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Protein-stabilized emulsions are used in many applications but their stabilization mechanisms,
particularly for plant-based proteins, are only partially understood. This dissertation investigates
the structural and rheological properties of emulsions stabilized with pea proteins, focused on
the role of the excess present in the continuous phase. The main finding is that pea proteins
contribute to the stability in two ways, both as a classical interfacial material that adsorbs to
the oil-water interface, as well as being dispersed in the continuous phase where they form a
hydrated fractal-like network. This network increases viscosity and induces gelation, which
provides great emulsion stability across a wide range of pH, compositions and temperatures.

Systematic mapping of stable compositions revealed a previously unexplored stability region
at intermediate oil concentrations (~ 10-60% v/v) and high protein concentrations (~ 5-15%
w/v). Structural characterization including confocal microscopy, and X-ray and neutron
scattering, revealed that most of the protein is present in the continuous phase as hydrated
aggregates forming networks that extend to micrometre length scales. These networks are
important for the resulting droplet size and rheological stability. The emulsions exhibit shear
thinning and thixotropic behaviour, typical of colloidal systems, as well as a yield stress that
restricts droplet motion and contributes to stability. The viscosity increases with protein
concentration according to the Krieger Dougherty relationship when a large effective volume
fraction of hydrated proteins is considered. The droplet size decreases with increases of protein
concentration, oil concentration, pH and applied shear, while changes of temperature have
limited effect.

Comparison with other emulsions formed with plant-based materials indicates that similar
stabilization mechanisms may occur in those systems with sufficient excess biopolymer in the
continuous phase. This demonstrates the broader relevance of this work, where the formation
of a viscoelastic network can significantly improve emulsion stability. By introducing a new
way of representing scattering data, rapid visual comparison between complex samples is
simplified, which could improve efficiency in the handling of large data sets and aid automated
interpretation with artificial intelligence.
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Equation variables and constants with SI de-
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1 Background

This thesis includes a short introduction of various elementary concepts in-
cluding description of emulsion systems and identification of a good emulsi-
fier. Various ways to extract stabilizer materials, prepare emulsions and key
parameters to improve emulsion stability are discussed. This is followed by a
description of methods and instrument techniques used to investigate emul-
sion stability, microstructure and rheological properties. Challenges and how
these methodologies complement each other are presented. Scientific pro-
gress throughout papers [ to V are discussed in chapters 4 to 8, followed by an
overall discussion (chapter 9) summarizing the complementary findings from
these.

Paper I is devoted to determining a range of stable emulsion compositions
with pea proteins, and gives examples of general structural and rheological
properties of such emulsions. Papers Il and IV investigate the emulsion struc-
ture in more detail. Paper II focuses on slightly smaller structures such as the
location and folding of the proteins, and paper IV concentrates on larger struc-
tures of interacting proteins and oil droplets. Paper III gives an explanation
for the excellent emulsion stability by looking deeper at the rheological be-
haviour. Paper V extends the rheological interpretation and links the structural
changes to rheological behaviour when shear is applied. Paper VI compares
different common plant-stabilized emulsions regarding structure and compo-
sition.

1.1 Introduction to emulsions

Oil and water do not spontaneously mix. However, under specific conditions,
they can be combined into stable materials, e.g., emulsions [2]. Everyday ex-
amples include a perfectly smooth and creamy texture of an ice cream on a
hot sunny day (Figure 1) or the preparation of a light and creamy mayonnaise
for a summer barbecue. The success of these materials depends on the com-
bination of two immiscible liquids. Emulsions are materials that are so famil-
iar in everyday life, but still complex in a scientific perspective. The com-
plexity is often first encountered when an emulsion becomes unstable, such as
if a mayonnaise separates into oil and water layers, or if an ice-cream becomes
coarse and icy. Social media offers various tips on how to prevent or save
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these by adding extra egg yolk or adjusting the freezing temperature. While
these tips often work in practise, few people are aware of the physical mech-
anisms governing the results (see, for example, [3]). It is therefore not only
relevant from a scientific perspective to dive into this dissertation, but perhaps
it can give you some practical benefits for everyday cooking. Although ice-
cream is a more complex system that also contains ice crystals and air bubbles,
emulsion stability remains a central factor for the creaminess and texture. This
dissertation does not focus specifically on low-temperature effects in emul-
sions, but ice-cream is mentioned as a conceptual example of where emulsion
stability and structure are important.

Figure 1. a) Ice-cream on a hot and sunny day is always a good idea. But only with
the perfect creaminess and melting rate is the experience optimal. b) Busy doing busi-
ness. Then it is good that someone else thought about the physics of your food.

Emulsions are metastable dispersions of two immiscible liquids, where one
phase is dispersed as droplets within the other continuous phase (Figure 2a).
The most common examples of liquids are oil and water, which can form oil-
in-water (O/W) emulsions such as milk and mayonnaise, and water-in-oil
(W/O) emulsions such as butter and margarine. In addition to the food indus-
try, emulsions are widely used in other fields such as in pharmaceuticals for
drug delivery with controlled release, in cosmetics to obtain products with de-
sired sensory properties, in fuels such as biodiesel and in paints or other pro-
tective coatings. Emulsions are considered metastable because when droplets
are formed, the total interfacial area between the two liquids increases, and
hence the system is thermodynamically unstable (it is not in the lowest energy
state). Therefore, emulsion stability depends on kinetic stabilization. Alt-
hough emulsion formation is not the most stable form, high activation energy
barriers make their destabilization slow on relevant time scales (consump-
tion/storage). A diagram of the changes in Gibbs’ free energy, AGg, of a sta-
ble and phase separated emulsion is shown in Figure 2e. The system is
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thermodynamically stable in the phase-separated state, however with the ad-
dition of different emulsifiers, the energy barrier to destabilize the emulsion
can be made sufficiently high to keep the emulsion stable for relevant times.
For reference, in a 10 ml emulsion with 50% oil and droplets of 1 pm radii,
the total surface area is 15 m?. For a separated emulsion in two layers, this
surface area would depend on the shape of the container, but for the simple
case of a square block, this area would be only 0.0005 m?. It is therefore easy
to understand that without applied shear to force the emulsion into a state of
kinetic stability, the oil and water will spontaneously separate into two layers.

Surfactant stabilization

b) ’ - \\ e)
a) ‘ .,3"5’;5’ , A AGg
il S e \' C) ﬂ 1 Destabilization
& e ¥ \' energy barrier
[ ‘1«“‘;' 1 —_— t
' *?fs;zﬁ ]
s -7 1
d) E ll [ s¢
1 parated
l_u emulsion

Protein stabilization

e Pickering stabilization

Figure 2. a) Schematic of an emulsion with oil droplets (yellow) dispersed in a con-
tinuous aqueous phase (blue). b) Surfactant stabilized oil droplet. The hydrophilic
head is in the aqueous phase and the hydrophobic tail is in the oil phase. c) Protein
stabilized oil droplet. Proteins adsorb to the surface and form a viscoelastic layer. d)
Particle (Pickering) stabilized oil droplet. The larger volume of a single particle com-
pared to a surfactant gives a very strong adsorption and high energy is required for
destabilization. e) Energy diagram of an emulsion. Emulsions are thermodynamically
unstable because the dispersed state has a higher free energy than the separated state,
however, they can be kinetically stable due to an energy barrier that hinders droplet
coalescence.

1.1.1 Emulsion preparation

Addition of mechanical energy is required to form droplets of the dispersed
phase. This is typically done with high shear or high-pressure processes such
as rotor-stator homogenization or blending, or high-pressure homogenization.
The stress that is applied needs to be greater than the stress arising from the
interfacial tension between the two materials. The size of the droplets formed
is dependent on for example the applied energy, the processing conditions and
the individual properties of the two liquids such as viscosity and density. Sam-
ples in this study were prepared with high shear homogenization. For the
study in paper I, the emulsions prepared with a homogenizer was compared to
ones prepared in a food blender to resemble the conditions in the preparation

19



of food materials. More details of the preparation techniques are provided in
the respective papers.

1.1.2 Emulsifiers as stabilizing materials

Since emulsions are thermodynamically unstable, additional surface-active
materials are required to reduce the interfacial tension between the two liquids
and to limit droplet coalescence after breakup. Such materials are often re-
ferred to as emulsifiers and they preferably adsorb to oil-water interfaces.
Various materials can act as emulsifiers, such as (low molecular weight) sur-
factants [4, 5] (Figure 2b), proteins [6, 7] (Figure 2c), polysaccharides [8, 9]
and solid (Pickering) particles [10, 11, 12] (Figure 2d). While for example
proteins stabilize emulsions through their amphiphilic nature that makes them
suitable to adsorb at an oil-water interface, particle stabilized emulsions rely
on the high detachment energy associated with the adsorption of large parti-
cles at the surface. The stabilization mechanisms are very different and hence
properties such as detachment energy, adsorption angles, overall stability and
droplet size will vary depending on the emulsifier. The energy diagram in
Figure 2e shows how the destabilization energy, for example, is higher for
Pickering emulsions than for conventional surfactant stabilized emulsions due
to their larger particle size.

Emulsions are interesting and complex types of materials considering the
broad range of length scales involved in the structure. From millimetre-scale
visual properties as a homogeneous material (Figure 3a), to micrometre-sized
droplets and nanometres-sized interfacial layers. A micrograph of typical
emulsion droplets dispersed in a continuous phase is shown in Figure 3b. The
exact structure of the material is dependent on various factors but the choice
of emulsifier is indeed an important one for the resulting properties in terms
of droplet size, rheological behaviour and stability.

Figure 3. a) Visual appearance (macroscale) of an emulsion as prepared in the labor-
atory. b) Optical micrograph (microscale) of an emulsion. Scale bar is 20 pm. c¢)
Graphical representation of emulsion structure including oil droplets (yellow) and
protein networks (blue) in a continuous water phase (white).
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1.1.3 Stabilization mechanisms

Kinetic emulsion stability can be obtained by several different phenomena.
These can broadly be divided into interfacial mechanisms acting at droplet
interfaces, and continuous phase mechanisms depending on the properties of
the continuous phase. Examples of different interfacial mechanisms include
steric stabilization, where contact between neighbouring droplets is restricted
by adsorbed interfacial layers, creating a physical barrier that prevents droplet
coalescence, and electrostatic stabilization, where charged droplet surfaces
lead to repulsion that prevents droplet coalescence.

In addition to these interfacial effects, properties of the continuous phase
may also be important for emulsion stability. Viscosity, elasticity and network
formation in the continuous phase affect the mobility of droplets and hence
the stability. These effects have been less studied than pure interfacial effects,
however they are relevant particularly for many biopolymers or mixed stabi-
lizer materials, where a significant fraction of the materials are in the contin-
uous phase rather than being adsorbed at interfaces [13].

1.1.4 Destabilization mechanisms

The kinetic stability is only temporary and emulsions destabilize over time.
There are several mechanisms for destabilization, plotted in Figure 4, includ-
ing:

e Coalescence — droplets merge and this process is irreversible

e Creaming — if the dispersed phase has a lower density than the con-
tinuous phase, the droplets tend to concentrate at the top

e Flocculation — droplets aggregate but do not merge and this process
is reversible

e Ostwald ripening — smaller droplets become smaller and larger
droplets become larger

e Phase inversion — the dispersed phase becomes the continuous
phase and the continuous phase becomes the dispersed phase

e Sedimentation - if the dispersed phase has a higher density than the
continuous phase, the droplets tend to concentrate at the bottom

21
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Monod|sperse emulsion i l ' I
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9) phase inversion ) Sedimentation

Figure 4. Graphical representations of a) monodisperse and b) polydisperse emul-
sions. Mechanisms of emulsion destabilization, including c) coalescence, d) cream-
ing, e) flocculation, f) Ostwald ripening, g) phase inversion and h) sedimentation,
leading to 1) complete phase separation.

1.2  Pea Proteins

Proteins as emulsifiers are well studied due to their amphiphilic nature which
makes them favourably adsorbing at oil-water interfaces. In food systems, the
proteins are often complex mixtures of components as isolated fractions are
difficult to obtain. The structure and functionality depend on factors such as
the molecular composition and processing. Proteins from peas are examples
of plant-based materials that are identified as promising emulsifiers [ 14], how-
ever the exact mechanisms for stability and optimal compositions have not
been clearly identified. Peas have many advantages considering their good
nutritional and environmentally sustainable properties [15]. In contrast to soy,
they are generally considered less allergenic, and compared to animal-derived
materials such as egg or dairy, they are easy to grow globally and require less
resources. Pea proteins are mixtures of various components and this is one
motivation for the use of this material. To advance understanding within food
science, it is important to study not only simplified model materials or isolated
fractions but complicated mixtures that are realistic for industrial applications.

1.2.1 Protein structures

Proteins are composed of amino acids held together by peptide bonds. Amino
acids contain two functional groups including an amino group (-NH») and a
carboxyl group (-COOH). There are 20 main naturally occurring amino acids
and the sequence of these is called the primary structure [16]. The string of
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amino acids folds into secondary structures such as a-helices and B-sheets.
These structures are further folded into tertiary structures describing the three-
dimensional conformation of the proteins and finally composed into quater-
nary structures of multiple molecules (Figure 5).

