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Abstract

Whey protein isolates have received increasing interest due to their high nutritional
value and their growing availability on the market as a co-product of cheese pro-
duction. Whey protein isolate (WPI) can be aggregated upon heating to create
new functional properties, which depend on aggregate size and structural properties.
Based on the fractal properties of these aggregates, one major application is to texture
food products by two different ways: by forming a stable suspension of aggregates or
by forming a space filling network, through a gelation process. Fractal aggregate size
generally ranges from a few hundred nanometres to a few microns at most. However,
it would be interesting if their size could reach at least 30 microns (the limit of con-
sumer perception), to increase their thickening power (assuming aggregates remain
fractal). Up to now, technological routes to create thickening particles were based
mainly on the physico-chemical conditions of aggregation. The objective of the PhD
is to study new aggregation and gelation processes, with the aim to produce novel
aggregate structures, to enhance their texturizing ability.

Firstly, a good understanding of molecular self-assembly was required, taking into
account the industrial process parameters. Indeed, in industrial conditions, aggre-
gates are obtained under flow conditions at high temperature (>75°C) in few minutes.
We developed a down scaling approach to study both the kinetics of aggregation af-
ter few seconds and its dependence with the mean shear rate, in which heat transfer
does not limit aggregation. The size and mass of aggregates and protein conforma-
tion were characterized by small-angle X-ray scattering (SAXS) and resonant mass
measurement (RMM). We showed that for fractal aggregates formed at low WPI and
salt concentration, (i) aggregation at 92°C was limited by a step of nucleation, (ii)
shear rate had no significant effect on the size of the aggregates, or on the aggregation
kinetics and (iii) slower thermalization led to smaller aggregates size.

Secondly, standard characterization methods of aggregates structure being limited
to sub-micrometric aggregates, we developed a new method for aggregates of several
tens of microns based on a covalent labelling of WPI and fluorescent microscopy.
We have shown that, depending on the physico-chemical and heating conditions, the
range of size where fractal aggregates exhibits a fractal dimension equal to 2 can be
extended from 10 to 60 pm.

Thirdly, we developed a new structuring process to form fibers from fractal ag-
gregates, by a combination of microflows and Ca?*-induced gelation. The WPI fibers
presented a core-shell structure. Moreover, the size and the stability of the fiber was
due to a complex interplay between different phenomena: hydrodynamics stresses,
gelation kinetics, local pH changes during gelation and osmotic stresses.

Finally, characterization of gelation of fractal aggregates by Ca?* was carried out
in a bi-dimensional geometry in order to gain insights on the different phenomena
that govern the formation and structure of the fiber. Especially, we showed the
presence of osmotic flux which concentrates the aggregates in a front and form the
shell of the fiber.

Key words: Whey protein isolate , aggregation, gelation, kinetics, hydrodynamic
spinning, kinetics, microfluidic



Introduction

Whey proteins isolate are of increasing interest due to their high nutritional value
and their growing availability in the market as a co-product of cheese production.
Whey proteins isolate (WPI) can be aggregated by heating to create new functional
properties that depend on the size of the aggregates and their structural properties.
This wide range of functional properties is derived from the properties of globular
proteins. They have been shown to form stable suspensions of structurally diverse
aggregates, stabilized by repulsive interactions [56]; to form soft solid networks by
salt or acid induction in one or two steps above a critical protein concentration [5, 46];
to improve the formation of emulsions by heating; to improve emulsion formation and
stability through increased surface hydrophobicity [90]; to be used for encapsulation
and release of bioactive components through pH-sensitive gel swelling behavior [73].
In the food industry, one of the main applications of WPI aggregates is as natural
food thickeners. In this regard, the challenge is to control the structure of the aggre-
gates to impart thickening properties.

A complex interaction between physico-chemical parameters such as pH, ionic
strength and protein concentration has been shown to influence the aggregation ki-
netics and resulting structure-related properties of the aggregates. For more than
twenty years, the influence of physico-chemical and heating parameters has been
studied on protein aggregation (kinetics, structures and resulting properties) at a
static laboratory scale, in order to control the structure and resulting properties of
the aggregates.

At the industrial scale, the aggregation process can be subjected to other parame-
ters such as a strong thermal gradient and shear gradients in a continuous small-scale
flow process. The shift from a static to a continuous aggregation process has led to
new research on process parameter studies. Several studies have examined the influ-
ence of shear or flow regime on the aggregation process and the resulting aggregate
structure [29, 38, 116, 136]. These studies have shown the joint influence of several
parameters and revealed the complexity of the mechanisms on the resulting size of
the aggregates.

For several years, the structuring of aggregates has also been studied from a
process-oriented approach in order to shape the aggregates. For example, microflu-
idic flow focusing geometry has been used to generate monodisperse and stable whey
protein microbeads in a hydrophobic phase [6]. Studies have also focused on the
formation of elongated structures (fibers) from whey protein aggregates. The struc-
tures of fractal dimension equal to 1 are interesting for the texturing of food products
thanks to their entanglement and their aspect ratio. The process approach allows
to modulate both the size and the structure. Coupled with the knowledge of the
effects of physico-chemical parameters, flow structuring offers new ways to elaborate
innovative structures.



X1

This thesis focused on the understanding of thermal aggregation of whey proteins
and the development of new aggregation and gelation processes in order to produce
new aggregate structures to improve their texturizing ability. It was the result of a
collaborative research with the Nestlé Research Center, Lausanne, Switzerland and
was funded by Nestlé Research, Lausanne, Switzerland.

Chapter 1 presents the physico-chemical concepts and general mechanisms con-
cerning the denaturation and thermal aggregation of whey proteins as well as the cold
gelation induced by the addition of salts. The influence of process parameters such
as temperature and shear was also presented. Flow structuring has been introduced
in the context of the formation of whey protein gel spheres and in the context of
hydrogel fiber formation more generally. We concluded this chapter by defining the
objectives of the thesis with respect to the state of the art.

Chapter 2 presents the materials and methods used in the manuscript and details
the analyses made by small angle X-ray scattering.

Chapters 3, 4, 5 and 6 results are presented as articles and were therefore written
in English.

Chapter 3 was published in Food Hydrocolloids in 2021 and investigated the de-
naturation and aggregation kinetics under high temperature flow and the effect of
shear on the kinetics, size and mass of the aggregates. A small-scale flow aggregation
process was developed to decouple the effect of temperature and shear by neglecting
the effect of the thermal gradient.

Chapter 4 presents and highlights a methodology developed to overcome the lack
of structural characterization methods for aggregates of several tens of microns in
size. This method was based on quantitative image analysis of covalently labeled
fluorescent aggregates and allowed the characterization of the size and protein mass
of aggregates.

Chapter 5 presents a new flow structuring of fractal aggregates, which was based
on the reaction diffusion of calcium ions in a jet of a concentrated aggregate suspen-
sion, and studied the influence of hydrodynamic, physico-chemical parameters on the
formation, size and stability of the gelled fibers.

The results of chapter 6 are presented as an opening and bring additional elements
of understanding to the results of chapter 5.
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2CHAPTER 1. STATE OF THE ART AND OBJECTIVES

1.1 Bovine whey proteins

1.1.1 Whey proteins

Milk is a biological fluid composed of water, lactose, lipids, proteins and mineral
salts. It is defined as both a colloidal suspension of proteins in a continuous phase
composed of water and mineral salts and as an emulsion of fat globules in a con-
tinuous phase. Milk proteins are composed of 80 % of micellar caseins and 20 %
of whey proteins. These two classes of proteins are differentiated mainly by their
structure, their solubility at pH 4.6, their thermal stability as well as by their very
different physico-chemical properties. Micellar caseins are characterized by a colloidal
structure, by their resistance to heat treatment and by their precipitation at pH 4.6.
Whey proteins or serum proteins are globular proteins that remain soluble at pH 4.6
following isoelectric precipitation of micellar caseins. They are mainly composed of
B-lactoglobulin, a-lactalbumin, immunoglobulins and bovine serum albumin. They
are characterized by their sensitivity to heat which induces conformational changes
until the denaturation of their secondary structure.

1.1.2 Structure of native proteins

Proteins are macromolecules defined by an assembly of amino acids linked by a
peptide bond and characterized by four levels of structural organization. Amino
acids are ampholytes that give the protein an amphoteric character. A protein is
made up of amino (NH2/NH?*") and carboxylic (COOH/COO™) terminal groups
that can be ionized according to their ionization constant (pKa), as well as a side
chain whose residues can be hydrophilic or hydrophobic. Among the hydrophilic
amino acids, we distinguish basic (lysine, arginine, histidine), acidic (aspartate and
glutamate) and polar amino acids whose side chain is not charged. Hydrophobic
amino acids are characterized by their non-polar side chains.

In its native form, -lactoglobulin is composed of 162 amino acids including about
20 basic amino acids and 28 acidic amino acids, a free thiol function (-SH) whose
reactivity is a function of pH (pK4 = 8.3 [56]), two disulfide bridges and a molecular
mass of 18.3 kDa [19, 103]. Its isoelectric point is 5.2. It occurs in a monomer,
dimer, or octamer equilibrium, shifted by pH, ionic strength, and/or temperature.
The a-lactalbumin is composed of 123 amino acids and has eight cysteine residues
all involved in disulfide bridges. It has a molecular weight of 14.2 kDa.

There are four levels of structure in the molecular structure of a protein.

Primary structure of a protein is its sequence of amino acids, linked together
by a peptide bond that engages the carboxyl group of one amino acid and the pri-
mary amino group of a second amino acid. The mass of a protein is quantified in
dalton or molecular mass, which is a dimensionless number. S-lactoglobulin has a
mass of 18.2 kDa or 18 200 g/mol. Whey protein isolate (WPI) is given an average
mass of 17.5 kDa.
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The secondary structure involves hydrogen bonds between the side chains of
the amino acids which will organize and stabilize locally certain segments of the pep-
tide chain according to two distinct major motifs: the « helix and the § sheet. The
two motifs are distinguished by the angles formed in the structure.

The tertiary structure describes the three-dimensional arrangement of the pro-
tein. It corresponds to a higher degree of organization after the secondary structure.
This folding gives the protein its specific functionality. The tertiary structure involves
different types of covalent and non-covalent interactions: hydrophobic, electrostatic,
hydrogen, Van de Waals.

The quaternary structure is the last level of organization of proteins and de-
scribes the arrangement between several protein units. The non-covalent interactions
involved are the same as in the tertiary structure. In solution at room temperature,
the quaternary structure of -lactoglobulin is organized into monomers and dimers
depending on the environmental conditions. This monomer/dimer equilibrium is
shifted towards the monomeric form under the effect of heat [32].

1.1.3 Nature and origin of covalent and non-covalent bonds

Covalent and non-covalent bonds play an essential role in stabilizing the three-
dimensional arrangement of proteins and in their functionality. Weak non-covalent
interactions allow the rearrangement of the tertiary structure which opens the way
to new functionalities. Non-covalent bonds are composed mainly of four types of
interactions: hydrogen bonds, Van der Waals interactions, hydrophobic interactions
and electrostatic interactions. The energy required to break a non-covalent inter-
action is of the order of 4-20 kJ/mol. The understanding of the establishment of
these bonds is essential for the understanding of the mechanisms of denaturation,
aggregation, gelation and functional properties of aggregates. A distinction is made
between ”physical” gels formed by reversible attractive bonds and ”chemical” gels
formed by chemical reactions involving irreversible bonds [139).

Electrostatic interactions are either attractive between two ions of opposite
charge or repulsive between two ions of the same charge. The electric field being uni-
form in all directions, electrostatic interactions do not generate any specific geometry.
They are a function of the distance between the charged groups, the interaction will
decrease as a function of the distance between the groups.

Van der Waals forces are short-range forces, either attractive or repulsive in
nature. We can distinguish the Keesom forces between two permanent dipoles (differ-
ence in electronegativity between two atoms), the Debye forces between a permanent
dipole and an induced dipole (a polar molecule creates around it an electric field and
if a apolar molecule comes in its vicinity, it is influenced by this field) and the London
forces between an instantaneous dipole and an induced dipole (the electronic move-
ments can punctually separate the (4) and (-) barycenters of an apolar molecule.
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Under these conditions, the instantaneous moment of one of the molecules creates an
induced moment on the other and vice versa).

Hydrophobic interactions result from the low affinity of non-polar residues for
water molecules due to their hydrophobicity. The non-polar residues interact with
each other by hydrophobic interactions and reduce the hydrophobic surface exposed
to water molecules increasing the entropy of the system. In their tertiary structure,
proteins will adopt a conformation that will tend to reduce the hydrophobic surface
exposed to water molecules by burying the hydrophobic residues in the core of the
structure. As hydrophobic interactions are noncovalent and relatively weak, they
might rapidly dissociate [56].

Hydrogen interactions result from the interaction between a hydrogen atom
and an electronegative atom carrying a non-binding doublet. Their establishment is
favored at low temperature during the aggregation stage.

Covalent bonds are bonds of higher energy and are less easily broken. If proteins
contain cysteines, disulfide bridges can be formed between two thiol functions -SH
carried by the cysteines.

1.1.4 TIonization of proteins as a function of pH

The ionization of carboxyl and amino terminal groups and residues of amino acids
of acidic (aspartate, glutamate) and basic (lysine, arginine) nature depends on pH,
so they are either positively charged or negatively charged. These amino acids are
therefore the main contributors to the net charge of a protein.

The net charge density reflects the amount of charge carried on the surface of the
particle and is measured by potentiometric titration. It is defined as the sum of the
charges of ionizable groups at a given pH and is noted a. It varies according to the
ionization of the groups on the surface of the protein and thus the pH. The ionization
of the groups depends on their pK, value: asparatate: pK, 3.86, glutamate: pK, =
4.25, histidine: pK, = 6.0, lysine: pK, = 10.53, arginine: pK, = 12.48 [16].

A pH value above the pK, value will result in deprotonation of ionized groups,
whereas a decrease in pH below the pK, value will result in protonation of ionized
groups. The variation in net charge density thus underlies the subsequent variation
in repulsive electrostatic forces and variability in the resulting aggregate structures
[56]. Electrostatic interactions depends on the net charge density rather than the pH
and « depends on the protein concentration and ionic strength at a given pH.

The net charge density is distinguished from the effective charge density, which
is measured by electrophoresis. This technique measures the value of the electric
potential at the interface of the stern layer and the diffuse layer. This value, called
zeta potential, takes into account the counter ions of the stern layer. When the pH
increases, the polarity of the surface charge measured at the boundary of the stern
layer and the diffuse layer reverses on either side of the isoelectric point where the
potential is zero (IEP). This behavior is valid for most electrolytes. The evolution of
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Figure 1.1: (a): Evolution of net charge a per monomer of -lactoglobulin for genetic
variants A and B in 0.25M KCI at 25°C and evolution of protonation/deprotonation
of carboxylic and amino groups as a function of pH. Graph from Soraya Mehalabi’s
thesis (2008) and data from Basch and Timasheff (1967). (b): Evolution of the zeta
potential of a charged protein as a function of pH. IEP is the isoelectric point.

the zeta potential as a function of pH is identical to the evolution of the net charge
density as it results from it (Figure 1.1). An increase in the absolute value of the
net charge density will induce an increase in the Debye length and consequently an
increase in the absolute value of the zeta potential, a state for which repulsions are
favored.

The isoelectric point is defined as the pH value at which the zeta potential is
zero (equivalent to the net charge of the molecule and including the bound counte-
rions). At the isoelectric point, electrostatic attractive forces are maximal and lead
to aggregation of native proteins. At pH 7, the net charge of -lactoglobulin will be
negative with the carboxyl and amino groups in the COO~ and NH3** form. The
charge distribution in the protein is not symmetrical on either side of the isoelectric
point, which gives it different properties.



6CHAPTER 1. STATE OF THE ART AND OBJECTIVES

Positive Counter-lon (%)
Negative Co-lon——— 00 Q ®)
@ Q )
Te e 7 °
99 ©
9 e @
S
% o ©
. . o v <
Highly Negative Q
Colloid ¥o0 9
2 S 9
N @ O
Stern Layer Q 9
s U @
Diffuse Layer Q 9 9
9]
o
lons In Equilibrium r Q
With Solution *Y . QO
Le o

Figure 1.2: Representation of the double layer model. The left view shows the
variation of the charge density around the colloid. The charge density decreases as
one moves away from the charged colloid. The right view shows the distribution of
positive and negative ions.

1.1.5 Influence of salt concentration and type

The concentration of salts as well as the valence of the salt change the extent of re-
pulsive interactions and can also change the net charge of the particles by their action
on the dissociation constants (pK,). The charged residues present on the surface of
proteins and aggregates will generate electrostatic interactions with ions present in
solution (salts initially present in the powder or added later), of an attractive nature
with counter ions of opposite charge and repulsive with co-ions of the same charge.
Several models describe the distribution of ions in the vicinity of a charged surface
in an ionic double layer, inducing a spreading of the charges of the charged particle
over a characteristic length (the Debye length, equivalent to the thickness of this
double layer), thus favoring the repulsions between particles. The ionic double layer
is composed of the Sterne layer, made of counter ions strongly bound to the charged
residues of the protein surface and of a diffuse layer, in which are distributed co-ions
and counter ions of opposite charges, more mobile (Figure 1.2).

As the ionic strength of the solution increases, i.e. as the concentration of ions
in the solution increases or as the valence of the ions in the solution increases, the
distribution of ions within the diffuse layer changes. The thickness of the ionic
double layer (or Debye length) decreases and becomes more compressed and the
charge density decreases near the colloid. The charge density reflects the difference
in concentration of positive and negative ions at a point: the smaller the difference
in concentration of positive and negative ions, the lower the charge density. The



1.1. BOVINE WHEY PROTEINS 7

thickness of the ionic double layer represents the extent of the electrostatic forces.
Thus, when the ionic strength of the solution increases, the range of the repulsive
electrostatic forces decreases and the attractive forces of short range will dominate
and lead to the aggregation of proteins.

It is the interference of the electronic double layers of two particles that induces
the electrostatic repulsions (see salting-in). The range of electrostatic interactions
are determined mainly by the net charge of the proteins and by the ionic strength of
the environment affecting the double layer. Their range increases with the thickness
of the double layer and the absolute value of the zeta potential.

Salt concentration also influences the net protein charge measured by potentio-
metric titration. According to Salis et al. (2011) at a fixed pH, the net charge in-
creases with NaCl concentration inducing an increase in the pH value of the isoionic
point. Thus at acidic pH and basic pH, the absolute net charge increases with salt
concentration, thus increasing electrostatic repulsions. Taking into account the dis-
persion forces of the ions (non-electrostatic forces) would explain the influence of the
salt concentration on the increase of the net charge. Conversely, an increase in NaCl
concentration induces a decrease in absolute value of the zeta potential. The influ-
ence of the salt concentration on the values of dissociation constants of the ionized
groups was also highlighted on a globular protein, the lyzozyme [66].

The valence of the ions also influences the mechanisms of the interactions. The
effects of divalent ions are often not only stronger (due to the higher charge), but
qualitatively different from monovalent ions. In particular, the presence of multiva-
lent ions can induce effective charge reversals on the surface of negatively charged
proteins [140]. One of the hypotheses behind this mechanism is the establishment of
specific short-range interactions between multivalent ions and amino acid residues on
the surface of proteins [141]. The role of Ca*" in aggregation mechanisms has been
studied in the case of thermal aggregation and cold gelation. Ca" ions were first
suspected to induce aggregation by their ability to act as bridges between negatively
charged carboxyl groups on neighboring protein molecules. This mechanism was set
aside in favor of the hypothesis of a specific interaction between calcium ions and
carboxylates with a threshold affinity [137], [117], [54]. Kharlamova et al. (2018)
showed that Ca?" ions reduced the effective negative charge density of aggregates
as the number of moles of Ca?t per aggregate increased (Figure 1.3). Zittle et al.
(1957) also pointed to the establishment of specific interactions by Ca®* ions, and
found them to be analogous to pH in terms of net charge.

Increased salt concentration can also weaken the strength of ionic interactions
stabilizing a molecular structure, known as salting-out. A high ionic strength can
also neutralize certain ionic charges required on the surface to maintain solubility and
compete with proteins to interact with water molecules in solution. The proteins
are then deprived of the water molecules that hydrate them and the hydrophobic
interactions lead to protein precipitation.

Conversely, at low salt concentration, proteins are surrounded by counter ions
that interact with the ionic charges of the proteins and contribute to decrease the
intermolecular electrostatic attractive interactions leading to stabilization. This is
called salting-in.
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Figure 1.3: Variation of the net and effective charge density of aggregates, as well as
the range of electrostatic repulsions by charge screening depending on physicochem-
ical conditions. The figure is taken from Kharlamova et al. (2018)

1.2 Thermal aggregation and gelation

1.2.1 Thermal denaturation and aggregation of native whey
proteins

In the dairy industry, denaturation and subsequent aggregation of proteins can lead
to undesirable effects such as clogging of industrial pipes and have been the subject
of numerous publications. In the pharmaceutical industry, the mechanisms of pro-
tein conformation change, inducing a modification of their functionality, have been
intensively studied as suspected to be involved in neurodegenerative diseases.

Bovine whey globular proteins are characterized by their sensitivity to heat. At
room temperature in aqueous solution, -lactoglobulin is in equilibrium in a dimeric
and monomeric form at neutral pH and low ionic strength. This quaternary structure
is modified and the dimeric dissociation is favored by the increase of the temperature
and of the charge density as well as by the decrease of the ionic strength [8, 131]. This
is the dissociation stage. In a temperature range up to the denaturation tempera-
ture, the structure of the protein undergoes minor reversible conformational changes,
allowing the exposure of some groups that are not exposed in the native state. This
is the reversible denaturation step.

Above the denaturation temperature, the protein partially unfolds, its tertiary
and secondary three-dimensional structure undergoes a conformational change, which
is accompanied by an increase in the mobility of the peptide chain and the spatial
reorganization of ionized, hydrophobic residues and free thiol functions that can
form new spatial interactions [26, 76]. The resulting structure is characterized as a
"molten globule state” [33, 50]. The unfolding of the proteins is accompanied by the
formation of new irreversible interactions (covalent interactions between thiol groups,
hydrophobic interactions), making the newly formed structure irreversible even with
decreasing temperature. This is the stage of irreversible denaturation. Covalent
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and/or non-covalent bonds are formed between the irreversibly denatured proteins
and lead to the formation of aggregates.

Thermal denaturation can be described simply in two steps : a denaturation and
an unfolding step of the first order reaction and a second aggregation step of a sec-
ond order reaction [130]. Several mechanisms take place during the denaturation and
aggregation of whey proteins:

1) Dissociation of dimers

2) Reversible unfolding and association
3) Irreversible unfolding and association
4) Aggregation or polymerization

5) Terminaison

Two steps can be distinguished during the aggregation process. First, primary
aggregates are formed when the concentration of oligomers exceeds a critical amount.
The primary aggregates are curved strands at pH 7 with a length of about 50 nm
and a diameter of about 10 nm, and approximately spherical with radii up to 150
nm at pH 5.8 [89]. They remain stable at lower protein concentration but assemble
into larger polydisperse self-similar aggregates during a secondary aggregation step,
or a gel, at higher concentrations. Cross-links between the proteins in the aggre-
gates involve both hydrophobic interactions and hydrogen bonding and above the
iso-electric point, covalent disulfide bonds are also involved. The aggregation step
can be either diffusion-limited or reaction-limited. In the case of a diffusion-limited
reaction, the reaction is so fast that the rate is equal to the diffusion of the particles,
each contact between the particles resulting in their binding with dy = 1.8. In the
case a reaction-limited aggregation rather polydisperse aggregates are formed with

dy = 2.0.

Many studies have focused on the kinetics of heat-denaturation and aggregation of
the major whey proteins to optimize heat treatments and the subsequent formation
of well designed aggregates with desired functional properties. The rate of denat-
uration and aggregation of [-lactoglobulin depends on several factors such as pH,
ionic strength, initial protein concentration and temperature. The denaturation and
aggregation kinetics of the major whey proteins (/-lactoglobulin and a-lactalbumin)
and the mechanisms involved under conditions of neutral pH and low ionic strength
have been studied extensively since the 1980s, over wide temperature ranges from
70°C to 150°C [28, 130] and have given rise to different models [9, 109, 127].

Previous works have shown that the formation of soluble protein aggregates can
be achieved through the control and modulation of physico-chemical parameters,
leading to the generation of protein aggregates with well defined structural properties
(diameter and molecular weight) [148].
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1.2.2 Modulation of the aggregate structure and functional-
ity by the conditions of aggregation

Aggregates structural characterization

The characterization of the structure includes size, morphology, internal structure
and also fractal dimension. The structure of aggregates can be analyzed by mi-
croscopy (optical microscopy with or without fluorescence, confocal laser scanning
microscopy, transmission electron microscopy, laser scanning electron microscopy)
and by scattering techniques such as static and dynamic light scattering, small angle
X-ray scattering, small angle neutron scattering. The scattering techniques allow
the determination of the form factor, the structure factor, the hydrodynamic ra-
dius or the radius of gyration, the fractal dimension as well as the molecular mass
9, 14, 69, 79, 101].

The hydrodynamic radius, Rj is the radius of the protein or molecule that take
into account both its shape and its hydration layer. It is obtained by calculation
according to the Stokes-Einstein relation after determination of the diffusion coeffi-
cient by dynamic light scattering. The hydrodynamic radius is determined from the
extrapolation at zero angle and zero concentration of the diffusion coefficient.
Another often used measure of the dimension of the polymer chain is the radius of
gyration R,. Mathematically, it corresponds to the mean square distance between
the atoms and the center of mass (Equation 2.5). The chains of a particle occupy
the space of a sphere of radius R,. For polymer solutions, the hydrodynamic radius
measured by DLS can be related to the radius of gyration according to R;, = 0.665R,
[125].

The molecular weight is defined, for a homogeneous polymer in mass, as equal to
the product of the mass of its unit by its degree of polymerization. It is expressed in
g/mol. Diffusion techniques give the weight average molecular weight M,,, in absolute
value if it is measured at zero concentration and angle (requires the measurement
of several different concentrations as well as a multi-angle study for each of the
concentrations) and in apparent value if it is measured at fixed angle/concentration.

