The objective of this study is to map and understand the origin of the fracture
properties of mixed gelatin / SPI gels. Differential scanning calorimetry, small deformation
measurements and microscopy are combined to gain better understanding of the
structure build-up of mixed gelatin / soy protein gels and its relation with fracture
properties. These results will help one to employ protein mixtures of plant origin in
designing foods.
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Material and Methods
Material
Defatted soybean flour was obtained from Cargill having ~50% w/w protein. Pork skin
gelatin type A was generously provided by Rousselot BVBA (Ghent, Belgium) having a
nominal bloom strength of 150 (determined by manufacturer following a standardized
procedure), a protein content of 89.6% (Kjeldahl, N-factor 5.5), an isoelectric point around
8 (Isoelectric focusing and QC-RLT) and negligible amounts of salts (ICP-AES). Chemicals
were obtained from Sigma Aldrich (St Louis, MO, USA) and were of analytical grade. They
were used without any further purification using demineralized water (conductivity 1.5
µS/cm).

Soy protein isolate and gelatin stock solution preparation
Soy protein isolate (SPI) was prepared by isoelectric precipitation and subsequent
washing steps as described in literature [36]. The extracted SPI was kept as solution (pH 7)
and had a protein content of 11% (Kjeldahl, N-factor 6.38). For microbiological stability
0.02% sodium-azide was added. Solutions were stored at 4 °C and used within 4 weeks
after protein extraction. Within this time no physical changes were observed. Gelatin
solutions were prepared by dispersing gelatin granules in demineralized water. For
samples with 10% SPI, gelatin was dissolved directly in the SPI solution. Gelatin solutions
were heated at 60 °C for 1 hour in a water bath and stored at 4 °C overnight.

Sample Preparation
All solutions (including demineralized water) were degassed before usage and handling
was done at a sample temperature of 40 °C to avoid gelling of the gelatin. Protein stock
solutions (12% SPI, 20% gelatin) were mixed with demineralized water, NaCl and Na-azide
stock solutions to obtain desired protein concentrations (0 - 10% SPI, 0 - 14% gelatin) and
constant concentrations of 300 millimolal NaCl and 20 millimolal Na-Azide. MOPS buffer
stock solution (1 M, pH 6.8) was added to reach a final buffer concentration of 20
millimolal.

Large deformation rheological characterization
Samples were placed in pre-lubricated (paraffin oil) sealed plastic tubes, tempered for 1
hour at 40 °C, heated at 95 °C for 30 min and afterwards stored in an acclimatized room
overnight at 25 °C. Gels were cut into cylindrical pieces (2 cm x 2 cm) using a steel wire.
For each sample 4 cylindrical pieces were measured and average values are shown. A 90%
strain compression test was performed using a texture analyzer (TA-XT plus, Stable Micro
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Systems Itd., Godalming U.K.) equipped with a 500 N load cell. The probe had a much
larger diameter than the cylinders and paraffin oil was applied to all surfaces allowing
sufficient lubrication. Samples were compressed in a single compression test to 90% of
their initial height at a compression speed of 1 mm/s. True stress, true strain and Young’s
modulus were calculated as described elsewhere [37].

Small deformation rheological measurement
After preparation, samples were stored in the freezer (-20 °C) and thawed in a water
bath prior to analysis at 40 °C for 30 min before rheological measurements (Anton Paar
MC502 rheometer Graz, Austria). Gelling behavior was compared with non-frozen samples
and their behavior did not change significantly upon freezing and thawing. A sand-blasted
cup-bob geometry (CC17), a strain of 0.5% and a frequency of 1 Hz were used throughout
the experiment. Samples were covered with a thin layer of paraffin oil to prevent
evaporation and heated from 40 °C to 95 °C. They were kept at 95 °C for 1 h before
cooling back to 15 °C. The temperature was then kept at 15 °C for 1 h before re-heating
again to 95 °C. Heating and cooling rates were set at 5 °C/min.

Differential Scanning Calorimetry (DSC)
Samples were placed in aluminum pans, equilibrated at 40 °C inside the equipment (TA
Instruments DSC Q1000 New Castle, USA) and then cooled to 15 °C before starting the
measurements. The samples were heated at 1 °C/min to 110 °C and subsequently cooled
again to 15 °C. Samples were kept at both 15 and 110 °C for 5 min. Analysis was
performed using the manufacturer software (TA Universal Analysis). Data smoothing was
done at 2 °C/min and baseline rotation was done between 40 °C and 60 °C.

Confocal Laser Scanning Microscopy (CLSM)
For CLSM analysis, 0.05% (w/w) Rhodamine B was added to the samples and gels were
made by heating at 95 °C for 30 min inside sealed cuvettes (Product Name: Gene Frame®
125 µl, obtained from Thermo Scientific) in a water bath. Afterwards, cuvettes were
cooled down to room temperature and samples analyzed using a Leica DMI6000 (Wetzlar,
Germany) equipment. Several pictures at different location in the samples were scanned
and shown structures were found throughout the sample.
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Results and discussion
Transition and denaturation temperatures of single and mixed systems
The thermogram for single SPI, single gelatin and their mixtures is given in Figure 6.1.
The two endothermic peaks in single SPI represent the denaturation temperatures of the
two main soy protein fractions β-conglycinin (77 °C) and glycinin (97 °C) [38-40]. When
reheated these peaks are absent in all curves, pointing to the irreversible nature of SPI
denaturation.

66

Figure 6.1 Thermogram (heating) for single SPI (10% w/w, solid line), single gelatin (10% w/w, solid line with
dots) and mixed SPI / gelatin having 10% gelatin and 2% SPI (dashed line with dots) and 10% SPI and 2% gelatin
(dashed line)

For single gelatin, the endothermic peak around 28 °C corresponds to the helix to coil
transition (melting). During cooling helix to coil formation of gelatin resulted in one
exothermic peak. Results for the cooling ramps are not shown since they show the same
trends as the heating ramps. Gelling and melting peaks are present upon re-measuring the
samples indicating the reversibility of the coil helix transition. Transition temperature
values agree with literature for gelatin [38, 41, 42].
When gelatin and SPI are mixed, all the peaks belonging to the single proteins were
observed. The SPI denaturation temperatures were not influenced by the presence of
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gelatin. On the other hand the melting (and also gelling) temperature of gelatin increased
with increasing gelatin ratio. This is most likely due to increasing total gelatin
concentration when changing polymer ratios. This presumably kinetic effect is in line with
earlier reported DSC measurements on gelatin at different gelatin concentrations [43].
Since no significant changes in the enthalpic peaks were found upon mixing, it is
generally accepted [8, 44, 45] that no specific interactions between SPI and gelatin are to
be expected.

Structure build-up in single and mixed systems
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Gel formation was analyzed by measuring the storage modulus (G’) while applying a
thermal treatment as presented in Figure 6.2. For single SPI, a sharp increase in G’
occurred at a gelling time of 30 min which for ease of wording, will be referred to as
gelling time. For all tested samples, tan(δ) was < 0.5 independent of the gelatin
concentration at the end of the heating time. Upon cooling (Figure 6.2, 70-90 min), noncovalent bonds such as hydrogen bonds strengthen the network further leading to an
additional increase in G’ [46, 47]. On the other hand, single gelatin forms a gel once cooled
below the coil to helix transition after ~90 min in Figure 6.2. Re-heating this gel leads to
melting of the gelatin network (at ~150 min) indicated by a sharp drop in G’.
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Figure 6.2 Storage modulus during heating and cooling for 4% single SPI (long dashes) and mixed systems
containing 4% SPI plus 5% gelatin (short dashes) and 4% SPI with 10% gelatin (dotted line). As a reference 5%
single gelatin (solid line) is added. Also shown is the temperature profile (dash dot) with heating / cooling
performed at 5 °C/min.

In mixed systems of SPI and gelatin, addition of gelatin to SPI leads to a significant
reduction in gelling time for the SPI network accompanied by an increase in the plateau
value of G’ at 95 °C (70 min). This reduction in gelling time can be caused by a decrease in
repulsive forces between proteins [48] but it can also be caused by an increase in overall
protein concentration [49]. Since 300 millimolal NaCl was added, electrostatic interactions
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are strongly screened. It is therefore unlikely that addition of gelatin has an effect on
electrostatic interactions between soy proteins. This suggests that the cause for the
reduced gelling time is based on a concentration effect based on the choice of definition
of protein concentration which will be discussed in chapter 8. Higher effective SPI
concentrations are also in line with the increased G’ plateau values compared to single SPI
gels observed at 95 °C (72 min). A similar effect is observed for gelatin gels (~140min)
where increasing G’ values upon SPI addition are observed.
When comparing G’ values of the mixed systems before gelatin gelation (corresponding
to 75 min in Figure 6.2) and after gelatin melting (corresponding to 150 min in Figure 6.2)
they are comparable. This suggests that the gelation of gelatin in the presence of a
continuous SPI gel does not affect the continuity of the SPI network. Together with the
DSC results this suggests that both proteins form independent gels.
The microstructure of single and mixed systems was probed by CLSM (Figure 6.3). Single
SPI gels as well as gelatin gels (results not shown) do not show any structures above the
resolution of the CLSM independent of protein concentrations. However, mixed gels do
show structures with an increase in coarseness (typical distance between areas with
higher and lower intensity) upon addition of gelatin at a given initial SPI concentration in
line with results from chapter 5.