Primary structure Secondary structure Tertiary structure  Quaternary structure

Sequence of Local conformation in Conformation in Multiple
amino acids a-helices and (B-sheets three dimensions as polypeptide chains
polypeptide chains

Figure 5. Graphical representation of the hierarchal structure of proteins from indi-
vidual amino acids to complex structures of multiple polypeptide chains. This is an
Al-generated image.

The native conformational state of proteins is typically in compact forms due
to intramolecular interactions such as hydrogen bonding, electrostatic interac-
tions and hydrophobic effects. However, external factors such as high tem-
peratures, low pH and high ionic strengths generally denatures the protein.
This is a process of unfolding, resulting in exposure of hydrophobic parts that
were previously covered inside the native protein structure. Generally, dena-
turation causes aggregation or network formation of proteins. The degree of
denaturation is important for interfacial properties as for example partly un-
folded proteins could adsorb more strongly to oil-water interfaces.

1.2.2 Composition of pea proteins

Peas consist of 13.7-38.3% protein and 55-68% starch [17]. The variation
arises due to different growing conditions, varieties and environments. The
protein content of the commercial pea protein isolate used for the work in this
thesis was 83% w/w [18]. The lipid, fibre and salt content were reported as
6.8, 5.3 and 2.9% w/w, respectively. The pea proteins are mainly composed
on globulins (65-80%) and albumins (10-20%). The globulins are usually
classified into 7S globulins which are mainly vicilin and convicilin and 11S
globulins which are mainly legumin. This classification is based on the sedi-
mentation coefficient which depends on the size, density and shape of the pro-
tein and is given in terms of Svedberg units, S [19]. My review article [17]
provides a table of amino acid compositions for two different examples of pea
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protein isolates. The differences in composition arise mainly from variety,
extraction and processing.

1.2.3 Protein extraction methods

To obtain the concentrated protein isolate, the most common approach is to
use alkaline extraction followed by isoelectric precipitation [20, 21]. In short,
proteins are dispersed at alkaline conditions (high pH), followed by a shift in
pH to their isoelectric point (pH ~ 4-5). Due to the low protein solubility at
this condition, they are precipitated and can be collected.

Another approach to extract proteins is by precipitation as micelles [20,
21]. The principle is similar, however instead of varying pH, the ionic strength
is controlled to induce protein aggregation. This has some similarity to salt
extraction followed by dialysis that is also sometimes used, and involves ag-
gregating proteins at sufficiently high salt concentrations to separate proteins
from small salt molecules by a semi-permeable membrane [20, 21]. To avoid
changes in pH and ionic strength, which may affect the conformation of the
protein, dry air classification [22] is sometimes used to isolate proteins in a
more careful way. This approach limits chemical modification by using air
flow to separate fine protein rich fractions and coarser starch rich fractions of
grounded pea flour.

1.2.4 Materials used in this study

The materials used in this work were chosen to be relevant for food applica-
tions. A commercial pea protein isolate was selected to represent a realistic
ingredient for industrial applications rather than a highly purified protein ma-
terial. The oil was a commercially available rapeseed oil, widely used in Swe-
den and known to contain healthy components [23, 24]. A citrate buffer [25],
composed of citric acid and sodium citrate which are both suitable for food
applications, was used to control pH.

For the work in paper VI, various different commercially available plant-
based emulsions were compared, including samples with almond, coconut,
fava bean, linseed, oat, pea, rice and soy, as well as dairy materials as refer-
ences. Details about the composition and ingredient list for these emulsions
are given in Table 2 and Table S3 of paper VI.
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2 Scope of this thesis

The work in this thesis aims to relate protein concentration and location to
emulsion stability, droplet size and rheological properties. Through advanced
scattering techniques using X-ray and neutron beams, the study provides in-
sights into protein behaviour at interfaces and in the continuous phase of emul-
sions. With simplified ways for data visualization, these techniques are
opened to a broader audience and this work aims to bridge the gap between
the food science community and scattering experts.

Explanations and discussions of experimental techniques are described in
chapter 3. The chapter is divided by techniques that mainly assess emulsion
stability (section 3.1), structure (section 3.2), rheological behaviour (section
3.3) and thermal stability (section 3.4). Sections 3.5, 3.6 & 3.7 discuss some
of the challenges and my own observations related to each class of techniques.

Chapters 4 to 8 describe the evolution of understanding of emulsion struc-
ture and properties from papers I to VI. These include pea protein stabilized
emulsions as a detailed case study and the findings are then expanded to other
plant-based emulsifier materials.
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3 Techniques to assess emulsion stability,
structure and rheological properties

This chapter provides a summary of different techniques to assess emulsion
stability, structure and rheological properties. In addition to describing the
methods, the chapter also includes motivation and what type of information
each technique provides, as well as some critical discussion of strengths, chal-
lenges and my own observations related to the choice of techniques. For more
details about the specific instruments and exact experimental procedures used
in each paper, readers are referred to the methods sections in the individual
articles.

3.1 Physical stability during storage

There are many techniques that may be used to evaluate the physical stability
of emulsions. Common approaches are to assess changes in appearance (mac-
rolevel) and droplet size (microlevel) that occur with time. The extensive re-
view article [17] discusses in detail the measurement concepts, potential chal-
lenges and user frequency some of the most common techniques used for this
purpose.

Visual appearance of phase separation (macrolevel) is used by consumers
on a daily basis in assessing for example appeal and goodness of food prod-
ucts, but is also frequently reported in the scientific literature. For example,
macroscopic images were provided in 23% of the articles on pea protein sta-
bilized emulsions included in the literature review [17]. This method involves
monitoring the emulsions over time to detect phase separation, creaming and
sedimentation. As a way of quantifying the stability, several indices are de-
rived directly from such observations. The most frequently reported creaming
index (CI) (Figure 6a) refers to the ratio between the separated lower layer to
that of the total volume and can easily be measured in a straight-wall con-
tainer. Emulsion stability (ES) (Figure 6b) describes similar properties and is
defined as the ratio between the difference in aqueous phase volume from be-
fore homogenization to after storage, to the aqueous phase volume before ho-
mogenization. While these indices are widely used in literature, the visual
observations of stability in this work have not been parametrized in this way.
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If appearance is mainly relevant to stability and customer visual perception,
droplet size (microlevel) affects properties such as stability, mouthfeel and
creaminess. It can be determined based on light scattering experiments, and
stability can be monitored by comparing changes in droplet size over time.
Techniques like dynamic light scattering (DLS), static light scattering (SLS)
and confocal laser scanning microscopy (CLSM) are commonly used to ob-
serve changes in structure and distribution of droplets.

Ve
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dwater :.tored
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dsps dwater fresh emulsion dsiiied
SDS in water phase  pure water fresh emulsion stored emulsion

Figure 6. Various indices to quantify physical emulsion stability, including a) cream-
ing index, b) emulsion stability, ¢) emulsion capacity/activity, d) flocculation index
and e) coalescence index.

Assessing physical stability during storage is one aspect, however, a useful
metric to predict the stability of samples is the zeta potential. In emulsions,
the zeta potential represents the electrical potential difference between the
droplet surface and the surrounding medium. Therefore, a higher absolute
zeta potential (either positive or negative) typically indicates that droplets re-
pel each other which corresponds to greater emulsion stability. This property
is commonly measured using electrophoretic light scattering instruments.

A challenge in the attempt to evaluate storage stability is the time limita-
tion. Globalization, long transports and long shelf-life consumer expectations
put requirements on long-time storage stability, however with time limitations
there is sometimes need for prediction of the long-term behaviour particularly
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regarding phase separation. One approach commonly used in literature is to
perform accelerated stability tests by centrifugation as a quick way to simulate
long-term storage under gravitational effects. A frequently reported index to
quantify the volume of the emulsified phase relative to the total sample is
emulsion capacity (EC) which is sometimes also referred to as emulsion ac-
tivity (EA) (Figure 6¢). This measure is similar to the CI of non-centrifuged
samples. This quantity was not directly measured in the present work. In the
following subsections, the main techniques that have been used to gain infor-
mation about emulsion stability in this dissertation will be described in more
detail.

3.1.1 Dynamic/Static Light Scattering (DLS/SLS)

DLS, schematically seen in Figure 7a, is widely used to measure temporal
correlations in the intensity of scattered light. These correlations arise from
interference of coherently scattered light due to particle motion and refractive
index differences in dispersions such as emulsions [26, 27]. Objects, such as
droplets and particles, undergo translational Brownian motion, and therefore,
the scattered light fluctuates over time (Figure 7¢). Other fluctuations in scat-
tered intensity, such as variable source intensity and mechanical vibrations of
the instrument should not be measured but may cause some problems in such
measurements. The rate of the fluctuations from particle motion is directly
used to obtain intensity autocorrelation functions (Figure 7d). The decay rate
of this function determines the translational diffusion coefficient, Dt, which
is related to the hydrodynamic radius Ry, (Figure 7¢) according to the Stokes-
Einstein relation as:

_ kgT
H 6m Dt

where kg is the Boltzmann constant, 7 is the temperature, and 1 is the viscos-
ity of the surrounding medium (continuous phase) [28]. The hydrodynamic
radius represents the effective particle radius, including hydrated layers and
polymer coatings. The measurements in this thesis are performed in close to
back scattering geometry (6 = 173°) to reduce the path length and limit the
effect of multiple scattering which would occur when emulsions are highly
concentrated and photons are scattered more than once before reaching the
detector [29, 30].

By comparing the change in droplet size during storage, DLS can be useful
to monitor emulsion stability. However, a challenge with measuring samples
such as emulsions is the uncertainty in the viscosity to use in the Stokes-Ein-
stein relation. The effective viscosity experienced by the droplets on different
length scales may be substantially different from the bulk viscosity. A con-
ventional approach in these types of measurements is to dilute the emulsions.
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This action needs to be performed with care, as droplet or particle size and
stability in many cases are strongly dependent on emulsion composition. An-
other factor in the measure of non-rigid objects such as droplets, is that in
addition to Brownian motion, other fluctuations such as variation in shape and
membrane motion, may give rise to more complicated correlations in the scat-
tered photons.
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Figure 7. a) Schematic setup of the DLS technique. b) Illustration of small and pol-
ydisperse objects (in blue), and big and monodisperse objects (in red). c) Intensity
fluctuations recorded on the detector for the different sized objects. Smaller objects
moves faster and the intensity fluctuations have a higher frequency (blue line). d)
Correlation function for the two populations. The point at which the decay starts is
earlier for smaller objects (blue line), but the gradient is steeper for monodisperse
populations (red line). e) Hydrodynamic diameters obtained for the two populations,
where higher polydispersity is reflected by a broader distribution (blue line).

To evaluate the uniformity of droplet sizes, the polydispersity index (PDI) is
a dimensionless measure of the breadth of the size distribution. This is defined
by the ratios in a cumulant fit as:

_ 2 _ 8

PDI= =
where a; is the first cumulant describing the mean decay rate, a, is the second
cumulant coefficient, X is the mean and s is the standard deviation [31]. A
value close to one corresponds to a highly polydisperse sample, which may in
most cases suggest that the presence of larger droplets will cause phase
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separation. For a narrow size distribution, PDI is close to zero. It is worth to
mention that this is only meaningful for distributions with a single peak.

To quantify the change in droplet size over time, several indices related to
different destabilization mechanisms have been introduced. For example, co-
alescence and flocculation of emulsions are often reported quantitatively as a
flocculation index (FI) (Figure 6d) or a coalescence index (CI*d) (Figure 6e).
The FI compares the aggregated droplet size in emulsions made with pure wa-
ter and individual droplets in an emulsion prepared with small amounts (usu-
ally around 1%) of sodium dodecyl sulphate (SDS), as SDS is expected to be
an efficient emulsifier. The CI* compares the droplet size in fresh and stored
emulsions.

DLS can be used to investigate objects in the nanometre to sub-micrometre
size range. However, as with all scattering techniques, the signal is strongly
weighted toward larger objects. Rather than measuring at one angle in back-
scattering mode, SLS measures the angular dependence of the scattered inten-
sity and is typically used for larger objects. For small objects, the angular
variation of the scattering is small and requires very precise measurements of
relative intensity at different angles.

Another indirect technique to measure droplet size, similar to conventional
light scattering techniques, is ultraviolet-visible spectrophotometry. It
measures the absorbance of light, which depend on the particle size, to track
changes in the scattering from droplets over time. The result can then be ex-
pressed in an emulsion stability index (ESI) that is dependent on the absorb-
ance, cuvette path length and storage time. Another method that focuses on
assessing the inhomogeneity of samples rather than changes with time, is the
Turbiscan stability index (TSI) [32]. This index is obtained from a Turbiscan
instrument and compares scattering from different regions of a sample to look
for effects of creaming (Figure 4d) or sedimentation (Figure 4h).