In the case of a fractal structure, characterized by an irregular shape with a geo-
metrical property of self-similarity independent of the scale of observation, we define
a parameter that links a characteristic dimension R of the object to its molecular
mass M,, such as M,, = M,(R/Ry)%, with Ry the radius of an elementary unit and
M, (Figure 1.5). dy is the fractal dimension and its value gives an indication of how
the object under study fills the space. It takes values between 1 and 3, in the case
where dy = 3, the object is a sphere equal to the dimension of the space. The fractal
dimension can thus be deduced by plotting the mass as a function of the character-
istic dimension R of the object.

These techniques are nevertheless restricted to particles smaller than a few mi-
crons. Structural data such as size, fractal dimension and molecular mass for ag-
gregates of several tens of microns are not accessible with the current techniques
presented above.
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Influence of the net charge density

The structure of the aggregates formed by heat treatment can be modulated by vary-
ing the balance between repulsive and attractive forces by changing the net charge
of the proteins or by charge screening [89, 148]. Jung et al. [56] formed aggregates of
different size, morphology, internal structure and fractal dimension after heat treat-
ment of a 1 % w/w solution of -lactoglobulin at 90°C, by varying the pH from 2 to
5.8 and 7 (Figure 1.4).

When the pH is below the isoelectric point, the proteins are positively charged.

Electrostatic repulsions between the positively charged groups induce the formation
of fibrils with an elongated structure (Figure 1.4).
When the pH is close to the isoelectric point (pH = 4.2-6.0) the net charge density
as well as the electrostatic repulsions decreased and allow the formation of roughly
spherical protein particles called microgels with radii from 100 nm to 1 pum that
strongly scatter light and have a milk-like appearance in suspensions [52, 81, 97, 112].
Their structure is held by hydrogen bonds, hydrophobic interactions, and also by co-
valent disulphide bridges. A microgel particle is thus constituted of crosslinked net-
work and contains a large fraction of solvent [87]. Microgels can also be formed above
the isoelectric point up to pH 7.5 in the presence of CaCls, or other divalent ions, for
a certain range of molar ratio values between calcium ions and S-lactoglobulin [99].
The divalence of calcium ions allowed them to bind specifically to proteins, unlike
monovalent ions (NaCl), and to decrease the net charge density.

When the pH is equal to 7 the proteins are negatively charged and have a high
net negative charge density. Transparent solutions of smaller elongated aggregates
are formed and can further aggregate into fractal (self-similar) aggregates. Fractal
aggregates are characterized by a branched structure and a fractal dimension where
dg>1 and dy<3 (Figure 1.5). The density of the fractal aggregates decreases with
increasing size as p oc R4 3.
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Fibrils Microgels Fractal aggregates

Figure 1.4: Transmission electron microscopy images of S-lactoglobulin aggregates
(1% w/w) obtained after heat treatment (90°C) at different pH. (A): pH 2, (B): pH
5.8, (C): pH 7. Figure taken from Jung et al. [56]

Fractal aggregate
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Figure 1.5: Schematic representation of a fractal aggregate of characteristic radius R,
made of elementary units of radius Ry. Figure taken from Aymard et al. (1997),[10]
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Figure 1.6: Viscosity evolution of fractal aggregate suspensions formed at different
concentrations (open symbol) and formed at 93 g/L and then successively diluted.
Figure taken from Inthavong et al. (2016), [52].

Influence of the native proteins concentration

A minimum concentration of native protein is required to induce aggregate formation
(step 4). First, small pre-aggregates, or oligomers, are formed. If the concentration
if sufficient, named critical association concentration [79], they associate into rela-
tively monodisperse so-called primary aggregates. At higher protein concentrations
the primary aggregates associate further into larger polydisperse self-similar aggre-
gates. The effect of protein concentration on the rheological properties of fractal
aggregates at constant net charge density has also been studied. Inthavong et al.
[52] compared the evolution of fractal aggregate suspension viscosity as a function
of p-lactoglobulin concentration depending on whether it was fixed before or after
heat treatment (Figure 1.6). When the native protein concentration was varied be-
fore heat treatment, the resulting aggregate suspensions varied in aggregate size and
in the concentration of aggregates formed. To vary the protein concentration after
heat treatment, a suspension of aggregates was formed at a fixed concentration and
then successively diluted: the aggregate size did not vary. The rheological behavior
differed due to the different aggregation kinetics, which were dependent on the initial
protein concentration and increased as the initial protein concentration increased.
The protein concentration plays a role in the denaturation kinetics : the higher the
protein concentration, the faster the denaturation reaction is.
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Influence of salt concentration

The increase in salt concentration will participate in the reduction of electrostatic re-
pulsions between charged colloids. Monovalent cations will partially or totally screen
the negative charges according to their concentration. Divalent cations will gener-
ate a higher ionic force at lower concentration and will participate more efficiently
in the screening of charges and also form ionic bridges between carboxylic groups
[46, 47, 55]. For fractal aggregates, Le Bon et al. [69] and Pouzot et al. [101] re-
ported a fractal dimension d; equal to 2 for NaCl concentrations higher than 10 mM
and equal to 1.6 for a NaCl concentration equal to 3 mM. Baussay et al. [14] indi-
cated a local densification on short length scale when the NaCl concentration was
higher than 0.2 M while the larger scale structure remained constant.

Influence of the temperature

The relationships of structural parameters of fractal aggregates with physicochem-
ical conditions and heat treatment have been well studied in the low temperature
regime. Below 85°C, aggregation was limited by denaturation and could proceed
over several hours depending on the protein concentration [69, 89, 148]. At neutral
pH between 75°C and 85°C, larger aggregates were formed, due to the prevalence of
non-covalent interactions such as hydrophobic interactions. At temperatures higher
than 80°C, noncovalent interactions become of increasing importance and the aggre-
gation process is dominated by both interchange of disulphide bonds and hydropho-
bic interactions [40]. Between 85°C and 105°C smaller aggregates were formed by
the establishment of disulfide bridges, hydrophobic interactions being limited in this
temperature range [32] where the reaction was limited by aggregation.

Structure-function relation

The structure-function relationship is a crucial parameter that governs many bio-
logical processes. A function is thus determined by a particular structure. In the
case of whey protein aggregates, the fractal dimension is an important structural
parameter, especially in the rheological properties of aggregate suspensions and gels.
Three types of structures are distinguished: fibrils, microgels and fractals. A frac-
tal dimension can nevertheless be defined for fibrils and microgels. The elongated
structures type fibrils are characterized by a fixed fractal dimension equal to 1 while
the spherical structures type microgels have a fixed fractal dimension equal to 3. A
fractal structure is characterized by an open structure, so the more the size increases
and the more the particle will occupy space. Another interesting characteristic of
fractal structures is the decrease of density with the increase of the size of the parti-
cles. Thus the larger the size of a fractal particle, the more space it will occupy with
less matter. Fractal aggregates therefore seem to be well suited for food texturing
applications. For the same protein concentration, the viscosity of a suspension of
fractal aggregates was higher than that of a suspension of microgels and increased
with the size of the fractal aggregates formed (Figure 1.6). The same viscosity value
was achieved at lower protein concentrations when the size of fractal aggregates was
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Figure 1.7: Viscosity evolution of fractal aggregate suspensions, microgels and native
[B-lactoglobulin solution for different concentrations. Figure from Inthavong et al.

[52].

maximized. It follows that the rheological properties of gels formed from microgels
or fractal aggregates will differ.

1.2.3 Gelation mechanisms
Presentation of the different gelation processes

Beyond a critical protein concentration (C,), as the aggregation proceeds, the sys-
tem changes from a dilute cluster regime to a dense cluster regime and when the
cumulated volume (V,,) occupied by the aggregates approach to total available space
(V), the percolation of the system takes place, leading to the formation of a system
spanning network (Figure 1.8). Reaction-limited aggregation forms polydisperse ag-
gregates that can interpenetrate before being connected to the percolating network.
The fraction of proteins incorporated in the network will increase until all proteins are
part of the gel. The structure of the system is characterized by a correlation length,
which is the average size of the aggregates when V,, ~ V. Below the correlation
length, the structure of the gel is equal to the self-similar structure of the aggregates
and is homogeneous above [86]. C, decreases with increasing ionic strength or when
the pH is close to the isoelectric point. Moreover, since the density of fractal aggre-
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Figure 1.8: Schematic representation of globular protein aggregation and gelation.
Fractal aggregates are formed by association of small strands and form a fine-stranded
percolating network if the concentration is larger than the critical gel concentration.
Figure from Nicolai et al. (2019) [86].

gates decreases with their size, gelation should occur even at low concentrations but
at this point the gel strength could not be sufficient to resist gravity.

A gel can first be formed by heat treatment following denaturation and aggrega-
tion of proteins. The value of Cj is a function of the net charge and thus of the pH
and the ionic strength (concentration and valence of the ions). These two physico-
chemical parameters will modulate the net charge density and the effective charge
density of proteins and aggregates and allow to induce gelation. Increasing the salt
concentration increases the size of the aggregates by decreasing electrostatic repul-
sions and decreases C,. Decreasing the net charge of proteins or aggregates reduces
the extent of repulsive interactions and decreases Cj.

The gelation can also be decoupled and induced after the formation of a sta-
ble suspension of aggregates. This decoupling allows the gelling of a suspension of
aggregates, previously thermally formed, by subsequent decrease of electrostatic re-
pulsions, with or without heat treatment. A thermal treatment will increase the
speed of gelation [46]. In this second stage we distinguish the gelation induced by
acidification and the gelation induced by addition of salts.

It was shown that gels formed in one step by thermal treatment and gels formed
in two steps with the same physico-chemical conditions exhibited different structures
and mechanical properties. This result was not surprising and resulted from different
intra- and intermolecular bonding mechanisms.

Veerman et al. [128] pointed out that the method used to induce gelation of
pre-formed aggregates could lead to differences in gel formation for the same salt
concentrations. Indeed, different methods of cold gelation by addition of salts are
employed in the literature. The gels can be formed by progressive addition of the salt
solution and under constant agitation but can also be formed by dialysis and thus
resulted from the diffusion of ions towards the dialysis bag containing the suspension
of aggregates. Depending on the diameter of the dialysis tubes, the diffusion time of
the calcium ions can reach several hours [67], [47]. The gelation by dialysis resulted
from a mechanism of diffusion reaction, the gelation reaction starting at the periphery
of the coil could also influence the structure of the gel. The choice of the method can
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thus influence the contact between the ions and the aggregates and the study of the
gelation kinetics at short times.

Cold gelation induced by the addition of salts

Influence of the pre-aggregation step Studies have been conducted to inves-
tigate the effect of the first denaturation and aggregation step on the mechanical
properties and the resulting structure of the gels. The concentration of aggregates,
their size, their structure, the fraction of remaining native proteins are all parame-
ters that can be modulated by the heat treatment, the salt concentration, the initial
concentration of native proteins, the pH.

Many studies thus studied the effect of these parameters on the mechanical proper-
ties of the gels and compared the values once the steady state was reached. Increasing
the heating time and temperature as well as increasing the initial concentration of
native proteins increased the strength at break, elastic modulus, and water holding
capacity of the gels as well as the size and concentration of aggregates [55], [67], [13].
At low initial protein concentration, intermolecular forces would have less effect on
stabilizing the three-dimensional network than at high protein concentration.

The study of the influence of pre-aggregate size has often been correlated with the
influence of aggregate concentration. Increasing the concentration of native protein
before aggregation led both to the increase of the size but also to the increase of the
concentration of aggregates. On the other hand, depending on the heat treatment
and the concentration of native protein, the residual fraction of native protein can
also vary. In order to study the effect of aggregate size by decoupling the two effects,
gels should be formed at an equal aggregate concentration by diluting suspensions of
aggregates formed at different native protein concentrations. Similarly, in order to
study the effect of aggregate concentration, gels should be formed with a fixed aggre-
gate size by diluting or concentrating a suspension of aggregates formed at a single
native protein concentration. Kharlamova et al. [60] varied the aggregate concentra-
tion for different aggregate sizes and showed that a minimal protein concentration
was required to induce gel formation in the second step (a heat treatment of 80°C
was applied in the second step, Figure 1.9).

By decreasing the size of the aggregates, gels can be formed at lower protein
concentrations (Figure 1.9) when heat treatment is applied during the second gelation
step.

The influence of the structure of the aggregates after the thermal pre-aggregation
step was also studied. Thus, at the same initial protein concentration, fractal ag-
gregates will form a mechanically stronger gel with a more homogeneous structure
compared to a gel formed from microgels, due to their fractal density: they are less
dense and occupy a higher volume fraction [36, 61]. The size of the fractal aggregates
did not influence the rigid component, nor the structure of the gels [61]. According
to Ako et al. [2], the size of the pre-aggregates played a kinetic role in gel formation.
Thus, forming larger aggregates would be equivalent to starting the cold gelation
process at a later stage.

Two-step gelation by addition of salts has also been studied from fibrillar ag-
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Figure 1.9: State diagram: solution, gel, and syneresis, function of protein concen-
tration for aggregates of size set at Ry = 77 nm (a), and for different aggregate sizes
shown in the figure (b). Figure from Kharlamova et al. (2018), [61].

gregates formed at acidic pH for which the ”effective amount of structure” required
to form a network when using fibrils was less than that of the ”conventional cold
gelation method” [128].

However, few studies have investigated the kinetics of gelation. In order to over-
come the problem of short time for the study of gelation kinetics, the second step
being a thermal activatable process, the progressive addition of the salt solution
under constant agitation to the aggregate suspension can be performed at low tem-
perature. The follow-up of the gelation over time can be quantified from a mechanical
properties point of view by oscillatory shear tests (evolution of the elastic modulus)
or structurally by light scattering techniques [2].

The effect of the concentration of constant size aggregates (R, = 35 nm) on
the elastic modulus of the forming gel was measured over time by Kharlamova et
al. [61] after the addition of CaCly at a fixed molar ratio equal to 6 and under a
heat treatment of 80°C. Under these thermal and physico-chemical conditions, the
evolution over time of the elastic modulus increased with the protein concentration
with a first clear and rapid increase and then evolved more gently after about 300
second (Figure 1.10). As the concentration of aggregates increased, G’ increased.
The first values of G” were measured from about 60 second.
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Figure 1.10: Evolution of elastic modulus over time at a temperature of 80°C for
several solutions of WPI aggregates (R;, = 35 nm, R = 6) of different protein con-
centrations. Graph from Karlamova et al. (2018), [61]

Effect of the type of salts, the concentration and the molar ratio Mono-
valent salts such as NaCl or divalent salts, such as CaCly, can be used to induce
gelation of pre-formed WPI aggregates. The valence of the ions is an important pa-
rameter in determining the type of interactions (electrostatic and non-electrostatic
i.e. dispersion forces) with charged particles. The gelation induced by the addition
of NaCl and CaCl, has therefore been the subject of several comparative studies.
Ako et al. studied the effect of NaCl for different concentrations up to 1 M on the
gelation of f-lactoglobulin aggregates of R, = 65 nm at a concentration of 50 g/L
and a temperature of 60°C and showed that increasing the NaCl concentration in-
creased the gelation rate (Figure 1.11). The aggregate suspension gelled within 3
min after the addition of 1 M NaCl. Ako et al. concluded that the gel structure
did not vary with the type of salt. Bryant and McClements [20] indicated that the
rate of gelation and final gel strength increased with salt concentration and was
greater for CaCl, than for NaCl at the same concentration, because the former was
more effective at screening electrostatic interactions and can form ionic bridges. Also
according to Bryant and McClements, increasing the salt concentration resulted in
greater scouring of negatively charged whey protein aggregates, resulting in faster
gelation and a stiffer gel structure.” Similarly, Marangoni et al. (2000) stated that
"the rate of aggregation in the presence of CaCly is higher than in the presence of
NaCl probably due to the cross-linking effect of Ca?". Marangoni et al. (2000) de-
scribed CaCls-induced gelation as a two-step mechanism, rapid aggregation of larger
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Figure 1.11: Evolution of turbidity of an aggregate suspension (R, = 65 nm, concen-
tration of 50 g/L) over time at T=60°C for different added NaCl concentrations.

aggregates, followed by slower aggregation of smaller ones and NaCl-induced gelation
as a one-step mechanism.

The physical properties of salt-containing gels were strongly related to salt con-
centration. Hongsprabhas and Barbut [46, 47] showed that there was a concentration
of CaCl, (30 mM) above which the young’s modulus of the gel decreased for different
protein concentrations. They hypothesized that the CaCl, concentration could mod-
ify the association/dissociation equilibrium of Ca®" to proteins. Salt concentration
would influence the structure and spatial organization of aggregates. At low salt
concentrations, the low gelation rate would lead to the formation of solid, ordered
gels with a filamentous microstructure. High concentrations of salts would lead to
a faster formation of gel with a less ordered, more opaque and mechanically weaker
structure [13, 46, 47]. Some authors nevertheless pointed out that the variable to be
taken into account when analyzing the influence of CaCly concentration and protein
concentration was the molar ratio between CaCly concentration and protein concen-
tration because of specific interactions between calcium ions and proteins [55]. The
divalence of calcium ions was thought to decrease the extent of electrostatic repul-
sions more effectively by charge screening, but calcium ions could also form ionic
bridges between two COO~ carboxylic groups [46, 47]. However mechanisms such as
local charge reversals were not assumed.

Several studies thus varied the protein concentration for a CaCly concentration,
thus investigating both the effect of protein concentration and molar ratio. It should
also be noted that many studies apply a heat treatment during the gelation step
induced by the addition of salts. The kinetics was thus shifted and the studied molar
ratios were thus lower.



1.3. AGGREGATION PROCESSES 21

100 100
(a)

(b) +— 1005~

—— 500571
= 10005

—— 145257
60 +
//r

80 |

o]

(=}
hY

I,

= @
[=} (=]
X
e
g’
"

Mean particle size dsg 5 [Um]
8
N,
Mean particle size dsg 3 [Um]

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Heating time t [min] Heating time t [min]

Figure 1.12: Evolution of aggregate size formed during 80°C heat treatment over
time for different shear gradients for 5% (a) and 30% in WPC. Figure from Wolz et
al. (2016), [136].

1.3 Aggregation processes

1.3.1 Effect of shear during aggregation

Since denaturation and thermal aggregation of whey proteins were mostly performed
at the laboratory scale under static conditions, the effect of shear or more broadly
of flow during aggregation has been little studied. Shear stresses can have different
effects on the size and structure of proteins and aggregates. They can induce de-
naturation of proteins, break them or induce their aggregation [74, 78]. Due to the
increased collision rate during shearing, increased aggregation can be achieved. How-
ever, at high shear rates, the encounter time between the particles was also reduced.
The contact time would thus be insufficient to induce aggregation of the particles
and they would therefore be more likely to remain as individual particles [147].

Wolz et al. [136] studied the influence of shear (100-1452 s™') and whey protein
concentrate (WPC) concentration on aggregate size during aggregation at 80°C and
showed that at low WPC concentration (5%), the aggregate size increased with shear
(100-750 s71) after 5 min of heat treatment and then stabilized after 15 min for higher
shear (750-1420 s71). On the other hand, at higher protein concentrations (30 %), the
size of the aggregates decreased with shear. The increase in protein concentration
accelerated the rate of denaturation and aggregation of proteins. When a shear
gradient is imposed, the increase in viscosity induced an increase in shear stress.
The increase in the denaturation and aggregation rate and the resulting increase in
viscosity and shear stress would induce a decrease in the size of aggregates at high
protein concentration.

Simmons et al. (2007) included the influence of temperature (70-90°C) to the
effect of shear (111-625 s™') on whey protein aggregation. When the temperature
was higher than 80°C, the aggregates formed were denser and more rigid due to
the predominance of covalent disulfide bonds. They showed that the shear rate
influenced the denaturation kinetics and the growth of the particles due to an increase
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in the collision rate but concluded that the influence on the size remains complex to
interpret.

Erabit et al. (2014) also studied the effect of shear(0-400 s~') on aggregation
kinetics (0-240 s) for different temperatures (67-95°C) and showed that shear exerted
an impact on the size distribution but not on the native residual fraction of proteins.
Shear exerted an influence on the collision between aggregates larger than 1 pm.

1.3.2 Shaping by flow
Shaping of gelled spherical particles

Beyond the physico-chemical conditions and the thermal treatment, the process has
been studied in order to open new ways of structuring the aggregation and gelation
of proteins. The formation of spheres is interesting in problems of encapsulation
of bioactive molecules and controlled release but also in problems of replacement
of fats while maintaining a suitable texture. In the context of a flow, spheres can
be generated in a T-shaped geometry, by coflow or in a stagnation point geometry.
The spheres were generated between two immiscible fluids (a dispersing phase and
a dispersed phase) and the control of their size was based on the viscosities of the
phases and the flow rates imposed. Andoyo et al. [6] have thus formed gelled spheres
of WPI up to 10 pum in diameter by heat treatment of spheres produced under flow.

Fiber shaping

The formation of elongated structures characterized by a fractal dimension equal to
1 and by a surface/volume ratio higher than that of spheres is interesting for appli-
cations of controlled release of bioactive molecules where one seeks to maximize the
surface/volume ratio but also when one seeks to modulate the rheology of suspensions
in particular and to increase the viscosity of the media [41], [145]. Fiber formation
can be achieved by electrospinning [82], extrusion [108], but also by microfluidic
processes [48], [49], [17]. Electrospinning produced continuous, long, ultra-fine fibers
with diameters ranging from a few micrometers to a few nanometers, using an electric
field. The formation of fibers usable in the food field was however limited by the use
of additional chemicals that were potentially non-food or even toxic. An alternative
for the application to the food field was the use of the extrusion process but the size
of the produced fibers was of the order of the millimeter [108] and remained little
adapted to the formation of fine fibers (tens or hundreds of micrometers).

Fiber formation by microfluidic processes relies on hydrodynamics and the use
of co-flow. Bohomme et al. (2012) studied the formation of fibers under flow whose
gelation relied on a diffusion reaction mechanism between calcium ions and algi-
nate. Fiber formation in a Poiseuille flow depends on two joint conditions. The
first condition is the shaping of the material by means of a laminar coflow between
two Newtonian fluids in a cylindrical microfluidic geometry, governed by the laws of
hydrodynamics. The use of a microfluidic device allows to properly control the flow
and transport properties. The second key condition is the controlled solidification of
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Figure 1.13: Schematics and microscopic images of helical fibers with a two-stranded
(a), triple-stranded (b), double helix (c), hollow (d) and core-shell (e) structure.
Figure from Yu et al. [138].

the internal jet during the flow by chemical reaction during the transverse molecular
diffusion of calcium ions.

Hollow and solid fibers of different diameters were spun by simply manipulating
the ratio of input rates from the same geometry [48]. The number of co-flow can
be varied and fibers comprising multiple layers with hierarchical structures can be
produced [25]. Yu et al. (2017) used a microfluidic coaxial capillary to form helical
fibers with controllable length, diameter, and pitch of the helical micro-fibers by
adjusting the flow rates. Due to the very high gelation rate, the formed helical fibers
maintained the same cross-sectional structures as the injection flows, and adopted
different types of structures such as a two-stranded helix, a three-stranded helix, a
core-shell structure, and even a double helix (Figure 1.13).

Whey proteins can be used to form hydrogels, defined by a three-dimensional
structure with the ability to swell and retain a significant fraction of water in its
structure due to the presence of hydrophilic groups. Hydrogels have swelling and
dissolving properties. These properties are interesting for applications of controlled
release of encapsulated molecules of interest.
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1.4 Objectives

In this literature review, we have summarized the main physico-chemical parameters
that control the formation and structure of WPI aggregates and gels. In the frame-
work of the industrial collaboration with the Nestlé Research Center (Lausanne)
developed in this thesis, an important objective of this understanding was to be able
to use protein aggregates as a natural food texturizer. While the physio-chemical
pathways for the formation of milk protein aggregates have been extensively studied,
the industrial process pathways such as the control of flow and thermal conditions
have not yet been fully explored. These avenues are generally used in materials sci-
ence to create new structures at microscopic scales, such as biopolymer fibers. Could
microfluidic tools allow the creation of milk protein aggregates with improved tex-
turing properties or even new functionalities?

The general objective of this thesis was to study new aggregation and gelation
processes in order to produce new aggregate structures to improve their texturing
capacity.

In view of the interesting rheological properties of fractal structures for the textur-
ing of products, this thesis focused on the use of fractal aggregates. Several questions
arise from this industrial problem and are studied in the following chapters.

Under industrial conditions, aggregates are formed at high temperatures in a con-
tinuous process. This process potentially offers new ways to control the aggregate
structure through flow, residence time and heat exchange. The first objective of this
thesis was therefore to study the influence of these parameters on the kinetics of
aggregate formation and their resulting structure. A process of aggregation under
flow was developed whose millifluidic scale allowed to decouple and study the effect
of shear and aggregation temperature by neglecting the thermal gradients at high
temperature (92°C) on the aggregation kinetics. The structural study was mainly
performed by X-ray scattering at the ESRF in Grenoble on sub-micrometric aggre-
gates which gave access to both the aggregate and the protein scale. The results are
presented in Chapter refchap:3.

Still in an industrial context, it is much more advantageous to use fractal aggre-
gates with a size greater than a hundred micrometers, in order to maximize their
texturing rheological properties. Beyond that, the aggregates are perceived sensori-
ally by the consumer. However, there are no dedicated techniques to characterize the
structure of these aggregates. Radiation scattering techniques are limited to objects
of the order of a few micrometers, at most. The second objective was therefore to
develop a method to characterize the structure of aggregates based on quantitative
fluorescence microscopy. In Chapter 4, we characterized the size, mass and density
of aggregates for objects ranging in size from a few nanometers to a few hundred
micrometers. In addition, these results provided important formulation leads for op-
timizing the texturing properties of the aggregates.
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The third objective presented in Chapter 5 was to study an innovative struc-
turing of fractal aggregates at the micrometer scale thanks to controlled flows and
cold gelling mechanisms. The aggregates have been shaped into fibers of about 100
microns in diameter and several centimeters long. We studied in particular the forma-
tion and stability of these objects according to hydrodynamic and physico-chemical
conditions. We thus obtained a new texturizing structure in the form of core-shell
fibers from fractal aggregates. These fibers were also sensitive to physico-chemical
conditions and can release their contents, thus giving them a controlled release func-
tionality.