Figure 6.3 CLSM pictures (at different magnification top/bottom) of 10% SPI (left) and mixed systems
containing 7.5% SPI plus 2% (middle) and 4.5% (right) gelatin. Samples were heated to 95 °C and cooled to
room temperature before analysis (both proteins are in the gel state). Scale bars are 250 µm (top) and 50µm
(bottom)
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Fracture properties of mixed protein gels
Large deformation tests were performed on single and mixed SPI / gelatin samples.
Figure 6.4 shows fracture stress, fracture strain and Young’s modulus as a function of
gelatin concentration at different SPI concentrations. For single SPI, only a concentration
of 10% gave a self-supporting gel and therefore no values for lower concentrations could
be measured. For single gelatin, gels above 8% were strong enough to be measured. Their
fracture stress and Young’s modulus increased with protein concentration while the
fracture strain is concentration independent.
The fracture stress (Figure 6.4A) of mixed gels closely follows the behavior of the single
gelatin gels deviating only at low gelatin (< 5 %) and high SPI concentration. At these
deviating conditions, gelatin alone forms a weak gel with lower fracture stress than the (in
this case stronger) SPI gel. Nevertheless, in most samples gelatin forms stronger gels and
dominates the fracture stress of the mixed gels. Knowing that in mixed gels SPI and gelatin
networks co-exist leads to the hypothesis that during compression both networks are able
to break independently. The measured fracture stress corresponds to the fracture stress
of the stronger network implying that the other network has already been broken at a
lower stress. Unfortunately, due to limited sensitivity in large deformation experiments
the fracturing of the weaker network stays undetected as was also reported earlier by
Brink et al. (2007).
The Young’s modulus (GE) is defined by the initial slope of the stress versus strain
relationship during compression. In mixed gels, GE increases with increasing gelatin and
increasing SPI concentration (Figure 6.4C). The general shape of the GE versus gelatin
concentration curve, however, is not significantly altered by the presence of SPI. Higher GE
values lead to a “faster” increase in stress over strain. Samples reach their fracture stress
at a lower deformation (strain). This effect is represented in the reduced fracture strain
values upon SPI addition at constant gelatin concentration as presented in Figure 6.4B.
Fracture properties of mixed SPI / gelatin gels (and possibly other globular protein /
gelatin gels) were found to be dependent on only two factors, the fracture stress of the
stronger of the two networks (as known for single systems) and the Young’s modulus of
the system. To enable one to modulate the fracture properties of a mixed system, the
main question that remains is the mechanism underlying the increase in GE upon addition
of either one of the proteins which will be discussed in detail in chapter 7.
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Figure 6.4 True fracture stress (A), true fracture strain (B) and Young’s modulus (C) of mixed gelatin / SPI gels
as a function of gelatin concentration with SPI concentrations of 0 (□), 0.02 (○), 0.04 ( ), 0.06 (), 0.08% (◊)
and 0.1 () gprotein / gSolution . Gels were measured at room temperature after heat treatment to allow both
proteins to form a gel.

Opportunities for mixed protein systems
A wide range in breakdown properties of mixed gels can be obtained using a
combination of SPI and gelatin. In Figure 6.5 a texture map as commonly used for food
systems is presented.
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SPI gels are commonly brittle and soft whereas gelatin gels are deformable and hard (for
definition of terms please refer to Figure 6.5). By combining SPI and gelatin, gels with
intermediate values in hardness and deformability can be prepared. Increasing the SPI
concentration at fixed gelatin concentration leads to a reduced fracture strain making the
gels more brittle. Gelatin on the other hand increases fracture strain and fracture stress
making the gels harder and more deformable. This allows one to modulate the fracture
properties and obtain combinations of fracture properties which are not possible with just
SPI or gelatin. Especially being able to increase or decrease fracture stress and strain
partially independently in these type of gels is of high importance in developing novel
foods or food ingredients.
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Figure 6.5 Texture map of mixed gels as analyzed in this research (A) and an overlay of the texture maps of
different literature values with the current research (B); details graph A: Samples contain 0 – 0.14 gprotein /
gsolution gelatin and 0 (□), 0.02 (○), 0.04 ( ), 0.06 (), 0.08% (◊) and 0.1 () gprotein / gSolution SPI, line shows
outline as used in graph B; details graph B: outline from this research (solid line) together with WPI / kappacarrageenan cold set gels [2] (dashed line), different tofu model systems (dashed line with ◊) [36], gelatin /
xanthan mixed gels (interrupted dashes) [28] and WPI / kappa-carrageenan [1] with the continuous phase
being kappa-carrageenan () or WPI ()
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Mixed SPI / gelatin samples cover a wide range of fracture stress (10 to 100 kPa) and
fracture strain (0.7 to 1.6). To compare this range in fracture properties to other type of
mixed systems, the outlined area from Figure 6.5A is displayed in Figure 6.5B together
with data from other studies. Harder, elastic SPI / gelatin samples are in the same region
as different tofu model system [36] and the whey protein continuous part of a whey
protein / k-carrageenan study [1]. Weaker more brittle samples show overlap with the
phase inverted (k-carrageenan continuous) part of the same study [1]. Also within the
range of SPI / gelatin are studies on the textural properties of a system with
polysaccharide addition to whey protein aggregate gels [2] as well as mixed
gelatin/xanthan gum gels [54].
The wide range in fracture properties of mixed SPI / gelatin gels and the overlap with
other (mixed) biopolymer systems indicate the application possibilities that this system
offers. Selectively mixing of proteins may lead to design of new textures with controllable
sensory properties. However, the physical aspects of sensory perception is not limited to
location in the texture map only. In fact, the texture map mainly relates to sensory
perception “first bite” and neglects all other oral processing steps [55]. For a more
detailed description of sensory, factors such as water release, recoverable energy,
microstructure and rheological properties after fracture [54] but also the balance between
energy going into fracture and dissipation [2] are of importance.
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Conclusions
SPI and gelatin formed mixed gels upon applying an appropriate heating and cooling
profile, in which both proteins are able to form independent gel network structures.
Interactions between proteins are non-specific and lead to enhanced micro-phase
separation during heat induced gelation of SPI. Mixed gels had increased moduli (G’ and
GE) while the fracture stress was determined by whichever single gel formed a stronger
gel. Gelatin tends to dominate rheological properties of mixed protein / gelatin systems as
reported in literature [15, 17, 18, 34]. However, the fact that gelatin is able to dominate
mixed gel fracture properties is mainly based on the fact that gelatin is able to form strong
gels already at low total polymer concentration. Using the SPI / gelatin gels as an example,
these results suggest that for any mixed gel with two independent networks the fracture
behavior will always be dominated by the stronger of the two gels. However, the
relationship between the modulus of single and mixed gels still requires more attention to
be able to entirely predict the fracture properties of mixed gels based on the properties of
the single gels which will be dealt with in more detail in chapter 7.
Fracture properties of SPI / gelatin mixed gels were found to overlap with existing
studies having significant differences in sensorial properties. This proves the system to be
interesting for future textural studies and developments of new foods. Mixing SPI / gelatin
allows one to modulate the breakdown properties (and possibly textures) and increases
the formulation flexibility during the development of foods as ingredients can be chosen
partially independent of the products fracture properties.
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CHAPTER 7