3.1.2 X-ray Photon Correlation Spectroscopy (XPCS)

X-ray Photon Correlation Spectroscopy (XPCS) has many similarities with
the previously described DLS technique, as it looks at how intensity fluctua-
tions of scattering changes with time [33, 34]. Instead of a laser beam, this
technique uses a sufficiently coherent X-ray beam. This has the advantage as
due to its different values of scattered angles and times, it allows for measure-
ments also of turbid samples with smaller risk of multiple scattering. It is
possible to measure over longer timescales (larger length scales) than what is
feasible with light scattering techniques. The interference from the scattered

4 The coalescence index is typically denoted simply as CI in literature, but has been labelled as
CI* in this dissertation to distinguish it from the creaming index. The similarity between the
indices that use similar approaches and differ only slightly in their definitions, is a common
cause of confusion.
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photons forms a speckle pattern. The speckle changes over time and is ana-
lysed to obtain information about microlevel dynamics such as diffusion, re-
laxation and motion of particles as well as particle size.

Two-dimensional data collection on the detector allows for measurements
at arange of angles (i.e., momentum transfer, ). By comparing images taken
at different times, separated by time T, it is possible to obtain the autocorrela-
tion functions at each Q that are given by:

_ {0010+ 1)

g2 (Q;T) - <I(Q,t))2

These functions are often fitted with a stretching exponent, o, to obtain an
apparent relaxation time, 1,, using the Kohlrausch-Williams-Watts (KWW)
equation:

2,00 =1+ Be'z(i) a

a is a parameter allowing for a distribution of relaxation times (o> 0) and 8
describes the coherence of the beam (0 < <1) [35, 36]. For the measure-
ments in this dissertation, p was fixed at 0.3 based on the instrument configu-
ration and the source at the European Synchrotron Radiation Facility (ESRF)
[37]. The characteristic relaxation time, t.,, was obtained by normalizing to
the gamma function, I'(x), and a, as:

()

For Brownian random diffusive motion, the characteristic relaxation time

is proportional to the inverse of the square of momentum transfer as t, o 1/ Qz.
The relaxation rate, 1/t, can be used to distinguish between translational, Dr,
and rotational diffusion, Dy, as:

~ =Dr0* + Dy

From the Stokes-Einstein equation described in subsection 3.1.1, the corre-
sponding hydrodynamic radius can then also be obtained from the transla-
tional diffusion coefficient.

3.1.3 Zeta potential

Zeta potential represents the electrical potential difference between the surface
of a dispersed particle and the surrounding medium [38]. This is a useful
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metric in assessing the contribution of charge to stability and gives an indica-
tion of if systems are likely to resist droplet coalescence and particle aggrega-
tion and remain their stability over time. A high (positive or negative) zeta
potential implies that particles repel each other and that the colloidal suspen-
sion is stable against aggregation.

The particles in a dispersion are surrounded by an electrical double layer
(EDL), consisting of the Stern layer close to the particle surface and a diffuse
layer where the counterions are more loosely associated to the particle. The
distribution of ions in the diffuse layer is dependent on the ionic strength of
the solution and can be described by the Poisson-Boltzmann equation, where
the screening length is called the Debye length. The particle radius and the
Debye length is described as the hydrodynamic radius in a DLS measurement
as the EDL moves with the particle. The zeta potential is measured at a point
called the slipping plane, at the interface between the edge of the EDL and the
surrounding medium.

The method used to calculate the zeta potential is called electrophoresis and
measures the velocity of charged particles under an electric field. The velocity
is then related to the zeta potential by the Helmholtz-Smoluchowski equation.
The zeta potential, G, is described in terms of the viscosity of the medium, n_,
the electrophoretic mobility, Ug, the dielectric constant, €, and the Henry func-
tion, f(Krp), where k! is the Debye length and rp 18 the radius of the particle,
as:

_ 3n.Ug
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If the Debye length is large compared to the particle size (r,x < 1), the Henry
function approaches the Hiickel limit of 1 for low ionic strength solutions. If
the Debye length is small compared to the particle size (r,x > 1), the Henry
function approaches the Smoluchowski limit of 1.5 for high ionic strength so-
lutions [39]. For the work in this dissertation with dispersions of pea protein
in water or 0.1 M citrate buffer at different pH in paper I, and with commercial
products with different materials in paper VI, the Smoluchowski approxima-
tion for the Henry function was used. As expected, the zeta potential is greatly
affected by the ionic strength as this determines the thickness of the diffuse
layer. pH also affects the ionization of functional groups on the surface which
directly affects the surface charge and hence the electrophoretic mobility and
zeta potential. The condition where the zeta potential is zero is called the
isoelectric point (IEP) and typically occurs between pH 4 and 5 for protein
systems, depending on their specific amino acid composition. The IEP for
dispersions of pea protein used in this work was found around pH 4.67 (paper
I). At this condition, the particles have little electrostatic repulsion, which
makes them prone to aggregation and sedimentation.
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3.1.4 Optical Microscopy

Optical microscopy, also called light microscopy, is a common imaging tech-
nique that looks at how visible light (~ 400-700 nm wavelength) interacts with
materials in a sample. Such interactions can be absorption, reflection, fluo-
rescence and scattering as shown schematically in Figure 8. The light is col-
lected and magnified by objectives and ocular lenses. The technique is highly
suitable for emulsions as droplets of the order micrometres are well within the
resolution of these instruments. An example of a micrograph of a pea protein
stabilized emulsion is presented in Figure 3b. Good contrast is essential for
high quality images. In conventional microscopy, it is difficult to tune con-
trast. This is where more exotic techniques such as CLSM that can differen-
tiate between different components are useful.
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Figure 8. Schematic representation of how waves such as light or X-rays interact with
matter. Reflection occurs when the incident energy is bounced off a surface. Trans-
mission occurs when the incident energy is passed through a material. Absorption
occurs when the incident energy is taken in by the material and converted to another
form such as heat. Emission occurs when absorbed energy is released as radiation
energy. Scattering occurs when the incident energy is spread in multiple directions
when encountering particles or inhomogeneities in a material.

3.1.5 Confocal Laser Scanning Microscopy (CLSM)

CLSM is a fluorescence-based technique, taking advantage of energy relaxa-
tion of certain molecules (fluorophores) [40]. In this technique, a focused la-
ser beam hits the sample and photons are absorbed so that the electrons in the
molecule reach a higher energy state. Following this excited energy state is a
relaxation process to return to the original ground state, where excess energy
at a longer wavelength is released through for example heat, vibrational en-
ergy and radiative transitions. The radiative transitions involve photons that
are being emitted which is observed as light (fluorescence). Light that is out-
of-focus is blocked by a pinhole aperture and high-resolution intensity is
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collected on a detector. The signal can be tuned by adjusting the wavelength
of the incoming laser to decide which molecules are being excited.

Emulsion components are generally not fluorophores, however, by includ-
ing fluorescent dyes in the samples, confocal microscopy is a very useful tech-
nique to distinguish between the different components. The two dyes used in
this work include 9-(diethylamino)-5SH-benzo[a]phenoxazine-5-one (Nile
Red) [41] (Figure 9a) and trans-4[4-(dimethylamino)styryl]-1-methyl-pyri-
dinium iodide (4-DASPI) [42, 43] (Figure 9b). Nile Red is a hydrophobic
fluorophore with conjugated double bonds used to stain oil droplets and shows
high intensity in polar environments (Figure 9¢). 4-DASPI is a dye but also a
molecular rotor, meaning that its fluorescence is dependent on the viscosity of
the medium. A molecular rotor can relax back to the original ground state
either by fluorescence or by intramolecular rotation. When the viscosity is
high, the rotation is restricted and fluorescence is favoured which gives high
intensity. 4-DASPI was used to label the pea protein in this work (Figure 9d).

Low intensity High intensity

Figure 9. Chemical structure of a) Nile Red and b) 4-DASPI used as fluorescent dyes
for the oil and protein, respectively. Confocal microscopy images highlighting c) oil
droplets, and d) proteins in the continuous phase. The intensity is given by the colour
scale at the bottom of the images.
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3.2 Scattering techniques to evaluate emulsion
structure

To investigate the microstructure of emulsion systems, scattering techniques
are often useful. DLS and SLS to measure droplet and particles sizes rely on
scattering of low energy photons (light) as described in subsection 3.1.1,
whereas other scattering techniques based on high energy photons (X-rays)
include ultra-small, small and wide angle X-ray scattering (USAXS, SAXS
and WAXS) and XPCS.

Typically, oil-in-water emulsions are composed of micrometre sized drop-
lets stabilized by smaller stabilizing materials as particles, unfolded polymer
chains or small molecules in the nanometer size range. X-ray scattering tech-
niques can cover multiple orders of length scales, which makes them useful
techniques to understand emulsion structure. By comparing the slope and in-
tensity of the scattering distribution with theoretical and physical models,
quantitative conclusions about sizes, shapes and densities can be made. The
extent of the analysis is dependent on background knowledge of samples such
as components, volume fractions and scattering length densities (SLD). The
SLD reflects how much scattering that occurs from a material [44] and has
different values for X-rays and neutrons. A list of SLD values for the materi-
als used in this study is seen in Table 1.

Table 1. Approximate SLD for X-rays [45] and neutrons [46] for components relevant
to the study of emulsions in this work.

Material X-ray SLD [10 A?] Neutron SLD [10° A2]
D,O 9.41 6.35

H,O 9.41 -0.56

Rapeseed oil 8.40 0.10

Pea protein isolate in D,O  10.6 5.10¢

Pea protein isolate in H,O  10.6 0.13¢

Pea protein isolate powder  13.2 1.70

One way to determine SLD is to use neutron scattering techniques such as
ultra-small/small angle neutron scattering (USANS/SANS) and spin-echo
small angle neutron scattering (SESANS). This can only be done at large-
scale facilities. Measurements with X-rays can be performed quickly in large-
scale synchrotron facilities (milliseconds measurement times) and in labora-
tories (minutes measurement times), while neutron measurements take longer
times (minutes to hours measurement times) due to the lower incident flux.
However, the main advantage over X-rays is the possibility to tune the SLD
of particular components of a material by mixing different isotopes without
significantly changing the systems. The most common way to do this is by

¢ The SLD is expected to change linearly for mixtures of D2O and H20. See details in Figure 3
in paper IV.
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adjusting the ratio of D,O to H»O in the solvent and thus match the SLD of
either the oil droplets or the protein structures in emulsions.

The techniques described in the following subsections have been a central
part in the work described in this dissertation. They have been used comple-
mentary to gain information about structure on many length scales. The fol-
lowing subsections describe in more detail the concepts of these techniques,
with a reference to Appendix A that describes a general procedure to collect
good scattering data.

3.2.1 Ultra-Small/Small/Wide Angle X-ray Scattering
(USAXS/SAXS/WAXS)

SAXS uses X-rays that scatters of the electron cloud of the atoms in a sample
[47, 48]. With incoming X-rays with wavelengths smaller than the structures
aimed to be measured, the intensity of the scattered X-rays at different (small)
angles is directly related to the size, shape, density and interactions of the ma-
terial. Typical length scales include for example polymer chain dimensions
and lamellar spacing. A representative SAXS experimental setup is shown in
Figure 10. A description of the general procedure to perform a SAXS meas-
urement is outlined in Appendix A.

Long
sample-to-detector
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26,
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Figure 10. Schematic setup of the SAXS instrument. The sample shown is an emul-
sion, which show no sharp diffraction peaks but rather broad features in intensity. In
a SAXS measurement, the sample-to-detector distance is long to detect small scatter-
ing angles, and in a WAXS experiment, the distance is short to detect scattering at
larger angles.
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a) 2D scattering image b) Azimuthal integration c) 1D scattering plot
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Figure 11. Example of scattering patterns for an Ag Behenate sample. a) Two-di-
mensional SAXS detector image with intensity between 10° to 108 cm™ sr!. b) Con-
cept of azimuthal integration performed by taking the average intensity along rings
centred at the beam centre. c¢) Final one-dimensional curve of intensity (/) versus
scattering vector (Q).

A typical laboratory X-ray source used is Cu K, with a wavelength, A, of
1.54 A, whereas large-scale facility sources can operate at various wave-
lengths. The typical scattering angles, 6, measured are in the range 0.1-10°,
which corresponds to scattering vectors/momentum transfer, Q, in the approx-
imate range of 10~ to 10" A”'. This technique is based on elastic scattering,
meaning that no change in photon energy is occurring, only in the direction of
0. The relationship between Q and 0 is given by:

0= Fsin(3)

Intensity at a particular value of Q is related to correlations at real space dis-
tances, d, given by:

d

R

ISTE

A two-dimensional SAXS detector image is converted to a one-dimensional
scattering curve by azimuthal integration (radial averaging) according to the
procedure in Figure 11. The intensity at concentric circles with constant scat-
tering vector is averaged over the azimuthal angle, d)a, as:

10) = 1 J;" (0.6,)49,

to obtain the final one-dimensional curves of /(Q) versus Q. This expression
assumes that complete rings are on the detector. However, in practice, rings at
large Q are only partially recorded, the beam is not necessarily at the center
and the detector contains masked regions. Therefore, the averaging is slightly

37



more complicated as it is performed over the angular range that is available
and normalized by the actual angle rather than by 2.