In order to understand the origin of the core-shell structure of the fibers, we
presented in Chapter 6 an experimental approach in a simplified geometry aiming
at quantifying the mechanisms coupling diffusion and cold reaction that took place
during fiber formation.
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2.1 Materials

Whey protein isolate Prolacta 95 (batch 30916B) was purchased from Lactalis Ingre-
dients (Bourgbarré, France). The composition of the WPI (Nx6.38) was (in g/100g
powder wet basis): protein 88.5 (of which S-lactoglobulin 65%, a-lactalbumin 20%,
soluble caseins 10% and almost 5 % of bovine serum albumin and immunoglobulin,
ash 1.9, moisture 5.6, carbohydrates 0.14, fat 0.5). The mineral composition was
(g/100g powder wet basis): Ca 0.35, Mg 0.06, Na 0.15, K 0.35, P 0.21, C1 0.01.

A WPI stock solution of 15% w/w was prepared by dispersing of the WPI powder
into demineralized water (0 = 0.5-0.9 pS/cm, pH = 5.5-6.5). Sodium Azide (0.02%
w/w, Sigma-Aldrich CAS 26628-22-8) was added to the solution to prevent bacte-
rial growth and gently stirred for 12 hours at 4°C for complete dissolution of the
WPI powder. The stock solution was either dialyzed against salt-free demineralized
water containing 0.02 % w/w sodium azide or not dialyzed. The concentration of
WPI solution was measured by UV absorption at 280 nm with an extinction coeffi-
cient of 1.02 L./g/cm. pH was adjusted at 7.0 by the addition of sodium hydroxyde
(IM). Stock solution of NaCl was prepared at 1 M by dissolving the powder into
demineralized water.

2.2 Denaturation and thermal aggregation of WPI

2.2.1 Static aggregation process

To induce denaturation and subsequent aggregation of native WPI, a heat treatment
is performed. After adjustment of WPI and salt to desired values and adjustment
to a neutral pH value, 10 mL pyrex test tubes (10 cm height and 1.6 ¢cm diameter)
are filled with the protein solution under nitrogen flow until the edge of the tube
to prevent thiol oxydation. The test tubes are immersed in a water bath with the
temperature set at 92°C or 80°C and left for variable times. Once the holding time
is complete, test tubes are immersed in a ice bath and allowed to cool down at 4°C
for further analysis. Aggregate suspensions are then filtrated with a 5 um pore size
filter to remove any oxidized film. They are kept at 4°C and used within the week
for analysis. During the test tube aggregation process, thermal establishment time
depends on the characteristic length of the tube and on the thermal gradient between
the water batch and the WPI solution. Natural convection is the dominant shear
parameter during test tube aggregation process.

2.2.2 Millifluidic aggregation process under flow

A millifluidic continuous aggregation process has been designed to aggregate WPI
solutions and decrease the characteristic time of heat transfer, so that aggregation
occurred in isothermal conditions (Figure). This set-up allowed us to study the
effects of the mean residence time ¢ of WPI in the tube and the mean shear rate
4 on the aggregation process. This section was further detailed in chapter 4, in
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Figure 2.1: Absorbance measured at A = 280 nm, for different WPI concentrations

the Millifluidic continuous aggregation process section. Aggregates were collected in
small tubes, immersed in a ice bath and kept at 4°C until analysis.

2.3 Characterization of native WPI solutions

2.3.1 Determination of native protein concentration

The protein concentration of a native WPI solution was determined by UV absorption
at A = 280 nm using a spectrophotometer (UVmini-1240 spectrophotometer, SI-
SHIMADZU). A calibration curve was performed on a range of concentrations of
native WPI solutions (0-2 g/L), prepared from the WPI powder (Figure 2.1). A blank
measurement is performed on water prior each measurement. The molar extinction
coefficient € of the calibration curve was determined according to the Beer-Lambert
law

A=exIxC (2.1)

with [ the thickness of the quartz cell used (cm), C' the protein concentration
(g/L). Thus epsilon = 1.0241 L/g/cm is determined. Any native WPI solution is
diluted to a concentration of C = 1 g/L prior to measurement by UV absorption in
order to be within the range of the calibration curve.
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2.3.2 Determination of the residual fraction of native pro-
teins after aggregation

Determining the fraction of residual native protein after aggregation allows the de-
termination of the aggregation reaction advancement. For whey proteins, thermal
denaturation results in a decrease in solubility at pH 4.6 ([34]). By adjusting the
pH of a suspension of WPI aggregates to 4.6 with 0.1M HCI and centrifuging for
20 min at 20.000 g, aggregated and denatured proteins sediment and the residual
native proteins remain in the supernatant. The supernatant is then collected and
its protein concentration, Ciesiqua, measured by UV absorption, as described above.
The initial native WPI concentration, Cjqse i determined prior aggregation using
the same procedure of pH adjustment.

2.3.3 State diagram

The combined effect of protein concentration and salt concentration was studied
at neutral pH in order to delimit the areas of formation of stable suspensions of
aggregates from the areas of gelation when submitted to a heat treatment during the
test tube aggregation process. Un-dialyzed native WPI solutions were used for the
establishment of the state diagram. The concentration of NaCl is therefore indicated
as an added concentration, independent of the composition of the powder. WPI
concentration was varied from 4% w/w to 10% w/w and NaCl concentration was
varied from 0 mM to 80 mM. WPI solutions were heated at 92°C from 30 min to 60
min. The WPI gelation concentration, indicated by the red symbols, decreases with
increasing NaCl concentration (Figure 5.1) and we note an effect of the heating time
on () for protein concentration below 6% w/w were aggregation rate is a function of
protein concentration.

2.4 Structural characterization of WPI aggregates

2.4.1 Light diffusion

Light scattering is a non-destructive characterisation technique for colloidal solutions,
based on the analysis of the interaction between a monochromatic light wave and the
solution under study. Local information is obtained on the scale of the wavelength
used. Light scattering and X-ray scattering are therefore similar, except for the
difference in scale probed.

Small angle X-ray scattering

Principle Small angle X-ray scattering (SAXS) is a non-destructive small angle
scattering technique using a monochromatic X-ray source, where the elastic scattering
of X-rays, by the constituent electrons of a sample that exhibits inhomogeneities in
the nano range, is recorded at very low angles (0.1 - 10°)
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This technique is used to study the structural properties of materials on a scale
of 1 to 100 nm and to determine the average quantities that characterise their size,
shape and interactions. As any scattering process is characterised by a reciprocity
law that gives an inverse relationship between object size and scattering angle, the
sizes of particles or structures that can be resolved can be extended on both sides
by measuring at smaller (ultra-small angle X-ray scattering, USAXS) or larger (wide
angle X-ray scattering, WAXS) angles than the typical 0.1° to 10° of SAXS. When
subjected to X-rays, the so-called soft matter scatters a part of the incident radiation
of wave vector k and wavelength A, with a small deflection (at small angles, typically
between 0.1 and 10°).

This incident beam forms a scattering angle 26 with the scattered beam k’. The
characteristic scale at which the sample heterogeneity is probed by the radiation is
defined by the modulus q of the scattering wave vector and is, typically, 1/q, with q =
2ksind = 47” sin f. The scattered intensity is collected on a two-dimensional detector,
placed perpendicularly and at a variable distance from the sample, in the centre of
which is placed a beamstop preventing the transmission of the direct beam.

Random orientation of the particles in solution leads to an isotropic scattering
spectrum, where the intensity is constant for each value of the angle #. The variation
of the intensity of the deflected beam as a function of the scattering angle will depend
on the global and internal structure of the molecule but also on the intermolecular
interactions. To increase the signal to noise ratio, the intensity is averaged for each
value of @ (radial integration) and a spectrum is obtained representing the intensity
variations I as a function of the wave vector . The scattered intensity of a solution
is defined as :

I(q) =n A p*V2P(q)S(q) (2.2)

with n being the number density of the particles, where n = N/V, N being the
number of particles in a volume V,; A p the difference in electron density between the
solvent and the particles, V the volume of a particle, P(q) being the form factor and
S(q) the structure factor. The form factor describes the structure of the particles.
The structure factor describes the diffusion interference between the particles and
describes the types of interactions between the particles. For dilute solutions where
the particles are spaced far enough from each other not to interact, the structure
factor is equal to 1. The total scattering intensity is then the sum of the scattering
of each particle:

I(q) =nP(q) (2.3)

The scattered intensity is thus proportional to the particle concentration. It
will then be appropriate to place oneself in a dilution range for which the scattered
intensity is directly proportional to the form factor and the particle concentration.

Device and procotole The SAXS experiments were conducted at the ESRF
(Grenoble), on the ID02 beamline, providing an energy of 12.46 keV and a wave
vector range ¢ from 3 x 1073 to 4 nm~!. The scattering spectra were obtained for a
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Figure 2.2: Diffusion spectra of a 4% w/w 10mM NaCl pH 7.0 WPI solution aggre-
gated under flow during 60 s at 92°C, undiluted and diluted 30 times before SAXS
measurement.

distance d = 30 m and d = 2 m between the sample and the detector. The samples
were analyzed in static conditions in a 2 nm diameter glass capillary, which was the
same for all measurements to minimize background variations. In order to minimize
X-ray damage to the sample, the exposure time was fixed at 0.5 s and the filling of
the capillary was controlled by a syringe pump that moved the sample after each
acquisition. For each sample, the spectrum of the water contained in the capillary
was acquired as well as the acquisition of four spectra for the same sample. The final
spectrum of the particles contained in the sample was obtained by averaging the four
spectra of the sample and subtracting the spectrum of the solvent.

For each sample, several dilutions were performed in order to find the appropriate
dilution range, allowing the scattered intensity to be assimilated to the form factor
and thus neglecting the structure factor. The dilutions were performed with dem-
ineralized water. Several spectra of different dilutions were made and their scattering
intensity were plotted as a function of  (Figure 2.2). By multiplying the spectrum of
the diluted dilution by its dilution factor we deduced that linearity between the scat-
tered intensity and the concentration is obtained without dilution, in the full range
of wave vectors studied. The decrease of the scattered intensity at low q for the
spectrum of the thirty times diluted solution is due to the background subtraction.
The scattered intensity can therefore be assimilated to the form factor.

Results and analyse The particles studied are WPI fractal aggregates, charac-
terized by the repetition of the same geometrical pattern at all scales. A mass fractal
aggregate is thus constituted of primary particles grouped in primary units, forming
ramifications and reticulations and creating a tridimensional network (Fig.1.5).

The Guinier regime is defined in the low wave vector range for R,q <1 (Figure 2.3
(b) I). In the range of intermediate wave vectors the scattered intensity is expressed
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Figure 2.3: a: Scattering intensity of a fractal aggregate of radius R, of fractal di-
mension D,, and with a radius of elementary units a. From top to bottom, scattering
spectrum of a fractal aggregate, of a sphere, of the product of both. Figure and no-
tation from [120]. b: Scattering intensity of a solution of fractal aggregates of WPI
of radius R, consisting of spherical elementary units a.

as a power law and is related to the fractal structure of the aggregate (Figure 2.3 (b)
IT). We define as the Porod regime the range of large wave vectors (Figure 2.3 (b) III)
for which the scattered intensity follows a power law in ¢~4 in the case of spherical
particles. This decay of scattered intensity in ¢~4 signs a variation of scattering
length located at the interface between particle and solvent [84]. The exponent of this
power law can be used to understand the shape of the particles (spheres, rods or flat
plates), as well as whether the interface between the particles and the surrounding
environment is sharp or diffuse. Different power laws over ranges of wave vectors
thus indicate a change in structure at different scales. In order to quantitatively
analyze the structure of objects at different scales, adapted representations of the
Guinier regime, the Porod regime as well as the Kratky representation at very large
q (Figure 2.3 (b) V) will be realized. We will detail them below.

Guinier regime: determination of the size of the aggregates

In the case of a dilute system consisting of randomly oriented particles of similar
sizes, the particle size can be determined. In the Guinier regime (regime I, Figure
2.3), at the smallest angles (R,q <1), the scattering curve of particles in dilute
solution can be approximated by the following relation

1(0)

I(q) = W (2.4)
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Figure 2.4: Determination of the radius of gyration and 7(0) by a least squares fit
performed on a 4% w/w 10mM NaCl pH7.0 WPI solution aggregated under flow for
15 min at 92°C

With R, the radius of gyration defined as

Ry = \/ iz m(r _}rcm)g (2.5)

where r.m is the position of the center of mass, r; is the position of the atom i and
m; its mass. The radius of gyration is defined as analogous to the radius of inertia
in mechanics with the difference that here the electrons replace the mass element of
the latter.

And with 1(0), the scattered intensity extrapolated to the zero angle is defined

as

1(0) = n(V A p)?Coy M, (2.6)

with C,, the mass concentration of aggregated proteins, M, the molar mass. It
appears that the value of I(0) is particularly sensitive to the volume of the particles.
I(0) and R, are obtained by a least-squares fit of I as a function of 1/¢* (Fig.2.4).
Since the mass concentration of the aggregated proteins is unknown, the molar
mass cannot be deduced from the value of I(0) determined by the fit. We will present
later an experimental technique to access the protein mass of the aggregated particles.

Porod regime
In the Porod regime, the decay of the signal in ¢~* is a characteristic signature
of the presence of sharp interfaces in the system [84]. A representation of the Porod

regime in ¢~*I(q)vs.q makes the 1/a scale oscillations visible.

Monitoring of protein conformational changes: Kratky plot
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Figure 2.5: a: Representation ¢*I vs q illustrating the variations of the curves for
spherical, partially folded and fully unfolded particles. Figure from [105] b: ¢*I vs q
representation of neocarzinostatin for different temperatures. Figure taken from [93]

The range of very large q probes the structure of the primary particles composing
the aggregate, here the proteins. The Kratky representation: ¢?I vs q gives access
to the folding/unfolding state of the primary particles. This representation allows to
follow conformational changes or to highlight qualitatively the existence of disordered
domains [63], [105]. A bell-shaped curve indicates a globular conformation of the
proteins (Figure 2.5 (a)) and the decrease in peak intensity reflects the unfolding of
the proteins during thermal denaturation (Figure 2.5 (b)). Thanks to this feature
and the fact that the form factor is a linear combination of the form factors of the
different states of the protein in solution (native, unfolded, and aggregated), it is
possible to quantitatively follow the denaturation kinetics of the proteins.

We will present here this method, used for the quantitative monitoring of the
denaturation kinetics of a solution of aggregated proteins at 4% 10 mM NaCl pH7.0
at 92°C for 15 minutes from the Kratky representation (Figure 2.8).

We make the assumption and consider that at this temperature, the species
present in solution at each time t are the native proteins and the aggregated proteins.
This assumption will be validated later. We can thus express the form factor at each
time ¢ of aggregation as a linear combination of the form factors of an initial solution
of native (1,4(q) at ¢ = 0 min) and final aggregated proteins (I;(q) at t = 915 s)

I(t,q) = a(t) Inar(q) + [1 — c(t)] Lag(q) (2.7)

with a(t) = Cha(t)/Co. Determination of the fraction of residual native protein
contained in the final aggregated protein solution (¢t = 915s) by the acid precipitation
test allows to write Iy = 0.951,4 + 0.051,,,;. Hence

1—a(t)

I(t,q) = a(t)ha(q) + 0.95

(It(q) — 0.051,0:(q)) (2.8)
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Figure 2.6: Experimental and theoretical scattered intensity plotted over two ranges

of wavevectors for t = 180 s. The theoretical intensity is calculated from the equation
2.8 with a minimizing E over the respective q ranges.
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Figure 2.7: Left: Computed error for different q,,;, values. Right: Coefficient «
minimizing the calculated error for different g,,;, values.

\/Z emp t q I(t Q))2 (2.9)

2 Leap(t, 0)?

It will be a matter of finding the range of wave vector over which this linear
regression is verified. According to the figure 2.8 (a) it is possible to make a first
estimation of this range of wave vector between 0.5 and 2. Linear regression will be
performed on different wave vector ranges, whose minimum value g¢,,;, varies from
0.5 nm~"! to 1.5 nm~! with a step of 0.1, up to 2 nm~!. Figure 2.6, for t = 180
s, the experimental scattered intensity, as well as the theoretical scattered intensity
calculated from the equation 2.8, are plotted for two ranges of wave vector, starting
respectively at 0.9 nm~! and 1 nm~! and going up to 2 nm~".

The coefficient « is calculated to minimize the error on the linear regression
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Figure 2.8: a : ¢°I vs ¢ for different aggregation times (t = 0 s to t = 915 s) of a
4% w/w 10mM NaCl pH7.0 aggregated WPI solution at 92°C. b : Residual fraction
of native proteins during aggregation, calculated over the range 1-2 nm=!

(Equation 2.8 and 2.9) for each range of wavevectors probed (Figure 2.7). The decay
of the calculated intensity for values of ¢, < 1 nm™! (Figure 2.6) shows us that the
range of wavevectors over which to perform the linear regression starts at 1 nm™!.
Figure 2.7, the error on the linear regression is minimized for a coefficient a computed
over a wave vector range starting at i, = 1 nm L.

We can thus express the form factor at each time t of aggregation as a linear
combination of the form factors of an initial solution of native (I,uie(q) at t = 0
min) and final aggregated proteins (Ifinq(q) at t = 915s) over 1 - 2 nm ™! and thus

plot a(t) = Chative(t)/Co (Figure 2.8).

Let us return to the starting hypothesis, according to which the species present
in solution at each time t are the native proteins and the aggregated proteins. In
order to validate this hypothesis, we will follow the kinetics of aggregation from
the intensity 1(0)(¢), proportional to the concentration of aggregated proteins Cy,(t)
according to 2.6, knowing that M, is constant (result demonstrated in Chapter 3)

Cag(t) 1(0)(t)
Co VP00 = 915s)

(2.10)

Cag(t)/Co is thus computed independently of Chative(t)/Co, because it is com-
puted over a different range of wave vectors. At each time t, (Cag(t) + Chat(t))/Co =
1 4+ 0.15 (Figure 2.8). The denaturation rate is thus equal to the aggregation rate.

2.4.2 Resonant mass measurement

The Archimedes device (Malverne) is based on the resonant mass measurement tech-
nique (RMM). Each particle is detected, quantified and characterized (size and mass).
The device measures masses of at least 4.5 1071%¢ and calculates particle sizes be-
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Figure 2.9: (a) : Schematic diagram of the Archimedes and the resonant mass mea-
surement technique. (b) : Characterization of each particle contained in the sample
passing through the micro cantilever.

tween 50 nm - 5 ym. The mass measurement of the Archimedes thus makes it possible
to overcome the small angle X-ray scattering which did not allow us to have access
to it, the concentration of aggregated proteins being unknown.

The measuring device is equipped with a MEMS (Micro Electro-Mechanical Sys-
tems) sensor composed of a microfluidic circuit at the heart of which is implanted a
micro cantilever, whose resonance frequency is calibrated (2.9 (a)). A very diluted
solution of particles is injected into the microfluidic circuit by applying a pressure
difference between the sample and the reference sample (D2O) characterized by a
fluid density lower than that of the sample containing the particles (2.9 (b)).

Each time a particle passes through the micro cantilever, the resonance frequency
varies according to the mass of the particle. The variation of the resonance frequency
is analyzed after transformation into an electrical signal by the joint action of a laser
focused on the sensor and a photodetector. The buoyant mass (Mp) is proportional
to the variation of the resonance frequency Af :

Mp = AfS (2.11)

with S the calibration constant (mHz/fg) of the micro cantilever determined dur-
ing the calibration procedure. The conversion from buoyant mass to mass (M,)
involves the protein density pwpr (1.32 g/mL) and the fluid density (rhoy) [135].

Mpg
1 — P
PWPI

M, = (2.12)

A calibration of the MEMS sensor is performed before each set of measurements
on a calibrated solution of latex particles. A detection limit is set to establish the
minimum detection value of the particles. Decreasing the detection limit increases the
sensitivity of the measurement to small sizes, but may also increase the noise of the
measurement. The detection limit is set at 0.04 in order to optimize the measurement.
A few thousand aggregates are analyzed per sample and allow the establishment of
a probability density function of the mass of the aggregates weighted by their mass
(Figure 2.10).
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Figure 2.10: Mass-weighted probability density of aggregates. Solution of aggregated

proteins at 4% 10 mM NaCl pH7.0 under flow for 20 s at 92°C under an average shear
of 32 s71.
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Chapter 3

Kinetic and structural
characterization of whey protein
aggregation in a millifluidic
continuous process

In industrial conditions, WPI aggregates are obtained in continuous processes at high
temperature (> 75°C) in few minutes. When studying the kinetics of WPI aggregation
at high temperature and under flow, one major issue is to develop a process in which
heat transfer does not limit aggregation. To this end, we used a down-scaling approach
in which a WPI solution flows in a heated capillary tube. The kinetics of aggregation
and the structure of aggregates was characterized by resonant mass measurement
and small-angle X-ray scattering. We discuss the effects of shear, temperature on

aggregates structure and their kinetics of formation.
This chapter has been published in Food Hydrocolloids [132].
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3.1 Introduction

Whey protein isolates (WPI) are of interest because of their nutritional and functional
properties in food applications. Heat-induced aggregation coupled with the process
conditions of whey proteins gives them new functional properties that can be used to
impart the specific structural and physical properties of food products. Therefore, a
thorough understanding and control of the aggregation process is required in order
to design specific functional whey protein aggregates. The heat-induced aggregation
process of whey protein (WP) is a complex multi-stage process but despite numerous
studies, there are still many open questions that have not yet been resolved. [30, 80,
89].

The rate of denaturation and aggregation of WPI depends on several factors such
as pH, ionic strength, concentration and temperature. The measurement of apparent
reaction rates of (§-lactoglobulin and a-lactalbumin denaturation (the major com-
ponent of WPI) on a wide range of temperature (70 - 150 °C) showed an abrupt
change of the rate constant at 90 and 80°C, respectively [28]. Subsequent studies
have found that the overall aggregation process was limited by unfolding at low tem-
perature (< 85°C) and aggregation reaction was the rate limiting step in the upper
temperature range (> 100°C) [121, 130]. Beyond kinetics studies, conformational
changes of WPI have also been investigated to explain the rates of denaturation and
aggregation [32, 106]. While most of these studies did not make a distinction between
unfolding limited from nucleation limited reaction, general mechanistic descriptions
of heat-induced aggregation of WPI recognize an initiation, a propagation and a ter-
mination step [109, 127] by analogy with polymer radical chemistry [83, 107]. More
specifically, heat-induced aggregation of WPI involves the reversible self-association
of two or more "reactive” monomers to form reversible non-native oligomers. The
unfolding of these chains creates the smallest net irreversible aggregate, the nuclei,
from which aggregates grow by covalent and/or noncovalent interactions and con-
densate. One main limitation of the kinetics studies cited above is that they based
their analysis on the consumption of native proteins undergoing aggregation in order
to measure the global kinetics constant, whereas it would also be valuable to mea-
sure the concentration of aggregated proteins to precisely determine the mechanism
which limits the reaction. In this regard, X-ray scattering techniques can be used to
simultaneously follow the concentration of native and aggregated proteins [94] and
also to gain insight on the structural properties of the aggregates [81].

The structure of aggregates can be modulated by varying the balance between
repulsive / attractive forces [89, 148]. One striking feature is the transition from
fibrillar aggregates to microgels and fractal aggregates by changing the pH from 2.0
to 7.0 [56]. The relationships of structural parameters of fractal aggregates with
physico-chemical conditions and heat-treament have been well studied in regime of
low temperature. Below 85°C, aggregation is limited by unfolding and takes place
over several hours [69, 89, 148]. According to [69], the structure of fractal aggregates is
independent of the concentration of S-lactoglobulin and the effect of the temperature
is purely kinetic in the range 60 - 87°C. [148] studied the effect of pH and holding
time on the formation of thermally-induced S-lactoglobulin aggregates at 80°C and
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Figure 3.1: Diagram of the millifluidic continuous aggregation process. WPI solution
flowed in 0.81 mm internal diameter tube at a flow rate ) and a temperature Ty. The
tube was immersed in a heated water bath at temperature 7,. From the time the
tube was immersed (z = 0), the fluid temperature quickly rose along a characteristic
length A\. The mean residence time ¢ is directly proportional to the length L of the
tube.

showed that the size of the aggregates saturated for a holding time ranging from 50
to 200 s, depending on the pH (6.0 - 6.8). However, these conditions are far from
most industrial processes, in which a high temperature-short time UHT treatment
is applied, reaching close to 140°C, and aggregation takes place over a few tens of
seconds [35]. This rather fast aggregation is naturally combined with heat transfer
in cases aggregation occurred in large-sized containers, such as batch reactors or test
tubes. A simple way to increase the rate of heat transfer is to reduce the characteristic
size of the sample down to the millimeter scale or below, as in a millifluidic continuous
process [28]. Coupling this kind of set-up with X-ray scattering techniques should
also give us new insights into the kinetics of native and aggregated proteins, for
example on the change of structural properties of the aggregates with the heating
time. This kind of continuous process of aggregation also offers an extra control
parameter, which is the flow rate. It has been reported that the shear rate could
affect the final aggregate size [29, 115, 121, 136], but this control parameter has not
been widely studied and conclusions are conflicting.

Our objective was to study the kinetics of growth of WPI (4% w/w, 10 mM
NaCl) at high temperature (92°C) in a regime which should correspond to the transi-
tion between unfolding limited and aggregation-limited reactions [28, 30]. Structural
characterizations were done by X-ray scattering and resonant mass measurement and
also covered the length scales of both the aggregates and the proteins. Both methods
gave us complementary insights about aggregation and unfolding mechanisms. In the
same way as [28] determined reaction rates of WPI at high temperature, we used a
millifluidic continuous process to maximise the rates of heat transfer. This approach
allowed us to accurately control the residence time, temperature history and shear
rate.

3.2 Materials and methods

3.2.1 Materials and sample preparation

Whey protein isolate Prolacta 95 (batch 30916B) was purchased from Lactalis Ingre-
dients (Bourgbarré, France). The composition of the WPI (Nx6.38) was (in g/100g
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powder wet basis): protein 88.5 (of which S-lacotglobulin 65%, a-lactalbumin 20%,
soluble caseins 10% and almost 5 % of bovine serum albimin and immunoglobulin,
ash 1.9, moisture 5.6, carbohydrates 0.14, fat 0.5). The mineral composition was
(g/100g powder wet basis): Ca 0.35, Mg 0.06, Na 0.15, K 0.35, P 0.21, C1 0.01.

WPI stock solution of 10% w/w was prepared by dispersing of the WPI powder
in deionised water. Sodium Azide (0.02% w/w, Sigma-Aldrich CAS 26628-22-8) was
added to the solution to prevent bacterial growth and gently stirred for 12 hours for
complete dissolution of WPI powder. The stock solution was then dialyzed against
salt-free deionised water containing 0.02 % w/w sodium azide. The concentration of
the dialyzed solution of WPI was measured by UV absorption at 280 nm with an
extinction coefficient of 1.186 L/g/cm. Finally, deionised water and sodium chloride
was added to obtain a 4 % w/w WPI solution with an ionic strength of 10 mM, and
pH was adjusted at 7.0 by the addition of sodium hydroxyde (1M).