7. Predicting the mechanical response of
mixed gels

ABSTRACT
Measured storage modulus data for three mixed protein systems (WPI / gelatin type A,
WPI / gelatin type B and SPI / gelatin type A) were compared to predictions from a
number of different theories relating mixed gel moduli to microstructure and single gel
moduli. Discrepancies in the application of these theories suggested that their applicability
is limited in mixed gels where globular proteins formed a gel in the presence of gelatin.
Discrepancies were attributed to gelatin induced changes in the gel structure (and gel
modulus) of the globular protein gels, which cannot be accounted for using the available
models.
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Introduction
Describing quantitatively the rheological properties of gel composites (mixed gels) has
been under investigation for several decades in the field of material science [1-6].
Developed theories require knowledge of rheological properties for the separate single gel
systems and their structural arrangement of phases and phase volumes in the mixed gel.
In material science relevant composites like alloys or inorganic polymer blends, the phase
volumes and rheological properties of the separate phases are often known and theories
are straightforwardly applicable [6, 7].
More recently these approaches have also been adopted by several researchers to
describe phase separated biopolymer mixtures [8-10]. Unfortunately, biopolymers often
share the same solvent (typically water) and the rheological properties as well as the
volume fraction of the phases both depend on the distribution of water over the phases
[11, 12]. Clark et al. (1983) [9] were first to include this biopolymer specific solvent
distribution behavior in theories on composite moduli using a relative water affinity
parameter (p). The assumption was that during gelation each biopolymer phase would
attract a constant amount of water dependent on the interaction of the polymer with
water (related to Flory Huggins polymer – solvent interaction parameter Δχ) [9]. This
assumption was later re-evaluated by Kasapis et al. in a series of publications where it was
argued that the relative water affinity p also depends on which biopolymer occupies the
continuous phase. In their approach they identified two populations of p-values in mixed
systems which was explained by phase inversion, defined as the inversion of biopolymer
arrangement in the discontinuous and continuous phase upon changes in polymer
concentration (biopolymer formerly in continuous phase forms the discontinuous phase
and the other way around) [13-18].
Despite these difficulties in determining the exact solvent partitioning several
researchers have applied the available models to predict the moduli of mixed biopolymer
gels. For systems where biopolymers phase separated into a continuous and
discontinuous phase this led to a good agreement between experimental and predicted
storage modulus G’ of mixed gels for e.g. mixtures of maltodextrin with gelatin, non-gelled
milk protein or caseinate [14-16]. For mixtures containing globular proteins the results are
less clear. For globular protein / gelatin gels similar to those presented in chapter 6,
Walkenström and Hermansson (1994) [19] reported, based on the rheological data, a
transition from whey protein continuous to gelatin continuous mixed gels with increasing
gelatin concentration. Ziegler and Rizvi (1989) [20] and Ziegler (1991) [21] obtained similar
results on the egg white / gelatin mixed system. This transition pointed towards a
microstructure where one protein forms the continuous and the other the discontinuous
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phase. The microstructure of egg white / gelatin or whey protein / gelatin gels, however,
was reported to be bi-continuous which was contradictory to the underlying assumptions
of the rheological theories used in these studies. Recently, also Katopo, Kasapis et al.
(2012) [22] used similar theories in systems where globular proteins form a gel. Also in
their example no phase inversion could be detected which was reported as a mixed
system with a single p-value regime. Still, a relationship of these rheological results with
the changes in gel microstructure could not be obtained.
In this chapter we will discuss the discrepancies we have observed when applying the
different models to mixed gels where globular proteins formed a gel. We performed this
investigation on a large set of measurement points for three different mixed systems in
parallel (whey protein isolate (WPI) / gelatin A, WPI / gelatin B and soy protein isolate (SPI)
/ gelatin A) and at two different conditions where either one or both proteins formed a
gel. Our initial goal was that an appropriate model should not only describe experimental
values in a limited range of protein concentrations, as typically reported in literature, but
needs to be valid over the whole range of experimentally accessible protein
concentrations. Additionally, the model should be able to predict the systems
independent of whether only one phase (one biopolymer) or both biopolymers formed a
gel as long as one accounts for the appropriate gel modulus of each phase. Using this
approach, Takayanagi et al. (1963) [6] were able to predict the complete melting profile
for inorganic polymer blends over a large temperature range. We performed our analysis
at 95 °C where only the globular proteins (WPI and SPI) formed a gel and at 15 °C (after
being heated to 95 °C) where globular proteins and gelatin formed a gel.
In this chapter we have chosen to only include theories based on Hooke’s law.
Alternatively, especially in the research on emulsion filled gels, various extensions of the
famous Einstein equation have been successfully applied to describe the rheology of
mixed gels [23, 24]. We have also applied these theories to our systems and despite
numerical differences have arrived at similar results as those presented here which led to
the decision not to present them here.
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Theory
In chapter 1 different ways to categorize mixed gels were presented. For the rheological
response of a mixed system the final microstructural arrangements of the phases is more
relevant than the events leading to this arrangement. Figure 1.2 shows three idealized
microstructures that one may expect in mixed gels. The bi-continuous microstructure
(Figure 1.2.1) is typical for systems where gelation arrests phase separation (occurring via
spinodal decomposition) at an early stage and has been observed in several studies
involving polysaccharides and proteins [19, 25-27]. Spherical enclosures of one phase in a
continuous matrix of another phase (Figure 1.2.2) are typically found for gels where
gelation occurred at a later stage of phase separation or where phase separation occurs
via a nucleation and growth mechanism (see also chapter 1). This microstructure is
frequently reported especially for mixed polysaccharide and mixed gelatin /
polysaccharide systems [28-30]. The third possible, yet often practically not observed
microstructure, is a completely mixed situation (Figure 1.2.3). Here molecules are
assumed to stay mixed on a molecular scale throughout the gelation process.
(1)

(2)

(3)
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Figure 7.1 Schematic 2D representation of typical gel microstructures in phase separated mixed gels. (1) bicontinuous, (2) spherical enclosures in a continuous gel matrix and (3) completely mixed

Here we will discuss the relationship between the microstructure, the phase volumes
(relative amount of area of white and black phases in Figure 1.2) and the rheological
properties of mixed gels on the example of the mixed globular protein / gelatin gels. This
approach, however, is applicable to any polymer A / polymer B system. Gelatin will be
referred to with the subscript G and globular proteins with the subscript GP. To distinguish
between the different microstructures, the subscripts PS for the phase separated gels and
M for gels mixed on a molecular scale will be used. In addition, the subscript PS-B is used
for a bi-continuous micro-structure and the subscript PS-SE is used for a micro-structure
with spherical enclosures of one phase in the other.
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Water distribution and phase volumes in phase separated gels
During segregative phase separation of proteins each protein is concentrated in one
phase and depleted from the other phase. In gels where phases cannot be experimentally
separated and analyzed the protein concentration inside each phase is unknown and
depends on the distribution of solvent between the two phases. Knowledge of the protein
concentrations in each phase, however, is crucial in order to describe the rheological
properties of the mixed gel in terms of the properties of the individual phases.
To describe the partitioning of solvent between the phases the simplest, and often
applied route, is the assumption of complete phase separation relative to the proteins. In
this case each phase only contains solvent and one of the proteins. One way to model the
water distribution in this way is by introducing the so called p-value (equation 7.1) which
reflects the relative affinity of water to the proteins (and more generally biopolymers) [9].
The p-values have been shown to be constant for a given biopolymer pair at constant
solvent and gelation conditions [22]. A p-value of 1 indicates equal affinity of water to
both proteins, p > 1 corresponds to the situation where water has a higher affinity to
globular proteins compared to gelatin and p < 1 to the opposite situation. Here p is given
by
≡

;

;

7.1

where w denotes the mass of water in the corresponding phase and m the mass of the
protein in the sample (globular proteins or gelatin). The total amount of water (mWater) in a
mixture is known and constant
;

7.2

;

Using equation 7.1 and 7.2 it is possible to calculate the water distribution for any given
polymer mixture. Knowing the water distribution and assuming equal densities of the two
phases also allows one to calculate the volume fraction using
1

ф

;

ф

;

≡

;

;

7.3

with Φ being the volume fraction for the two phases indicated by their subscript. Using
the above relationships, it is possible to calculate phase volumes and concentrations of
both polymers in a phase separated system as a function of the p-value. This will be
subsequently used for predicting the storage modulus of mixed gels.
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Storage modulus of phase separated gels with spherical enclosures
Over the years, multiple models to describe the storage modulus of phase separated
composites in terms of the properties of the individual phases have been developed [1, 2,
4-6, 31-34]. In order to find a relationship between the modulus of the single phases and
the mixture, equations for the lowest upper and greatest lower bound of composite
moduli were derived using a variational approach (equations 7.4) [1, 2]. Any phase
separated mixture, independent of the microstructural arrangement, must have an
effective modulus between the two bounds given by:
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Here G’C is the storage modulus of the composite or mixed gels (also: effective storage
modulus), Ф the volume fraction, K the bulk modulus and G’ the storage modulus of single
systems at the corresponding concentrations being a function of Ф. The subscript (HA) will
from now on be used to refer to these expressions derived originally by Hashin and
Shtrikman (1963) [35]. Equations 7.4 are only valid when G'GP;PS > G’G;PS and KGP;PS > KG;PS.
For the situation G'GP;PS < G'G;PS the upper and lower bounds have to be reversed. At a later
stage, these expressions were extended so that they are also valid for materials where
G'GP;PS > G'G;PS and KGP;PS < KG;PS [32]. Nevertheless, water based gels are typically
incompressible (with a Poisson ratio equal to ½), leading to an infinite bulk modulus K for
both phases which makes it unnecessary to use the extended expressions. It is
emphasized here that lowest upper and greatest lower bounds do under normal
circumstances not lead to an exact result for the modulus of a composite. However, for
spherical enclosures of one phase being dispersed in the second phase in a specific way
and for single droplets at low volume fractions, the variational principle leads to an exact
expression for the composite bulk modulus. It has been argued that in this specific case,
the expression for the storage modulus is also exact [35]. In the following, the Hashin
approach will therefore be used to determine the upper and lower boundaries of the
effective storage modulus. In addition, under the assumption of a specific arrangement of
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spherical enclosures of one phase in a matrix of the other phase, an exact result for the
storage modulus is calculated.
To our knowledge the Hashin approach has not been used in mixed biopolymer gels.
Therefore, the more frequently used theory referred to as Takayanagi approach (also
called ‘blending laws’) [10, 13, 15, 19, 20] will also be considered here. Even though the
corresponding expressions have also been derived by Hashin as the worst possible bounds
within his variational approach [35], the Takayanagi approach has been experimentally
determined and shown to be an exact result for parallel or serial stacked gel pieces [6].
Assuming its validity for spherical enclosures with an isotropic arrangement, this theory
has been used in several studies on aqueous biopolymer mixtures [8, 9, 13, 36]. The
Takayanagi approach distinguishes between the isostrain (parallel stacking) situation
(equation 7.5a) where the storage modulus of the continuous phase is larger than the one
of the discontinuous phase and the inverse situation called isostress (serial stacking,
equation 7.5b) [8]. The isostress situation is related to the lower bound of the Hashin
approach and the isostrain situation to the upper bound (equations 7.4).
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;
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Being able to predict lowest upper and greatest lower bounds for the effective storage
modulus is an important step to narrow down the range of expected G’C values for mixed
gels. This unfortunately does not give additional information on the microstructure of the
gels. When mixing two polymers, either one of the two phases can be continuous or
discontinuous as well as stronger or weaker than the other phase which dependent on the
used theory needs to be taken into account to calculate the modulus of composites with
certain microstructures. For the Takayanagi approach, the isostrain and isostress
situations can be combined dependent on the storage modulus ratio of the two phases to
calculate the modulus of a composite where either gelatin or globular protein is in the
continuous phase according to
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is a composite in which by definition the globular protein forms the

continuous phase having spherical enclosures of a gelatin rich phase and
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reverse situation with gelatin in the continuous phase. For the Hashin approach equations
7.4 can be simplified by assuming infinite bulk moduli and, using the same arguments as
for the Takayanagi approach, the upper lower and lower upper bounds can be expressed
for gelatin and globular protein continuous system given by:
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Using relationships 7.6 and 7.7, it is possible to calculate the storage modulus of phase
separated gels having spherical enclosures of one phase in a continuous matrix of the
second phase. In this way, a micro-structural characteristic is added to the numerical
results (keeping in mind the limitations thereof) which allows an easier interpretation of
the results.