Depending on the length scales that one is interested to measure, the sam-
ple-to-detector distance can be adjusted and hence the scattering angles meas-
ured can be chosen. However, pushing a conventional pinhole SAXS geom-
etry to ultra-small angles would require impractically long sample-to-detector
distances and a fine collimation causing substantial reduction in incident in-
tensity. To further extend the range of O and detect smaller scattering angles
down to approximately 2 x 10* A! (corresponding to real structures of several
micrometers), additional channel-cut Si crystals can be added in a so called
Bonse-Hart USAXS configuration [49, 50]. This setup is presented in Figure
12a. The additional monochromator placed between the source and the sam-
ple is used to monochromate and collimate the beam, and the analyzer located
between the sample and the detector is used to scan over very small angles to
obtain the scattering intensity in only one direction at each angle. In the
USAXS setup, the value of Q is thus determined by the analyzer crystal, rather
than as an angle on the detector. This geometry allows for high resolution in
one direction with a large beam and hence a higher incident intensity is feasi-
ble than with the pinhole SAXS collimation.

a)
USAXS

Analyser

Monochromator

X-ray beam

Figure 12. a) Schematic of the Bonse-Hart USAXS instrument. The monochromator
crystals placed before the sample monochromate and collimate the beam, while the
analyser crystals placed after the sample are rotated in very small angular steps to scan
the scattering intensity. b) Picture of the gel holders most frequently used for the
SAXS and USAXS experiments included in this dissertation. c) Image of the capillary
holder used for the temperature controlled SAXS experiments in this work.

In both the USAXS, SAXS and WAXS modes, liquid samples are mounted in
holders such as capillaries (Figure 12c), gel holders (Figure 12b) or flow
through cells depending on sample properties such as viscosity, composition,
required beam size, and sample volume available. A capillary (1 to 2 mm
thickness) would practically require a fluid sample and although a small
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volume can be advantageous for expensive materials, it restricts the flux to
that of a small beam (collimation slit widths typically 0.4 x 0.4 and 0.7 x 0.7
mm?). Gel holders, on the other hand, are useful for more viscous samples
and allows for a bigger beam (higher flux) which is required for USAXS
measurements. These holders typically use Kapton windows to confine the
samples. Due to the scattering from air, samples are usually placed in vacuum
during the measurements to reduce background. This puts requirements on
proper sealing, which is typically done with epoxy glue for capillaries and
mechanical locking with O-rings in gel holders. Both capillaries and gel hold-
ers have been used for the measurements in this work.

3.2.2 Ultra-Small/Small Angle Neutron Scattering
(USANS/SANS)

USANS and SANS rely and similar physical mechanisms as X-ray scattering
techniques (USAXS and SAXS) [48]. In X-ray experiments, photons interact
with the electron clouds of atoms through Thomson scattering and the scatter-
ing contrast is therefore highly dependent on the atomic number, Z, leading to
different intensities for materials across the periodic table. Neutrons on the
other hand, interact with the atom core and hence the scattering from a mate-
rial with the same elemental composition but with different numbers of neu-
trons in the core (different isotopes) will show very different scattering. De-
spite the high cost of these types of experiments and that it is only available at
large scale facilities, it is very useful in the sense that the signal from different
components in a sample can be tuned by mixing different isotopes.

The most common method to “match” out different components is by using
deuterated materials. In an emulsion system, useful component matching
could for example be done by mixing appropriate ratios of H,O and D,O of
the aqueous phase to get a similar SLD as that from the dispersed oil phase.
A schematic representation of how the SLD of the continuous (water) phase
is varied with D,O concentration is shown in Figure 13. The colours on a
rainbow scale represent different SLD. For example, the SLD of pure H>O is
-0.56 x 10 A% (red colour), whereas 10% v/v DO in H,O has a SLD of about
0.13 x 10 A (yellow colour) which is similar to the SLD of the droplets
(yellow colour). This contrast would hence enhance the scattering contribu-
tion from the stabilizer material (black colour). Instead, a higher content of
D0 close to 40% v/v (black colour) would reduce the signal from this com-
ponent and the scattering from droplets would dominate the scattered inten-
sity. With neutron scattering, it is thus possible to distinguish contributions
from different components without changing the behaviour or composition of
the system. This is not as easily done with X-ray techniques.
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Oil/water match Protein/water match
10% D,0 36% D,O

. -

Figure 13. The concept of contrast variation in a neutron experiment. By matching
the SLD of two of the components in the system, the contribution from the third com-
ponent can be enhanced. The SLD is determined by the amount of deuterium in a
material and in this graphical representation, the SLD is shown on a rainbow colour
scale.

3.2.3 Spin Echo Small Angle Neutron Scattering
(SESANS)

SESANS is used to investigate large structures [51], but in contrast to pinhole
SANS experiments which would require very long sample-to-detector dis-
tances, a narrow wavelength spread and a low divergence to access such small
angles, the incoming neutron flux can be kept high. This is because instead
of resolving the scattered intensity at different angles on a detector, SESANS
measures changes in the precession of the neutron spin [52]. The technique
thus detects scattering angle by measuring the corresponding reduction in
beam polarization.

SESANS experiments rely on the same scattering principles as conven-
tional SANS, however there is a key difference in how the data are expressed.
Instead of obtaining data as a function of Q, which is a vector in reciprocal
space and perform a Fourier inversion, this technique provides results through
a Hankel transform of the scattering in three dimensions to obtain the correla-
tion function, G(3), where 6 is the spin-echo length. The spin-echo length
corresponds to the distance that depolarizes the neutrons in precession before
and after scattered from the sample.

This real-space representation has many benefits, as it is easier to interpret
features such as characteristic sizes. At zero spin-echo length (6 =0), this
function reduces to an expression that is only dependent on the SLD contrast
between the medium and the dispersed phase (Ap), the dispersed phase vol-
ume fraction (¢), and the characteristic length scale (), as:

G(8=0) = (Ap)"4(1 - 9)5
SESANS measurements provide a value of the polarization, P(5), that is

related to how much the spin echo is reduced by scattering within a sample.
This is expressed by:
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P(8) = o1V (G(®) - G(0)

where ¢ is the sample thickness and A is the neutron wavelength. The depend-
ence on £, and A is then removed in the conventional representation using the
normalized form:

6() - 60y = ")

In plots of G(8) - G(0) versus 3, one can directly observe how the correlations
vary with real-space distance. Typically, a slow decay indicates larger struc-
tures and a fast decay is characteristic of smaller structures. In many ways,
SESANS complements conventional SANS and is similar to USANS, as it
probes much larger real-space length scales, up to tens of micrometres. There-
fore, it is highly relevant to use to study emulsions that contains both big oil
droplets and protein structures [51].

3.2.4 Model Fitting

In this subsection, the procedure used to interpret scattering data, both with X-
rays and neutrons, is described. The subsection starts by describing general
and model independent interpretations based on intensity and gradients and
evolves to describe the analytical models used to fit the data included in this
dissertation. The subsection concludes with some discussion of instrumental
effects affecting the experimental data that needs to be taken into account.

In analysing scattering data, both with X-rays and neutrons, there are two
things that are of main interest — the absolute magnitude of intensity, /, at par-
ticular values of Q and the O dependence of / in a plot of the logarithm of /
versus the logarithm of Q.

The intensity is related to the volume fraction of the scatterer and the SL.D
contrast between the scatterer and the surrounding medium. The SLD is what
differs between X-ray and neutron scattering (see Table 1). To deduce such
parameters without introducing arbitrary scale factors, it is therefore essential
to obtain data on an absolute scale by accounting for the sample thickness and
transmission, knowing the direct beam intensity and the solid angle of the in-
strument and to subtract background scattering from empty holders.

The Q dependence is typically described by the form factor, P(Q), repre-
senting the scattering of individual objects. Characteristic length scales may
give rise to oscillations, however in certain Q ranges, a power-law behaviour,
I 0P, can be observed. Different shapes and structures of the scatterer give
different values of p that can often be found in tables [53, 54]. Examples of
scattering patterns of spheres, cylinders and mass fractal shapes are shown in
Figure 14. Those have values of p that are -4 for spheres, -1 and -4 for cylin-
ders and between -3 and -1 for mass fractals.
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The intensity can typically be described as the product of P(Q), describing
the shape and size of a single scatterer such as an atom, a molecule or a parti-
cle, and a structure factor, S(Q), describing how multiple scatterers are ar-
ranged relative to each other. The structure factor adds correlation peaks or
oscillations arising from interference to this smooth curve. However, it is im-
portant to note that this division into factors is an approximation assuming that
the shape of the objects is not affected by their positions.

Model independent fitting by simply looking at intensities and gradients in
scattering curves can often be helpful in understanding overall shapes and
sizes before attempting to fit more complicated models directly. As such anal-
yses are based mainly on the form factor, it is important to take the gradient
over a significant range of Q to exclude local oscillations arising from corre-
lations between objects. Scattering curves are often divided into different
parts such as in Guinier and Porod regions [47, 55]. A Guinier region is seen
as a turnover at the lowest Q at the condition when QR « 1, and this describes
the overall size and radius of gyration of an object. This is for example seen
as a flat level (/ « Q'z) at low Q for monodisperse spheres in Figure 14a. The
intensity in a region of Q that follows the Porod law, 7 « Q'4, gives a measure
of the specific surface area (area per volume) of an object and is, for example,
seen at Q> 0.05 A™! for the sphere models in Figure 14a.

.f[.::m'1 sr"]

100! poly\dispe;rse cylinders
L] polydisperse spheres
=—monodisperse cylinders

i monodisperse spheres
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Figure 14. Scattering patterns for typical particle shapes and corresponding decay
rates (p). a) Polydisperse populations of cylinders (blue filled circles) and spheres
(red filled squares) show characteristic p of -1 and -4. Monodisperse populations
(open symbols) show the same form factor decay rates but with clear local minima
and maxima caused by the structure factor. b) Mass fractal models with fractal di-
mensions and corresponding p of 1.1 (red squares), 2 (blue circles) and 2.9 (black
triangles). Here, the Teixeira model [56] has been used with radius of building blocks
10 A and cut-off length 100 A. The curves are shifted in intensity for visibility in both
a) and b).

In the following subsections, some of the analytical models that have been
used to represent the emulsions and protein dispersions in this work will be
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described. Graphical representations of these models are presented in Figure
15.

Sphere model Core-shell sphere model

Ellipsoid model

Figure 15. Graphical representation (not to scale) of models used for the work on
emulsions and protein structures in this dissertation. These include a) sphere, b) core-
shell sphere, c) mass fractal and d) oblate ellipsoid models.

3.2.4.1 Spheres and core-shell spheres

Sphere models are among the most frequently used in scattering experiments,
as many objects can be approximated as spherical. This includes for example
oil droplets, nanoparticles or micelles. The scattering from spheres is given
by:

sin(QR) - OReos(OR))]
(OR)?

150) = & = [37ap) x { +1,

where ¢ is the total volume fraction of all scatterers, R and V" are the radius
and volume of a single scatterer, Ap is the SLD contrast between the scatterer
and the surrounding medium, and 7, is the source background [55]. For a
perfect monodisperse population, this function shows clear minima and max-
ima as seen in Figure 14a. However, for polydisperse systems, these features
are broadened to show only the overall envelope.

To evaluate systems where, for example, oil droplets consist of a shell of
adsorbed emulsifiers or of spherical particles with a dense inner core sur-
rounded by a shell that has a different SLD, the core-shell sphere model is an
extension of the sphere model. The model sums the scattering amplitudes
from the regions that scatter coherently (core and shell) and takes the square
to obtain the combined intensity as given by:
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(sin(QR.) - OR:cos(QR,))

_ 9 V() % (©OR? "
Iess(@) =5 < |3 (sin(QRy) - ORyc0s(QRy)) th
VS(Apsm) % (ORy)?

where V, and R, and V and R, are the volumes and radii of the spherical cores
and shells, respectively, and Ap . and Ap_ are the SLD contrasts between the
core and the shell, and the shell and the surrounding medium, respectively.
The core-shell sphere model was used early in this work (paper I) to represent
emulsions consisting of oil droplets covered by a layer of adsorbed proteins at
the surface.