3.2.2 Millifluidic continuous aggregation process

A continuous small scale process was designed to aggregate WPI solutions and de-
crease the characteristic time of heat transfer, so that aggregation occurred in isother-
mal conditions. The setup is presented in Fig. 3.1. WPI solution was injected at a
constant flow rate () with a syringe pump (low pressure neMESY'S, Cetoni GmbH)
at 22°C through a PTFE tube of internal and external diameter d; = 0.81 mm (or
d = 0.25 mm for the largest shear rates investigated, concerning the data displayed
in Fig. 3.6) and d, = 1.59 mm, respectively. The tube was immersed in a stirred and
heated water bath at temperature 7T, and fixed at 92°C for the entire study. The
aggregates were collected for a few minutes in a tube immersed in ice and kept at
4°C until analysis.

We studied the effects of the mean residence time ¢t of WPI in the tube and
the mean shear rate 4 on the aggregation process. Both parameters were varied by
changing the tube length L and the flow rate ). They are defined by

t = ”j;L (3.1)
. 64
y= ol (3.2

We investigated variations of ¢ and 4 from 20 s to 15 min and from 53 to 2666 s~.
Consequently, @ and L ranged from 15 to 150 mL/h and 16.2 to 750 cm, respectively
(d= 0.81 or 0.25 mm). The exact experimental conditions are given in the key of
each figure. The flow was assumed to be laminar given that the range of Reynolds
numbers, Re = du/v was between 20.7 and 207, where v = 3.2x107" m?/s the
kinematic viscosity of water at 92°C and u = 4Q/7d? the mean velocity in the tube.

The range of Peclet numbers investigated was always larger than 103. Thus, the
effective diffusion coefficient of proteins along the longitudinal axis of the tube was
greater than the molecular coefficient because of the parabolic velocity profile (i.e.
Taylor-Aris dispersion, [7, 27, 124]), and we expect a dispersion of the residence time
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Figure 3.2: Reduced temperature (T'— Ty) / (Ty — T ) as a function of the residence
time ¢ (Eq. 3.5) in a tube of 0.81 mm internal diameter for various @) (60 to 300
mL/h) and L (10 to 30 cm). The temperature of the water bath, T, was set at
80°C (squares) and 90°C (circles). The dashed line is the fit of Eq. 3.4 with the
thermal characteristic time 7 = 1.30 s (Eq. 3.5) that is independent of Q.

of the proteins around the mean value ¢. Based on the scaling laws of [23, 24] and
Latini and Bernoff [68], we estimated that the standard deviation of the residence
time ranged between £11 s and +3 min for mean residence times ¢ of 20 s and 15 min,
respectively.

The rate of heat transfer is of crucial importance in order to study aggregation
at short times scales. A simple heat balance on an elementary volume of the liquid
makes it possible to relate the temperature gradient along the tube length to the
global heat transfer coefficient h accounting for internal and external convection as
well as heat conduction through the tube walls. The mean temperature 7" at abscissa
x from the point where the tube was immersed is given by

T(x) — Ty x
el = 3.3
Ty — T eXp( )\)’ (3:3)
where \ = p;g,? is the thermal entrance length and p and ¢, are the density and

specific heat of the aqueous solution. By substituting Eq. 1 in Eq. 3 with x = L, T
can be expressed as a function of the residence time ¢

e -en(2).

where the thermal characteristic time 7 is given by

pcpd
= —. 3.5
T= (3:5)
In the range of Re investigated (Re <1000), the heat transfer coefficient is indepen-
dent of the flow rate [51], so that this characteristic time remains unchanged when

the flow rate is varied.
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This simple heat transfer model was tested experimentally by measuring the tem-
perature at the outlet of the tube for various flow rates and tube lengths, Fig. 3.2.
The data superimposes remarkably on an exponential decay law, as predicted, with
a characteristic time of 1.30 s for the 0.81 mm tube. This strongly indicates that the
model is adequate to describe the thermal history and that the heat transfer coeffi-
cient is independent of the flow rate. From this characteristic time value, the heat
transfer coefficient is about h ~ 640 W/K/m? and is similar to the coefficient that
could be estimated assuming that transfers were limited by heat conduction through
the tube walls. Importantly, this value of the thermal characteristic time allowed us
to approximate the exponential function by a step function for times longer than a
few tens of seconds. The heating rate was slower for the 0.25 mm tube, as it was
thicker. From the thermal resistance of this tube, we estimate a thermal charac-
teristic time of 3.38 s. This tube was only used for experiments at shear rates and
residence time of more than 2000 s~* and 60 s, respectively.

The residence time was limited to 15 min as the quantification of the fraction of
remaining native-like WPT at this time showed that 5% of native WPI were remaining.
This quantification was achieved according to the loss of solubility of the denatured
protein at pH 4.6 [28]. Non-native like proteins and aggregates were precipitated by
pH adjustment and the solution was then centrifuged at 20.000 x g for 20 min. The
concentration of remaining native-like WPI in the surnageant was determined by UV
absorption at 280 nm.

3.2.3 Test tube aggregation process

Aggregation under static conditions was induced in a polypropylene "test tube” of
5 mL (Eppendorf tube). This aggregation process is referred to as test tube process
later on in this article and was used as a control with shear rates limited by natural
convection. In this setup, isothermal conditions were reached after 3 minutes.

3.2.4 Small-Angle X-Ray Scattering

SAXS experiments were performed at ESRF (Grenoble) on beamline ID02 which
offered an energy of 12.46 keV and a wide range of wave vector ¢, from 3 x 1073 to
4 nm~!. Samples were analyzed under static conditions in a glass capillary of 2 mm
diameter. This method serves to measure the scattering of several samples within the
same capillary, without handling it, and thus to accurately subtract the contribution
of the tube and the solvent from the scattering spectra. To minimize X-ray damage
of the sample, the exposition time was set at 0.5 s. For each experimental condition
tested, the background of the cell containing water and 4 spectra were acquired.
Spectra of aggregates were obtained by averaging the 4 data sets and subtracting
the background. For each condition, the sample was diluted up to a factor 100 with
demineralized water to ensure that the spectrum could be assimilated to the form
factor of the suspension of aggregates, i.e. the scattered intensity was linear with
respect to the WPI concentration, in the whole range of wave vector. Diluting the
sample with a solution of equivalent pH and ionic strength had no effect on the
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spectra (data not shown).
In particular, we focused on two ranges of wave vectors. In the Guinier regime
(¢ < 1/R,), the scattered intensity I of a dispersion of aggregates is given by

Iy
Ig) = —— 3.6
where R, is the radius of gyration of the aggregates and
Iy = KCygeM,,, (3.7)

where K is a constant, Cyg is the concentration aggregated proteins and M,, is their
mass. [p and R, were obtained by a least-square fitting of I as a function of 1/¢*.
Conformational changes in the structure of the proteins were detected in the high
range of wave vector (0.5-3 nm™!) by plotting I¢* as a function ¢*> (Kratky plot,
Pérez et al. 94), which allowed us to follow the kinetics of denaturation.

3.2.5 Resonant Mass Measurement

The mass of individual aggregates M, and its distribution were measured inde-
pendently from SAXS analysis by resonant mass measurement (RMM, Archimedes,
Malvern). A highly diluted dispersion was injected in a microfluidic channel with
a micro-cantilever (Hi-QQ Micro Sensor), for which the resonant frequency was cal-
ibrated. When a particle goes through the channel, the resonant frequency of the
cantilever changes depending on the buoyant mass of the particle.

The buoyant mass (Mp) is proportional to the frequency shift Af

My = AfS (3.8)

where S is the sensitivity of the resonator. The conversion of Mp into dry mass
of aggregates M, is based on the density of whey protein py p; (1.32 g/mL) and the
density of water p,, [135]

Mp

_ _Pw
PWPI

M, = (3.9)
1
An archimedes device could detect particles with a mass of at least 4.5 x 1076g. A
few thousands of aggregates were analyzed per sample, which enabled us to determine
the probability density function (PDF) of aggregates mass weighted by their mass.
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Figure 3.3: SAXS intensities I(q) of the WPI aggregates obtained after 15 min of
heat treatment at 92°C in a test tube (dashed line) and our millifluidic continuous
process (¥ =53 s7!, d = 0.81 mm, Q = 15 mL/h, L = 7.3 m) (dashed-dotted line).
Large differences at low ¢ were obvious, whereas the spectra superimposed at high
q. Guinier fits (solid lines) gave R, of 74 and 225 nm for test tube and continuous
processes, respectively.)

3.3 Results and Discussion

3.3.1 Comparison with aggregation in test tube

The main advantage of our millifluidic process of aggregation was to heat the solution
of proteins at 92°C in few seconds and to control shear rates in laminar conditions
(Figure 3.2). For a residence time of 15 min, we first compared the aggregates
produced using the continuous millifluidic process (% = 53 s ~!) and those using a
more standard process in a test tube of 5 mL. In this second case, shear rates were
limited to some natural convection and isothermal conditions were reached after
3 min.

The aggregates showed large differences on length scales larger than 10 nm,
whereas there was no difference at smaller length scales (Fig. 3.3). For ¢ larger than
0.1 nm™!, the scattered intensities superimposed, meaning that the small scale struc-
tures of the aggregates were similar for both conditions. Moreover, quantification of
the fraction of native WPI by pH adjustment to 4.6 [34] showed that the aggregation
was almost complete at the end of the thermal treatment for both processes; the
residual quantity of native WPI being only 5%. This statement was supported by
the strong similarities of I in the ¢ range of 0.5-2 nm™?.

However, large differences were evidenced at lower ¢ in the Guinier regime with
striking differences in terms of radius of gyration R, and scattered intensities Iy (Eq.
3.6). R, in test tube was 74 nm, i.e. three times lower than in the case of the
millifluidic process (225 nm).
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Iy of aggregates obtained by millifluidic continuous process was 21 times bigger
than the value of I, of aggregates obtained by test tube process. As Ch./Co was
about 0.05 at 15 min, we concluded that aggregation is almost complete for both
processes after 15 min. Thus, the variation on the value of I, between the two
conditions reflected directly the variations of mass of the aggregates (Iy ~ M, Eq.
3.7). We inferred their relative density, p?/p° ~ I}/I§ (R:/ Rg)g, where p is the
density in WPI of the aggregates and b and ¢ refer to test tube and continuous
conditions, respectively. We did not find any significant density differences between
the two processes, p®/p¢ ~ 1.3. At first sight, this result does not fit with the findings
of Spiegel [121] of an increasingly compact aggregate structure with temperature.
However, the thermal history was characterized by a slow heating across the range
of temperature in our test tube, whereas isothermal conditions were achieved in the
tubular process used by Spiegel [121].

Two main differences between the two processes could be put forward to explain
these contrasts: the thermal history and the fact that the continuous process involved
a flow. The temperature strongly affects the various stages of WPI aggregation, their
kinetics, their size [29, 95, 121] but also the protein conformations [94, 127]. However,
we did not observe significant differences in the high ¢ range of the spectra between
the two conditions, where protein conformation changes could be observed (see next
section). In the continuous process, aggregation kinetics took place in a Poiseuille
flow, which exhibited a gradient of velocity. Few studies showed that the shear rate
could influence the size of large aggregates [29, 115, 136]. The shear rate was also
non-zero in the test tube due to natural convection, but should be smaller than the
mean shear rate investigated in the small scale continuous process (53 s™'). At this
stage, it seemed difficult to further interpret the above result without the additional
experiments that are detailed hereafter.
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Figure 3.4: Kinetics of WPI aggregation. a: Guinier plot of SAXS intensity of
aggregated WPI solutions for various residence times ¢ at 4 = 53 s1 Solid lines are
the fit of Guinier equation, Eq. 3.6. d = 0.81 mm, Q = 15 mL/h, L = 16.2 - 740 cm.
b: Probability density function (PDF) of the mass of aggregates M,, for various t at
4 = 32 s~ as determined by RMM. d = 0.81 mm, Q = 9 mL/h, L = 10 - 87 cm. c:
Mean value of M, as a function of ¢, as determined by RMM. d: Radii of gyration
R,, which were obtained by the Guinier fit, as a function of ¢. Error bars represent
+10% of the mean value.

3.3.2 Kinetics of aggregation in isothermal conditions

The reaction and aggregate formation kinetics was studied using the millifluidic con-
tinuous process. We studied these kinetics along a range of residence time ¢ (20 s -
15 min), for which the thermal history was approximated by a step function from 22
to 92°C (Figure 3.2).

R, and M,, evolution of WPI aggregates with ¢ for fixed values of 4 (32 and 53 s™1)
were determined by SAXS and RMM, Figure 3.4. The results showed unambiguously
that R, and M, remained almost constant from 20 s to 15 min of aggregation,
with R, ~ 205 nm and M, ~ 107'* g. The slight increase of M, remained in
the order of the measurement uncertainty. We were also aware that the continuous
process tended to average the tendencies over time due to diffusion and hydrodynamic
dispersion in the longitudinal direction of the flow (see Section 3.2.2). The probability
density functions (PDF) of M, revealed that the suspension of aggregates had a
polydispersity with a standard deviation of 30% of the mean value. Our results were
in line with those of [29] who studied WPI aggregation under similar physico-chemical
parameters. The main differences were the thermal history and flow conditions, which
were more complex (laminar and turbulent conditions) than those of this work. They
also revealed the existence of a second population of WPI aggregates of smaller size
by field-flow fraction. However, RMM could not detect masses smaller than 4.5 x
10716 g. The aggregation number, which depicts the number of protein particles
making up an aggregate, was about of Nage ~ 3.3 x 10°. The fractal dimension being
2 at pH 7.0 [29, 43, 79], we estimated the size of the aggregates, as Ry = by/Nags/6,
with b the size of the §-lactoglobulin [81], the main component of WPI. We found
220 nm, in very good agreement with the value estimated from the Guinier regime.
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Figure 3.5: a: Kratky plots showing the change of WP conformation with the res-
idence time t. . b : the fraction of native WP, C,,./Cy was determined from high
g-range of spectra (o, Eq. 3.10, 3.11) and was calculated from a linear combination
of the spectra of natives and aggregated WPI in the g-range 1-2 nm ™! (dashed lines),
see text for details. The fraction of aggregated WP, C,4./Cy, was determined inde-
pendently from the low g-range of spectra (B, Eq. 3.12). Dashed lines are guide for
the eyes. In insert, kinetic plot (Chai/Co)' ™™ versus ¢t with reaction order n= 1.5. 5
=535, d=081mm, Q=15mL/h, L =10 - 87 cm

In contrast with the size, the scattered intensity at low ¢, Iy, increased pro-
gressively with ¢. Since the aggregate mass was roughly constant, I, was directly
proportional to the concentration of aggregates Cpee (Eq. 3.7). Therefore, the ag-
gregate concentration increased significantly from 20 to 915 s, by a factor of about
4.

This first set of results showed that the aggregate growth happened at short time
scales (less than 20 s) and their size was limited, whereas WPI were continuously
aggregated on time scales of few tens of minutes. These observations were consistent
with previous studies [29, 109, 148], except that at lower temperature the aggregates
grew at time scales of a few minutes.

The kinetics of proteins unfolding was studied by focusing on the high ¢ range
of SAXS spectra, which is sensitive to the protein conformation. The Kratky plots
displayed in Fig. 3.5 exhibited a significant change as a function of ¢. For the native
proteins (¢ = 0), a bell-shaped curve was seen, whose the peak position corresponded
to the length scale of f-lactoglobulin. The peak intensity decreased when the res-
idence time increased. For the longest residence time (915 s), this peak was very
weak. This bell-shape curve is a signature of a globular protein [15, 105], and the de-
crease of its intensity reflects the unfolding of the proteins upon heating [94]. Taking
advantage of this feature and the fact that the form factor is a linear combination
of the form factors of the different states of the protein in solution [94], i.e. na-
tive, partially unfolded and irreversibly aggregated, we estimated the progress of the
unfolding process.

In the range 1-2 nm ™!, and as evidenced in Fig. 3.5, all the spectra were described
by a linear combination of the spectrum of the native protein solutions (/,,., at t = 0)
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and of the final spectrum (I, ¢t = 915 s), i.e the presence of partially unfolded proteins
was neglected,

I(t,q) = a(t) Inar(q) + [1 — c(t)] Lagg(q) (3.10)

with a(t) = Cphat(t)/Co. The acid precipitation test carried out on the final solution
(at t = 915 s) revealed that it contained about 5% of native proteins. Thus, I; =
0.951,45 + 0.051,¢, Where I,g, is the intensity of a fully aggregated solution. The
remaining fraction of native proteins was inferred from the value of «a for a given
aggregation time, as

Cnat (t)
Co

— 0.95a(t) 4 0.05. (3.11)

The fraction of native proteins decreased in the first 60 s, a time at which half of
the proteins were unfolded (Fig. 3.5). Note that the estimation of C,; by the test of
the loss of solubility of the denatured protein at pH 4.6 was coherent with the values
obtained by SAXS.

This kinetics of unfolding was compared with that of aggregated WPI, Cyge(?).
Since the aggregate mass was approximately constant, the fraction of aggregated
proteins was directly inferred from the time evolution of the low-¢ SAXS intensity
Iy:

Cagelt) _ g Tolt)

— —_— . A2

Note that this quantification of C,e, was independent of that of Cl,, which was
inferred from high-¢ SAXS intensity plot.

The symmetry between Ches/Co and Chat/Cy is striking (Fig. 3.5). Moreover
(Cage(t)+Chat (1)) /Co varied by £15% around 1 during the entire aggregation process.
This clearly shows that the rate of protein unfolding was that of protein aggregation.
This result highlights the self-consistency of our approach and confirms that WPI ag-
gregation occurs as soon as a nucleus is present. it is worth mentioning that the above
analysis in the high-¢ range assumes only two states for the protein conformation,
which was an oversimplified picture. However, the fact that (Cagg(t) + Chat(t)) =~ Co
justifies a posteriori this assumption.

The order of the reaction n is defined as dC,g/dt = kCJ.., where k is the
reaction rate constant, which is supposed to be a function of temperature and
solvent composition. Reaction orders n were reported to vary between 1 and 2
28, 31, 39, 97, 109, 136, 148]. From kinetic models of S-lactoglobulin that recognized
that the rate of nucleation (initiation) is much smaller than the rate of propagation
(aggregation), we expected a n of 1.5 [109, 127]. n = 1.5 was also predicted theo-
retically for rapid aggregation theory of colloidal solutions [118]. Our results were
consistent with an order of 1.5 (subpanel in Fig. 3.5-b) and confirm that nucleation
is the limiting step.

A simplified reaction scheme for the aggregation may consist in two main steps,
the first one is a nucleation step, where one or a few (ng) native proteins N un-
dergo conformational change and irreversible association to form a precursor P for
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Figure 3.6: Effect of shear rate on denaturation and aggregation. a: Kratky plot
showing the invariance of WP conformation for the different shear rates investigated
for t = 60 s . Solid and dashed black lines correspond to the native and fully
aggregated solutions (i.e. t = 915 s), respectively. b: Guinier plot of SAXS intensity
for various shear rates at ¢ = 60s. Solid lines are the fits using the Guinier equation
(Eq. 3.6). c¢: Radii of gyration R, as a function of 4. d: Ij/C,ge as a function of 7.
Cage = 1 — Chat was determined from the Kratky plot and is almost constant for the
the different shear rates. Iy/Chee was proportional to M, (Eq. 3.6). d = 0.81 mm
and 0.25 mm for ¥ = 2.5 x 10%s7!, Q = 15 - 150 mL/h, L. = 48.6 - 750 cm.

subsequent aggregation in aggregates A; made of i proteins

noN — P
P+N — An0+1
Apgri + N = Apprin

This scheme is that of a standard nucleation and growth process. It does not
detail the initial conformational changes leading to the first irreversible precursor
P, but since these are reversible with a very short characteristic time [107], they
have limited impact on the aggregation scenario except concerning the dependency
with initial concentration Cj, which is not studied here. It also ignores possible
combinations between aggregates. To fully model the above results, this reaction
scheme should involve a kind of termination step in order to limit the growth of
the aggregates to a given size [107, 109]. The possible mechanisms are discussed
hereafter.

The above detailed experimental results might be summarized as follows: (i)
Denaturation and aggregation occurred consequently, since intermediate states of
WPI (i.e. unfolded but not aggregated) were negligible at all times, (i) Aggregates
were formed within a few seconds, much faster than the global reaction rate, and
their concentration kept growing over time with constant size and mass. The second
one implied two features: on the one hand aggregation is not the limiting step and on
the other hand there exists an additional mechanism which limits the growth of the
aggregates when they have reached a given size. Other scenarios are not compatible
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with these two key observations. In particular, if aggregation was the limiting step,
then the aggregate size would have increased significantly during the process.

We could only speculate on the scenario which limits the growth of the aggregates
to a given size (for the studied experimental conditions, about 200 nm). Based on
analogy with radical polymerisation chemistry, [109] suggested that the polymeriza-
tion process of S-lactoglobulin stopped when one reactive intermediate A,,,; reacted
with another one forming an aggregate without a reactive sulhydryl group. Under
this assumption, they predicted that M, ~ CJ°. Their reaction scheme was con-
sistent with their kinetics of aggregation at low temperature (65°C). However, [148]
moderated this concept, as their experiments at 80°C insinuated that small molec-
ular weight intermediates were cross-linked by disulfide bonds and formed larger
aggregates via noncovalent bonding (e.g. by hydrophobic interactions). Competi-
tion between short-range depletion attraction and long-ranged electrostatic repulsion
also leads to equilibrium clusters of finite-size whose number of aggregation Ny, is
proportional to Cy [21, 22, 123]. However, some of our preliminary results would
invalidate the above-mentioned mechanisms as we found that R, was constant for
Cy ranging from 0.4 to 4% w/w at 92°C and residence time ¢ of 60 s, in agreement
with [79, 97](pH 7.0, no added salt, 85°C and Cy < 7 g/L). Alternatively, our results
could be explained by the mechanism introduced by [97] in which a self-stabilization
effect could appear due to spontaneous increase of the pH during aggregate for-
mation that should lead to an increase of their surface charge density and inhibits
secondary aggregation. Similarly to the association of charged amphiphilic polymers
[144], counterions should be partly repelled from the aggregates and may lead to this
electrostatic repulsion. At this stage, we have no experimental evidence that could
validate or not one of these mechanisms. Additional studies varying the ionic force
and the concentration of WPI would be interesting to test these various hypotheses.

3.3.3 Effect of shear rate

The flow rate () was one of the important control parameters of the millifluidic
continuous process that allowed us to increase the production rate, but also the mean
shear rate 4 (Eq. 3.2) in laminar conditions. The general picture depicted by previous
studies is that shear rate could be a control parameter of the aggregate size. For low
and moderate shear rate, the size should increase as the rate of collision between
monomers and oligomers increases. At higher shear rates, the size should decrease
as shear forces could break down the aggregates. An optimum could exist [115, 136].
However, this picture is not clearly established for thermal denaturation of proteins
due to the difficulty of uncoupling thermal history from flow conditions [29, 39]. We
studied a range of shear rates 4 which extended from 50 s™ to 2.66 x 103 s7! (Fig.
3.6). The comparison was made for an intermediate residence time t of 60 s for
which one half of native WPI were aggregated and so Kratky plots were sufficiently
distinct from native and fully aggregated proteins. This particular choice had no
major consequences since we reported that the structural properties of the aggregates
(mass and size) did not significantly depend on the residence time.

The Kratky plots for the three shear rates investigated superimpose in the high-¢
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range (Fig. 3.6-a). This feature showed unambiguously that the aggregation kinetics
was not changed when 4 was increased. For very high shear rates, the flow could
influence the frequency of the collisions between reactants and thus increase the
reaction rate. The relevant Péclet number for this effect is Pe = 412/D, where [ is a
characteristic distance between the considered reactants, which was of the order of
10 nm for the proteins, but significantly higher for the aggregates. For the highest
shear rate tested, this Péclet number remained lower than unity (Pe ~ 0.2), meaning
that diffusion remained the dominant mechanism. It is thus not surprising that the
shear rate did not influence the aggregation rate, provided that the nucleation stage
is the limiting one.

In the Guinier regime, the data plots in Fig. 3.6-b exhibit a small trend. Both I,
and R, slightly increased when the shear rate was increased. R, increased by about
10% for variations of 4 of almost two orders of magnitude. From the values of I
obtained by the best Guinier fits and the value of Cyee = 1 — Clyat inferred by a linear
combination in the Kratky plots (see previous section and Fig. 3.5), we calculated
the aggregate mass M, ~ Iy/Chage (Eq. 3.7). M, increased slightly with +, similarly
to the radius of gyration. We were aware that these variations are of the order of
magnitude of the measurement uncertainties, whereas 4 varied by almost two orders
of magnitude. We concluded that the shear rate had no significant influence on the
aggregation or on the denaturation in isothermal conditions.

We returned our attention to the marked size differences between aggregates
prepared using the millifluidc continuous process and the ones prepared in test tube
(Fig. 3.3). We inferred that the shear rate was not responsible for this large increase
of the aggregate size when switching from test tube to continuous process for the
physico-chemical conditions investigated. The difference in heating rate was more
likely to be responsible for the difference between test tube and continuous process.
As in most processes, the scales are of a few millimeters, it is impossible to separate
thermal from flow conditions. In light of the above results, our opinion was that
some effects attributed to the influence of shear rate in previous studies [115, 136]
could be in fact attributed to large differences of thermal history. Additional studies
varying the thermal history could be of interest to confirm that the latter could be
used to tune the size of the aggregates.

3.4 Conclusions

In this paper, we studied the denaturation and aggregation of whey protein isolates
under flow and at high temperature (92°C) for a single physicochemical condition
leading to sub-micrometric aggregates (neutral pH, 10 mM NaCl,WPI 4 % w/w)
with a well-controlled thermal history. We showed unambiguously that the size and
mass of aggregates reached a steady state value within a few seconds, whereas the
time scale associated with the kinetics of aggregation was of a few minutes. Moreover,
we calculated from the Kratky plots the kinetics of consumption of native proteins,
which was symmetrical to the kinetics of aggregated proteins. It means that partially
unfolded proteins were virtually absent and WPI aggregated as soon as they are un-
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folded. The order of the reaction was consistent with 1.5, typical for rapid aggregation
of proteins [109, 127]. All these results lead us to conclude that the aggregation at
92°C is limited by the nucleation and there is a mechanism that limits the size of the
aggregates. The underlying mechanism is an open issue [97, 109, 123, 148]. Different
scenarios could be tested by varying protein concentration and / or ionic strength.