Storage modulus of phase separated bi-continuous gels
The effective storage modulus of a bi-continuous gel will also fall between the upper
and lower bounds as given by the Hashin approach. Nevertheless, for this specific
situation the modulus of the composite can be directly described [3, 4] via
′
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7.8

161

77

Predicting the mechanical response of mixed gels

Storage modulus of completely mixed gels
Despite the fact that most research has focused on phase separated systems when
addressing composite rheology, the importance of miscibility of polymers has also been
addressed early on [6]. While at low polymer miscibility, earlier described theories on
phase separated systems can still describe the composite modulus reasonably well, they
fail at higher polymer miscibility [6]. Since protein blends are known to mix up to high
total protein content [11] the possibility that they form completely mixed gels should not
be excluded for the gelatin / globular protein mixed gels. The ideal case of a mixed gel is
represented by a situation where both proteins (or polymers in general) stay mixed on a
molecular level throughout the gelation [37]. If polymers do not phase separate, the
composite modulus of an ideally mixed gel should be additive (each polymer has a phase
volume of 1 in equation 7.5a) which in case of the mixed globular protein / gelatin gel
would read as:
′

;

′

;

′

;

7.9

This simple addition, even though it is not part of the above theories on composite
moduli, is typically used to determine whether experimental results are “simply additive”
[19, 38]. Even though in practice it is probably impossible to obtain a gel with molecules
mixed on a molecular level equation 7.9 will be included in the subsequent considerations
as an idealized form of a mixed gel.
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Experimental
The experimental results presented in this chapter were taken from chapters 5 where
the sample preparation and the rheological methods are described. All protein
concentrations are given relative to the amount of available water (in gprotein / gwater) which
is important when dealing with mixed systems which has been addressed shortly in
chapter 4 and chapter 5 and will be discussed in more detail in chapter 8.

Storage modulus of single protein gels
The first step in the analysis of composite moduli is the determination of the
relationship between storage modulus and the protein concentration in single component
systems. Figure 5.1 (taken from chapter 5) shows an example of such an analysis on WPI,
SPI and gelatin type A and type B. Samples were kept at 95 °C for 1 hour and the final
storage modulus is shown as a function of protein concentration. Globular proteins (WPI
and SPI) formed a gel and the storage modulus G’ of WPI and SPI was fitted using
7.10

where C and t are constants, cp is the protein concentration and c0 a minimum gelling
concentration. We have performed the same analysis also at 15 °C for gelatin gels which is
shown in chapter 4. In all cases the storage modulus was well described by the percolation
model (equation 7.10). This allows for the calculation of the storage moduli for both
phases in a mixed gel if the protein concentration inside the phases is known or estimated
via water distribution factor p.

Moduli (G’ or G’’) [Pa]
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0.16

Figure 7.2 Storage modulus G’ (open symbols) and loss modulus (closed symbols) for single SPI (,) and
single WPI (, ) gels after 1 hour at 95 °C. Lines were fitted using equation 7.10. Gelatin type A ( ) and type
B ( ) did not show an elastic response and only loss modulus values are shown. (from chapter 5)
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Storage modulus of globular protein gels with a liquid gelatin phase
Figure 7.3 shows the measured and calculated storage modulus G’C for a series of mixed
gels at constant SPI concentration and varying gelatin type A concentration. The
measurements were performed at 95 °C where SPI formed a heat induced gel and gelatin
behaves like a viscous liquid without an elastic response (G’G = 0). To calculate the G’C of
mixed gels with a phase separated microstructure p = 1 (equal water distribution) was
used which is within the range of p-values typically observed for protein mixtures [13, 14,
19].
The measured storage modulus of the composites (G’c) as well as the calculated values
for the completely mixed (G’c;M) and the bi-continuous gels (G’c;PS-B) are between the upper
and lower bounds as given by the Hashin and Takayanagi approach. In agreement with
theory, the bounds given by the Hashin approach are more stringent compared to the
Takayanagi approach and the therefore closer to the experimental values [35]. The SPI
continuous gels show an increasing G’C value with increasing gelatin concentration. In the
model, the addition of gelatin at constant SPI concentration leads to an increased
concentration of SPI in its phase (relatively more water moves to the gelatin phase)
thereby increasing G’GP and simultaneously G’C. For the situation where (liquid) gelatin
forms the continuous phase, low G’C values are predicted once sufficient gelatin is present
to form a continuous gelatin phase (above 0.02 gprotein / gwater gelatin). Addition of gelatin
above this concentration does not lead to further reduction in predicted G’C values which
reflects the large dependency of mixed gels on the continuous phase as found earlier for
model systems [6].
While the theoretical models for phase separated gels with spherical enclosures fail to
predict the behavior of the SPI / gelatin A system (cf. Figure 7.3), models for bi-continuous
and completely mixed gels are close to the measured ones. In case of the completely
mixed gel, a line is obtained in Figure 7.3 since in this special case SPI is not concentrated
in its phase but assumed to form a continuous network independent of the gelatin
concentration. The bi-continuous model shows initially an increase in G’C due to the
concentration effect of SPI upon gelatin addition. Above a certain gelatin concentration
this is counteracted by the fact that the gelatin phase increases in volume fraction which
weakens the composite indicated by a decrease in G’C.
Figure 7.3 suggests that the microstructure of mixed SPI / gelatin gels is likely
completely mixed or bi-continuous. However, this is only a snapshot of the system at one
specific temperature and one single SPI concentration. In order to generalize this finding
all mixing ratios and all total protein concentrations of gelatin and SPI should be similarly
well described by these theories. As the moduli of the composites depend on the protein

164

concentration of gelatin and globular protein we have introduced in chapters 4 and 5 the
storage modulus ratio s to quantify the effect of gelatin on the modulus of globular
protein gels independent of the globular protein concentration (s = G’measured / G’GP;M
where G’GP;M is the storage modulus expected for a pure globular protein gel). Using this
scaling, increasing concentrations of gelatin type A were shown to decrease the storage
modulus of WPI and SPI gels in chapter 5.
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Globular protein cont. (T) (G’ c ;PS(T))
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G’C;PS ; G’C;M [Pa]
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Globular protein cont. (HA) (G’ c ;PS(HA))
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Bi-Continuous (G’ c;PS-B )
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Gelatin cont. (HA) (G’ c ;PS(HA))
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G

77

0.01
0

0.05

0.1

0.15

0.2

CG;M [gprotein / gWater]

Figure 7.3 Storage modulus G’C of mixed gels at 95 °C for samples containing 0.045 gProtein / gWater SPI at
different gelatin concentrations. Experimental data are shown as symbols () and lines are obtained from
calculations using equations 7.7 to 7.8 using p = 1.

The measured ratio s for SPI / gelatin A mixtures from chapter 5 is shown in Figure 7.4.
Lines in the same graph present the expected ratio s calculated using the bi-continuous
model (Figure 7.4A, equation 7.8) or models with one protein in the continuous phase
with the other protein located in spherical enclosures by the Takayanagi approach (Figure
7.4B, equations 7.6). The results for the Hashin approach are close to the Takayanagi
approach and are not shown. The measured ratio s decreases with increasing gelatin
concentration from slightly above 1 to approximately 0.2 at 0.15 gprotein / gwater gelatin type
A. Figure 7.4A shows the expected behavior of bi-continuous gels at five different SPI
concentrations. At low SPI concentration and increasing gelatin concentrations an increase
in s at low gelatin concentration followed by a decrease in s at higher gelatin
concentrations is predicted. At increasing SPI concentrations the initially increase is not
observed anymore and s decreases with increasing gelatin concentration. Measured s
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values are within the range of predicted values which will be discussed in more detail later
on.
The predicted s values for the microstructures with either one of the proteins (SPI or
gelatin) in the continuous phase and the other in the dispersed phase are shown in Figure
7.4B. Calculated s values for gelatin continuous systems decrease with increasing gelatin
concentration and are much lower than the measured values. For SPI continuous systems
an increase in s with increasing gelatin concentration is predicted which is opposite to the
decreasing trend of s as observed experimentally. Both of these theoretical descriptions
thus fail to describe the experimental results.
2
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Figure 7.4 Ratio s (G’measured / G’GP;M) for SPI / gelatin type A mixtures at 95 °C as a function of gelatin
concentration at different SPI concentrations. SPI values for calculations were 0.04, 0.05, 0.07, 0.1 and 0.15
gprotein / gwater. Increasing SPI concentrations are indicated by an arrow in the graphs. Graph A: Experimental
results () together with theoretical values obtained from the bi-continuous model (equation 7.8). Graph B:
Experimental results () together with theoretical values for spherical enclosure of one phase in a second
phase (equations 7.6). SPI continuous systems are shown as solid lines and gelatin continuous as dashed line.
Note that the vertical axis in graph B is on a logarithmic scale. The p - value was set to p = 1.