3.2.4.2 Ellipsoids and polydispersity
An ellipsoid describes an object with anisotropic shape, that have different
dimensions along its axes. In the rotationally symmetric case, an ellipsoid can
be described by two different radii, the equatorial radius, R., and the polar
radius, R;,. This model was used in paper I to represent the scattering from
dispersed proteins. For randomly oriented ellipsoids, the model is given by:

. 2
IE(Q) _ % « J-On/Z <[3 V(Ap) « (sm(QRE)(-QiIS;os(QRE))] sinada) +Ib

and Ry is given by:

_ 2 i 2 2 2
RE—\/Re sin” a + R, cos” a

where a is the angle between the ellipsoid axis and é In many ways, the
scattering described by this model is similar to the scattering from polydis-
perse spheres despite the structural models being different. Both anisotropy,
polydispersity and poor resolution cause broadening of the minima in the os-
cillations characteristic for perfect monodisperse spheres. In practice, the el-
lipsoid model is often used to model, for example, polydisperse populations
of spheres, where the extra radial parameter is introduced to fit the data. As
long as there is no alignment of the ellipsoids by, for example, applying a
magnetic field or high shear that may cause an anisotropic scattering pattern,
it is not trivial to distinguish between the two types of models. It is also not
so far off to think about both of them as describing objects with different radii,
either as viewed from different directions (ellipsoids) or as viewed as different
objects (polydisperse sphere population).
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3.2.4.3 Mass fractal structures

Mass fractal structures [56] are characterised by self-similarity in structure
over a range of length scales and have been used to model the protein dis-
persed in an aqueous phase in this work (papers II & IV). This model is com-
mon to describe for example porous networks, aggregates and gels. The
model can be thought of as spheres as individual scatterers (building blocks),
forming a hierarchical structure up to a cut-off length (cluster size), and is
mathematically described as:

1 (0) = 0V(Ap)*P(Q)S(Q) + Iy

with form and structure factors given by:

P(O) = (3(sin(QR) -OR cos(QR)))2

(oR)?
B DI (Ds- 1) Sin((Df -1) tan’! (Qé))
S(Q) - 1 + - 1 (Df-l)/2 x (QR)Df
(@)

where Dy is the mass fractal dimension, & is the correlation length or cut-off
length (i.e. cluster size), and I'(x) is the gamma function.

The mass fractal dimension is in the range 1 <Dy <3, describing how the
mass of a structure scales with its size. A value of D;= 1 corresponds to elon-
gated string-like objects such as needles or polymer chains in a solution. A
value of Dy=2 corresponds to diffuse networks such as polymer gels or flat
objects such as sheets. A value of D¢= 3 describes fully space-filling objects
such as compact spheres. The Dy was about 2.75 for the protein network in-
vestigated in this work.

This model shows a turnover at low Q where O~ 1/&, a power law of
1(0) x 0P at 1/6 € O < /Ry, and at high Q, the scattering is dominated by
the form factor of the individual scatterers. This is seen in Figure 14b. This
model is in many ways similar to the sum of multiple models of spheres of
different sizes. Therefore, it is not strange to think about this model as a good
representation of a polydisperse distribution or materials of irregular shapes.

3.2.4.4 Guinier-Porod model

The Guinier-Porod model is a less structurally specific model compared to the
previously mentioned ones, and is used mainly when the morphology is less
well-known. Rather than a physical model describing real structural proper-
ties, it is an arbitrary model that provides parameters related to size and struc-
ture. It connects regions in Q space with Guinier (low Q) and Porod (high Q)
behaviour to obtain information about the radius of gyration, R,, and the Porod
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exponent (dimensionality or roughness of surface), d,. The model does not
assume self-similarity as in the fractal model in subsection 3.2.4.3, however it
is sometimes used to model systems with multiple structural levels. This
would be reflected as multiple Guinier-Porod regions at different Q and could
be similar to a mass or surface fractal model describing particles (building
blocks) within a cluster (correlation length). The Guinier-Porod model in one
structural level is given mathematically by:

G Ry

xe 3, <

I6p(0) = 2 O=0
@ > Q z Q1

where D and G are the scale factors for the Porod and Guinier models and Q1

is the transition point, making a smooth transition in intensity and gradient
between the Guinier and Porod regions. This point is given by:

The Guinier-Porod model has been used in paper IV to describe the scattering
from proteins dispersed in a medium at pH below neutral.

3.2.4.5 Smearing of models

The scattering patterns given by the model calculations deviates from real
measurements due to finite instrumental resolution, so called smearing. Finite
resolution in Q leads to broadening of sharp features in intensity, for example
broadening of the sharp minima in the form factor.

In scattering, there are two common instrumental geometries for beam col-
limation — pinhole and slit collimation. The pinhole collimation is used for
SAXS/SANS measurements and gives an isotropic beam on the detector. The
pinhole smearing arises mainly from the finite beam divergence. The slit col-
limation is used in the Bonse-Hart USAXS/USANS setups and uses channel-
cut crystals that have specific angular acceptance of the beam and gives a slit
smeared resolution function [57]. This gives a very good resolution in the
narrow direction but very poor resolution in the long direction. The intensity
from slit smeared measurements is calculated by the integral over the long slit
direction [58]. The integration causes data that have been measured in a slit
smeared collimation to have a gradient in a plot of / versus Q to decrease by
one (Figure 16a).

Usually, it is preferrable to smear the models to comply with the resolution
of the instruments rather than trying to desmear data directly. Desmearing of
USAXS data [59] may cause artefacts such as oscillations and often some al-
gorithms are required to smoothen the desmeared curves. There are certainly
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challenges with desmearing of data and smearing of models, particularly to
determine the instrumental resolution. The effective slit lengths, that depend
on the geometry of the crystals and the beam divergence, are typically not easy
to determine but some values have been estimated for various instruments [60,
61, 62]. Figure 16b shows an example of how the slit length affects the shape
and intensity of a curve of the sum of a sphere and a fractal model.

3)1010,

o Slit smeared USAXS data
Desmeared USAXS data
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Figure 16. a) Slit smeared (black squares) and desmeared USAXS data (red circles)
of an emulsion with 50% v/v oil and 7.5% w/v protein. The lines represent model fits
of a sphere model combined with a fractal model. Smearing of models is usually
preferred over desmearing of data, as it avoids the introduction of additional noise or
oscillations. The difference in gradient between the data sets comes from the integra-
tion in the calculation of the intensity in the slit smeared configuration. b) Sphere and
fractal models that have been smeared with different slit lengths of 0.001 to 0.100 A™!
in SasView version 5.0.6 [63].

Similarly, as for the difficulty in distinguishing between ellipsoids and poly-
disperse spheres described in subsection 3.2.4.2, smearing typically gives sim-
ilar effects, causing structural information such as sharp minima to vanish.
Fitting of the USAXS and SAXS data sets in this work have been performed
separately without desmearing. Desmearing of the USAXS data has been
done only for visual purposes to plot them on the same graph as the SAXS
data.

3.3 Rheology

In addition to the thorough work with X-ray and neutron scattering techniques,
substantial results have been obtained from rheological measurements. The
word 'rheology' is composed of the Greek words 'logia' and 'theo' which means
the 'study of flow' [64]. Intuitively, rheology can be related to everyday prop-
erties such as the ‘creaminess’ of ice cream, ‘pourability’ of yoghurt, ‘spread-
ability’ of a paint, ‘stability’ of a salad dressing, or the “twistability” of an
Oreo cookie [65]. Direct measures of viscosity and deformation can be
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obtained, which would relate directly to for example mouthfeel in foods and
indirectly to gelation mechanisms and internal structure of soft matter sys-
tems. The technique is used widely in a range of applications, including both
fundamental structural characterization and industrial applications.

Rheology is a common area of study to understand the flow and elastic
properties of many different types of complex fluids and soft materials. These
often have behaviours that are a combination of those of viscous liquids and
elastic solids. The behaviours of such materials are also likely to depend on
the deformation history of the sample which could give rise to time-dependent
effects such as thixotropy [66]. Thixotropy refers to a process of a decrease
in viscosity with time at a constant shear, with a recovery when the shear is
removed.

To understand the basic concept of this technique, it is useful to introduce
the definitions of shear stress, o, and shear strain, y, that determines the vis-
cosity, . In an idealised rheological setup, one considers two horizontal par-
allel plates with the material to study in between. Each plate has an area, 4,
and are separated by a distance, 4. The upper plate is subjected to a force, F,
in the horizontal direction that moves the plate a distance, d,, measured from
the original position. The shear stress can be expressed as the force per unit
area:

SN e

The shear strain is the ratio of displacement to the separation distance:

'Y:

= |5~

The shear rate, y, sometimes referred to as the shear strain rate, is the deriva-
tive of the shear strain with respect to time:

—
dt

With an applied shear stress, the viscosity is then the resistance to deformation
with time:

<-1q

Variations to the geometry do occur depending on the type of sample that is
to be measured. The three most common geometries are plate-plate (Figure
17a), cone-plate (Figure 17b) and concentric cylinder/Couette geometries
(Figure 17¢). For low viscosity fluids, the concentric cylinder geometry is
preferred to prevent the material from flowing out during measurements. This
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setup was used for SAXS measurements with in situ rheology in paper V. The
motivation for the Couette geometry in this case was to access two different
planes of the flow field, including the flow-vorticity (tangential position) and
the shear-gradient-vorticity (radial position) planes with sufficiently short
path lengths [67]. The Couette was made of polycarbonate which does not
greatly absorb or scatter X-rays. A schematic of the rheo-SAXS experimental
setup is presented in Figure 1 of paper V.

a) b) c)
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-IZS tan(1*) mm
t" mm 21 mm
50 mm 50 mm : 20 mm :
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Figure 17. Rheological geometries (not to scale) including a) plate-plate, b) cone-
plate and c) concentric cylinder/Couette.

A rough cone-plate geometry was used for the remaining work in this disser-
tation. This geometry consists of a static plate at the bottom and a rotating
cone with a small angle at the top. The angle is necessary to provide a uniform
shear rate across the sample, rather than one that varies with the radial distance
from the centre, as in the plate-plate geometry. The minimum gap size was
set to 0.1 mm in the centre, with a cone angle of 1°. This gives a larger gap at
the edges, much larger than the individual emulsion droplets in this work.

In this dissertation, five different types of tests have been performed. They
include: shear rate sweeps (papers L, III & V), constant shear stress (papers 111
& V), strain amplitude sweeps (papers I & III), frequency sweeps (papers I &
V), and low strain amplitude and frequency (paper I11). The following subsec-
tions will describe in more detail the purpose and possible interpretations of
the results in each test.

3.3.1 Shear rate sweep

Two of the most frequent ways to represent rheological results are by so called
flow curves of shear stress versus shear rate (Figure 18a) and of viscosity ver-
sus shear rate (Figure 18b). These data are often obtained by performing a
series of steady-shear measurements in either controlled shear rate mode
(shear rate sweep) or controlled stress mode (stress-controlled flow curve).
The difference between shear-thinning, Newtonian and shear-thickening ma-
terials are clearly visible in such plots. Emulsions are typically shear-thinning
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fluids as the viscosity decreases for higher applied shear rates. Pure water or
air would be typical examples of Newtonian fluids that have viscosities that
are independent of applied shear. A common example of a shear-thickening
fluid is a dispersion of corn starch in water, that becomes more difficult to
steer the more force you apply.

a b
) ) . Shear-thickening :
| Shear-thickening "
o . > -
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Figure 18. Typical flow curves for shear-thinning (blue dashed lines), Newtonian (red
solid lines) and shear-thickening (green dotted lines) materials. Emulsions are usually
found to be shear-thinning fluids as they start to flow (viscosity decrease) when more
stress is applied (higher shear rate).

In the shear rate sweep, the applied steady shear rate is varied, in this study
between 0.01 and 1000 s”'. This is done to obtain flow curves, relating the
shear stress and viscosity to the shear rate. The measurements in this study
have been performed mainly as quick sweeps, where each shear rate is held
for only a short time of the orders of seconds. This was done to study short-
time and transient yield behaviour, reducing thixotropic (time-dependent
shear thinning) effects and structural evolution of the protein network with
time. It is not uncommon to see that the flow curve varies depending on the
time that you wait, and also going from high to low or low to high shear rates
typically impacts the curve. For example, Wang and Ewoldt [68] studied the
hysteresis of the time-dependent dynamics for thixotropic, antithixotropic and
viscoelastic materials and saw that the hysteresis is decreasing at higher ramp-
ing rates.

Some analysis of the data in this dissertation was done by evaluating the
yield stress, o,. This is the minimum stress at which the systems start to flow
and can be thought of as the shear stress in the limit of zero shear rate [69].
This quantity can be obtained by fitting flow curves to the Herschel Bulkley
model, which describe yield-stress materials such as concentrated emulsions:

6 =0, +Ky"

n is flow index and K is consistency index. For shear-thinning materials, the
flow index is less than 1, for shear-thickening materials it is greater than 1 and
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for Newtonian materials it is equal to 1. By fitting this equation to data for
emulsions and protein dispersions in paper III, values of the yield stress were
found to be of the order 0.01 to 20 Pa depending on the oil concentration.

Additional analysis of how volume fraction of the dispersed phase affects
the viscosity can be done by considering the viscosity at zero or low shear
rates. The viscosity is related to the volume fraction, ¢, by the Krieger-
Dougherty equation:

-l
(1)

where [n] is the intrinsic viscosity which was taken as 2.5 for hard spheres,
and ¢  is the maximum packing fraction [70]. The maximum packing fraction
for randomly distributed monodisperse hard spheres is 0.64, and typically in-
creases for polydisperse size distributions. The Krieger-Dougherty relation-
ship explains how the viscosity increases as the dispersion becomes more con-
centrated, and particularly the clear upturn in viscosity as the material ap-
proaches the maximum packing fraction. This was particularly seen as the
high viscosity in emulsions with 50-60% v/v oil compared to 20-40% v/v oil.