Moreover, we observed that the size of the aggregate and the denaturation is
almost invariant with the shear rate (for variations covering almost two orders of
magnitude) in isothermal conditions. We concluded that shear rate does not influ-
ence aggregation for the conditions tested and thermal history can be reasonably
considered as responsible for the huge difference in terms of aggregate size between
our millifluidic process and test tube conditions. This latter finding highlights the
interest of studying growth of aggregates and unfolding with various thermal kinet-
ics. The approach that we used in this work makes it possible to simultaneously
characterize denaturation, nucleation and aggregation. We think it could be of great
interest to extend it to other temperatures, especially higher ones which have been
described as aggregation limited conditions [28].

3.5 Annexe: Study of the temperature of aggre-
gation

The effect of the temperature of aggregation on the structure of WPI aggregates
formed at 4% w/w 10mM pH 7.0 during 300 s under an average shear of 53 s™! was
studied by SAXS on a temperature range of 75-95°C. Concerning the lowest temper-
atures of the studied range (75°C - 86°C) (Figure 3.7-a), the range of wave vectors
studied in SAXS did not allowed to reach the Guinier regime. The size of these
aggregates could not have been determined, contrary to the highest temperature of
the range, 92°C, for which a radius of gyration R, = 230 nm of the aggregates was
defined. Decreasing the temperature of aggregation, from 92°C to 75°C, increased
the size of the aggregates for the same aggregation time. The Kratky plot (Figure
3.7) shows a change of the conformational state of the proteins which depended on
the temperature of aggregation. Without access to the fully aggregated spectra at
each temperature, it was not possible to analyse the denaturation kinetics, although
the literature concludes that the denaturation rate increases with increasing tem-
perature. WPI aggregates formed at temperatures below 92°C show a less unfolded
conformation and a larger radius of gyration than WPI aggregates formed at 92°C at
the same aggregation time. The study of kinetics at these different temperatures of
aggregation was not carried out, so it was difficult to analyse these results in more de-
tails. However these results were consistent with other studies which concluded that
larger aggregates were formed at lower temperature due to increasing hydrophobic
interactions rather than chemical interactions ([32]).
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Figure 3.7: a: SAXS intensities I(q) of the WPI aggregates formed at 4% w/w 10
mM pH 7.0 after heat treatment at different temperature of aggregation and ¢t =
300 s. b: Kratky plot showing the evolution of WP conformation for the different
temperature of aggregation investigated for t = 300 s, ¥ = 53 s71, d = 0.81 mm, L
= 246 cm, @@ = 15 mL/h.

Thanks to the millifluidic process, we studied both the kinetics of ag-
gregation after few seconds and its dependence with the mean shear
rate in isothermal conditions.

Size and mass of aggregates reached a steady-state value in a few sec-
onds at 92°.

The kinetics of aggregation and denaturation had a characteristic time
of few minutes.

The shear rate had no significant effect on the size of the aggregates,
or on the aggregation kinetics.

WPI aggregation at 92°C is limited by a step of nucleation.

The thermal conditions have a major influence on the size of the ag-
gregates.
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Chapter 4

Quantitative structural analysis of
heat-induced WPI aggregates by
covalent labelling and fluorescent
microscopy

Kinetics of heat-induced aggregation of WPI have been studied using Small-Angle
X-ray Scattering at low WPI and salt concentration and submicrometric aggregates
where formed under continuous aggregation process. In this section we discuss the
characterization of large aggregates (1-100 pm) where no dedicated techniques enables
their structural characterization. A covalent labelling reaction between B-lactoglobulin
with RITC is performed with the aim to relate the fluorescence intensity of RITC to
the protein concentration and thus to the mass of protein. This relation will there-
fore allow the quantification of the mass of proteins contained in aggregates. This
technique, based on microscopic image analysis, will therefore enable the structural
characterization of micron-sized aggregates, including their mass, density, size and
shape anisotropy.
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4.1 Introduction

The behavior of whey proteins upon heating as a function of the environmental
conditions (protein concentration, salts concentration, pH) were widely studied and
resulted in a comprehensive approach of heat-denaturation and aggregation and gela-
tion mechanism. The structure-function relationship at different scales has been the
center of several studies. The characterization of the structure is necessary for a full
understanding of the aggregation and gelation process with resulting structure and
mechanical properties.

The structure of an aggregate can be described in terms of its size (hydrodynamic
radius, radius of gyration), density, mass (g) or weight average molar mass (g/mol)
and can be assessed by different techniques such as microscopy with Transmission
Electron Microscopy or cryo-TEM [11, 37, 44, 129, 134] or optical microscopy, light
scattering with dynamic, static, SAXS, SANS [69, 133] and size exclusion chromatog-
raphy. These techniques are useful tools for characterising submicrometric aggregates
but are not fully effective for characterising aggregates of few tens of micrometres.

Thus, there is no dedicated method to measure their mass and density in proteins.
Quantitative analysis of gel structure have been done on confocal laser scanning mi-
croscopy images, in terms of pair correlation function of the protein concentration
fluctuations [1]. Cross-correlation dynamic light scattering have also been used to
overcome the effect of multiple scattering on the scattered light intensity for charac-
terizing the structure of turbid Heat-Set Globular Protein Gels [88].

The technique developed and presented below will allow us to overcome the size
limitation of the cited techniques and quantify the relation between the aggregates
proteins mass to their gyration radius. A covalent labelling reaction between -
lactoglobulin with RITC is performed with the aim to relate the fluorescence inten-
sity of RITC to the protein concentration and thus to the mass of protein. This
relation will therefore allow the quantification of the mass of proteins contained in
aggregates. This technique, based on microscopic image analysis, will therefore en-
able the structural characterization of micron-sized aggregates, including their mass,
density, size and shape anisotropy. From the literature, this kind of method has
not been developed, expect some methodologies to covalently labeled proteins with
a fluorescent probe [65, 72, 111].
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4.2 Material and methods

4.2.1 Whey Protein Isolate

Whey protein isolate Prolacta 95 (batch 30916B) was purchased from Lactalis Ingre-
dients (Bourgbarré, France). The composition of the WPI (Nx6.38) was (in g/100g
powder wet basis): protein 88.5 (of which S-lactoglobulin 65%, a-lactalbumin 20%,
soluble caseins 10% and almost 5 % of bovine serum albumin and immunoglobulin,
ash 1.9, moisture 5.6, carbohydrates 0.14, fat 0.5). The mineral composition was
(g/100g powder wet basis): Ca 0.35, Mg 0.06, Na 0.15, K 0.35, P 0.21, Cl 0.01.
WPI stock solution of 15% w/w was prepared by weighting the required amount of
WPI powder and added to demineralized water. Sodium Azide (0.02% w/w, Sigma-
Aldrich CAS 26628-22-8) was added to the solution to prevent bacterial growth. The
solution was gently stirred for 12 hours for complete dissolution of WPI powder at
4°C. WPI concentration was measured by UV absorption at 280 nm using extinction
coefficient of 1.0241 Lg~tem™1.

4.2.2 Rhodamine B isothiocyanate

Rhodamine B isothiocyanate (RITC, CAS number 36877-69-7) as well as the sol-
vent Dimethyl sulfoxide (DMSO, CAS number 67-68-5) was purchased from Sigma-
Aldrich. A stock solution of RITC was prepared in percent by weight to reach the
concentration of 0.118 % w/w in DMSO and wrapped in aluminium paper. The den-
sity of DMSO was 1100 g/L. Dilutions were prepared from the RITC stock solution
(1300 ppm) with addition of demineralized water and measured by UV absorption
at 555 nm and 280 nm with a quartz cuvette of 10 mm. The blank was done on
deionised water. We found an extinction coefficient of 0.0912 Lg~'cm™! for A\ = 555
nm.
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Figure 4.1: Absorption curve of RITC molecules dissolved in DMSO
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RIN=C=S + R? = NH?2 -2 R'NH — C — NHR?

Figure 4.2: Chemical acylation reaction between an isothiocyanate group and a pri-
mary amino group

4.2.3 Covalent labelling

Principle

A fluorophore is a fluorescent molecule that can absorb energy from electromagnetic
radiation in its own wavelength range (excitation light) and return some of it as
emission light. The emission wavelength range is higher than the excitation range
as the molecule returns to the ground state from the lowest vibration level of the
excited state. The energy of an incident photon, characterised by an absorption (ex-
citation) wavelength Aspsorption, moves an electron of the fluorophore from a ground
state to an excited state. This electron progressively loses energy by passing through
various excited states before returning to its basal state by releasing the remaining
energy in the form of a photon at an emission (fluorescence) wavelength Aenission
> Aabsorption- For each fluorophore we can thus establish a spectrum of wavelengths
capable of exciting it as well as a spectrum of fluorescence wavelengths, and define
a wavelength of maximum absorption and emission. A fluorophore is also charac-
terised by its molar extinction coefficient, its quantum yield and its fluorescence
lifetime. Various fluorescent labels are used for protein labelling (ANS, FITC, Nile
red, Nile blue, Rhodamine) for contemplative microscopy. In our study we chose to
use rhodamine isothiocyanate (RITC) with an isothiocyanate group involved in the
conjugation reaction. RITC molecules are excited between 532 and 555 nm and emit
between 570 and 613 nm (Figure). The isothiocianate group, of formula —N—C=—S,
characterised by the strongly electrophilic nature of its central carbon ([142]), specifi-
cally reacts by covalent bonding with primary amine groups and with thiols ([104]) to
produce a fluorescent conjugate (Figure 4.2). S-lactoglobulin contains 16 potentially
reactive amine groups, including the N-terminal group and the € amine group of the
15 Lysine amino acid residues, as well as a free thiol functions. The free thiol Cys121
and the e amine group of the lysines have a pKa of 8.3 and 10.8 respectively. At
basic pH and above the pKa of the species, thiol and amine are deprotonated and
can react with the isothyocianate group.

A covalent labelling reaction between [-lactoglobulin with RITC is performed
with the aim to relate the fluorescence intensity of RITC to the protein concentration
and thus to the mass of protein. This relation will therefore allow the quantification
of the mass of proteins contained in aggregates. This technique, based on microscopic
image analysis, will therefore enable the structural characterization of micron-sized
aggregates.

Labelling procedure
To analyse quantitatively aggregates by fluorescence, an optimal molar ratio between
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RITC molecules and proteins must be determined in order to obtain a good fluores-
cence signal without interfering in the functionality of the proteins. The labelling
procedure was carried out according to the procedure used by [65, 71, 111]. With
an extent of labelling of 0.02 mol of RITC per mol of -lactoglobulin (1 RITC per
50 S-lactoglobulin), 2% of the proteins and about 0.13% of the lysines should be la-
belled, considering 15 lysines per molecule of S-lactoglobulin. A 10% w/w of labelled
WPI concentration was prepared from the stock solution with a final concentration
of RITC dye of 1.14x107* mol/L. A 2.43x107 mol/L RITC stock solution was pre-
pared by dissolving the powder in DMSO and wrapped in aluminium paper. The
pH of the WPI-RITC solution was adjusted to 9.5 for the amine groups to be de-
protonated with a 2M NaOH solution. After 10h of incubation at room temperature
under gentle stirring and wrapped in aluminium paper, the reaction was stopped
by addition of equal molar concentration of ethanolamine, 1.14x10™* mol/L, (pur-
chased from Sigma-Aldrich CAS number 141-43-5) to bound the remaining free RITC
molecules. The labelled WPI-RITC solution was then dialyzed to remove the un-
bound fluorescent dyes against demineralized water with 200 pm sodium azide. Be-
fore dialysis, concentrations were measured by UV absorption (Figure 4.1 and 2.1):
10.3% w/w of native WPI and 54.3 ppm of RITC. Dialysis tubing cellulose mem-
brane (Spectra/Por 1 Dialysis Tubing, 6-8 kD MWCO) were first boiled twice during
15 min to remove glycerines, sulphur compounds and heavy metals that protect the
membrane. Dialysis membranes were filled with the labelled protein solution and
immersed into demineralized water with 200 pm sodium azide. The ensemble was
agitated with a magnetic stirrer and kept refrigerated to prevent the formation of
a concentration gradient around the dialysis tubing. The counter-dialysis fluid was
renewed frequently to accelerate the disappearance of diffusible substances in the
dialysis tubing and to maintain the concentration gradient between the two media.
It was recommended to immerse the dialysis tubing in a volume hundred times bigger
than the total volume to dialyse. The ensemble was kept at 4°C and to compensate
the counter-dialysis volume the counter-dialysis solution was renewed three times a
day during 5 days. During the first moments of the dialysis, unbound dyes were first
diffusing to homogenise the chemical potential of the two media as proteins were
prevented from diffusing due to the membrane cut-off value. However, the difference
in the volume of the labelled solution before and after dialysis indicated a dilution
factor of 1.8 whereas the difference in the measured WPI concentration indicated a
dilution factor of 4.25 (after dialysis, concentrations were measured by UV absorption
(Figure 4.1 and 2.1): 2.4 % w/w of native WPI and 11 ppm of RITC, with a molar
ratio of 0.015 (we consider an average molar mass of 1.75x10* g/mol for WPI and
536 g/mol for RITC)). This variation suggests that osmotic pressure difference leads
to a progressive distortion of the pores and a certain degree of protein loss. The dia-
lyzed labelled solution was then concentrated using a tangential filtration cell (Merck
Millipore Amicon™ Stirred Cells, Biomax 10kDa Ultrafiltration Discs PES 76 mm)
and the final concentration of the labelled stock solution reached was 8.4% w/w WPI
and 38 ppm RITC with a final molar ratio of 0.0147.
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4.2.4 Thermal aggregation of labelled WPI

Labelled WPI solutions were prepared from the dialyzed and concentrated stock
solution of labelled WPI to reach a final WPI concentration of 6% and 3%. The
NaCl concentration respectively was adjusted to 100 mM and 120 mM from a NaCl
stock solution of 0.8 M. A labelled WPI solution was also prepared at 3% w/w, 40
mM NaCl and 20 mM CaCl,. pH was adjusted to 7.0 for all the solutions. Pyrex
glass tubes of 10 mL were filled completely with the solutions and heated at 92°C in
a water-bath between 3 min and 45 min. Samples were then cooled in ice-bath and
hand-sheared to break the protein gel. Through all the steps, samples were protected
from light.

4.2.5 Quantitative image analysis method
Principle

A fluorescence image analysis methodology was developed to analyse the structure
(size, protein density) of micron-sized aggregates (from 0.2 to 50 ym). The image
analysis technique relies on the existence of a sufficient intensity contrast between
the labelled aggregates and the background, allowing the definition of their contour
and size and the quantification of their density. The images were acquired with an
Olympus IX72 microscope and a Hamamatsu ORCAFLASH high sensitivity camera
(12 bits). The light source was a white light LED. In order to specifically excite
the RITC and to recover only the wavelengths that the excited conjugate will have
emitted, we used a fluorescence filter consisting of an excitation and emission filter
and a dichroic mirror. In order to keep the sample thickness constant, a gene frame of
250 pm thickness was placed on a glass slide and covered with a transparent coverslip.
In order to use this experimental technique, several intermediate steps need to be
validated and are presented below.

Characteristic time of photobleaching

Photobleaching is the degradation of fluorescence intensity over time due to struc-
tural instability of the fluorophore during its excited lifetime. This mechanism is
deleterious to the quantification of fluorescence intensity, which was used to quantify
the mass of proteins within protein aggregates. In our study, the sample was scanned
along the x- and y-axis and the images were recorded continuously. A shutter system
allows the light source to be switched on for the duration of the image acquisition,
thus avoiding photobleaching of the edges of each scanned image. The decrease in
RITC fluorescence intensity over time was compared to the time used for image acqui-
sition. The fluorescence intensity normalised by the maximum intensity was plotted
as a function of time (Figure 4.3). The measurement was performed with a lamp
power of 100%. During 1 s of exposure, a decrease in fluorescence intensity of 4%
was noted. Since the exposure times used were less than one second, photobleaching
can be neglected.
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Figure 4.3: Photobleaching of a solution of labelled native WPI during 60 s of expo-
sure

10 -
o Data
----y=44E+05*x;R?>=0.999| _-
< P
N 4 e i
~ 10
= e
T /,(3
12 .
= IPe
— s
o
108} o 1
o .
107 107 10t

Exposure time (s)

Figure 4.4: Linearity of fluorescence intensity of a labelled native WPI solution with
exposure time

Linearity between fluorescence intensity and exposure time

Different exposure times were used during image acquisition, depending on the con-
centration of fluorescent label or labelled WPI used, in order to have a good signal
to noise ratio and to avoid pixel saturation. In order to normalise the intensity by
the exposure times, linearity was demonstrated from 1 to 100 ms (Figure 4.4) on a
solution of labelled native WPI.
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Figure 4.5: Fluorescence intensity of a RITC solution integrated on different thick-
nesses, plotted for different height values z with an Olympus objective 20x (NA 0.5)

Integration of fluorescence intensity over the thickness of the sample

In order to quantify the fluorescence intensity of a sample, the total intensity must
be integrated over the entire thickness of the sample, which must be constant. A
gene frame of 250 pm thickness was used and covered with a transparent coverslip.
This integration depends on the optical properties of the objective. The evolution of
the fluorescence intensity was studied for different focal plane positions in the sample
and for different objectives. The result shows that magnifications of 20 x and 10 X
allows the fluorescent signal to be integrated over the entire thickness of the sample,
ie. I(z,y) = Kfoh c(x,y, z)dz, where I(x,y) was the fluorescence intensity collected
on a pixel of the camera sensor at location (x,y), K a proportionality constant,
c(x,y, z) the local RITC concentration in the sample, and h the sample thickness.
We need to ensure that the thickness over which the intensity signal was integrated
(the depth of field) was greater than the thickness of the sample (250 pm). An
Olympus objective with 20x magnification (NA 0.5) was chosen and we measured
the fluorescence intensity of a RITC solution with varying the height z between z
= -2 mm and z = 2 mm, z = o being the middle of the sample (Figure 4.5). The
thickness of the sample is therefore probed for the range of z varying from -125 to
+125 pm. We ensured that the intensity was constant from -125 to +125 pum, over
the range of z accounting for the thickness of the sample. The thickness over the
fluorescence signal is integrated is therefore greater than the thickness of the samples.

Calibration curve and protein mass quantification

The fluorescence intensity emitted by the fluorescent dye bounded to WPI was used
to quantify the mass of proteins within an aggregate. A calibration curve was es-
tablished by measuring the fluorescence intensity of successive dilutions of a highly
concentrated solution of labelled native proteins. A calibration curve was made for
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Figure 4.6: Calibration curve relating the intensity of fluorescence to the protein
mass

each labelled WPI stock solution used prior aggregation. The fluorescence intensity
was measured over the entire thickness of the sample. A set of images for each dilu-
tion was acquired and averaged. The resulting image for each dilution was analysed
to extract the average intensity value. Each image was a set of pixels (z,y) containing
an intensity value, I(z,y), which are averaged to obtain an average intensity value per
image. The average intensity value divided by the exposure time was plotted against
the protein concentration. The linear coefficient relates the intensity to the protein
concentration. To relate the intensity to the protein mass, the protein concentration
must be multiplied by the volume of a pixel with Vjizer = Apizer * Hintegration- The in-
tegration height corresponds to the thickness of the gene frame and the area of a pixel
was calculated according to the resolution of the objective used (Vpze; = 2.02 X 10~
L with a x20 objective). The linear coefficient, a, relating the intensity to the protein
mass will be used to convert the intensity of each pixel contained in the aggregates
into protein mass (Figure 4.6).

4.2.6 Structural image analysis
Sample preparation

After heat-induced aggregation of labelled WPI solutions and subsequent gel forma-
tion, samples were cooled down and hand-sheared. A dilute solution of the sheared
gel was performed. Several droplets of the diluted solution were deposited on a gene
frame previously fixed on a glass slide, then sealed with a transparent coverslip.

Image analysis

On a sample, several hundred images were analyzed and several thousand aggregates
were characterized. The sample contained in a 250 pm thick gene frame was thus
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Figure 4.7: Averaged image of several images of a given labelled native WPI concen-
tration solution (a) normalized by its mean value (b)
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Figure 4.8: Image containing fluorescent aggregates (a) corrected from heterogeneity
of illumination

scanned, along the x and y axes, by acquisition of images by fluorescence microscopy
(Olympus IX 72). A sequence of several hundred images was then obtained, each
image being a set of pixels whose intensity varied according to the concentration of
labelled proteins. To correct the heterogeneity of the fluorescence intensity due to
the illumination, each image containing aggregates was normalized. For this normal-
ization step we used an image of the calibration curve averaged over several images
and normalized by its mean value (Figure 4.7-b). The heterogeneity of fluorescence
intensity was thus corrected (Figure 4.8).

Structural analysis

Based on the intensity difference between the labelled aggregates and the background,
a threshold of the normalized image allowed its binarization and the detection of the
aggregates’ borders. The level of threshold should allow the detection of small aggre-
gates and ensure the proper detection of their boundaries. Based on the boundaries
detection, several parameters were thus determined as the minimum and maximum
ellipsoidal length L,,;, and L,,.., the aggregate perimeter, the area A and the coor-
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dinates (z.,y.) of the centre of mass weighted by the protein mass contained in the
pixel (x,y), m(x,y). The radius of gyration R, the protein mass m contained in the
aggregate, its density puggregate and the anisotropy A, were calculated based on their
following expression.

The radius of gyration R, is given by

_ [l e+ o)
meyf e / Y

with x, = %, Ye = %ﬁfé yy and I(z,y) the pixel (x,y) intensity.

The mass of proteins m in an aggregate:
I
m = Zm x,y) Z (z y) (4.2)

where a is the coefficient obtained from the calibration of the fluorescence intensity.

The density in proteins pgggregate:

m
Paggregate = —%WRE (43)
The shape anisotropy As:
L. .
A, =" 4.4
Lmam ( )

All these properties, and in particular the radius of gyration, were defined so
that they do not significantly depend on the particular threshold intensity value used
to binarize the images, provided that the latter is small enough. Indeed, on the
boundaries of the aggregates, the fluorescence intensity tends to zero. In fact, the
image threshold is only useful to distinguish between an aggregate and another.

We have checked that the threshold level indeed did not significantly change the
value of the radius of gyration. When varying the threshold level of £ 35% from the
mean value (green line on (Figure 4.9), R, values varied from 20.1 pm to 21.2 ym
and protein mass varied from 1.68x107% g to 1.55x107? g. We can conclude that
the threshold level, which is set by hand, leads to uncertainties which are less than

10%.
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Figure 4.9: Fluorescent image of an aggregate with boundaries identified according
to three different threshold levels (red: low threshold level, green: mean threshold
level, blue: high threshold level). The scale bar gives the value of the pixel intensity
normalized by the exposure time.

4.3 Results and discussion

4.3.1 Effect of RITC labelling on native protein and aggre-
gate structure

The fluorescent dye concentration need to be sufficiently high to give a significant
signal, but not too high in order to not modify the structure of aggregates. The
structure of native proteins and aggregates after covalent labelling were compared to
those without labelling and assessed by SAXS. Complementary information on the
performed SAXS experimentation are provided in the section Small-Angle X-Ray
Scattering in Chapter 4. We compared the effect of the covalent labelling on the
scattering intensity spectra of native non-labelled dialyzed WPI and native labelled
dialyzed WPI solutions (Figure 4.10-a). We did not have access to the Guinier regime
for the native labelled WPI curve but we can deduced from a fit in the Guinier regime,
as described in Materials and methods section, the size of the native WPI protein
and we found R, ~ 10 nm. The Kratky plot representation (q®> I vs q) provides
in turn insights on the internal structure (Figure 4.10 (a)). A bell-shaped curve is
the signature of the globular conformation of proteins [93] and we found that the
covalent labelling did not induce conformational changes in the structure of native
proteins (Figure 4.10 (b)). Moreover, if we now compare the spectra of labelled
aggregates and non-labelled aggregates of WPI, both dialyzed and aggregated in the
same physico-chemical conditions in test tube (4% w/w WPI 10 mM NaCl 10mM
CaCl, pH 7.0 during 15 min at 92°C), both representations (Figure 4.10 (c) and (d))
show no differences in the scattering intensity. The labelling procedure therefore did
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Figure 4.10: g-dependence of the scattering intensity normalized by the protein con-
centration and Kratky plot representation (q? I vs q) for native WPI solutions (a)
and (b), labelled represented by a straight line and non-labelled represented by a
dotted line, and for WPI aggregates (c) and (d), labelled represented by a straight
line and non-labelled represented by a dotted line.

not result in structure variation for both native and aggregated proteins.

4.3.2 Heat-induced gelation of labelled WPI

The aim of the procedure was to characterise large WPI aggregates bigger than one
micron in size. To produce large size WPI aggregates, a WPI gel was formed under
heat treatment and then hand-sheared after samples were cooled down in an ice-bath.
WPI gels were formed only above a critical protein concentration ([W PI],), which
depended on the concentration of salts added. [W PI], can therefore be lowered with
increasing salt concentration [100]. [WPI], was determined by visual observation
after heating by the absence of flow when tilting the samples. Labelled WPI gels were
formed under different physico-chemical (protein and NaCl concentrations) and heat
treatment conditions to assess the consistency of the developed analysis technique.
We investigated the structure of labelled WPI aggregates formed by heating labelled
WPI solutions at pH 7 at [WPI|=6% w/w in the presence of 100 mM NaCl for 3
min at 92°C, at [WPI]=3% w/w in the presence of 120 mM NaCl for 45 min at
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92°C and at [WPI]=3% w/w in the presence of 40 mM NaCl and 20 mM CaCl, for
3 min at 80°C (Table 4.1). It was reported that gelation temperature decreased with
increasing protein concentration and increasing salt concentration [102], and that the
rate of gelation and the gel strength were strongly dependent on the temperature, pH,
protein concentration, and ionic strength [100]. Heat treatment have thus been varied
according to the physico-chemical condition used. The gel formed at 3% w/w WPI
in the presence of 120 mM NaCl for 45 min at 92°C (condition 2) was characterized
by a more pronounced ability to flow compared to the others conditions and was in
between a “liquid-like” system and a “gel-like” one. The physico-chemical condition
used for this system was most likely just below the boundary with [W PI],.