These experimental results suggest that the SPI / gelatin A system forms mixed gels with
a bi-continuous microstructure something in line with the results from chapter 5 and
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chapter 6. Using the experimental results from chapter 5 we were able to analyze the
mixed WPI / gelatin A and WPI / gelatin B gels in the same way as outlined here for SPI /
gelatin A gels. Results revealed that also for the WPI / gelatin (type A or B) mixed gels the
bi-continuous model gives the best description of the experimental results.
For all three globular protein / gelatin mixed gels we were able to fit the measured data
using the bi-continuous model (equation 7.8) by varying the p-value (relative affinity of
proteins towards water). Using one p-value per protein pair (SPI / gelatin A, WPI / gelatin
A or WPI / gelatin B) resulted in good fits between the experimental and predicted data.
The measured versus predicted s values (predicted via bi-continuous model using the
obtained p-value) for the three mixed systems are shown in Figure 7.5. For all three
systems the values scatter around the diagonal line where the predicted s is equal to the
measured s. In fact, WPI / gelatin A or gelatin B mixed systems show a lower degree of
scatter in Figure 7.5 indicating an even better fit than obtained for the earlier presented
SPI / gelatin A mixture.

1.5

Measured ratio s

77
1
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0
0

0.5

1

1.5

Predicted ratio s

Figure 7.5 Measured storage modulus ratio s versus predicted storage modulus ratio s for WPI / gelatin type A
(p = 1.95, ), WPI / gelatin type B (p = 0.77, ) and SPI / gelatin type A (p = 1.08, ) gels at 95 °C using the bicontinuous model

Best fits were obtained for p = 1.95 for the WPI / gelatin type A mixed gels, p = 1.08 for
the SPI / gelatin type A mixed gels and p = 0.77 for the WPI / gelatin type B mixed gels.
These p-values are within the expected range for mixed protein gels [8, 22]. However, to
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our knowledge these p-values are the first ones obtained assuming a bi-continuous
microstructure.

Storage modulus of mixed globular protein / gelatin gels
Figure 7.6 shows the proposed mechanism leading to the phase separated
microstructure of globular protein gels prepared in the presence of gelatin as proposed in
chapter 5. The presence of gelatin was suggested to alter the structure of the bicontinuous globular protein gel leading to a coarsening of the globular gel microstructure.
Gelatin was proposed to be present in the gel pores of the globular protein gel which are
by definition continuous throughout the whole system (i.e. form a second continuous
phase). This bi-continuous structure was shown in chapter 6 to allow gelatin to form a
space spanning gel inside the globular protein gel pores which, dependent on the gelatin
concentration, can dominate the rheological behavior of the mixed gels.
In the experiments used in chapters 5 and 6 globular proteins were gelled first and
afterwards gelatin gelled inside the existing globular protein gels. Globular protein gels are
not expected to be altered in structure or rheological response by the gelatin gelation. We
verified this hypothesis by measuring storage modulus (results not shown), by analyzing
the microstructure (using CLSM), and by measuring the globular protein gel structure
using SESANS (chapter 5) before and after gelling and melting of gelatin inside globular
protein gels. No significant changes in the structure and rheological response of the
globular protein gels were found which suggests that gelatin only gels inside its phase
without altering the globular protein gels. It is therefore a reasonable assumption that the
phase volumes (areas of globular protein gel and gelatin occupied areas in Figure 7.6B4) of
the two protein phases do not change during gelatin gelation inside the globular protein
gel pores.
The composite modulus at 15°C should thus be predictable using the same water
distribution as obtained at 95 °C where only globular proteins formed a gel by accounting
for an increase in the storage modulus (gelation) of the gelatin phase upon cooling.
Figure 7.7A1 and Figure 7.7B1 show measured and predicted G’c after 1 hour at 15 °C for
mixed systems at one constant globular protein concentration (0.065 gprotein / gwater WPI or
SPI) at varying gelatin concentration. Here gelatin has formed a gel which was accounted
for in the models by assigning the gelatin phase a storage modulus dependent on the
gelatin concentration in its own phase. Additionally, an increase in the storage modulus of
the globular proteins was measured upon cooling to 15 °C which was also included in the
models. Even though it has already been found that the bi-continuous model gives the
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best description the modulus of the systems also the predictions for the other earlier
presented microstructures are shown.

Figure 7.6 Schematic presentation of gel formation of globular protein / gelatin systems from chapter 5.
Globular proteins are represented as spheres and gelatin as curves. B.1: mixed solution of globular proteins
and gelatin. B.2: Primary aggregation of globular proteins in the presence of gelatin. B.3: Phase separation of
globular protein aggregates and solvent phase (containing gelatin). B.4: Microstructure of mixed globular
protein gels where gelatin is in the continuous solvent phase ( = gel pores).

For SPI / gelatin A mixtures (Figure 7.7A1) all models (except the completely mixed one)
describe the measured values well. The storage modulus increases strongly with
increasing gelatin concentration. Figure 7.7A2 shows the plot of measured versus
predicted G’c values using the bi-continuous model and the water distribution that best
described the SPI / gelatin A system at 95 °C (p = 1.08). This plot includes all measured
samples prepared over the whole range of experimentally possible protein concentrations
with gelatin concentrations between 0.01 and 0.14 gprotein / gwater and SPI concentrations
between 0.04 and 0.10 gprotein / gwater. For all samples the bi-continuous model describes
G’C of the mixed gels well without a large scatter of the data around the diagonal line
where the predicted G’C is equal to the measured G’C.
Following the same route for the WPI / gelatin type B mixture (results shown in Figure
7.7B1 and Figure 7.7B2), Figure 7.7B1 shows the measured and predicted G’C at one
constant WPI concentration with increasing gelatin concentration. Calculations were
performed using p = 0.77 which was the water distribution that described the WPI /
gelatin B mixed systems best at 95 °C. One pre-requisite to apply the above theories is
that the measured data lies between the upper and lower bounds of the Hashin approach
(or isostrain and isostress from Takayanagi). For p = 0.77 our experimental data is below
these bounds suggesting that the storage modulus of one or even both phases is overestimated in the models. As shown in Figure 7.7B2 this over estimation was found for
most experimentally accessible samples containing 0.01 to 0.12 gprotein / gwater gelatin and
WPI concentrations between 0.06 and 0.17 gprotein / gwater .
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Figure 7.7 GraphA1: Measured storage modulus for mixed gels containing 0.065 gprotein / gwater SPI and varying
gelatin A concentration ( ). Graph B1: Measured storage modulus values for mixed gels containing 0.065
gprotein / gwater WPI and varying gelatin type B concentration (). Lines in graphs A1 and B1 are the theoretical
G’ values for the completely mixed (short dashed line), gelatin continuous (dashed line), WPI or SPI continuous
(interrupted line) or bi-continuous (solid line) microstructural arrangement of globular proteins and gelatins at
15 °C (both proteins formed a gel). Graphs A2 and B2 show predicted versus measured G’ values for SPI /
gelatin type A mixtures (graph A2) or WPI / gelatin type B mixtures (graph B2) for the bi-continuous system
using the p-values as obtained from fitting at 95 °C (p = 1.08 for SPI / gelatin A and p = 0.77 for WPI / gelatin B)
over the whole experimentally accessible concentration ranges for both proteins.

To fit the experimental data to the models it is possible to use p as a fitting parameter.
For p ≈ 0.15 most experimental data points were found to be within the bounds of the
Takayanagi approach. The physical picture behind this fitting procedure, however, is
questionable. A change in p-value between 95 °C and 15 °C would imply that the water
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distribution and phase volumes of the gelatin phase and globular protein phase change
upon gelatin gelation. It also implies that the globular protein gel (WPI) increases in
internal protein concentration and correspondingly storage modulus during gelling of
gelatin inside the existing globular protein gel which is something not expected to occur.
Results for WPI / gelatin type A were similar to those obtained for WPI / gelatin type B and
are not shown separately. We observed a systematic over-estimation of G’c for all WPI /
gelatin mixed gels at conditions where both proteins gelled. We conclude that it is not
possible to describe the composite modulus of all three mixed systems using the same
water distribution factor p at conditions where initially only globular protein gelled and
subsequently gelatin was gelled.

Discussion
The gelation of three mixed systems (WPI / gelatin A, WPI / gelatin B and SPI / gelatin A)
at two conditions was modeled by different theories. At 95 °C where only globular
proteins formed a gel the bi-continuous model described the measurement data best
using reasonable p-values (water distribution) for all three systems. The results were in
line with microstructural analysis showing bi-continuous gels (chapter 5).
The assumption that the p-values do not change during gelatin gelation (phase volumes
stay constant) did not lead to a good description for two of the three systems studied. In
fact, closer analysis of the SPI / gelatin A mixtures indicate that the good description of
this system is probably coincidental. Namely, at the p-value we obtained from fitting the
data to the bi-continuous model at 95 °C (p = 1.08) the two phases were predicted to have
comparable G’ values at all protein concentrations which makes the prediction insensitive
for microstructure (see proximity of predictions from different models in Figure 7.7A1).
The discrepancy between predictions and measured values seems to be specific for the
globular protein / gelatin mixed gels, as some of the used theories have been successfully
applied in other systems. One reason might be the description of the water distribution by
using only one p-value [16, 17]. Other reasons might be that complete phase separation is
assumed. Proteins have been shown to have a high co-solubility (chapter 3, [11]) which
might significantly change their concentrations in each phase or possibly enable them to
form a gel in both phases (at different concentrations). Also, phase separation usually
leads to a fractionation especially in the case of poly-disperse biopolymer mixtures which
impacts on the biopolymer concentration and consequently the modulus of the individual
gels in each phase. This effect has been shown to lead to large errors in predicting the
storage modulus of the gels [39]. In addition, gelation does not necessarily lead to a
complete arrest of phase separation. As shown for the whey protein aggregate /
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carrageenan systems, gelation can lead to an increased tendency of the non-gelled
biopolymer to distribute evenly throughout the systems after the gelation of the other
biopolymer [40]. This observation could also serve as an explanation for the overestimation of the G’c in mixtures of WPI / gelatin type A and type B. Finally, as shown in
chapter 5 the assumption that in phase separated mixtures WPI (and most probable also
SPI) gels at an increased concentration is only valid to a limited extent for the globular
protein / gelatin systems. The structure of gel building blocks of WPI in phase separated
mixed gels was similar to the gel building block structure of single WPI systems on a low
length scale (< approx. 300 nm) and differed at a larger length scale (mainly > 1 µm). The
assumption that this gel has the rheological properties of a gel which was formed at a
higher WPI concentration, is questionable and might be another reason why the currently
available theories fail to explain the behavior of mixed globular protein / gelatin gels.