3.3.2 Constant shear stress

The constant shear stress measurements, as a steady rheological treatment
with a constant applied shear stress, is similar to the shear rate sweep described
in subsection 3.3.1, but the purpose was to investigate the yield stress behav-
iour and structural changes at much longer time scales of several hours rather
than of the orders of seconds. The test was similar to a conventional creep test
where a constant shear stress is applied and the deformation is recorded over
time. However, in this case, the shear rate is monitored over time to investi-
gate how the emulsion transitions from a solid to a liquid-like state.

If a shear stress is applied that is below the yield stress, the viscosity in-
creases over time, showing a more solid like behaviour, and hence the shear
rate will decrease as given by the relationship in section 3.3. On the other
hand, if the shear stress is above the yield stress, there is constant breakage of
the structure and the viscosity and shear rate will remain approximately con-
stant over time due to a more fluid-like behaviour.

The long-term yielding behaviour of two representative emulsions with
7.5% w/v protein, and 40% and 60% v/v oil, were analysed in paper I1I. These
are seen in Figure S5 (paper III) and gave yield stresses of 1 to 70 Pa. These
values are slightly higher than the ones obtained from quick shear rate sweeps
described in subsection 3.3.1. This is due to the thixotropic behaviour of these
systems.
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3.3.3 Strain amplitude sweep

Strain amplitude sweep, is a type of oscillatory measurement where a shear
strain is applied as a sinusoidal curve (positive and negative) with a fixed an-
gular frequency, ®, and where the amplitude (absolute value) is varied (in-
creased). The shear stress is recorded over time and by using a Fourier trans-
form, that expresses the signal as a sum of sinusoidal curves with different
frequencies, the phase of the main harmonic can be determined. The phase
angle, 9,, between the applied shear strain and the recorded shear stress de-
scribes the behaviour of the material. Immediate response (6, = 0°) is charac-
teristic of an elastic solid with no energy loss. Delayed stress response
(0, =90°) describes a viscous fluid with complete energy dissipation to heat.
Viscoelastic materials, such as emulsions, have a combination of elastic and
viscous behaviour and show 0° <6, < 90°.

This type of oscillatory measurement is typically plotted as the storage
modulus, G', and the loss modulus, G", as functions of the strain amplitude
(Figure 19a). These moduli are directly related to the phase angle as:

tan(5,) = %

At the condition G' > G", the material is typically described as behaving more
like a solid than a liquid, whereas G" > G' describes a more liquid-like behav-
iour. For a representative emulsion with 40% v/v oil and 7.5% w/v in paper
I, the cross-over point (G' = G"), where the sample starts to behave more like
a liquid, was found around 70% strain for a frequency of 1 rad s™'.
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Figure 19. Typical plots of a) an amplitude sweep and b) a frequency sweep for an
emulsion with 50% v/v oil and 7.5-10% w/v protein. The storage (G') and loss moduli
(G") are plotted. The cross-over point (G' = G") in the amplitude sweep characterizes
yielding or structure breakdown. The frequency sweep performed at 1% strain (within
the LVR) demonstrates that the elastic component is higher than the viscous compo-
nent at all frequencies and that the sample shows good gel stability.
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Strain amplitude sweeps are primarily used to identify the linear viscoelastic
region (LVR) over which values of strain that G' and G" remain constant. In
this region, the response is reversible and this information is used in other
measurements such as that explained in subsection 3.3.4.

3.3.4 Frequency sweep

A frequency sweep is another type of oscillatory measurement, with a constant
strain amplitude but with varying frequency of the sinusoidal curve. The
strain amplitude is generally taken within the LVR as obtained from a strain
amplitude sweep measurement described in the previous subsection. The
value of strain was taken as 1% in this work. The frequency was varied be-
tween 0.01 and 100 rad s”'. This type of measurement is used to investigate
the time scales at which changes occur in a sample. The relatively flat G' and
G" curves and the comparably higher value of G' for a typical emulsion in
Figure 19b, show that this sample is stable over a range of timescales and
behaves more like a solid at this strain amplitude.

3.3.5 Low strain amplitude and frequency

Low shear strain of 1% and angular frequency of 1 rad s™' as oscillatory meas-
urements were applied to assess network formation over time. At such low
shear, the viscoelastic network formation dominates rather than flow-induced
changes over time. This is well within the LVR, so the microstructure is not
disrupted. The response of G' and G" was plotted over time to observe the
role of elastic and viscous contributions. The results for a dispersion with
7.5% wi/v protein, as well as for three emulsions with 40, 50 and 60% v/v oil
and 7.5% w/v protein are presented in Figure 4 in paper IIl. Characteristic
behaviour observed for these samples are increases in both storage and loss
moduli with time.

3.4 Techniques to assess thermal stability

Thermal analysis techniques were used to assess the thermal stability and
composition of the protein by investigating their properties as a function of
temperature. Thermo gravimetric analysis (TGA) [71] was used as a minor
technique in this work to estimate the water content in the pea protein isolate
(Figure 20a). This technique monitors the change in mass as a function of
temperature and time. In this experiment, there was a ramp in temperature
from 25 to 150 °C (15 °C min™") with 50 ml min™' flow of nitrogen gas, fol-
lowed by a fixed temperature at 150 °C for 360 min. In a TGA experiment,
the change of mass compared to the initial state can be due to different
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physical processes such as thermal degradation, oxidation, decomposition of
the sample or moisture evaporation, and these are taking place at different
temperatures and times. The water loss in this experiment was determined as
2.92 mg, corresponding to 5% w/w of the initial protein isolate. The small
initial apparent rise in mass of the sample is due to buoyancy effects when the
density of the surrounding gas decreases as the temperature is raised [72].
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Figure 20. a) Typical TGA curve for the pea protein isolate used in this work. The
weight decreased by 5% upon heating at 150 °C for 360 min, suggesting that this is
the approximate fraction of water. b) DSC curves with 10 °C min™! heating rate for

the same pea protein isolate. Endothermic is up. A denaturation peak was observed
at approximately 70 °C.

Differential Scanning Calorimeter (DSC) [71] measures the heat flow (absorp-
tion or release) in a sample as a function of temperature. A typical experiment
is performed as a ramp of temperatures, in this work from 20 to 150 °C at a
rate of 10 °C min™', while monitoring the heat flow (Figure 20b). Different
physical phenomena such as melting (endothermic), glass transition (endo-
thermic), crystallisation (exothermic) and cross-linking (typically exothermic)
involve different thermal transitions which are visible as local maxima (endo-
thermic) or minima (exothermic) in a plot of heat flow versus temperature.
The results from the measurements in this study were used particularly to iden-
tify the denaturation temperature of the dry protein isolate material. This was
found as an endothermic peak at approximately 70 °C, and the process was
irreversible as seen by the lack of features in the repeated temperature cycle.

3.5 Summary of challenges and opportunities in
evaluating emulsion stability
Regarding the methods in section 3.1, they are all complementary approaches
to assess physical stability by examining key factors such as droplet size,

phase separation and droplet charge. Care is needed in the understanding of
each parameter. I see a strong tendency to create “non-meaningful” indices

54



to quantify the differences between samples and to relate them to different
behaviours. If such indices are being used it is necessary to understand what
they represent and their physical interpretation.

As I point out in my review article [17], such indices could be useful for
comparison between samples. However, as they are not direct measures of
stability, they should not be applied and compared among different studies
with different conditions. There are great room for improvements for in-
creased standardization. Some issues that are particularly problematic are for
example different storage times for assessing CI, ES, EC and CI*, different
SDS concentrations when evaluating FI, and volume average or surface aver-
age diameters in the measure of droplet sizes. Most prominent are DLS meas-
urements. There are many occasions where a single value for hydrodynamic
droplet size is reported without taking into account polydispersity and size
distributions, non-spherical shapes, mixes of materials (such as different pro-
teins) or multi component systems (such as oil and protein) with different scat-
tering contrasts, measurement errors such as multiple scattering or even spec-
ifying if the size is a radius or diameter. Figure 21a shows an example of how
one can plot the same data in three different ways based on number, intensity
or volume weighted distributions of hydrodynamic radius.
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Figure 21. a) Results from dynamic light scattering experiments of a dispersion with
pea protein isolate. Size distributions vary depending on how the averaging has been
done. These data are an example of how quoting a single number for hydrodynamic
radius can sometimes be misleading. Note that the hydrodynamic radius is in Ang-
strom, whereas most DLS results are reported in nanometres. b) Plot of a scattering
model, showing that the intensity is proportional to both the scale factor and SLD
contrast between components. This highlights the importance of absolute intensity in
model fitting.

The intensity weighted distribution is the primary result obtained from a DLS
measurement and is, to first order, proportional to the sixth power of the par-
ticle radius (I < 7). Therefore, it highlights the larger particles. The number
weighted distribution is the relative proportion of the number of objects of
different sizes and emphasizes the smallest particles. The volume weighted
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distribution is the relative proportion of the total volume of different sized
objects and is typically a compromise of the number and intensity distribu-
tions. It is also important to remember that although the number and volume
weighted distributions are very useful to understand the material, they are
based on some assumptions about for example sphericity.

It is often also not clear how to interpret the indices, for example CI* and
FI are both concerned with changes of droplet size but not directly with the
physical process that is causing the change. It is not always intuitive how to
interpret the indices, as for apart from a value of zero (CI, FI, CI*) or one (ES,
EC/EA) that is a “stable” sample, it is not clear how a different value would
translate to stability. The main limitation is the difficulty to compare values
between different samples, instruments and experimental procedures. These
techniques are therefore best suited to acquire knowledge of the qualitative
picture of a system and to obtain an initial understanding of the structure.

Particularly with microscopy, it is easy to obtain a qualitative understand-
ing of the system but more difficult to quantify exact structures and stabiliza-
tion mechanisms. Since microscopy data is collected for only a small part of
a sample, single micrographs containing only a few objects may be misleading
if not compared with other images, particularly for polydisperse samples.
Nonetheless, such techniques are useful to restrict the choice of models for
other quantitative techniques or to communicate findings to a broad audience
as the visuals are good.

3.6 Summary of challenges and opportunities in
assessing emulsion structure

Measurements of SAXS and USAXS were made with a laboratory instrument
from Xenocs in Uppsala, Sweden, but also compared to results from an instru-
ment by Anton Paar in Graz, Austria. The accessibility to the instrument in
Uppsala has been of great importance for this study. The main drawback with
a laboratory instrument is the relatively long measurement times (a few hours)
particularly for the USAXS measurements and the limitation of sample envi-
ronments.

Additional synchrotron X-ray measurements with in situ rheology were
performed at the ESRF in Grenoble, France. The measurement times of frac-
tions of seconds are greatly advantageous to measure a large number of sam-
ples. Neutron scattering is only accessible at such large-scale facilities. Not
only is it necessary to apply for beamtime long time (months) in advance, it is
an expensive technique and the measurement times are longer than for X-rays
due to the lower neutron flux. Despite these challenges, the benefit of neutron
scattering techniques to use contrast variation is of great importance. Neutron
scattering has been performed at the Paul Scherrer Institute (PSI) in Zurich,
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Switzerland, at the Australian Nuclear Science and Technology Organisation
(ANSTO) in Sydney, Australia, and at Delft University of Technology (TUD),
Delft, the Netherlands.

During synchrotron beam time, one can easily obtain large volumes of data.
This is good, however, requires both a good file structure and log book and
the analysis can sometimes be overwhelming with a large number of data sets.
There is a possibility for the future to integrate artificial intelligence (Al) tools
more widely in analysis of scattering data and planning of experiments. How-
ever, there are some apparent issues that needs to be resolved in order to take
this route. First, improvements are needed regarding file formats, data reduc-
tion procedures and data treatment. The scattering community is working col-
laboratively to resolve these issues, however, there seems to be a slight ten-
dency within the field to align with one’s own ideas and write new software.
It is not trivial for a non-expert to enter this field or to use Al for standardised
data processing. There is motivation to work on both a standardized data
presentation and to find systems to work with large volumes of data.

Another field where Al has great potential is in the assistance with model
fitting. However, as with the standardization of data, the quality of measure-
ments varies and many times data are not presented on an absolute scale, even
in peer-reviewed journals, which makes calculation of volume fractions and
contrasts very difficult and hinders validation of model fits. A simple example
of how the scattering from a sphere is proportional to the scale factor, ¢, in the
same way as to the square of the scattering contrast, Ap, according to the equa-
tion in subsection 3.2.4.1, is shown in Figure 21b.

When it comes to model fitting, correct estimation of error bars and reso-
lution are of great importance and these are sometimes difficult to quantify.
Different types of errors may arise from experimental setup, sample prepara-
tion and detector elements. Similarly, the resolution functions are not always
easy to measure directly but require some estimates. For example, desmearing
of USAXS data causes unrealistic error bars and slit smearing resolution de-
pends strongly on slit length, beam divergence and beam profile. There is a
lot of on-going work to address these issues, and there is room for improve-
ments to fully use the potential of these techniques.