Table 4.1: Conditions of heat-induced gel formation.
Condition  [WPI] [NaCl] [CaCly] pH Temperature Heating time

1 6% w/w 100 mM O0mM 7.0 92°C 3 min
2 3% w/w 120mM O0mM 7.0 92°C 45 min
3 3% w/w 40mM 20 mM 7.0 80°C 3 min

4.3.3 Statistical features of the protein aggregates

After the heating step, the protein gels were cooled down then hand sheared and
diluted, which led to isolated aggregates of various size. We analyzed the properties
of these aggregates, and in particular their radius of gyration, mass, density and shape
anisotropy. Results were obtained from sequences of images containing approximately
5000, 8000 and 42500 aggregates respectively from condition 1, 2 and 3 (Table 4.1).
We identified aggregates from 300 nm up to 100 pm with mass in proteins (M,,)
ranging from 1075 ng to 10 ng.

Figure 4.11 displays the probability density functions (PDFs) of the aggregate
size. For the three condition tested, the PDFs were very similar, and were approx-
imately described by an exponential distribution, of mean value of 4 um. The very
simple form of these PDFs indicated that the fragmentation of the gel was a Pois-
son point process (the fragmentation events occur continuously and independently
of one another). This is surprising as it is likely that the fragmentation was more
efficient for bigger aggregates than for smaller ones. However, it should be noticed
that the PDF might not be exactly exponential, but was (at least for conditions 1
and 2) better fitted by a Weibull distribution, which can account for a size-dependent
fragmentation [18]. When considering volume (or mass, not shown) averaged PDF's;
they were will-fitted by a log-normal distribution. The average radius of gyration
of the aggregates lied between 20 and 30 pum, and small differences between the
experimental conditions could be observed.

The main interest of the present experimental approach was to determine the
mass of the aggregates simultaneously as their radius. From these measurements,
we computed the aggregate density. The PDFs of the density as displayed in Figure
4.12. The density distributions exhibited systematically a large peak between a few
and one hundred g/L, depending on the experimental conditions, and on the type
of averaging made (number, mass or volume weighted). This order of magnitude
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Figure 4.11: Probability density functions of the radii of gyration of protein aggre-
gates formed at 6% w/w 100mM NaCl 3 min 92°C (cond. 1, blue), 3% w/w 120mM
NaCl 45 min 92°C (cond. 2, green), 3% w/w 40mM NaCl 20mM CaCly 3 min 80°C
(cond. 3, red). Left: number weighted PDFs, fitted by an exponential law, of mean
value 4pum. Right: volume weighted PDFs, fitted by log-normal distributions. Con-
dition 1: mean-value 21.3 pm, standard deviation 16.7um; condition 2: mean-value
27.0 pm, standard deviation 20.3um; condition 3: mean-value 31.8 pm, standard
deviation 22.7um;

typically corresponded to the initial protein concentration, which is not surprising
since the conditions used are in the vicinity of the sol-gel transition. As it will be
discussed in the next section, these PDFs of the density hide a strong correlation
between size and mass.

To finish with the statistical features of the aggregates, PDFs of the anisotropy
parameter are displayed in Figure 4.13. They exhibited a large peak centered around
0.7. No significant correlation was found between this parameter and the aggregate
size.
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Figure 4.12: Probability density functions of the density of protein aggregates formed
at 6% w/w 100mM NaCl 3 min 92°C (cond. 1, blue), 3% w/w 120mM NaCl 45 min
92°C (cond. 2, green), 3% w/w 40mM NaCl 20mM CaCly 3 min 80°C (cond. 3,
red). The dashed lines indicate the mean value.
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Figure 4.13: (a) : Probability Density Function of the anisotropy parameter (minor
axis length over major axis length of an equivalent ellipsoid) of aggregates formed
at 6% w/w 100mM NaCl 3 min 92°C (blue), 3% w/w 120mM NaCl 45 min 92°C
(green), 3% w/w 40mM NaCl 20mM CaCl; 3 min 80°C (red).
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4.3.4 Mass and size correlation

Fractal aggregates are featured by a branched structure and characterized by a
power law relationship between their average molar mass (M,,) and radius (R,) with
M, = M,(R,/Ry)%, where d; is the so-called fractal dimension, M, the mass of a
protein and R, the characteristic size of the structural elementary unit. The radius
of gyration is one of the most commonly used sizes because it is a purely geometrical
property of the cluster and can be easily determined by static scattering methods.
The determination of the protein mass of each aggregate and of their radius of gy-
ration was therefore used to ascertain the fractal dimension by plotting the protein
mass versus the radius.

Figures 4.14 and 4.15 highlight the strong correlation between the size and mass of
the protein. When considering an ensemble of aggregate of a given size, the standard
deviation of their mass was greatly reduced, and when plotting their averaged mass
with respect to the radius of gyration, a clear power law was evidenced below 10
micrometers, as expected for a fractal structure. For the three tested conditions the
fractal dimension d; equals to 2, consistently with previous studies [69, 75]. M, of
sub-micron aggregates ranged between 10714 g and 10712 and were consistent with M,,
determined by Resonant Mass Measurement for fractal aggregates of R, ~ 205 nm
[132]. In addition, we found M, ~ 10° g for R, ~ 300 nm of WPI aggregates, which
is coherent with molar mass of 5-lg aggregates found by Inthavong et al. [52].

For condition 2 (which is just below the sol-gel transition), the fractal dimension
of 2 hold over the whole range of radius of gyration investigated, i.e. over three
decades. By contrast, the two other ones exhibited a clear kink at R, ~ 7um. Above
this value the fractal dimension significantly increased. The best power-law fit to the
data led to M ~ R27, a value which is close to 3, i.e. that of a dense assembly. By
construction, and using the same data, the aggregate density displayed in Figure 4.15
decreased when increasing the radius of gyration with a -1 power law. For condition
1 and 3, the density saturates for R, > 7pum, and reached a value of 25 and 10 g/L,
respectively.

Let us now discuss these results.

The fact that there existed a cut-off length scale for the aggregation conditions
which were above the sol-gel transition can be interpreted as the result of the per-
colation of the aggregates. Indeed, in dilute conditions, aggregation leads to fractal
aggregates. Upon heating, proteins are first denatured, then associate to form well-
defined primary aggregates which further associate randomly to form aggregates with
a self-similar structure characterized by a fractal dimension, if electrostatic repulsions
are lowered down by increasing salt and protein concentrations [88]. If the concen-
tration is high enough, the aggregates grow in size and start to interconnect with
one another until they fill up the whole volume and the colloidal system may per-
colate to form a gel network. A “liquid-like” system is turned into a “gel-like” one,
characterized by the divergence of the system’s viscosity.

When increasing either the protein concentration or the salt concentration and
varying heat treatment (condition 1 and 2 Table 4.1), a a two-slope behavior was
established with a cut-off length around 10 pm (Figure 4.14). Aggregates below 10
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Figure 4.14: Dependence of the protein mass of aggregates formed at 6% w/w 100mM
NaCl 3 min 92°C (blue), 3% w/w 120mM NaCl 45 min 92°C (green), 3% w/w 40mM
NaCl 20mM CaCly 3 min 80°C (red) on the radius of gyration. Fractal dimension
are deduced from the slopes. The standard error of the mean are plotted.

pum were characterized for all the conditions by a fractal dimension dy = 1.9-2.0 and
by a decreased density with increasing radius. The internal structure defined by the
fractal dimension of aggregates remained the same. When the radius of gyration
increased above 10 um, R, increased with increasing M, following a power law
characterized by dy = 2.7 and larger aggregates become denser and more compact
as their size increases above few microns.

For these two conditions (1 and 3), increasing initial protein concentration and
salt concentration lead to an increase of protein concentration and aggregate size
during aggregation. With increasing protein concentration and increasing aggregate
size, interparticle distance between aggregates is further reduced. As the fractal
dimension we deal with here are not far from 2, aggregates can interpenetrate more
strongly. The shear-induced breakage of the aggregates reveals the internal structure
of the small aggregates constitutive of the larger ones. Larger aggregates (R, > 10
pum) are characterized by denser structure and a density which became independent
on the aggregate size. This interpretation is consistent with the fact that condition
1 and 3 were above the sol-gel transition, contrary to condition 2 which was slightly
below.

In order to form large aggregates of more than a few microns, while preserving
their fractal character and d; = 2, one should avoid interpenetration of the aggregates
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Figure 4.15: Protein density of aggregates formed at 6% w/w 100mM NaCl 3 min
92°C (blue), 3% w/w 120mM NaCl 45 min 92°C (green), 3% w/w 40mM NaCl 20mM
CaCly 3 min 80°C (red) on the radius of gyration. The standard error of the mean
are plotted.

to prevent the percolation of the system and the ”"blobs” densification.

Results here were consistent with the theory that the primary structure of the
gel is fixed, with afterwards more protein being incorporated onto the gel network,
leading here to a densification of the later structures. Here we did not attempt to
give a full analysis of these results, but simply show the main trends and assess the
consistency of our quantitative analysis technique and method.

4.4 Conclusion

The structure of large WPI aggregates formed after heat-denaturation at neutral
pH in the presence of salts was studied using a quantitative structural analysis of
fluorescent microscopy images through a covalent labelling reaction between WPI
and RITC. This covalent labelling permitted to relate the fluorescence intensity of
RITC to the protein concentration and thus to the mass of proteins inside an aggre-
gate. Structural characterization of micron-sized aggregates, including their mass,
density, size and shape anisotropy was therefore performed, enabling the overcome
the size limitation of the previous used techniques. The fractal dimension of aggre-
gates within two decades of sizes below 10 pm was equal to df=2, and consistent
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with others experimental techniques. However, we found an increase of the fractal
dimension when increasing aggregates sizes over one decade above 10 pum, reflecting
a densification of proteins mass in the aggregates. This densification may be related
to an increased level of interpenetration of the aggregates due to increased number
of bonds and bonds strength, and leading to a compaction of the structure with
increasing scale level.

e A quantitative structural analysis of heat-induced WPI aggregates by
covalent labelling and fluorescent microscopy was developped.

e Structural characterization of micron-sized aggregates, including their
mass, density, size and shape anisotropy was performed.

e The range of sizes over which dy = 2 can be extended with the aggre-
gation conditions (from 10 to 50 pm).




Chapter 5

Hydrodynamic spinning of WPI
aggregates

To go beyond aggregation conditions in which the size of the aggregates is micrometric,
we developed a millifluidic process which permitted us to fabricate fibers of fractal
aggregates. The process was based on a co-axial flow focusing device. The inner
jet was a suspension of sub-micrometric aggregates just below the sol-gel transition.
The sol-gel transition was induced in the jet by the co-flow of a solution of calcium.
The calcium tons gelled the jet by a well-known mechanism of salt-induced gelation.
We discussed the hydrodynamic and physico-chemical conditions which controlled the
formation and the stability of the fibers. Surprisingly, the fibers had a core-shell
structure.
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5.1 Introduction

Significant research work has been conducted on studying how whey proteins ag-
gregation impacts on specific colloidal structure at the micro scale and contribute
to its macroscopic properties [52, 89]. It has been shown that heat-induced protein
aggregation can influence texture in two different ways. On one hand, by turning
aqueous solutions into soft solids by forming a space filling network, through a gela-
tion process. On the other hand, through the controlled structural characteristics of
the particles forming a stable suspension of aggregates [52].

The viscous behavior of the suspension of aggregates strongly depends on their
structure, size and concentration [52]. Four types of stable suspensions of aggregates
can be formed by heat-induced aggregation: long semi-flexible (amyloid-type) fib-
rils, flexible strands, dense spherical particles called microgels and fractal aggregates,
depending on the physico-chemical conditions (pH, type and concentration of salts,
protein concentration) and the heating conditions (temperature and heating time).
Fractal aggregates are featured by a opened and branched structure and character-
ized by a power law relationship between their average molar mass (M,,) and radius
(R) with M,, = M,(R/Ry)%, where d; is the so-called fractal dimension and Ry the
characteristic size of the structural elementary unit. The average density, which is the
ratio of the mass to the volume, varies consequently as R% 3 and subsequently de-
creases with increasing radius. This structural parameter, which relates the structure
of the aggregates to their volume, leads to different functional properties. Spheri-
cal objects, such as microgels (d; = 3), occupy a lower volume fraction at a given
protein concentration [112]. Conversely, objects of lower fractal dimension occupy a
higher volume fraction for the same quantity of matter. Fractal and linear objects
are so more interesting in order to increase the viscosity or to induce gelation at lower
protein concentration [128].

The extreme situation is where fibers are used. They are characterized by an elon-
gated dimension with a high axial ratio with a fractal dimension of 1. First they will
occupy a larger volume in the solution because their hydrodynamic radius is larger
(df = 1) and are subsequently interesting for tailoring the rheology of suspensions
[96]. They are also good candidates for drug delivery systems because of their high
surface-to-volume ratio. Additionally, fibers can interconnect with each other and
create a network. They have been barely exploited in food applications [119, 143]
despite their wide range of applications in materials science [42, 48].

Our objective was to show that whey protein isolate (WPI) aggregates can be
structured at microscopic scales into fibers. We used a simple millifluidic co-flow
device in which sub-micrometric aggregates were used as building blocks to shape
fibers by Ca?*-induced gelation. We discussed the conditions in which aggregates
can be successfully shaped into fibers in regards to the hydro-dynamical and physico-
chemical conditions.
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Figure 5.1: State diagram and sol/gel transition of suspensions of aggregates as a
function of the concentrations of WPI and NaCl used to prepare the suspension at
pH 7.0. Each solution was heated at 92°C during (a) 30 min and (b) 60 min.

5.2 Materials and methods

5.2.1 Materials
WPI aggregates

A WPI stock solution of 15% w/w was prepared by dispersing the WPI powder in
demineralized water (0.3-0.9 uS/cm). Details concerning the composition of WPI
powder can be found in Chapter 2. Sodium Azide (0.02% w/w, Sigma-Aldrich CAS
26628-22-8) was added to the solution to prevent bacterial growth. The solution
was gently stirred for 12 h up to complete dissolution of WPI powder at 4°C. The
concentration of the WPI solution was measured by UV absorption at 280 nm with
an extinction coefficient of 1.0061 L/g/cm. Finally, demineralized water and sodium
chloride (1 M, CAS number 7647-14-5) was added to obtain a 8% w/w WPI solution
with a NaCl ionic strength of 10 mM, and pH is adjusted at 7.0 by the addition of
sodium hydroxyde (1 M, CAS number 1310-73-2). 10 mL pyrex tubes were filled
with the WPI solution and heated at 92°C during 30 min, cooled down in ice bath
and kept at 4°C during one night. Suspensions of aggregates of different protein
concentration and constant size were prepared either by diluting the suspension with
demineralized water or by by heating it in an oven, during several hours at 30°C,
to concentrate it by water evaporation, in order to obtain suspension of protein
concentration [W PI| ranging from 6.6 to 10% w/w. The hydrodynamic radius Ry,
was measured by dynamic light scattering using a Vasco Cordouan Technologies at
A=658 nm and we found R;, = 70 nm. Density was found to be equal to 1, [W PI]|
expressed in % w/w were therefore equivalent to g/L.

Preparation of calcium ions solutions

Solutions of CaCly were prepared from CaCly,2H50 powder purchased from Sigma-
Aldrich (CAS number 10035-04-8). A CaCly,2H,0 stock solution of 60% w/w ([CaCly]
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Figure 5.2: Viscosity of solutions used for the fabrication of fibers. Left: Shear viscos-
ity of suspension of aggregates as a function of the mass fraction of WPI aggregates.
The initial suspension ([WPI] =8 % w/w, R, = 70 nm) was diluted or concen-
trated. Dashed line: 7,4, = 0.8 x 107® exp([WW PI]/2.65). Right: Shear viscosity of
CaCly solution as a function of the concentration of CaCly. Error bars represent the
standard deviation and are less than the size of the symbols.

= 5.9 M) was dissolved in demineralized water and diluted from 5.9 M to 34 mM.
We defined R, as the molar ratio between [Ca**] and [W PI], R,, = [Ca®T]/[WPI],
which varied from 8 ([CaCly] = 34 mM) to 1558 ([CaCly] = 5.9 M). We considered
an average molar mass for WPI of 17.5 kDa [61]. Preliminary to experiments of fiber
formation, we did a phase-diagram showing the sol-gel transition as a function of
[WPI| and [CaCly] for two different heating times (Figure 5.1). As expected, the
concentration of NaCl required to induce the sol-gel transition increased when the
concentration of WPI decreased.

5.2.2 Rheological characterization

The viscosity of the suspensions of aggregates and calcium solutions was measured
by standard rheometry (MARS, HAAKE) with a plate-plate geometry at 23°C. This
geometry was chosen in regards to the small quantities of samples available. The
temperature was controlled by a Peltier system. The suspensions were pre-sheared
at 10 s™! during 30 s to homogenize the sample. The viscosity was measured as
a function of the shear rate 4 (from 10 s™! to 100 s7!). Each measurement has
been replicated twice to four times. After ensuring the Newtonian behaviour of the
samples, viscosity values were taken at 4 = 100 s~! and plotted as a function of the
concentration (Figure 5.2). In agreement with [52], the viscosity of the suspension of
aggregates increased exponentially with the concentration of WPIL.
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Figure 5.3: Schematic of the co-axial flow focusing device used to produce WPI
aggregates fibers by Ca?*-induced gelation. The co-axial needle was connected to a
tube. The tube was immersed in a bath at constant temperature (26°C). The fibers
were collected in a petri dish. The suspension of WPI aggregates was injected via
the inner needle (yellow), whereas the solution of calcium was injected by the outer

needle (blue).

5.2.3 Fiber formation in a co-axial flow focusing device

Fibers of pre-formed WPI aggregates were produced in a microfluidic co-flow device
thanks to a salt-induced cold gelation process.

The co-axial flow focusing device was based on two well-centered co-axial needles
(Ramé-Hart) in which the inner central flow was surrounded by an external flow
coming from the outer needle (Figure 5.3). The inner flow was composed of WPI
aggregates (Nagg, Qagg) While the outer flow was composed of a CaCly solution (1caci,,
Qcacl,- The internal and external diameters of the inner needle were 178 pym and 356
pm, respectively. The internal and external diameters of the outer needle were 584 pm
and 889 um, respectively. Both needle were connected to syringe pumps (neMESY'S,
CETONI). The total flow rate Qotal = Qagg + Qcaci, ranges from 8.33 x107? m?/s to
5%107® m3/s. The outer needle was connected to a Fluorinated ethylene-propylene
flexible tube (Fluigent) of internal diameter d = 754 pm, immersed into a water-bath
with a controlled temperature of 26.5°C. The tube length ranged from 11.3 to 226
cm in order to keep constant the residence time. The fibers were then collected in a
external solution whose whose composition will be presented later.

Fibers were formed under laminar flow conditions and the control parameters were
the total flow rate, Qioa1, the ratio of the outer to the inner flow rates Qcaci,/Qage
which both tune the residence time and the size of the internal jet and consequently
the size of the fiber. The ratio of the outer to the inner flow rates could therefore
modify the aggregation structure by varying the diameter of the inner jet. The global
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residence time tgiona1 is expressed as
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The flow rate of the outer and inner phase being different, the flow velocity of
the two phases was non uniform. In a permanent laminar regime, the flow velocity

field in a cylindrical capillary of length L. and of radius R is defined as a parabolic
velocity profile and is expressed as

(5.1)

AP
4Ly

The following equations are presented to outline how the flow rates ratio influences
the size of the internal jet given that the shaping of the flow is ensured by the laws
of hydrodynamics. For steady state conditions and in-compressible, interialess flow,
the dynamics is governed by the Stokes equations:

Vp=V-o (5.3)

with p the pressure and ¢ the stress tensor. The mass conservation law is ex-

pressed as
V.U =0 (5.4)

In the case of Newtonian fluids flow, the stress is expressed as: o = n??,
with 7 the viscosity of the fluid. The boundary conditions were the following: the
continuity of velocities and stresses at the interface between the two fluids and the
non-slip conditions at the wall. The Poiseuille profile is defined in two parts, with
a discontinuity of slope at the interface due to the difference of viscosity between
the two phases. The pressure gradient is invariant along the transverse axis, with
Rinter face the position of the interface between the two fluids and R the internal radius
of the flexible tube in which in inserted the co-flow syringe, we write the flow velocity
of the inner phase as :

(R* —1?) (5.2)

Vy

AP, 9 AP 9 9
Ue\T) = = Rin erface + Rin erface R 9.5
( ) 4L77agg( terf: ) 4ana012 ( terf: ) ( )
for r between zero and the position of the interface
and the flow velocity of the outer phase as :
AP 9 9
v,(r) = ——(r"—R 5.6
(1) = o0 = ) (56)

for r between the position of the interface and the internal radius of the flexible tube.

Relating the velocity field to the corresponding flow rate with integration of the
velocity field on the respective surface, the inner and outer flow rates are expressed
as :

TAPR? R? R? — R?
Qinner — interface ( interface + 1nterface) ( 57)
4L 277inner TCaCls
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We can now express the diameter of the inner jet and the pressure gradient as a
function of the control parameters Qcaci, and Qag,:
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with o = /1 4 202 Quse 54 5 = D inner - ). being the internal diameter of
Nagg QCa012 Diybe

the flexible tube. The size of the inner jet can therefore be varied according Eq. 5.10
and decreases with increasing flow rate ratio.

QCaClg - (R2 - Ri2n1;erface)2 (58)

(5.9)

5.2.4 Characterization of fibers

Fibers were characterized under optical microscopy. The images were acquired with
an Olympus IX70 microscope and a Hamamatsu ORCAFLASH high sensitivity cam-
era (12 bits) with an Olympus objective 4x or 10x when studying the effect of flow
rate ratio. The light source was a white light LED. Their diameter was measured by
image analysis and evolution of their structure was recorded by image sequence. En
error estimation of 10% of the diameter mean value have be considered.

5.3 Results and discussion

Shaping of gelled fibers under flow relies on two simultaneous key steps: the shaping
by hydrodynamics and gelation through radial diffusion of the calcium ions. The right
hydrodynamics parameters had to be found to induce the shaping of continuous fibers,
as well as the right physico-chemical parameters for the gelation to occur within the
flow residence time. Firstly, we studied the effect of hydrodynamics parameters such
as the total flow rate and the ratio of the outer to the inner flow rates. The residence
time in the tube was fixed in this study.
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Figure 5.4: Effect of the total flow rate Qa1 on fiber formation for a fixed residence
time (tgiobat = 6 8). Fibers were collected in the CaCly solution used for their fab-
rication. [W PI] was fixed at 8% w/w. (a) Molar ratio R,, = 17 and [CaCly] = 68
mM. (b) R, = 335 and [CaCly] = 1.5 M. Fibers were obtained for a range of Qiotal
that is outlined by the red dotted boxes.

5.3.1 Hydrodynamic conditions for the spinning of aggre-
gates

We studied the effect of the total flow rate, Qio1a1, On the formation of fiber within
the flow. Other hydrodynamics parameters, ratio of the outer to the inner flow rates
and flow residence time were kept constant : Qcact,/Qage = 10 and tgiobas = 6 s. The
length of the flexible tube was thus varied from L = 11.3 to 158.4 cm. This approach
allowed us to keep the internal jet size constant and to vary only the average flow
velocity. The study was conducted for two values of molar ratio R,, in order to
evaluate the effect of the molar ratio on the influence of the total flow rate. Molar
ratio were varied for the same suspension of aggregates ([WPI] = 8% w/w) : R,, =
17, [CaCly] = 68 mM and R,, = 335, [CaCly] = 1.5 M. After the flow, the samples
were collected from the flexible tube into a petri dish filled with the CaCl; solution
used to produce the fibers. Total flow rate ranged from 0.83x107® m®/s to 11.7x1078
m?/s.

At low total flow rate (Quorar < 8.33x107? m?/s), discontinuous pieces of gels were
produced for both molar ratios (Figure 5.4). Visual inspection of the flexible tube
showed that these pieces of gels were produced by clogging of the nozzle: large aggre-
gates were formed and stick at the outlet of the co-flow device and came off randomly
with the flow. However, some fibers were still produced between the production of
large sections of gel.

Above a critical value of flow rate (5 or 8.3 x107® m?3/s), pieces of gel were again
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produced instead of continuous fibers. To understand the origin of this mechanism,
we define the Reynolds number as Re = Qoardouter/V, Where doyger is the internal
diameter of the flexible tube and v the kinematic viscosity of the fluid. The flow was
always laminar even at the largest flow rates used in this study (Re <150), which
excluded the destabilization of the inner jet by flow instabilities. Another mechanism
which could explain this breakage was the existence of a zone of extensional flow at
the outlet of the co-axial needle. We could speculate that at large Qorq;, €xtensional
stress was sufficient to break the fiber under gelation. The fiber could not develop
sufficient strength to resist to the stress. Consequently, the fiber could be therefore
broken by the elongational stress imposed by the flow. Moreover, increasing molar
ratio enabled fiber formation at higher total flow rate as the mechanical strength of
the fiber increased with gelation rate, allowing the fiber to hold out the stress.

In the intermediate range of flow rates, fibers of about 300 pym diameter were
formed in less than 10 s (red dotted line boxes in Figure 5.4). The physical principle
of the formation of fiber relied on the radial diffusion of the calcium ions toward the
aggregates confined in the inner jet, which induced their gelation. In fact, aggregates
of 70 nm hydrodynamic diameter did not diffuse out, in contrast with calcium ions,
which diffused out with a rate thousands times faster. The characteristic diffusion
time of calcium ions over the radius of the fibre 7, is given by Zqiftusion = g r3/D with
r¢ the radius of the fiber and D the diffusion coefficient of CaCly (~107" m?/s in
water). taifusion Was of the order of 10 s and was so equivalent to the rer51dence time of
the fiber in the flow. However, this analysis cannot explain by itself that we obtained
stable fibres in less than 10 s, as we have also to consider the kinetics of reaction of
Ca?* with WPI aggregates.