Conclusion
The application of material science approaches for mixed gels (composites) is not able
to account for the changes that occur in the mixed globular protein / gelatin gels. Despite
the feasibility to model the experimental results using the different models, the physical
picture behind the necessary adjustments of the fit parameter s is questionable. This was
concluded after analyzing several mixed systems at two conditions where proteins were
selectively gelled. Results do not imply that this approaches are per se wrong for mixed
biopolymer gels. For mixed gels where biopolymers are well separated in their own phase
and where their gel properties inside the phase are comparable to those observed in bulk
these models are expected to be reasonably successful. Nonetheless, one should be
careful to apply the models to mixed systems in particular in systems where no phase
inversion is observed or where the presence of a secondary biopolymer alters the gel
microstructure of the other gelling biopolymer.
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CHAPTER 8

8. General Discussion
Most foods are mixtures of a large number of ingredients. Selective mixing of
ingredients together with the appropriate processing happens every day in millions of
kitchens worldwide. The main reason to apply a variety of ingredients is to create foods
with improved texture and taste compared to the single ingredients. Linking textural
aspects of foods to their structure, and first of all, linking the ingredients and processing
steps to their structure forms a constant challenge in food science. This thesis presented a
general approach towards understanding the relationships between food ingredients and
food structure in mixed systems, which is a first step towards linking ingredient properties
and processing steps to textural properties of foods. We focused on the gel microstructure
and its relationship to the rheological properties of the mixed protein gels.
Characterization of the proteins, their mutual interactions, and changes thereof
throughout the gelation process was proven to be a valuable approach towards identifying
the relevant parameters that influence the gel formation and concomitant gel network
structure in mixed systems.
In this chapter we discuss some of the important aspects of gelation and molecular
interactions in mixed systems that were not in detail dealt with in the separate chapters.
We will start with the importance of molecular interactions in gelation processes which,
despite being outside the scope of chapter 2, is an important aspect in understanding
gelation in protein and mixed protein solutions.
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Molecular interactions and gelation
In chapter 2, membrane osmometry was presented as a valuable tool for the
characterization of molecular size and molecular interactions (in terms of the second virial
coefficient B’) of proteins in solutions. Most scientists nowadays use scattering techniques
(light, x-ray or even neutron scattering) to characterize molecular size [1-4] and in some
cases also molecular interactions [5-9]. However, especially the insensitivity of osmometry
towards impurities and the number-averaged results make it an important
complementary technique to scattering techniques. In some cases, osmometry in fact has
specific advantages over other techniques, especially when the results are used in
(number based) theories like the virial approach presented in chapter 3. Besides proving
the relevance of osmometry measurements in the molecular characterization of
biopolymers, chapters 2 and 3 also showed the practical applicability of membrane
osmometry which has been sparsely used as an experimental technique over the last
decades.
For mixed protein gels, the second virial coefficients B’ were crucial in describing the
phase behavior of mixed biopolymer solutions using the virial theory presented in chapter
3. Yet, second virial coefficients are essential in many thermodynamic descriptions where
they can often only be estimated due to the lack of experimental results [10-12].
Additionally, second virial coefficients are interesting in understanding the behavior of e.g.
proteins as shown on the example of protein crystallization [13, 14].
In a preliminary study we have used measured second virial coefficients to investigate
the relationship between electrostatic repulsion and gel microstructures of protein gels.
For proteins that form heat-set gels the reduction in electrostatic repulsion (via e.g.
changes in pH or ionic strength) has been used to explain a transition from fine stranded,
transparent, gel to coarse, turbid (micro-phase separated) gels [15]. Figure 8.1 shows the
second virial coefficient B’ for pea protein as a function of pH. A characterization of the gel
microstructures and the small and large deformation properties of these gels has been
published elsewhere [16]. Below pH 3.4 at conditions where a strongly positive second
virial coefficient B’ represents repulsive interactions between pea protein molecules fine
stranded gels were formed when heating pea protein solutions. At pH values above pH ≈
3.5 where B’ is negative (attraction between pea protein molecules) coarse protein gels
were obtained which was correlated to changes in rheological properties of these gels.
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Figure 8.1 Second virial coefficient B’ of pea protein as a function of pH

Similar relationships between measured molecular interactions and gel microstructure
also hold for other proteins. In chapter 2 we demonstrated that the repulsion between βlactoglobulin, BSA and WPI molecules below an ionic strength of 20 mM were dominated
by electrostatic repulsion. At increasing ionic strength BSA and WPI could be well
approximated as hard spheres and β-lactoglobulin molecules as adhesive hard spheres.
For β-lactoglobulin, Ako,Nicolai et al. (2009) [17] and Baussay et al. (2004) [1] observed a
transition from fine to coarse, micro – phase separated gels and correlated changes in the
gel building blocks at 20 mM ionic strength which is consistent with the B’ results from
chapter 2. Similarly, the minimum gelling concentration of WPI gels [18] and the
macroscopic appearance and storage modulus of BSA gels [19] show a transition from fine
stranded to coarse gel structures at the point where we reported in chapter 2 a transition
from electrostatic repulsion dominated to hard body interactions.

Molecular interactions and phase behavior
Using the second virial coefficients from chapter 2 for single protein systems it was
possible in chapter 3 to quantify the molecular interactions between different proteins
(e.g. WPI / gelatin) in terms of the second cross virial coefficient B’1,2. Besides these
experimental results, chapter 3 also presented a virial approach to predict liquid – liquid
phase separation of binary biopolymer or colloidal mixtures. This theory is directly
applicable to systems where second virial coefficients and second cross virial coefficients
were experimentally determined or where second virial coefficients can be obtained
analytically, as is the case for i.e. binary hard sphere mixtures. In literature, similar
approaches successfully described the phase behavior of PEG mixtures [20], dextran / PEG
mixtures [21] and several protein / polysaccharide mixtures [5]. In these systems,
polymers are well approximated as spherical particles whose phase behavior was well
described taking into account only the two particle interaction (second virial coefficients
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and second cross virial coefficient). For dextran / β-lactoglobulin [22] and PEG / lysozyme
mixtures [23], however, the virial approach failed to predict their phase behavior, which is
most likely a result of the large size ratio of polymers to globular proteins. In the virial
approach polymers are characterized by their excluded volume. In mixtures of polymers
(e.g. dextran or PEG) with much smaller colloids (such as globular proteins) the colloids
are able to enter the radius of gyration of the polymers, and the second virial theory
breaks down [10, 23, 24].
Other shortcomings, which in return make the virial approach simple and easily
applicable to many systems, are that the theory omits the possible formation of a solid
phase (crystals) as found in some colloidal or protein solutions [24]. Nor does the virial
approach account for the disproportionation of salts between different phases in systems
containing charged macromolecules (e.g. proteins) which can have effects on the phase
behavior of biopolymer mixtures [25, 26]. The behavior of the solvent, in fact, is integrated
out which simplifies the theory but in return disregards any changes in the chemical
potential of the solvent. On the other hand, in the prediction of liquid – liquid phase
separation the virial approach accounts for the excluded volume of the depletant. Most
theories dealing with depletion typically model the depletant as inter-penetrating or ghost
particles and the osmotic pressure is typically based on Van ‘t Hoff’s law discarding nonideal behavior [24]. Whether in a specific case the virial theory has advantages or
disadvantages over other theories should be carefully considered before its application.
One example where we have observed inconsistencies in results obtained via the virial
approach are situations where virial coefficients become strongly negative which most
probably is caused by excluding a possible solid phase.
Independent of the limitations of the virial approach compared to other theories, an
advantage is that using membrane osmometry one can experimentally directly obtain all
relevant parameters (molecular size and second virial coefficients B’ and B’1,2) to predict
the (liquid – liquid) phase behavior of mixed biopolymer solutions.
In chapter 3 we used a combination of measured virial coefficients and the virial
approach to investigate the difference in phase behavior between mixtures including
polysaccharide, which typically phase separate at relatively low concentrations [27], and
protein mixtures, which typically show high compatibility [28-30]. Using the measured
second virial (and second cross virial) coefficients it was possible to successfully predict
the phase diagram of the mixed dextran / gelatin system. This not only proved the
applicability of the virial approach towards predicting phase separation but also verified
that using osmometry the relevant parameters (number averaged molecular weight and
second virial coefficients) can be obtained experimentally. For mixed protein systems the
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measured second virial (and second cross virial) coefficients were important in explaining
the absence of phase separation in solutions of globular proteins and gelatin (chapter 3).
Gelatins and globular proteins (and also globular protein aggregates) were similar in their
effective molecular sizes which excluded the possibility of phase separation by depletion
interaction. Together with the relatively low additional attraction (at a pH between the
isoelectric points (pI) of the proteins) or repulsion (at a pH above the pI of both proteins)
via electrostatic interactions between gelatin and globular proteins, this small difference
in molecular size of the proteins was used to explain the high co-solubility of proteins.
In chapters 2 and 3 a quantitative description of molecular interactions and relevant
molecular sizes in mixed protein solutions up to the moment before gelation was given.
This is an important pre-requisite for the preparation of mixed gels. Only in this case the
observed changes in gel structures of mixed protein systems can be directly attributed to
the gelation process. For solutions where phase separation already occurs in solution
before gelation, the sample handling (mixing times, shear, time between sample
preparation and measurement) becomes important in determining the rheological
properties and microstructure of the mixed gels [31-34], a situation which was purposely
avoided.