3.7 Summary of challenges and opportunities in
assessing emulsion rheology

Conducting rheology experiments requires careful consideration of instru-
mental factors. For example, the gap size in a plate-plate or a plate-cone ge-
ometry needs to be chosen as to be significantly greater than the characteristic
length scales of the components in the material investigated. Droplets of mi-
crometre sizes in emulsions would typically require a gap of the order one
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millimetre. Another challenge in rheological measurements is wall slip, which
can occur in different measurement geometries and may effectively lead to an
underestimation of the true stress. To avoid this effect, the experiments in this
work were carried out with rough surfaces. The measurement conditions are
important to report, as it is not always possible to compare results measured
with different setups even for the same sample. An additional concern in long
measurements is water evaporation, which effectively increases the sample
concentration and hence change the rheological properties. This problem is
commonly solved by using a water trap around the sample providing a con-
trolled humidity environment.

It is easy to understand the motivation to study rheological properties of
materials, as these properties are highly relevant for material performance and
perception of end consumers in various fields. Several quantities such as vis-
cosity, elastic and viscous moduli, yield stress and phase angle can be meas-
ured directly, and rheological experiments can also generate indirect scientific
knowledge of for example structures of materials. This is one reason for de-
fining various indices and dimensionless parameters to be able to compare the
rheological properties of different systems.

For emulsions and particularly the emulsion gels studied in this work, the
rheological behaviour is determined by both the droplets, the interfacial phe-
nomena and the viscoelastic properties of the continuous phase. One common
dimensionless index relevant to this system is the capillary number, Ca, de-
scribing the ratio between viscous stresses on the droplets and the stress asso-
ciated with the interfacial tension, ot. One of the definitions of this index is
given by [73]:

n¥Ro

oT

Ca=

where n_ is the viscosity of the continuous phase, v is the applied shear rate
and R, is the droplet radius. A value less than one corresponds to a sample
where stresses from interfacial tension is dominant (o] = 61/R,), and a value
greater than one favours viscous stresses (6y =1_). This index can be written
in many different ways, as seen in a review that reports 41 different capillary
numbers [74]. While such indices are easy to report, their interpretation re-
quires understanding of assumptions made and the definitions of the parame-
ters, which is not always trivial.

Similar challenges arise in models to fit the data. Many models contain
parameters that lack direct physical interpretation and can be tuned to match
the data, and sometimes additional scale factors are also introduced. For ex-
ample, the Hershel Bulkley equation (subsection 3.3.1) includes a consistency
index tuneable to match data, and the Krieger-Dougherty model (subsection
3.3.1) assumes rigid spheres dispersed in a medium with uniform viscosity.
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For systems with a protein network in the continuous phase, it is not trivial to
determine an appropriate value for the continuous phase viscosity.

Overall, there are many ways to report rheological results. There are a wide
variety of measurement protocols and measurable quantities, which makes di-
rect comparison between studies challenging. Many quantities such as stress,
strain, viscosity, storage and loss moduli and phase angle are related and can
often be obtained from the same original data. Choosing which values to pre-
sent can strongly influence how one perceives the properties of a material.
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4. Identification of stable emulsion
compositions

4.1 Mapping stability regions in pea protein
stabilized emulsions

The review article [17] investigated the majority of the published work on pea
protein stabilized emulsions up to 2022. Different studies were compared and
two regions of stability for different emulsion compositions (water, oil, pro-
tein) were identified, as seen in the ternary diagram in Figure 22a. In this
analysis, a sample was classified as stable when the authors reported stability
based on comparative observations over time. This could include techniques
such as light scattering (subsection 3.1.1), macroscopic and microscopic vis-
ual observation (subsections 3.1.4 & 3.1.5) or measurements of sample tur-
bidity (subsection 3.1.1). The time range could vary significantly between a
few hours to multiple weeks. The corner points in the ternary diagram repre-
sent samples with 100% v/v oil (left), 100% v/v water (right), and (100% of a
dispersion with) 25% w/v protein in water (top). The “protein” corner is de-
fined as 25% w/v protein in water (25 g/100 mL). This concentration was
chosen simply as a graphical reference point to provide an appropriate axis
scaling to improve the visual position of compositions in the ternary plot. It
does not imply that emulsions were prepared by first preparing such disper-
sions of proteins, but is used only for plotting purposes. Each point contained
within this triangle represents a sample that contains a mixture of oil, water
and this reference protein/water dispersion, and hence the effective protein
concentration for any point is obtained by scaling relative to the 25% w/v cor-
ner. The green area in the lower left corner in Figure 22a corresponds to high
internal phase samples with 60-90% v/v oil and total protein concentrations
less than 2.5% w/v. The second, larger area of stable compositions, is located
in the lower right corner and corresponds to 5-30% v/v oil and protein con-
centrations up to 9% w/v. The red squares in this diagram represents emul-
sions that were reported as unstable over various time periods.

These results caught my attention, suggesting that pea protein is a promis-
ing emulsifier, but also raised questions about stability mechanisms and the
stability in unexplored areas of this phase map. First, the wide range of sta-
bility in two separate regions implied that perhaps different stabilization
mechanisms dominate depending on composition. The literature search
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presented in the review article [17] also found that protein history, such as
extraction methods and processing, was important. These treatments were
observed to have a greater impact than type of vegetable oil or homogenization
method.

A broad compositional area at intermediate oil and high protein concentra-
tions remained unexplored. This observation motivated the work presented in
paper I, which systematically investigated emulsion stability across a wider
range of compositions using a single pea protein material.

a) b)

Review

Experiments

70
80
- 90
L% . e B W
100 = e - == 0 100
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Water [% wiv] Water [% wiv]
c) d)
Calculated compositions Calculated iti
1 um oil droplets 100 00 protaintayer | 07000
5%
S 30 0 %%
= = O
& 40 0 ",zg’
J 50 %, b

—— !

0 10 20 30 40 50 60 70 B0 90 100
Water [% wiv] Water [% viv]

Figure 22. Stability ternary diagrams. a) Stable (green circles) and unstable (red
squares) compositions reported in literature [17]. b) Additional stable compositions
found in my experiments reported in paper I. c¢) Calculated compositions assuming 1
um droplet radii for various thicknesses of protein at the droplet surface of 1 nm (pur-
ple diamonds), 10 nm (green circles), 100 nm (blue squares) and 500 nm (yellow tri-
angles). d) Calculated compositions assuming 100 nm protein layer thicknesses for
various droplet radii of 0.5 pm (yellow triangles), 1 pm (blue squares), 5 um (green
circles) and 10 pm (purple diamonds).
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4.2 Newly identified stable compositions

Paper I is devoted to investigating the range of stable emulsion compositions
made with the commercial pea protein isolate described in subsection 1.2.2.
Emulsions with various oil concentrations from 5 to 90% v/v and protein con-
centrations from 0.5 to 17% w/v were prepared. Visual observation of phase
separation was monitored during seven days of storage and a region of stabil-
ity that was previously unexplored was identified, as seen in Figure 22b. This
region includes samples with approximately 10-60% v/v oil and 5-15% w/v
protein.

The stable emulsions have a white, homogenous appearance after storage
(Figure 3a). At lower protein concentrations, they showed quick phase sepa-
ration into multiple layers within minutes to hours (Figure 23b), whereas at
higher protein concentrations, sample preparation was not feasible due to the
high volume fraction and viscosity in such concentrated systems. The identi-
fied region of stability was similar across a range of pH and for different mix-
ing protocols, indicating that the stability was independent of both pH and
mixing processes within the range investigated. Paper I includes ternary dia-
grams for samples at acidic (pH 3.0), isoelectric (pH 4.6) and neutral condi-
tions (pH 7.0) (Figure 4 in paper I), as well as for samples prepared using
either a homogenizer or a food blender (Figure S2 in paper I). The identifica-
tion of this new stability region suggests that stabilization cannot be explained
solely by interfacial adsorption of proteins.
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Figure 23. a) The initial fractions of oil (top layer) and water (bottom layer) before
addition of protein and homogenization. From left to right 50 to 10% v/v oil. b)
Phase-separated emulsions with 3% w/v protein after 48 h of storage in 19 °C. c¢)
Confocal images of the upper creaming phase. Upper panel shows oil droplets, and
lower panel shows proteins.
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4.3 Limits of interfacial coverage stabilization model

The requirement of protein concentrations of 5% w/v or higher for stability in
the newly identified region of stability is significantly more than required for
a layer to cover droplets which would be the typical way of thinking about a
simple emulsion stabilized by surface active materials (Figure 2). Even for
relatively small droplets of 1 um that would have a large amount of surface
area, a protein layer of 1-10 nm would require less than 3% protein for com-
plete surface coverage. This is illustrated in Figure 22c.

If interfacial absorption was the sole determinant for stability, the boundary
of the stable compositions would extend along a straight line in the ternary
diagram representation with different gradients depending on the thickness of
the interfacial layer. An example of this for droplets with 1 pm radii and var-
ious layer thicknesses are seen in Figure 22c. Calculated compositions for a
thick protein layer of 100 nm with various droplet sizes are seen in Figure 22d.
Stability is observed in a broader area and with protein concentrations well
above those required for even a thick layer at the surface. This cannot be
described solely by a wide distribution of surface layer thicknesses or droplet
sizes. The finding suggests that there are other stabilization mechanisms that
are important for these systems and that excess protein plays a major role in
determining emulsion stability. These mechanisms will be discussed in the
following chapters.
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5. Distribution and network formation of
proteins in emulsions

5.1 Protein location at neutral pH

The understanding from paper I that only a fraction of the proteins is required
to stabilize the oil-water interface and that substantial amounts of excess pro-
teins are necessary for stability, drove further investigation of protein location
within the emulsions. In papers II & III, the protein and oil droplets were
stained with different fluorescent dyes and observed with CLSM to obtain a
qualitative idea of where the protein is located. The images consistently
showed that a large proportion of the proteins remain dispersed in the contin-
uous aqueous phase, with only a thin interfacial layer at the droplet interfaces.
Examples of confocal microscopy images of an emulsion are presented in Fig-
ure 9¢c & d.

Models to scattering data could give a more quantitative idea of both the
distribution of proteins in the different locations (adsorbed to the surface, dis-
persed in the continuous phase, and aggregated in clusters) and the hydration.
Initial interpretations based on SAXS and USAXS data in paper I suggested
that thick and dense protein layers surround large polydisperse droplets. In
these models, droplets with radii of the order 16 um (SLD 8.68 x 10° A?)
were surrounded by protein layers with an apparent thickness of several hun-
dred nanometres (thickness ~ 700 nm, SLD 12.0 x 10 A?). The additional
approximately 70% of the total protein volume was described as a dispersion
of polydisperse ellipsoidal aggregates with mean polar and equatorial radii of
4.1 and 24.0 nm, respectively. These had a slightly lower SLD than the protein
adsorbed to the droplet surfaces. Both light scattering and optical microscopy
results, presented in paper I, confirmed that proteins and droplets were highly
polydisperse.

While such models with thick interfacial layers are physically plausible,
both as a Pickering type stabilization, where the thickness of the adsorbed
layer at the interface is aggregates of proteins, or as a more diffuse and hy-
drated layer of proteins with overlapping contributions from both interfacial
and other aggregates close to the surface, CLSM images presented in paper II
(Figure 5) & paper III (Figure 2) did not support the presence of a thick inter-
facial layer. Contrast variation in SANS experiments in paper Il was used to
refine the scattering model.
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5.2 Proteins form networks in the continuous phase

By using contrast variation in SANS experiments (paper II), additional in-
sights were gained regarding the contributions from oil and proteins alone to
the scattering patterns. Seven different SLD of the solvent from 4.5 to
37.9% v/v D,O were measured, which are shown in Figure 24a.
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Figure 24. a) SANS data from PSI of an emulsion with 40% v/v oil and 7.5% w/v
protein at seven different solvent SLD (4.5 to 39.7% v/v D,0). The curve with 39.7%
D,0 is to scale, the other curves are shifted by factors of 10! to 10 for visibility. The
solid lines are fractal and sphere model fits from paper IV. b) Smeared USANS data
from ANSTO of an emulsion with 50% v/v oil and 10% w/v protein at three different
solvent SLD (0 to 36% v/v D,0). c) Estimation of the oil/water contrast match point
by comparing the intensity at Q =0.0034 A" for the samples with different solvent
SLD in a). d) Estimation of the protein/water contrast match point by comparing the
intensity at 0 = 0.025 A"! for the samples with different solvent SLD in a).

The oil/water contrast match point could be estimated by a minimum in inten-
sity at a low value of O (Figure 24c). However, even at conditions where the
SLD of water (9.5% v/v D;0) is closely matched to that of oil (SLD ~ 0.1 x
10® A), the intensity around the lowest Q values measured in this experiment
(extending down to 3.4 x 10~ A™) remains high. Combined with the obser-
vations from CLSM, which showed an extended protein network within the
continuous phase, this indicated that the excess protein could be more
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accurately described as a fractal system extending to large network structures,
rather than existing as isolated ellipsoidal aggregates. The fractal model in
paper II consists of individual protein building blocks (radius ~ 6.1 nm) self-
repeating to large aggregates (characteristic sizes) of at least 0.1 pm. How-
ever, due to the limitation in Q, the aggregate size was seen as a lower limit
of size that could be larger, and this was one motivation for the SESANS stud-
ies in paper IV.