Ca-induced gelation of WPI aggregates is also a thermally activated process [61].
Compared to monovalent ions, such as NaCl, divalent ions have three effects on
protein aggregation / gelation: (1) to shield electrostatic interactions by lowering
the effective charge density and thus decreasing electrostatic repulsion, (2) to form
site-specific inter-molecular salt bridges between negatively charged groups on two
(partially) unfolded protein molecules and (3) to induce conformational change lead-
ing to altered hydrophobic interactions [117]. Rheometrical study of the gelation of
WPI aggregates with CaCly [61] gave us some useful insights on the characteristic
times of the reaction. The time at which appeared the sol-gel transition depended
on the temperature, the concentrations of WPI and CaCly. The elasticity of the gel
increased very steeply close to this time and then slowly on long time scales (several
hours). In the range of concentrations used in our study, the gelation time should be
of the order of 10 - 105 s according to [61] if both solutions were well-mixed. It was
so very surprising to obtain stable fibers in less than 10 s. One scenario to explain
our observations could be the formation of a shell around the fibre that stabilized it
against hydrodynamic forces. Consequently, the inner content of the fibre should be
only partially gelled after 10 s. The question of the storage of the fibre in calcium
solution to prolong the gelation will be analyzed hereafter.

The fiber formation was thus reduced within a range of flow rate. It was worth
to note that the velocity range of fiber formation depended on the molar ratio and
therefore the gelation rate. In the following sections, fibers were formed under a fixed
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total flow rate Qa1 = 3.33x107% m?/s during a residence time ty 0 = 6 s (L =
0.46 m) at a temperature T = 26°C.

5.3.2 Fibres diameter and hydrodynamic parameters

Secondly, we studied the influence of the flow rate ratio on the fiber diameter D.
Fibers were formed for two molar ratio Ry, = 17 (CaCly, = 68 mM) and 641 (CaCly =
2.9 M). Qcacly/Qage ranged from 1 to 100. Fibers were collected in a solution of
CaCly, whose the concentration was the same than the one used to produce the fiber.
The diameter was measured after 20 min of storage of the fibers in this solution.
We compared the diameter of the fibre to the theoretical expression which gives
the diameter of the jet in the co-axial flow focusing device (Eq. 5.10). From this
expression, we expected that the size of the inner jet should decrease with increasing
flow rate ratio Qcaci,/Qage for a fixed value of Q. The diameter of the fibers
formed at the lowest concentration of CaCly (Ry = 17) decreased with the flow
rate ratio, Figure 5.5. The agreement with the hydrodynamic law was excellent (red
dashed line). Continuous and stable fibers were formed at Ry, = 17 with a diameter
which decreased from 300 to 100 pym when Qcact,/Qage increased. This comparison
with hydrodynamic laws suggested that fibers formation and resulting diameter were
governed by the hydrodynamic conditions.

However when Qcaci,/Qage Was larger than 40, continuous and stable fibers were
no longer produced. We can reasonably speculate that the decreased of Qcaci,/Qage
induced an increase of the extensional stress in the hyperbolic contraction after the
needle. Increasing the ratio of flow rate resulted in an increase of the stress applied
on the inner jet and might result in breakage and inability to form gelled fibers. It
suggested that very small fibers could be very difficult to obtain without changing
the geometry of the co-flow device in order to minimize the extensional stress.

However, it was interesting to compare these results with those obtained with a
higher molar ratio Rj;. When increasing R); to 641, continuous stable fibers were
also formed with decreasing diameter while increasing flow rate ratio up to 100,
Fig.5.5. However, experimental fibers diameter values did not follow the theoretical
predictions (black dotted line). Indeed they were smaller than expected. The decrease
of the fiber as a function of the flow rates ratio, was sharper than predicted in the
range of low ratios. Fibre size was not solely governed by hydrodynamics, physico-
chemical factors appeared to be involved, implying in this case a shrinkage of the
fiber.

The influence of the molar ratio and subsequent storage conditions was therefore
investigated to understand their role on the process of fiber fabrication.
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Figure 5.5: Top: Diameter of the fibers as a function of the ratio of the outer
and inner flow rates for two molar ratio Ry, (= 17 and 641). Dotted lines show
the hydrodynamic prediction given by Eq. 5.10. Bottom: Bright field microscopic
images of the fibers for both conditions. [WPI| = 8% w/w, tgoba. = 6 s and
Qtotal = 3.3)(10_8 m3/s)
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Figure 5.6: State diagram of fibres formation as a function of [WPI] and Ry, af-
ter 30 s of their production. Fibres were stored in the calcium solution used for
their production. Blue squares: fibers (image A). Red circles: no fibers / micro-
scopic aggregates (images B and C). Pink stars: conditions of transition where both
aggregates and short fibers were produced. Dotted lines are a guide for the eyes.
Qtotal =33x10"® I’Il3/S, QCaClz/Qagg = 10, tglobal =06 s.
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5.3.3 Effect of calcium ions and WPI on fiber formation and
stability

Physico-chemical factors, such as the molar ratio R,; and concentration of WPI, influ-
enced the gelation rate and thereby the formation of gelled fiber under flow [61]. The
concentration of WPI in the suspension of aggregates was varied by either diluting
or concentrating the suspension of aggregates in order to avoid aggregates structural
characteristics differences with variation of the protein concentration during heating
[4]. Aggregates were first formed at 8% w/w with 10 mM of NaCl, heated during 30
min at 92°C. Three weight fractions were studied: 6.6 % w/w, 8% w/w and 9.2%
w/w. The point at 9.2% was just above the sol-gel transition (Figure 5.1).

Formation

We studied the formation of fibers by varying both concentrations of CaCly; and WPI
for fixed processes conditions, Qiotal = 3.3x107% m?®/s, Qcucty,/Qugg = 10, taiobal =
6 s. After their formation, the fibers were collected and stored into a petri dish
filled with the CaCly solution used for their production. Microscopic images were
taken approximately 30 s after the beginning of the storage step. The results were
summed-up in a phase diagram.

When the molar ratio was below a critical value, formation of fibers was not
possible (Fig. 5.6). Interestingly, the minimum molar ratio required to induce fibre
formation increased as [WPI| decreased. Shaping and gelation of self supporting
fibers depended on both molar ratio and WPI weight ratio. The closer the WPI
concentration was to the sol-gel transition. the less CaCly; was required to form the
fibers. At low weight ratio of WPI ([WPI] = 6.6 % w/w), the stability of the fibers
showed a more complex feature: fibers were not obtained for both low R,; values
and intermediate Ry, values (100 - 700).

Stability

For each molar ratio, fibers were collected and stored in the same CaCl, solution
used to produce the fibers. As we expected that the inner of the fibre was not gelled,
we. collected them in CaCl; in order to pursue the gelation process. However, we
observed that the size of the fibres could evolve with time according to the conditions
and even disappear. The phase diagram of Figure 5.7 sum-up the states of the fibres
after 20 min of storage in the CaCly solution. Three states were distinguished: (I) the
fibers were stable, (II) the fibers swelled, (III) the fibers shrank. Image analysis was
not performed beyond 20 min of storage, but we verified that stable gelled fibres did
not become unstable over longer storage times. Surprisingly, the transition between
these three regimes was non monotonic. For a fixed value of [WW PI], at low R, fibers
swelled up to stabilize. For intermediate values of R, fibers swelled up to disappear
or locally break. At high value of R), fibers shrank. Figure 5.8 shows the evolution
of the diameter as a function of R, after 20 min of incubation in the CaCl; solution.
With increasing CaCl, concentration, fibers size increased. Then, there was a large
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Figure 5.7: State diagram of fibres formation as a function of [W PI] and Ry, after 20
min of storage in the calcium solution used for their fabrication. Blue squares: fibers.
Red circles: no fibers and/or microscopic aggregates. Pink stars: transition. Three
regimes of fiber evolution were identified and are illustrated by the corresponding
images. I: fibers that swelled up to stabilize. II: fibers that swelled up to break-up.
I1I: fibers that shrank. Qiotal = 3.3 x 107° m®/s, Qcact,/Qage = 10, tglobal = 6 .

range of intermediate values of Rj; for which the fibers swelled up to disappear. At
large values of Ry, the diameter of the fibers decreased.

The evolution of the fibers during the storage step was further investigated for
the three regimes. First we studied the time evolution of the diameter of the fiber
for [WPI] of 9.2% w/w (Fig.5.9) in the regime I for which fibers were stable. A
measurement error of 10% can be reasonably assumed for the fiber size estimation.
Fibers formed at the lowest R); and CaCl, concentration of storage exhibited a
smaller size and did not evolve during the storage. When increasing the concentration
of CaCl,, fibers swelled progressively as their diameter increased up to stabilize after
600 s. Considering the uncertainty on the measurement of the diameter, it was
difficult to assess if there was significant changes in fiber diameter at 30 s.

In the second regime (II), fibers were not stable over time. We observed two
conditions of destruction: fibers kept swelling up to disappear or the boundaries
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Figure 5.8: Evolution of the diameter of the fibers formed and stored in a CaCl,
solution as a function of the molar ratio R,; after 20 min of storage in the calcium
solution used for their fabrication. The three regimes are identified by I, II and
III. In the regime II, the fibers swelled up to break-up. Qiota = 3.3 X 1078 m? /s,
QCaClg/Qagg - 10; tglobal =6 s.
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Figure 5.9: Swelling of fibers during the storage step in C'aCly solution formed at
low molar ratio Ry, (Regime I) with [WPI] = 9.2% w/w. The kinetics of swelling
depended on R,; and stabilized in regime I. Error bars represent a measurement error
of 10% of the mean value. Qa1 = 3.3 x 107® m?/s, Qcact,/Qage = 10, tgiobar = 6 s.

cracked at some spots. Figure 5.10 shows two examples of these behaviours: (a) Ry
= 47 for [WPI| = 8% w/w, (b) Ry = 41 for [WPI| = 9.2% w/w). Fibers were
both collected in the same CaCl; storage concentration than the one used for their
production. For condition (a) fibers swelled and boundaries remained, eventually
keeping the appearance of a footprint. For condition (b) the gelled membrane of the
fibers burst in several locations (red arrows), in less than 10 min. It confirmed that
the fibre was not gelled over its whole radius and that a shell was formed during
the flow. This breakage was counter-intuitive as we could expect further gelation of
the initiated core-shell structure with increasing consolidation, considering the very
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Figure 5.10: Kinetics of swelling and breakage of the fiber at intermediate molar ratio
Ry (regime IT) during the storage step in C'aCly solutions. a: [WPI] = 8% w/w and
Ry = 47. The fibers swelled up to disappear. b: [WPI] = 9.2% w/w and Ry, = 41.
The shell of the fiber broke-up locally, as shown by red arrows. Qora = 3.3 x 1078

m3/S, QCaClg/Qagg - 10) tglobal =0 s.

short flow residence time.

The regime III, at high molar ratio R,;, was characterized by the formation of
stable and continuous fibers of few cm length of radius smaller that the one predicted
by the hydrodynamic equations, D = 165 pm for Qcact,/Qage = 10 (Figure 5.5). The
shrinkage mechanism took place presumably during flow (6 s) and/or the time lag
between their production and the images recording (30 s) as no evolution of their
size was recorded during storage.

To sum-up these observations, the formation of fibers in flow depended as well
on the hydrodynamic conditions as the physico-chemical conditions. The closer the
conditions were to the sol-gel transition, the easier was the production of fibres.
However, their stability depended also on the concentration of CaCly used during
their formation and the storage step in a non monotonic way. The fibers i) swells
up to stabilize at low calcium concentration, ii) swells up to break for intermediate
concentration, iii) shrinks at high concentration (Figure 5.9). These observations
and the characteristic times of gelation [61] suggested strongly that the fibre had a
core-shell structure, which was magnified by the observation of the break-up of the
shells for given parameters. The alternation of these states with increasing calcium
concentration for a given protein concentration suggested complex balance between
different mechanisms. At this stage, we could only speculate about different sce-
narios. Shrinkage of fibers at high R,; values could result from the difference of
chemical potentials between the liquid core of the fibre and the solution of CaCl,
which induced a flux of water, from the core of the fibre to the high concentrated
solution of calcium. However, in analogy to water exchanges in U tube containing
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a semi-permeable membrane, such osmotic flux should imply that the shell of the
fibre should have the role of a semi-permeable membrane to calcium ions. How-
ever, this mechanism could not explain the swelling of the fibers at lower calcium
concentration: the swelling should increase when the concentration of calcium de-
creased. Conversely, we observed a maximum of swelling at intermediate values of
calcium concentration. So the balance between the chemicals potentials of the cal-
cium solution and the non-gelled suspension of aggregates cannot explain by itself
our observations.

Alternatively, we could invoke a modification attractive to repulsive forces be-
tween aggregated within the fiber, leading to the diffusion of aggregates. In fact, the
time (~ 100 s) and length (~ 10 pm) scales over which the fibers swelled is coherent
with a diffusive mechanism of the aggregates (~1072 m?/s, v/10712 x 100 = 10 pym).
During the gelation process several types of covalent and non-covalent bonds are
involved within the aggregates: electrostatic interactions, Van der Waals forces, hy-
drogen bonds, hydrophobic interactions, overlapping interactions, disulphide bonds.
The formation and the stabilisation of these bonds rely on different mechanisms and
physico-chemical conditions. Considering the very short gelation time under flow,
we expected that the inner aggregate suspension was not fully gelled. Moreover, by
increasing the concentration of calcium during the flow and in the storage step, we
expected an increase of the gelation rate and so a better stability of the fiber.

5.3.4 Effect of salts and pH on fiber stability during storage

We varied the conditions of the storage step to gain a deeper insight into the swelling
and dissolution mechanism. We varied the concentration, the type of salts and the
pH of the storage solution. To neglect the remaining free calcium and chlorure
ions from the flow, a few drops of the flowing solution containing the fibers were
collected in a large volume of storage solution (50 mL). We considered that the fibers
were manipulable when we were able to pick them from the storage solution with
a micropipette tip. This test allowed us to qualitatively evaluate the mechanical
properties of the fibers.

Effect of CaCl, concentration

We varied the concentration of CaCly independently of the molar ratio used to form
the fibers. It also permitted us to dissociate the flow to the storage step effect on the
fiber structure. As the molar ratio during the flow step influenced the gelation rate
and bonds strength, we studied the effect of the CaCl, storage concentration for two
conditions under flow: R, = 17 and 535 for [WPI] = 8% w/w.

We observed that the fibers size remained constant within the storage when fibers
were stored in 0.03 M CaCly with D = 187+7 um for Ry, = 47 and D = 26449 pm for
Ry = 535 (Figure 5.11). A qualitative decrease of the pixels intensity was observed,
hypothetically linked to a structuring of the fiber within the observation time.

When the CaCl, storage concentration increased ([CaCly] = 0.2 and 0.72 M), we
observed for both flow molar ratio swelling, and fibers dissolution only for R, =
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Figure 5.11: Effect of increasing CaCl, storage concentration on stability of the fiber
structure during the storage step. a: Ry = 47, [WPI| = 8% w/w and [CaCly] =
0.2 M. b: Ry = 535, [WPI] = 8% w/w and [CaCly] = 2.4 M. Plain boxes indi-
cate conditions for which fibers could be manipulated using a micropipette. Dotted
boxes indicate conditions for which fibers swelled, dissolved or were not manipulable.

Qtotal = 3.3 X 10_8 m3/87 QCaClz/Qagg = 107 tglobal =6 s.
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47 as described in the previous section. The CaCl, storage solution was therefore
driving the destabilization mechanism. Even when fibers were formed at high molar
ratio during the flow, the subsequent storage step destabilized their structure for
intermediate ranges of CaCly concentration. However, the gelation rate and resulting
fiber structure after flow seemed to affect the dissolution rate and/or mechanism
in the storage step: fibers produced at Rj; = 47 and stored in of 0.72 M CaCls
solution swelled up to dissolution, whereas fibers produced R;; = 535 swelled up to
stabilize for the same CaCl, solution. Finally, when the CaCl, storage concentration
was further increased, shrinkage of the fiber was observed for both flow molar ratio
(Ry = 47 D = 14546 pm and Ry, = 535 D = 14848 pum). We concluded that
calcium ions had different distinct roles which could be uncoupled. The first one
was related to the formation of the fiber under the flow as it permitted to pass the
sol-gel transition (Figure 5.6). The second one led to the shrinkage of the fiber. This
phenomena could be simply explained by osmotic phenomena. The third one was
the most surprising and was related to the swelling of the fibers. At this stage, only
speculative explications based on the interaction mechanisms of calcium ions towards
negatively charged surfaces could be put forward. The dissolution mechanism could
be seen as the result of increased repulsive interactions between negatively charged
surfaces of the aggregates. Ome should take into account the first reaction that
occurred under flow between calcium ions and aggregates. Instead of an increase in
attractive interactions, the opposite phenomenon occurred, under the assumption of
electrostatic interactions. A charge inversion could therefore have occurred during
subsequent storage step in intermediate CaCl, concentrations.

Storage in demineralized water

The fibers were stored in a demineralized water solution (o = 0.5-0.9 uS/cm, pH=5.5-
6.5, Figure 5.12). Fibers formed under flow at three selected molar ratios Ry, = 47,
535, 641, were subsequently stored in demineralized water solution and studied over
time. We observed swelling and breakage of the fibers. However, at 20 min of storage
the fiber structure was different depending on the physico-chemical flow conditions.
Fibers formed at the lowest molar ratio under flow exhibited swelling up to stabilize,
whereas when increasing R); fibers exhibited first swelling and rupture, then only
rupture. In these two last cases (Ry = 535 and 641), aggregates were identified at
the outside of the fiber, meaning that these aggregates have been released from the
fiber due to the break-up of its shell. These observations were coherent with simple
osmotic phenomena based on the difference of chemical potentials between the inner
of the fiber and the outer solution which increased when R, increased.

Effect of NaCl concentration

In order to understand if the role of the calcium was or not specific to this kind
of divalent salt, we used NaCl solution to store the fibers. Note that NaCl is also
involved in cold-set gelation of WPI aggregates, but the gelation kinetics is slower.
Then, we changed the kind of salt by using a monovalent salt NaCl, we did not
observe significant swelling from 5 mM to 0.3 M NaCl. At 1 M NaCl, fibers swelled
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Figure 5.12: Swelling and rupture of fibers during their storage in demineralized
water storage solution (¢ = 0.5-0.9 puS/cm, pH=5.5-6.5). Fibers were formed for
three selected molar ratios. (a) Ry = 47, (b) Ry = 535 and (¢) Ry = 640. After 20
min of storage, the fibers swelled and aggregates were visible in the water closed to
the fibers. Plain boxes indicate conditions for which fibers could be manipulated with
a micropipette. Dotted boxes indicate conditions for which fibers swelled, dissolved
or were not manipulable. Scales bars : 300 ym [WPI] = 8% w/w, Qiotal = 3.3 x 1078

m?/s, Qcacty/Qage = 10, tgiobal = 6 .
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Figure 5.13: Stability of the fibers in NaCl solutions. Green dotted boxes indicate
conditions for which fibers could be manipulated with a micropipette. Plain boxes
indicate conditions for which fibers were manipulable. Dotted boxes indicate condi-
tions for which fibers swelled, dissolved or were not manipulable. [WPI| = 8% w/w,
RM = 5357 Qtotal =3.3 % 10_8 m3/87 QCaClz/Qagg = ]-07 tglobal =6 s.
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Figure 5.14: Stability of the fibers under acidic, neutral and alkalin storage solution.
Fibers swelled up to stabilize at pH = 7.2, broke at pH = 4.1 and swelled up to break-
up at pH = 9. Aggregates were also visible in the water near the fibers for pH 4.1 and
9 after 20 min of storage. Plain boxes indicate conditions for which fibers could be
manipulated with a micropipette. Dotted boxes indicate conditions for which fibers
swelled, dissolved or were not manipulable. Scale bars: 300 ym. [WPI] = 8% w/w,

RM - 5357 Qtotal =3.3 % 10_8 IIl3/S, QCaClg/Qagg = 107 tglobal =6s.

and were not manipulable (i.e. takeable from the storage solution with a micropipette
tipe), as for intermediate concentrations of CaCly (Figure 5.11). This result was not
due to the difference of osmotic pressure between the core of the fibre and the NaCl
solution, because in this case the fibers should swell when the concentration of NaCl
decrease.

Effect of pH

Fibers formed at Ry, = 535 with [WPI| = 8% w/w were stored in different storage
solutions with pH set at 4.1, 7.2 and 9.4 (Figure 5.14). Note that pH 4.1 was below
the isolectric point of WPI (5.2). In acidic conditions, no significant swelling was
observed but fiber breakage occurred as aggregates were found in the water near the
fibers. At neutral pH, we observed a swelling of 30% after 20 min of storage in pH
7.2. At pH 9.4, fibers swelled to up to break up and some aggregates were released
in the solution.

Again, these observations could not be explained by osmotic phenomena, as the
swelling should be maximum at neutral pH. Conversely, the swelling was maximum at
acidic and basic pH. All of these results suggested strongly that swelling and shrinking
of fibers was not controlled solely by osmotic pressure difference between the core of
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the fiber and the supernatant. However, these results were reminiscent of pH-sensitive
hydrogels swelling behavior. Gunasekaran et al. (2006) [45] showed that whey protein
concentrate hydrogels exhibited a pH-sensitive swelling behavior, as ionic hydrogels,
the swelling being quicker at alkalin pH. Park et al. [92] studied the swelling ratio
of gel made from an albumin solution. They found that the swelling ratio increased
with increasing the pH of the external medium toward alkaline conditions. They
showed that the pH sensitive swelling characteristics of the gels could be shifted
by varying the pH of albumin solutions. Gels prepared at pH = 11.1 exhibited
higher swelling rate with increasing pH medium values. They linked this behavior
with the higher number of ionized carboxyl groups remaining in the gel under this
pH condition. With increasing the pH above the isoelectric point of the proteins,
the net negative charge of the proteins is increased due to deprotonation of acidic
amino acid residues (aspartic acid: pK, = 3.86, glutamic acid: pK, = 4.25, cysteine:
pK, = 8.33, tyrosine: pK, = 10.07) [16]. In alakilin conditions, proteins would be
thereby negatively highly charged and repulsive forces would increased between the
aggregates within the fiber. Increasing deprotonation of carboxylic groups may also
result in an increase of site specific calcium binding. In acidic conditions, the net
positive charge density increased with protonation of alkaline amino acid residues
(histidine: pK, = 6.0, lysine: pK, = 10.53, arginine: pK, = 12.48), [16]. Breakage
of the membrane was also observed without a similar swelling behavior as observed
in alkalin conditions. As the distribution of the functional ionisable groups is not
symmetrical on both sides of the protein isoelectric point, exact same behavior was
not expected to occur [112]. This result was found to be consistent with the pH-
dependent swelling behaviour of hydrogels which show a higher swelling ratio in
the alkaline than in the acidic range [16]. For Betz et al. (2012) "this is due to
the polyampholytic character of the whey protein hydrogels whose swelling ratio is
higher as the charge density of the network is increased”. Betz et al. (2012) studied
the effect of physico-chemical alterations during protein gelation on pH-dependent
swelling behaviour of whey protein hydrogels. They highlighted that ”the pH during
gelation has a strong impact not only on the resulting network structure like density
and nature of cross-links but also on the pH-dependent hydrogel charge”.

To sum-up, as the protein charge density is pH-dependent, swelling and breakage
could be induced by increased surface charge density. We have seen that storage
under intermediate concentration of CaCly (0.2 M < [CaCly] < 1 M) led to swelling
and breakage of the fiber which was striking. The pH of the CaCl, solutions that
induced swelling and breakage during storage was measured and varied between 6.2
and 5.9. Variations in the pH of CaCl, storage solutions was therefore not involved.
Alternatively, swelling could be explained by the mechanism introduced by Phan-
Xuan et al. [97] in which a self-stabilization effect could appear due to spontaneous
increase of the pH during aggregate formation that should lead to an increase of their
surface charge density. As calcium ions bind to specific sites of the protein, a decrease
of the pH was recorded due to the release of protons to the solution by Kharlamova
et al. [61, 62], but without significant change of the degree of protonation of the
proteins. In our range of CaCly concentration were swelling was observed (0.2 M
< [CaCl,y] < 1 M), considering than an aggregate binds 3 Ca?' all Ca®" binding
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sites were supposed saturated and excess of CaCl, induced excessive screening by
decrease of the effective charge density according to Kharlamova et al. (2018)([61]).
When fibers were collected in low CaCly concentration, calcium ions were not in
sufficient proportion to induce high repulsive forces among the aggregates. To test
this last hypothesis, we stored the fibers in EDTA solution (pH 8., 0.5 M EDTA), a
calcium chelatant, for Ry, ranging from 17 to 160 and 8% w/w WPI. We observed
that fibers were stable without swelling, which could be explained by increasing site
specific calcium binding while the excess of calcium ions formed neutral complexes
with EDTA. From our understanding, we propose that the Ca?*-dependent swelling
behaviour of the fibers is likely to be induced by variation of aggregates charge density
leading to increased repulsive interactions. The mechanisms involving the Ca*" and
the variation of the charge density in an intermediate range remained speculative.

5.4 Conclusion

A new structuring process to form fibers from WPI fractal aggregates by a com-
bination of micro-flows and Ca?*-induced gelation was developed. The diffusion -
gelation time of calcium ions towards the jet aggregates being of the same order of
the residence time of the fiber in the flow, fibers had a core-shell structure. The shell
was composed of gelled aggregates, whereas the core was composed of aggregates.
This core-shell structure was illustrated by the rupture of the shell and the release of
the inner aggregates under specific chemical conditions (pH, salts), opening the ways
to use these fibers not only as texture agents but also as responsive materials for
drug delivery. Moreover, the size of the fibre was not solely set by the hydrodynamic
parameters. The fibers shrank under high concentration of calcium, due to osmotic
water flux from the core of the fibre to the highly concentrated salt solution. The
core-shell structure was also partly the result of the concentration of aggregates in
the shell. Finally, the stability of these fibers under different chemical conditions re-
sulted of a complex interplay between different phenomena which have to be further
investigated: gelation kinetics, variation of the effective charge density and osmotic
stresses.

e Core-shell fibers of about 100 um diameter and few centimeters length
based on WPI aggregates by Ca’*-induced gelation were produced in
a co-axial flow focusing device.

e The diameter of the fiber was controlled as well by the hydrodynamic
as by the calcium concentration.

e The fibers were responsive to chemical stimuli (salts, pH): they could
shrink or release their content by swelling, bursting or dissolution.
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6.1 Introduction

Strong evidences showed that fibers produced by a combination of hydrodynamic
spinning and salt-induced gelation of concentrated suspension of WPI aggregates
had a core-shell structure. Moreover, non-monotonous swelling and shrinking could
lead to the stabilization or the bursting of the fibers. To shed light on the un-
derlying phenomena, we studied in this chapter the gelation of suspension of WPI
aggregates by diffusion of calcium ions in a simplified geometry. In this chapter we
used a bi-dimensional geometry to visualize and gain further insights on the gelation
mechanism occurring during the fiber formation under flow. The gelation of WPI
aggregates resulted from the diffusion of the calcium ions towards the aggregates and
subsequent reaction leading to the formation of a gel network. The gelation was fur-
ther described in terms of a diffusion reaction mechanism. We varied the molar ratio
between calcium ions and WPI aggregates and studied the evolution of a diffusion
reaction front. Results reported in this chapter are presented as an opening.