Concentrations in Protein Mixtures
Regarding the molecular interactions of proteins (chapter 2 and 3) we observed that it
was crucial to carefully determine the protein concentration as described in detail in the
Material and Methods section of chapter 2. Here we address the importance of protein
concentration and ion concentration (ionic strength) as we have used it throughout the
chapters dealing with gelation of proteins.
Solvent conditions and protein concentration have large effects on properties such as
elastic modulus, fracture properties and visual appearance (e.g. turbidity or sense of
touch) of protein gels. For proteins solvent conditions (we here only consider water as a
solvent) like pH and the ionic strength are important. All results presented in this thesis
were obtained at neutral pH and the main difference in solvent conditions was the
variation in ionic strength. The concentration of small molecules, such as ions, is
commonly expressed in molarity [molA l-1]. For solutions containing low total solid
contents which also can be prepared volumetrically such as e.g. buffer solutions this is a
convenient and well-established measure. For non-dilute solutions or those prepared on a
weight basis (density unknown) the concentration of a solute is better expressed by the
molality [molA kg
] [25, 35]. In this way one not just avoids having to estimate the
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solution density, but also accounts for the amount of total available water in the system
which decreases with increasing dry matter content (protein in our case).
In the same line of thought, also the concentration of proteins in mixed systems must be
corrected for the amount of water in a solution. The most commonly used definition for
concentration of e.g. a protein A in solution is in terms of the mass concentration cp(total) as
commonly expressed by the weight fraction

8.1
with wA the weight fraction of protein A, mA the mass of the protein A and mTotal the
total mass of all components in the mixture. For a mixture of two proteins mtotal is given by

8.2

where mB is the weight of protein B, mw the weight of the water and mo the weight of all
other components such as e.g. salts or other solutes. For the simplicity of the following
examples we will assume that mo = 0. Following the route of expressing the concentration
of constituents relatively to the amount of available water (molality), we can also define
the protein A concentration (cp) as

8.3
The difference between these two approaches is illustrated in Figure 8.2 which also
contains the concentration of protein A as calculated via equations 8.1 or 8.3. For a
mixture with mw = 0.8, mA = 0.2, mB = 0 (Figure 8.2.1) a protein weight fraction of 0.2
(20%) is obtained using the commonly used definition of protein concentration given by
equation 8.1. Expressed based on the water (equation 8.3) we obtain 0.25 gprotein / gwater.
When adding protein B to the systems (mw = 0.6, mA = 0.2, mB = 0.2, Figure 8.2.2) the
weight fractions of protein A defined by equation 8.1 stays at 0.2. However, as shown in
Figure 8.2.2 the mixed system contains less water than the systems that only contains
protein A which effectively concentrates protein A. Calculating the protein concentration
via equation 8.3, accounts for this concentration effect where we find an increase from
0.25 to 0.33 gprotein / gwater.
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Figure 8.2 Schematic representation of protein concentration in a binary protein system using different
definitions of mass concentration. Bottom two rows show concentration of protein A calculated via equations
8.1 (traditional calculation of concentration) and 8.3 (calculation based on available water) respectively

To demonstrate the difference between the two definitions we will further discuss the
storage modulus as measured for single and mixed gelatin gels. In chapter 4 the effect of
added globular protein on the storage modulus was investigated using the ratio between
the measured storage modulus G’measured of a mixture scaled by the storage modulus
expected for a single gelatin gel G’Gelatin given by the parameter s:
′

′

8.4

Here s = 1 indicates that the storage modulus of a mixed gel is equal to that of a pure
gelatin gel, s > 1 indicates an increased modulus. In chapter 4 we used this approach to
show that the addition of WPI to gelatin type A or type B gels did not change their
rheological properties which was in line with microstructural observations. The original
graph is shown in Figure 8.3A where the ratio s of WPI / gelatin mixtures is close to 1
independent of the WPI concentration (given in gprotein / gwater). For the addition of whey
protein aggregates (WPA) s > 1 correlated to microstructural changes in the mixed gels.
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Figure 8.3 Storage modulus ratio s for gelatin gels at 15 °C with added globular protein for mixtures of gelatin
A / WPI ( ), gelatin B / WPI () and gelatin A / WPA (). Graph A: calculations performed by defining protein
concentrations via equation 8.3. graph B: Calculations performed using the definition of protein concentration
given by equation 8.1

Figure 8.3B shows the same data re-calculated when expressing the concentration
based on the total sample weight instead of the available water. For the gelatin / WPI
mixed gels the ratio s is > 1 for all measured samples, with an increase for increasing WPI
concentration (in gprotein / gSolution). This significantly changes the interpretation of the
(same) rheological data. Based on Figure 8.3B one would conclude that the addition of
WPI has a synergistic effect on the gelatin gel stiffness (G’). This effect, however, would
also observed when adding inert glass beads that do not influence the gelatin gel network,
and is only based on the lower amount of water in the system at constant total weight.
The above example points out the importance of the choice of concentration measure
in mixed protein systems. The choice should be considered carefully, in contrast to the
fact that it is typically considered to be a trivial matter.
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The rheological response of mixed gels
Having illustrated the importance for the appropriate choice for a concentration
measure on the example of the rheological response of mixed gelatin gels we now discuss
the rheological response of mixed protein gels in more detail. For food relevant mixed
systems an increasing number of relationships between the rheological responses and the
corresponding microstructural changes in protein / polysaccharide [12, 36-50] or mixed
protein [51-64] gels are published. Research on mixed systems, such as mixed protein gels,
typically aims to create systems with properties, i.e. rheological properties, which are not
possible using either one of the single systems.
For example, Brink et al. (2007) [51], Walkenström et al. (1994) [60], Walkenström et al.
(1996) [61], and Walkenström et al. (1997) [62] showed that a large variety of rheological
responses can be obtained by varying the order of gelation or protein ratios in mixed WPI
/ gelatin gels. Non-additivity of elastic moduli and fracture stress in mixed gels were
attributed to segregative phase separation between gelatin and whey protein during
gelation. In chapter 6 we were able to show that the fracture stress of the similar soy
protein isolate (SPI) / gelatin gels was simply determined by the stronger of the two
networks in the bi-continuous mixed gels. However, also in our research we were not able
to explain the modulus of the mixed gels by simply adding the modulus of the individual
SPI and gelatin gels. This non-additivity has also been reported for the egg white / gelatin
[63, 64] and whey protein / agarose [65] mixed gels and in literature has been modelled
using the so-called blending laws (see chapter 7) as initially introduced to biopolymer
mixtures by Clark, Richardson et al. (1983) [66]. The applicability of the blending laws or
similar theoretical approaches, however, is problematic as discussed in chapter 7. They
only lead to exact results for ideal bi-continuous systems [67, 68], systems with spherical
enclosures of one phase in a second phase arranged in a specific way [69] or mixed gels
consisting of parallel or serial gel pieces [70]. In any other case they are only able to
predict the range of expected moduli via the prediction of upper and lower bounds and
cannot be used to describe the modulus of experimental data.
Furthermore, in the case of globular protein gels results in chapter 7 showed that
besides difficulties of the solvent partitioning between phases in mixed biopolymer gels
[65, 71-75] also the assumption that each protein forms a gel inside its own phase as it
would in bulk is questionable. This difficulty is schematically summarized in Figure 8.4.
Figure 8.4A is a representation of a coarse globular protein gel as typically obtained at
conditions where electrostatic interactions are screened. The assumption that in a phase
separated, bi-continuous mixed gel the globular protein forms a gel with the same gel
structure as in bulk (Figure 8.4A) would lead to a microstructure as depicted in Figure
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8.4B. Here the structure of the globular protein network (and therefore also the rheology)
is not altered compared to Figure 8.4A, but the globular protein network is simply
confined in its phase. The remaining volume fraction (second phase) is occupied by the
secondary ingredient, here shown for the case of gelatin, which leads to a bi-continuous
arrangement of the two gels. In chapter 5, however, we discussed that for the case for
globular protein gels formed in the presence of secondary (non-gelling) gelatin with a
molecular size above that of the gelling globular protein the microstructural arrangement
is most probably not as depicted in Figure 8.4B. Results indicated that the microstructure
of the globular protein gel was altered rather than the gel solely confined in one phase. In
chapter 5 we proposed that the microstructure of these mixed gels is more likely as
depicted in Figure 8.4C. The presence of gelatin during the globular protein gelation led to
an increasing coarseness (size of the black gel domains in Figure 8.4C compared to Figure
8.4A). In chapter 7 we discussed that this has an significant impact on the ability to model
the rheological behavior of these gels which we propose here to be due to the difference
in the assumed arrangement of gels (Figure 8.4B) versus the arrangement we propose
based on the results from our results in this thesis (Figure 8.4C).