6.2 Materials and methods

6.2.1 Materials
WPI aggregates

WPI aggregates were prepared as described in Chapter 5. In this study both labelled
and unlabelled aggregates were used, both prepared at 8% w/w with 10 mM of NaCl
at neutral pH and heated during 30 min at 92°C. 10 pm diameter fluorescent particles
made of polystyrene (Thermo Scientific Fluoro-Max Dyed Green Aqueous Fluorescent
Particles) were added to the suspension of unlabelled aggregates to quantify the
velocity gradient during the diffusion reaction. The labelled native proteins were
prepared as described in Chapter 3. Prior to aggregation, a 8% w/w WPI solution was
prepared with 5% of labelled native proteins and 95% of unlabelled native proteins,
with 10 mM of NaCl and the pH was adjusted to 7.

Preparation of calcium ions solutions

CaCl, solutions were prepared as described in Chapter 5. CaCl; concentrations varied
from 4 M to 207 mM and Rj; varied from 882 to 47.

6.2.2 Experimental device

Two experimental devices were used. First, we set up a chamber in which we brought
the aggregates and the calcium ions into contact (Figure 6.1). This chamber was
made by adhering a gene frame to a glass slide. A second glass slide was placed
perpendicular to the first one, leaving one extremity of the gene frame open to fill
the chamber with the aggregates suspension. The thickness of the chamber, equal
to the thickness of the gene frame, was 250 pm. The aggregates suspension was
injected slowly into the chamber (B) to prevent bubble entrapment, until it reached
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the other extremity (A). A few drops were deposited at the entrance B so to form a
reservoir of aggregates. The extremity A was left open to deposit a drop of CaCls,
so to bring into contact calcium ions with aggregates. This step was critical, as the
manner of depositing the drop could either result in a homogeneous plane front or a
tree structure. Image recording was started before the CaCly drop deposit. In this
configuration we could not change the thickness of the chamber, as the thickness of
the gene frame was fixed. The greater the height of the chamber, the greater the
error in determining the position of the front especially at short times.

To overcome these problems, we used a glass capillary with a thickness of 100
pm. We used this geometry for the time evolution of the diffusion-reaction front
with labelled aggregates. The capillary was filled by capillarity with the aggregate
suspension. It was deposited on a glass slide. Then a drop of CaCl, was deposited
at the entrance. The manner of depositing the drop was critical in this configuration
as well.
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(b)

Figure 6.1: Bi-dimensional geometries used to bring into contact calcium ions with
WPI aggregates. (a) : The chamber was first filled with the suspension of aggregates
from the right, to reach the extremity of the perpendicular glass slide. Then a drop
of CaCly was deposited at the left, constituting an open reservoir of calcium. (b)
. A glass capillary was filled by capillarity with the aggregate suspension. It was
deposited on a glass slide. Then a drop of CaCly was deposited at the entrance
resulting in the formation of either a plane front or a tree structure. Evolution of the
plane front was recorded over time.
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6.2.3 Images recording

Image recording was carried out using a Hamamatsu ORCAFLASH high sensitivity
camera (12 bits) and an Olympus IX 73 microscope. When labelled aggregates were
used, a shutter was used to capture the image for the duration of the exposure time
(100 ms). Image recording was started before the deposit of the CaCly droplet and
the frame rate was varied.

6.2.4 Image analysis

The analysis of the images was based on a difference in the grey level intensity of
the pixels during the diffusion reaction of calcium ions in the aggregate suspension
(Figure 6.2). Each image of the sequence was normalized by the first image before the
addition of the CaCl, droplet. A time-space image was generated with the time on
the y-axis and the distance on the x-axis. Each image of the sequence corresponded
to a time and was converted into a time value depending on the fps value used.
In each image we averaged a dozen of lines. Each horizontal line (y-axis) of the
time-space image corresponded therefore to the average value of a dozen of lines of
the corresponding image (Figure 6.3 ). The position of the front was defined as the
intensity transition zone and was determined manually, with an uncertainty of about
10pm. The estimation of the front position was therefore rather accurate but caution
should be taken for the early times of the diffusion reaction process.

Let us mention that definition of the position of the front as the intensity transi-
tion zone is purely pragmatic and the physical reason leading to a sudden change in
the light intensity remains unclear.

Labelled aggregates were also used without fluorescent particles. All the images
were normalized by an image without CaCl,. The intensity of the aggregates in the
initial state was therefore equal to 1. We therefore followed, as a function of time and
space parameters, the evolution of the normalized intensity, related to the aggregate
concentration.
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Figure 6.2: Difference in the grayscale intensity of the pixels during the diffusion
reaction of calcium ions in the aggregate suspension. The position of the intensity
transition is determined at each time. This image corresponds to Time = 900 s of
the image sequence. [WPI| = 8% w/w, Ry = 47, [CaCly] = 207 mM.
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Figure 6.3: Spatio-temporal image of the grayscale intensity, after normalization by
the initial image and averaging along the transverse direction. From this spatio-
temporal image, we determine by hand the location of the head of the front as the
first point where the intensity suddenly changed (red dashed line). In this example,
[WPI] = 8% w/w, Ry = 882, [CaCly] = 4 M.

6.2.5 Modelling of the front advancement

We modelled the advancement of the front of gel thanks to the reaction-diffusion
equations. We note C' the concentration of Ca?t and P the concentration of WPI.
For a second order reaction between Ca?t and WPI aggregates

P+ nCa®™ — @ (6.1)

where G is the gel, k the constant of reaction and n the stoichiometry of the reaction,
the rate of reaction v is given by

oP 10C 0G
V== Taa = e = e (6.2)

Coupling this equation with the diffusion equations in one dimension for both species
leads to a set of coupled differential equations

oC >*C
5 —|— DC&2+W = —nk;C'P (63)
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oP | PP
E ]
where D,z and Dg,2+ are the diffusion coefficients of the aggregates and Ca®* re-
spectively. To simplify this set of equations, we assumed that Dg,2+ >> D,g, and

that the calcium was in large excess compared to the proteins

— _kCP (6.4)

oC e
E + DCa%Lw =0 (65)
%P = —kCP (6.6)

The initial conditions are C'(z = 0,t = 0) = Cy and C(z > 0,t = 0) = Fy. For the
boundary conditions, we assumed that the concentration of calcium ions is fixed at
x=0,C(x=0,t>0) = Cj and the concentration of protein is constant far from the
front C'(z — +o00,t > 0) = . This set of equations was solved by the Matlab solver
for initial-boundary value problems for parabolic-elliptic equations (Mathworks). As
a preliminary step, we checked that the simplification of the set of equations was
correct by comparing the kinetics of front advancement obtained with the full set of
equations in the limit of Cy >> Fy and D¢ 2+ >> D,y with the results simplified
set of equations.

6.3 Results and discussion

6.3.1 Evolution of the diffusion reaction front

The evolution of the front was measured for three selected molar ratios between
CaCly and WPI: 47, 111 and 640 (Figure 6.4). The detection of the front before
10 seconds was difficult due to the limits of imaging resolution at short time scales
and the front determination method. Moreover, we have to be cautious about the
interpretation of this change of light intensity that we interpreted as a signature of
the sol-gel transition. Other interpretations could be possible. As expected, the
kinetics of front propagation was quicker when R,; increased. At long times scales,
we found a power law with an exponent 0.5, characteristic of diffusion law. At short
time scales, the front increased abruptly, which was a signature of a kinetics limited
by the reaction.

Then, we fitted the reaction-diffusion equations in the limit of negligible diffusion
of aggregates and calcium ions in excess compared to the protein. There was so only
two fitting parameters k and D2+ which were fixed to the same values for the three
experiments. Moreover, we had to define arbitrarily the position of the front z; as
the location where P(x = x¢,t) = Py/a with a being a constant. Note that the fitted
value of k was strongly dependent on the value of o, but D2+ was independent of
this choice. By default, we fixed a to 2. For large time scales, in the regime where the
front advancement was limited by diffusion, the threes sets of experiments were well-
fitted by the model. The apparent diffusion coefficient of Ca** was 0.7x107m?/s.
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Figure 6.4: Evolution of the front of the gel as a function of the time for three molar
ratios Rys. Dashed lines are the best fit of the model for D2+ = 0.7x107%m? /s,
k= 0.5 x1073 L/g/s for each Ry;.

This value was lower than the diffusion coefficient of Ca?" in water at 25° which is
1.16x107°m?/s [91]. Oztop et al. [91] measured also the transport of Ca*" in WPI
gels by magnetic resonance imaging and nuclear magnetic resonance relaxometry.
They obtained an apparent diffusion coefficient of 0.9x107'%m? /s by fitting a Fickian
law on their experimental data. This value is almost one order of magnitude lower
than the value that we measured by fitting the reaction-diffusion model to our data.
At low time scale, in the regime where the front advancement was limited by the
reaction, the fit was good for the lowest molar ratios. For larger molar ratio, the
model was coherent with the experimental data as the measurement uncertainties
were large in this regime. To sum-up, the front propagation of the gel was coherent
with a simple diffusion-reaction model for molar ratio ranging from 47 to 640 with
constant values of & and D 2+ for the three cases.

Despite this rather good agreement with a simple diffusion-reaction mechanism,
let us mention that we believe that this model remains oversimplified for many rea-
sons. First, the gelation cannot be described as a simple reaction, as it has been
shown that the mechanical properties of such a gel increases over time during several
decades [61]. Second, the concentration range studied is far from dilute conditions,
and the calcium diffusion coefficient might be concentration dependent. Third, at
high calcium concentration, we will see in the following section that an advective
term should be added, since there exists a mean flow in the cell.

These results can also be discussed in regards to formation of fibres. Even if the
nature of the intensity transition was subject to interpretation, these results shed light
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on the kinetics of fiber formation under flow. Let us recall that the hydrodynamic
spinning of the protein aggregates reported in the previous chapter took place in a
few seconds, and that the fibers are then consolidated in a storage reservoir. The
diameter of the fibers is of the order of 100 yum. According to Figure 6.4, for these
space and time window, the fiber formation was generally speaking in the transition
zone between reaction limited and diffusion limited regimes. More precisely, for
the lowest calcium chloride concentrations tested, fiber formation mostly occurred
in the reaction limited regime. Gelation was therefore delayed and an important
consequence is that it should be homogeneous inside the fiber. On the contrary,
for the highest calcium chloride concentration, reaction was fast and gelation was
limited by diffusion. These orders of magnitude are consistent with the picture of
the formation of core-shell fibers at high calcium concentration, in which aggregates
were not fully gelled in the core of the fibre.

6.3.2 Evidence of a mean flow at high CaCl, concentration

By adding 10 pum diameter fluorescent particles to the suspension of unlabelled aggre-
gates, we realized that for high calcium concentration, a net flow could be observed
in the cell, directed towards the calcium reservoir. It is qualitatively evidenced in
Figure 6.5. The displacement of the tracers were non uniform, due to the fact they
are probably located at different heights in the cell. However, there were no signifi-
cant gradient of this displacement, except inside the gelled part close to the calcium
reservoir, where it was significantly smaller.

In order to characterize quantitatively this flow as function of space and time,
tracer position were tracked and their displacement averaged in time and space win-
dows that are typically a tens of images and about twenty micrometers in the direction
of the front displacement. Despite averaging in the transverse direction, the number
of particles used remained too small to obtain a good averaging. Thus, fluctuations
coming from the heterogeneous height of the tracer particles could not be avoided in
some cases. This point should deserve special attention in future work.

The results are displayed in Figure 6.6 for the highest calcium concentration tested
and in Figure 6.7 for two lower ones. Let us first discuss the highest concentration
case (Ry = 882). The velocity measured was of the order of 1 um/s, and it was
uniform in the liquid phase, located at the right of the diffusion-reaction front. In the
gelled phased, a velocity gradient could be seen, as the velocity tended to zero close
to the calcium reservoir. The velocity slowly decreased as time increased. For this
experimental condition, the velocity data were precise enough to estimate a strain
rate, ¢ = 0,v,, and to integrate it with respect to time to compute a total deformation
€. The latter is displayed Figure 6.6. Putting aside fluctuations, the deformation was
about zero right to the front, but reached rather important values in a layer of about
one millimeter close to the calcium reservoir. In this layer, € was about -0.5 after
a few hundreds of seconds, meaning that this part of the gel had been squeezed by
about 50 %.

At a smaller concentration (R, = 160), the velocity field was more noisy but a
non-zero velocity was still measurable. It was about 0.1 pum/s, as could be seen in
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Figure 6.5: Tracer trajectories, obtained by image superposition (each pixel is the
maximum intensity in the previous images), at t = 15s, t = 35s, t = 90s. The CaCl,
reservoir is on the left.

Figure 6.7. We did not try to estimate a deformation as in the previous case, due
to the poor quality of the data. When lowering the calcium concentration further
(Ryr = 16), tracer displacements were very small and their trajectories random-like.
We could estimate that the mean velocity was below 10 nm/s.

Therefore the net flow reported in this section was very strongly dependant on the
calcium concentration, as it increased from almost zero at Ry, = 16 to 0.1 pm/s at
Ry =160 and to 1 um/s at Ry, = 882. It should be noticed that, due to their big size
(10pum), the tracer particles were trapped in the gel. Thus, the velocity characterized
in this section corresponds to the suspension velocity in the liquid like phase, where
no difference between water and protein velocity is expected, but corresponds only
to the aggregate velocity is the gelled phase. To ensure volume conservation, a flow
of water must occur through the gel, in the direction of the calcium reservoir.

Since it is strongly dependant on calcium concentration, it is tempting to interpret
the existence of this flow as a consequence of the huge osmotic pressure difference
which exists between the calcium reservoir and the cell. Let us highlight that given
the concentration range investigated ([CaCly] = 4M at Ry = 882), we are far from
dilute conditions, and the phenomenon needs to be described in the framework of
multi-components mixtures. Calcium chloride and water mutually diffuse into one
another. However, the presence of the protein aggregates and of the gel, one would
only expect only a diffusion flux, without any mean flow. One possible interpretation
of the flow characterized above is to hypothesize that the gel acts as a (partly) semi-
permeable membrane. In the extreme case where the gel would be impermeable to
calcium or chloride ions, one would indeed expect a flow of water towards the CaCl,
reservoir, exactly as in a u-tube osmotic pressure experiment. In this case indeed,
water flows towards the reservoir containing salt. Given the very high ion concentra-
tions investigated, we postulate that even a very small ion-selective properties of the
gel would be required to induce the rather low water flux evidenced experimentally.

Although the above interpretation should deserve additional work, it is worth
discussing the consequences of the flux of water towards the calcium chloride reservoir.
This advection should carry protein aggregate towards the gelled phase, and as a
result, the local concentration of protein should increase. Using the velocity gradient
measured in the gel, we already reported in Figure 6.6 that the gel is significantly
compressed, up to 50% at [CaCly|=4M.

In order to assess this phenomenon, we used labelled WPI aggregates to follow
the evolution of the aggregate concentration during the diffusion reaction. By nor-
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Figure 6.6: Left: spatio-temporal map of the velocity field v, in the cell, for Ry, =
882. The CaCl, reservoir is on the left, at x = 0. The velocity field is deduced from
individual tracer trajectories, averaged in the transverse direction. The dashed line
represents the front evolution, deduced from the grayscale intensity images. Right:
from the velocity the total deformation € is computed as € = fot 03Uy
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Figure 6.7: Spatio temporal plot of the velocity field in the cell, for Ry, = 160 (Left),
and Ry, = 16 (Right). The dashed line represent the front displacement, obtained
from the grayscale images.
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malizing the images by the first image of the sequence, the evolution of the aggregate
concentration was studied comparatively to the beginning of the diffusion reaction ex-
periment. The molar ratio studied in the case of labelled aggregates was equal to 641
and was equivalent to [CaCly] = 2.9 M. The results are displayed in Figure 6.8. The
spatio-temporal map of the normalized fluorescence intensity is equivalent to that of
the relative protein concentration. Clearly, an increase of protein concentration is
evidenced close to the calcium chloride reservoir. At this boundary, the concentra-
tion increased progressively by a factor of 1.7. These value is in semi-quantitative
agreement with the order of magnitude of the gel deformation estimated from veloc-
ity measurements, and the qualitative comparison between figure 6.8 a) and figure
6.6 b) is striking. The progression of the diffusion-reaction front was also visible on
the spatio-temporal map of the fluorescence intensity, which proved that the water
flux carried protein aggregates and induced an increase of the local concentration in
the gelled phase.

This observation at high molar ratio was consistent with the results presented
in Chapter 5 for the highest molar ratios. When increasing molar ratio under flow
and increasing CaCly concentration during subsequent storage step, we observed a
decrease of the fiber size. We hypothesised that the presence of an osmotic gradient
was the driving force for this shrinkage phenomenon. In the case of fibre formation,
we considered a characteristic length of about 100 pum, equivalent to the radius of
the fibers. In this characteristic length we observed from Figure 6.8 (a) a flow of
aggregates towards the calcium and chloride ions. It also validated the hypothesis of
the formation of a gelled shell.
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Figure 6.8: (a) Spacio-temporal image of the fluorescent intensity after normalization
by the initial image for Ry, = 641. (b) Progression of the normalized intensity within
the glass capillary from the left to the right and subsequent structuring of the gel

over the time.
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6.4 Conclusion

In this chapter we used a bi-dimensional geometry to gain further insight on the fiber
gelation mechanism occurring during the flow through radial diffusion of the calcium
ions towards the aggregates. Thanks to light intensity modulation, we were able
to follow the front advancement, which is rather well described by the most simple
reaction-diffusion mechanism of a first-order reaction kinetics. The kinetics of the gel
formation is limited at short times by the reaction and at long times by the diffusion
of calcium ions. Time and length scales involved are interesting to compare to that
involved in the fiber formation experiments. At low calcium concentration, fiber
gelation is limited by the reaction, meaning that gelation occurred in the collecting
bath, without strong gradients inside the fibers. In contrast, in the case of high
calcium concentration, the gelation is limited by the diffusion of calcium ions inside
the fibers, which can lead to a core-shell structure.

The addition of fluorescent particles to the suspension of aggregates showed that
increasing molar ratio lead to the apparition of an osmotic flow of the aggregates
toward the CaCl, reservoir. The use of labelled aggregates showed that this osmotic
flow resulted in the concentration of the aggregates towards the CaCl, reservoir. We
can use these results to interpret fibre formation. Combined effect of increasing gela-
tion rate with increasing molar ratio and osmotic gradients during the flow resulted
in the formation of a core-shell structure. During subsequent storage in high CaCl,
storage concentration, osmotic gradients led to the shrinkage of the fibers.

It would be interesting to investigate the evolution of the mechanical properties
during gelation, as a function of time and space parameters, using microrheology. The
use of optical tweezers would allow us to manipulate single particles, to characterise
their variation in space and time and to determine the rheological properties of the
gel in formation.

We have also noticed a spacial evolution of the structure of the gel within the
time which depended on the molar ratio used (Figure 6.9). We observed a step
change in the intensity: a decrease followed by an increase of the intensity at 323 pm.
Then, above 470 um, we observed an abrupt decrease of the aggregates concentration
followed by a constant progression of the aggregate concentration. In the last image
in Figure 6.8 (b) (t = 575 s), we effectively observed a change of gel structure above
470 pm. This spacio-temporal structuring was therefore linked to the molar ratio,
but its interpretation remains unclear. This observation support the purpose of the
study of the evolution of the mechanical properties during gelation, as a function of
time and space parameters, using microrheology.
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Figure 6.9: Spacial structuring of the gel within time for various molar ratios after t
= 20 min.
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e Kinetics of the gel formation is limited at short times by the reaction
and at long times by the diffusion of calcium ions.

e Increasing molar ratio led to the apparition of an osmotic flow of the
aggregates toward the CaCl; reservoir and resulted in the concentration
of the aggregates.

e Combined effect of increasing gelation rate with increasing molar ratio
and osmotic gradients during the flow resulted in the formation of a
core-shell structure.
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The objective of the thesis was to study new aggregation and gelation processes
in order to produce new aggregate structures to improve their texturing capacity.

We studied by small angle X-ray scattering the denaturation and aggregation
kinetics of aggregates formed at 4% w/w in the presence of 10 mM NaCl at pH 7
for a temperature of 92°C. We showed that at this temperature, denaturation and
aggregation occurred together and that a nucleation step limited the reaction and
was described by a reaction order equal to 1.5. Furthermore, we observed that the
size of the aggregates formed under these conditions as well as the denaturation
was almost invariant with the shear rate (for variations covering almost two orders
of magnitude) under isothermal conditions. Under these conditions, the size of the
aggregates formed was limited and the underlying mechanism remained an open
question. However, we have shown that decreasing the aggregation temperature
from 92°C to 75°C increased the final aggregate size.

To go further, it would be interesting to study these temperature kinetics for dif-
ferent protein concentrations by the method presented in chapter 3 in order to refine
the understanding of the reaction mechanism and the mechanisms limiting the size
of the aggregates.

Thanks to the development of an image analysis technique, we have quantified the
size and protein mass of micrometric aggregates. We applied this characterization
method to aggregates formed under different physico-chemical conditions. We showed
that the size scale on which fractal aggregates of fractal dimension dy of 2 were formed
could be modulated according to the aggregation conditions (protein concentration,
temperature, salt concentration). Fractal aggregates of dy = 2 can reach sizes up
to 50 pm when formed at the limit of the gel point at 92°C (3% 120 mM NaCl).
When the gel point has passed, the constituent aggregates of the gel exhibit a fractal
dimension of dy = 2 only up to a size of 10 pm.

This result was very interesting on the one hand because it showed that the ag-
gregation conditions allowed to modulate the critical size of the compact assembly of
fractal aggregates. On the other hand, it brought additional elements of understand-
ing in the formation of fractal aggregates of high viscosity value. It would also be
interesting to quantify the intrinsic viscosity properties of the aggregates according
to the aggregation conditions, in the light of the presented results. A microfluidic
system of on-line viscosity measurement was set up during this thesis in order to
measure the intrinsic viscosity of aggregates. The viscosity of a suspension was de-
termined by n = %%. The pressure variation, induced by the resistance of the
fluid to the flow, was measured by a differential pressure sensor over a distance AL.
The flow rate () was imposed. It would therefore be interesting to use this method
to characterize the intrinsic viscosity of the aggregates and to relate it to the critical
compact assembly size of fractal aggregates.

We jointly varied the WPI concentration, the salt concentration (NaCl, CaCl,),
and the temperature. It would also be interesting to decouple these effects and study
their influence on the size scale up to which fractal aggregates of dy = 2 are formed.
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Then, we directed our study, aimed at maximizing the viscosifying properties of
WPI aggregates, towards a flow structuring approach. We investigated a novel struc-
turing of fractal aggregates at the micrometer scale through controlled flows and cold
gelation mechanisms. The aggregates were shaped into fibers of about 100 microns
in diameter and several centimeters in length. We studied in particular the forma-
tion and stability of these objects according to hydrodynamic and physicochemical
conditions. We thus obtained a new texturizing structure in the form of core-shell
fibers from fractal aggregates. These fibers were also sensitive to physico-chemical
conditions and can release their contents, giving them a controlled release function-
ality. Unknowns remained regarding the mechanisms that destabilized the fiber. We
hypothesized that they were related to changes in net and/or effective charge density
at the surface of the aggregates inducing an increase in electrostatic repulsions. It
would also be interesting to use labeled proteins in order to follow the destabilization
of the fiber through the fluorescence intensity.

We also showed that osmotic phenomena were involved in the shrinkage of the
fiber diameter. It would be interesting to study the rheological properties of fiber
suspensions for texturing applications. It would also be interesting to characterize
their mechanical properties, as their stiffness may influence their entanglement and
rheological properties.

Several tests to estimate the mechanical properties of the fibers were considered.
The objective was to study the deformation of the fiber under increasing stress. First,
we applied a displacement (-Ox) via a motorized stage, on which a petri dish contain-
ing the fiber was placed, with a constant velocity field while the fiber was stopped
by a fixed rod. The goal was to define a critical velocity above which the fibers were
deformed (Figure 7.1-a). This method would allow to measure the bending modulus
of the fibers. To study the stress-strain relationship until failure, we used a tensile
test. Each end of the fiber was gripped by a flat clamp and pulled horizontally in the
opposite direction. The maximum elongation before fiber breakage was thus mea-
sured (Figure 7.1-b). In addition, the breakage could occur at several locations in
the fibers. This test gave us indications that some fibers could undergo a percentage
elongation of 100 %. Other tests of mechanical properties estimation remained to be
set up in order to try to modulate the mechanical properties of the fiber according
to the formulation.

Finally, we have shown the existence of an increase in the local concentration of
the aggregates in the form of a gelled shell, linked to an osmotic flow, in a simplified
geometry. This flow, which we interpreted as the consequence of the partially ion per-
meable nature of the gel, is, to our knowledge, an original observation that deserves
to be further investigated by systematic experiments. Independently of its physical
origin, this phenomenon favored the formation of core-shell fibers. The preliminary
experiments required a deeper understanding of the mechanisms at the origin of the
intensity difference on which our temporal monitoring of the front formation is based.
Indeed, questions remained about the analysis of the front evolution. It seemed dif-
ficult to decouple the analysis of the diffusion from the reaction of calcium ions by
microscopy. It would be interesting to study the evolution of rheological properties
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(b)

Figure 7.1: Tests set up to evaluate the mechanical properties of gelled fibers formed
under flow. (a): A horizontal displacement velocity is imposed on the fiber which is
held fixed by a stop point. (I): fiber in the initial state, (IT): fiber deformed under a
displacement speed of 2 mm/s. (b): Fiber elongation test, each end of the fiber was
gripped by a flat clamp and pulled horizontally in the opposite direction.

during the diffusion reactions of calcium ions in the aggregate suspension. To do this,
an optical tweezers system could be used to trap a particle added to the aggregate
suspension and follow the evolution of the elastic modulus over time and for different
molar ratios.
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