Figure 8.4 Schematic representation of gel microstructures. A: Microstructure of a single globular protein gel
prepared at conditions where electrostatic repulsion is minimized. B: Idealized bi-continuous globular protein
/ gelatin gel expected for application of rheological models. C: Representation of the proposed structure of
mixed globular protein / gelatin gels from this thesis. Black spheres represent WPI molecules, lines represent
gelatin. Open circles in scheme C indicate changes upon increasing globular protein concentration.
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Importance of molecular size in mixed protein gels
Alongside the reported changes in gel rheology and gel microstructure we also
presented certain mixed systems where the presence of secondary proteins did not alter
the rheological and microstructural properties of the initially formed gel. In chapter 4 this
was the case for gelatin gels with added globular proteins. In chapter 5 the presence of
hydrolyzed gelatin did not induce the changes that we observed when using nonhydrolyzed gelatin. In both chapters the molecular sizes (defined by the radius of spherical
equivalent of the excluded volume) of proteins as obtained in chapter 2 and chapter 3
were used to explain the presence or absence of (enhanced) phase separation during
gelation leading to rheological changes in mixed systems.
By interpreting gelation as an increase in size from the single protein to a space
spanning network (with accordingly an infinite size) we concluded that mixtures that
during gelation initially pass a region with high miscibility (where the molecular size ratio q
= 1) and subsequently a region of reduced miscibility are prone to (increased) phase
separation during gelation (alteration in gel microstructure). The underlying mechanisms
leading to this phase separation are, however, still unknown. As suggested in chapters 4
and 5 and proposed earlier in other mixed systems [37, 58, 76-78], depletion interactions
between the differently sized proteins and intermediate aggregates formed during
gelation forms a defendable explanation. However, changes in the shape of the
intermediate aggregates, the stiffness of e.g. gelatin molecules due to helix formation or
changes in the two particle interactions upon e.g. protein denaturation cannot be ruled
out.
The generality of the proposed relationship between molecular size changes and the
occurrence of phase separation during gelation still has to be proven by studying other
systems and conditions. If applicable to mixed systems in general this relationship can be
translated into simple guidelines for the development of gelled foods containing more
than one type of biopolymers. By tuning the molecular sizes of the non-gelling biopolymer
via e.g. hydrolysis or pre-aggregation one can purposefully induce or prevent
microstructural and rheological changes in mixed gels. In this way, together with an
improved generalized relationship between mixed gel properties (e.g. microstructure,
rheological properties but also e.g. tribological properties) and sensorial perception [3638, 79-84] careful considerations of molecular sizes can facilitate the development of
foods with targeted sensorial properties, one increasingly important challenge in food
industry.
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Concluding remarks
The number of food-relevant mixed gels is countless considering the large number of
possible biopolymers (mainly proteins and polysaccharides), solvent conditions (pH, ionic
strength, divalent ions, other solutes) and gelation conditions (kinetics of gelation,
gelation mechanisms). To use mixed gels in obtaining desired gel properties such as the
rheological and microstructural characteristics considered in this thesis, but also others
such as for instance macroscopic appearance, texture or even taste, it is thus not efficient
to investigate all combinations of biopolymers, conditions and gelation kinetics.
In the effort towards generally applicable mechanisms describing the formation and
final properties of mixed gel systems this thesis focused on the effect of size. The
molecular size ratio was proposed to be the most important parameter in determining
whether phase separation during gelation can (or cannot) occur in systems where
molecular interactions are mainly due to hard body interactions (excluded volume
interactions). The validity of this approach still has to be proven in future studies while its
importance at conditions where increased repulsion or attraction between molecules
exists is also still to be evaluated.
In preliminary studies we have observed that when electrostatic repulsion dominates
the protein interaction (B’1,2) the presence of gelatin can almost completely inhibit the
formation of a space spanning whey protein network (at pH 2 without added salt). In a
second example, we observed that the phase separation between whey protein
aggregates and gelatin during gelatin gelation at pH 7 and ionic strengths around 20 mM
could be inhibited as electrostatic repulsion dominate the interactions. In both cases
mixed systems with new properties were formed. The whey protein / gelatin A mixed gel
at pH 2 showed yielding behavior comparable to spreadable cheese and the non-phase
separated gelatin gels with added WPA were transparent in contrast to the typically
opaque mixed WPA / gelatin gels. Thus, it seems that at these conditions the molecular
interactions rather than the changes in molecular size are the relevant parameters in
determining the microstructural and rheological properties in mixed gels. Quantification of
the relevant molecular interactions by measuring the second virial coefficients B’ and B’1,2,
is believed to be the next important step towards a better understanding of generally
applicable mechanisms and their targeted applications to mixed biopolymer gels.
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Summary
In this thesis we presented a systematic bottom-up approach to investigate gelation in
protein mixtures. Throughout the thesis the molecular interactions and molecular
dimensions of proteins and their changes during gelation were first quantified and
subsequently used to explain phase separation during gelation which could be coupled to
changes in the rheological behavior of the mixed gels.
Chapter 1 presented a short overview of the available literature on mixed protein gels.
Different classifications of mixed gels were given and their relation to phase separation
processes during gelation processes outlined.
Chapter 2 dealt with the quantification of molecular size and molecular interactions via
the second virial coefficient in pure and single protein (and dextran) solutions. This
allowed the identification of solvent conditions where proteins behaved as hard spheres
and solvent conditions where electrostatic interactions dominated the interactions. This
thorough characterization of the biopolymers was essential for the discussions in the
subsequent chapters.
Chapter 3 was divided in a theoretical and an experimental section. In the theoretical
section we presented a virial approach to predict the liquid – liquid phase behavior of
binary mixtures. The properties of this approach were outlined for binary hard sphere
mixtures. In the experimental section of chapter 3 we then used the virial approach to
predict the phase diagram for the gelatin / dextran mixture based on the measured
second virial coefficients (molecular interactions). For mixed protein systems, being the
focus of this thesis, chapter 3 presented evidence that the absence of phase separation in
these systems is mainly due to the similar molecular size and molecular interactions
comparable to those expected for hard spheres.
Chapter 4 took the first step towards mixed gels by investigating microstructure and
rheological properties of mixed gels where gelatin gelled in the presence of globular
proteins. Here a correlation between phase separated microstructures and increased
storage modulus values of the mixed gels was found. The occurrence of phase separation
was explained by the changes in molecular size of gelatin molecules during gelation
relative to the molecular size of globular proteins. It was observed that only systems that
during gelatin gelation passed a region of high compatibility (similar molecular size) and
afterwards a region of reducing compatibility phase separated.
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Chapter 5 applied the same experimental techniques (microstructural analysis and
rheology) to globular protein gels which were prepared in the presence of non-gelling
gelatin. Also here microstructural changes were observed in mixtures passing a region of
high compatibility before entering a region of reducing compatibility during gelation. For
globular protein gels, however, these microstructural changes resulted in a decreased
storage modulus in contrast to the increase in storage modulus presented in chapter 4.
This difference was attributed to the different gelling mechanisms of gelatin (chapter 4)
and globular proteins (chapter 5). Upon phase separation, gelatin was concentrated in its
phase where it formed a gel as it would in bulk. However, this occurred at an increased
concentration compared to the situation when gelatin is distributed over the whole
sample leading to an increased gel modulus. Globular protein gels in mixed gels, on the
other hand, were mainly altered in their microstructure and did not gel at an increased
protein concentration.
Chapter 6 dealt with fracture properties of mixed globular protein / gelatin gels using
the example of soy protein isolate (SPI) / gelatin mixed gels where both proteins were in
their gelled state. The coexisting, bi-continuous microstructure of the two gels was
connected to a gradual change of gel fracture properties from single SPI to single gelatin
gels. While the fracture stress was dominated by the stronger of the two protein gels, the
non-additivity of the gel modulus could at this point not be explained.
Chapter 7 was dedicated to the applicability of several theoretical models towards
explaining the earlier observed changes in the rheological response of globular protein
gels and non-additivity of the modulus for mixed gels. Using rheological data from
chapters 5 and 6 several problems regarding the applicability of the available theories to
globular protein gels were identified and discussed based on the other results from this
thesis. Especially the change in gel microstructure of globular protein gels, when prepared
in the presence of gelatin, was suggested to be the reason for the limited applicability of
the available theories to mixed protein gels where globular proteins formed a space
spanning network.
Chapter 8 discussed the results from the preceding chapters in the context of the
currently available literature. Second virial coefficients were shown to not only be useful
in determining phase behavior in solutions, but also to determine solvent conditions
where proteins form fine stranded or coarse stranded gels. Furthermore, the importance
of how to calculate the (protein) concentration in mixed systems was stressed. Using the
rheological properties of gelatin gels from chapter 4 the importance of this sometimes as
too trivial seen subject was shown to change the interpretation of results if not considered
carefully. Finally, the limitations of available theories to explain the non-additivity of the
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storage modulus from chapter 7 was discussed in a wider perspective and some
concluding remarks on the outlook in mixed biopolymer research given.
In conclusion, this thesis contributed to a better understanding of the gel formation in
mixed gelatin / globular protein gels. However, more importantly, it presented an
approach towards research in mixed biopolymer systems, in solution or in the gelled state,
which can be applied straightforward to other mixed systems.
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