Model fits to SANS data at the seven different solvent contrasts (D>O/H>O
ratios between 0.05 to 0.66) showed that the SLD of the protein changed lin-
early with D,O concentration (Figure S2 in paper IV). The change was sig-
nificantly greater than that expected from the exchange of hydrogen to deu-
terium in the solvent alone [44]. The gradient of how the SLD of the protein
vary with the SLD of the solvent suggests that the protein in the continuous
phase is highly hydrated (~ 75-80% water).

Scattering in the intermediate Q region where 0.01 <0 <0.05 A™, showed
a shoulder. The intensity of this feature scales with protein concentration and
was observed in both emulsions (Figure 25a) and dispersions. This was also
seen in SAXS experiments (Figure 7b in paper I). The scattering patterns of
emulsions and protein dispersions without oil were nearly identical when nor-
malized to the protein volume fraction (Figure S3 in paper II). This confirmed
that the signal in this region of Q originates from contributions from dispersed
proteins in the continuous phase rather than from protein adsorbed at the oil-
water interface.
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Figure 25. a) SANS data measured at PSI of various pea protein concentrations for
emulsions with 40% v/v oil and 10% v/v D,O in the solvent. The intensity is propor-
tional to the protein concentration in the continuous phase. b) SANS plots of data
collected at PSI of emulsions with 40% v/v oil, 7.5% w/v protein and 10% v/v D,0 in
the solvent at various pH. The intensity around Q = 0.025 A"! increases with higher
pH. ¢) SANS data measured at ANSTO of 15% w/v pea protein dispersions at various
pH with 100% DO in the solvent. The intensity around Q =0.025 A" increases with
higher pH.

Scattering data in this region were well described by a model based on an
average form factor for the proteins. The lack of pronounced features from
structure factors indicates that contributions from interparticle correlations are
not significant in this Q range as these would give rise to (broad) maxima.
The protein/water contrast match point was estimated based on the scattered
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intensity in this region as can be seen in Figure 24d. A further example of
where different contrasts were used to match out the contributions of oil (10%
v/v D,0) and proteins (36% v/v D>0), respectively, is shown in Figure 24b.
In this USANS region of small O, the protein/water contrast match condition
gives a significantly higher intensity as expected for scattering dominated by
oil droplets than at the oil/water contrast match condition where mainly con-
tributions from clusters of proteins are seen.

SESANS experiments on both emulsions and dispersions in paper [V were
performed to complete the structural picture of the systems. This technique
probes length scales beyond those accessible by SAXS and SANS, similar to
those in USANS. A dispersion with 15% w/v protein was measured at two
different contrasts of 100% H>O and 100% D,O in the water (Figure 2 in paper
IV). A continuous increase in the magnitude of the measured signal confirmed
that protein networks extending to several micrometres are present. The emul-
sions can be described as oil droplets dispersed within a gelled matrix, i.e., a
continuous aqueous phase containing a high concentration of non-adsorbed
proteins. Increasing the protein content gives higher concentrations of protein
in the continuous phase, which gives rise to a denser network that effectively
prevent droplet-droplet contact. This is associated with smaller droplets and
results in greater stability against phase separation. The SESANS results
shown in Figure 26a for emulsions with various oil concentrations show that
the signal is clearly weaker for samples with higher oil fractions that have
smaller droplets. For these systems, the stability is not determined by the in-
terfacial layer thickness, but rather the protein network elasticity and viscosity
in the continuous phase. The rheological properties of the continuous phase
are crucial in limiting creaming, coalescence and phase separation.

T
0
a) 0 b)
-0.2
0.2} -
E ‘g 04 -
o &
N ‘\.'U pHT.G{lO%D20} y
= < 08 PH 6.2 (10% D,0) L""'-P : R
Né 0g | © S50%oil 7.5% protein (10% D,0) s Né -0.8 pH 4.6 (10% D,0) '}' ; "
T 40% oil, 7.5% protein (10% D,0) &, o = pHT7.0(100% H,0)
£ pal| e 60%oil 7.5% protein (100% H,0) £-1.07| & pHE2(100% H,0)
= 50% oil, 7.5% protein (100% H,0) 12l * PH 4.6 (100% H,0)
1.0} A 40% oil, 7.5% protein (100% H,0) 7 v PH 3.0 (100% H,0)
14 - : .
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
5 [um] & [um]

Figure 26. SESANS results of emulsions at two different solvent contrasts of 10%
D,0O + 90% H,O (oil/water SLD match) and of 100% H,O. a) Samples with 40-60%
v/v oil and 7.5% w/v protein at pH 7.0. b) Samples with 50% v/v oil and 7.5% w/v
protein at pH 3.0 to 7.0. The stronger signal for the samples at lower oil fractions and
lower pH for the same contrast indicates that larger structures are formed in these
samples.
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5.3 Effect of pH and buffer salt on protein
aggregation

Expanding the scope to cover emulsions prepared with a continuous phase that
contains sodium citrate buffer (0.1 M) at pH 3.0 to 6.2, the protein behaviour
is observed to change. This is particularly prominent in the scattering region
0.01 <0 <0.05 A" of both dispersions (Figure S1b in paper IT) and emulsions
(Figure 3 in paper II). Plots of how the intensity decreases at lower pH for
emulsions and dispersions are presented in Figure 25b & c¢. The contribution
to the intensity in this region arises from the dispersed proteins (individual
building blocks in the fractal model). Initially, the lower intensity at acidic
pH was assumed to be related to unfolding of the proteins from the more com-
pact and folded state at neutral pH. The fraction of proteins showing unfolding
(which would lead to consequent aggregation) was proposed to be related to
the intensity in this region (Figure S3 in paper II), although no direct model-
ling was performed at this stage. Confocal microscopy images of dispersions
and emulsions are presented in Figure 27 and show that larger protein struc-
tures are present at low pH.

Figure 27. Confocal micrographs of 15% w/v protein dispersions (upper panel) and
emulsions (lower panel) with 50% v/v oil and 7.5 w/v protein are shown, where
4-DASPI is used to visualize the signal from proteins. Intensity is given on a gray-
scale from black to white. The proteins show more aggregation at pH 3.0 and 4.6
compared to near neutral pH.

In paper IV, the change with pH was further explored. A Guinier-Porod model
was used to describe the scattering from protein aggregates in samples at
acidic pH. Itis possible that the dominant factor for the aggregation occurring
at acidic pH could be related to reduced protein solubility in a citrate buffer
rather than protein unfolding. Citrate ions are multivalent, hydrated anions
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that may act as kosmotropes, reducing the solubility of the protein, and pro-
moting protein aggregation. However, the change in pH combined with added
citrate buffer makes it difficult to distinguish between the effects of pH and
specific ion effects. The SESANS technique was able to detect substantially
greater aggregates with rough surfaces for the samples at lower pH, including
both dispersions (Figure 6 in paper IV) and emulsions (Figure 26b). In the
emulsions, this was associated with larger droplets at lower pH, which con-
tributed to the greater SESANS signals for these samples. Both droplet and
overall protein aggregate size hence increased upon lowering the pH. Despite
the differences in droplet size and protein behaviour, the stability remained
remarkably consistent across pH as shown in Figure 4 in paper 1.

In USANS experiments, dispersions at acidic pH showed similar shapes in
scattering patterns but consistently higher intensities than samples at neutral
pH. This confirms that they contain a higher fraction of large aggregates,
consistent with the findings from SESANS. Emulsions, on the other hand
showed interesting behaviour depending on the contrast matching conditions
in USANS experiments. When the protein and water were contrast matched,
the intensity was greater for samples at neutral pH, whereas when the oil and
water were contrast matched, the intensity was greater for samples at lower
pH. These observations give clear evidence that droplets have a larger size
(less specific surface area) and that the fraction of protein aggregates is greater
(higher volume fraction) at lower pH.

5.4 Temperature effects on proteins

Temperature effects on protein structure and emulsion stability were generally
small for both emulsions and dispersions of protein up to the investigated tem-
perature of 90 °C (Figure 28). The main change in scattering pattern occurred
around the broad shoulder (Q ~ 0.025 A™"). This signal was attributed to the
protein in the continuous phase. Increasing temperature showed a slight de-
crease in intensity at this peak and a shift towards lower QO (Figure 28b). This
response is qualitatively similar to the observations when the pH is reduced
(Figure 25b & c), but the magnitude is smaller. The shift in peak position
corresponds to a small increase in characteristic lengths in real space. This
effect was non-reversible when the temperature was readjusted back to 22 °C.
In contrast, samples prepared at acidic pH showed no change in scattering
profiles in this region upon heating, indicating that the low solubility and pro-
tein aggregation are affected more by pH than by thermal treatment.

In the USANS region, corresponding to larger correlation lengths, temper-
ature induced changes were more difficult to interpret. For dispersions of pro-
tein without oil, heating from 22 to 80 °C gave no change in scattering pat-
terns, suggesting that the protein aggregates in a continuous phase are not sig-
nificantly changed by an increase in temperature. The emulsions showed
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some change with temperature as seen in Figure 28a, but more work is needed
to resolve the details of this process.

On a macroscopic scale, no phase separation was observed after a cycle of
heating to 90 °C and cooling back to 22 °C. Within this investigated temper-
ature range, the thermal stability was very promising for food processing ap-
plications, as this cycle of heating and cooling did not induce phase separation.
Thermal energy did not substantially change the protein interactions forming
the aggregate and network structure in these systems. For real-world applica-
tions, this would effectively mean that cooking with pea protein stabilised
emulsions does not change the protein structure, the oil droplet size or the
overall stability. The limited response to heating indicates that thermal effects
do not play a major role compared to pH and protein concentration in regards
network formation and emulsion stability. However, this could be specific to
the processing conditions of this particular pea protein isolate. The thermal
stability is also consistent with the conclusions that the properties of the con-
tinuous phase with dispersed proteins are most important for emulsion struc-
ture and stability.
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Figure 28. Temperature effects on an emulsion with 50% v/v oil and 10% w/v protein
at pH 6.2. a) USANS plot with a temperature ramp between 22 and 80 °C and back
to 22 °C. b) SANS plot with a temperature ramp between 22 and 90 °C and back to
22 °C. The intensity around Q= 0.013 A"! is increasing due to a shift in the broad
shoulder with higher temperatures and the process is irreversible.
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6. Physical properties with excess protein in
the continuous phase

6.1 Rheological consequences of gelation

The combined results in papers I to V show that emulsions with high pea pro-
tein concentrations contain a substantial amount of protein in the continuous
phase. This protein is effectively governing the physical properties in terms
of viscosity and stability. The emulsions showed typical shear-thinning be-
haviour (Figure 29a).
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Figure 29. Rheological behaviour of emulsions and dispersions of proteins. a) Flow
curve of how the viscosity vary with applied shear rate (measurement protocol de-
scribed in subsection 3.3.1). b) Constant applied shear stresses between 0.01 to 15 Pa
where the shear rate is monitored over time (subsection 3.3.2) for an emulsion with
40% v/v oil and 7.5% w/v protein. c¢) Strain amplitude sweep (subsection 3.3.3) of
the response of the storage and loss moduli with varying strain. d) Frequency sweep
(subsection 3.3.4) of the response of the storage and loss moduli with varying angular
frequency. e) Constant applied low strain amplitude and angular frequency, and the
storage and loss moduli are measured with time (subsection 3.3.5). Filled symbols
represent G' and open symbols are G" in ¢), d) and e). Samples in a), c), d) and e) are
given by the legend in a).
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The hydrated fractal protein clusters act as fillers surrounding the oil droplets
and strongly increase the overall viscosity. According to the findings in paper
I (Figure 8b & ¢ in paper I), the relative increase in viscosity with protein
concentration is approximately twice as that expected from the Krieger
Dougherty equation due to the added volume of dry protein isolate. This find-
ing is important to understand the great emulsion stability. The high viscosity
suggests that the interacting proteins form a network structure and occupy
more effective space than simply the volume added. This is consistent with
the high protein hydration described in papers Il & IV.

A thorough investigation of the rheological properties in paper III revealed
a yield stress even at concentrations below the maximum packing fraction
(Figure 29b). A yield stress was observed also for protein dispersions in pure
water without oil and this confirmed that gelation was due to protein interac-
tions rather than clusters of oil droplets. This behaviour was observed above
a critical gel forming protein concentration. The presence of a yield stress
explains why such high protein concentrations of more than ~ 5% w/v is re-
quired for good emulsion stability. A high viscosity slows down the motion
of droplets, but does not completely prevent rearrangements from small
stresses such as gravity. When a yield stress is present, it hinders the move-
ment of droplets below a certain applied stress, and thus strongly aids in the
long-term stability.

Further rheological characterization using strain amplitude sweep, fre-
quency sweep and low strain amplitude and frequency tests (Figure 29c-e)
provided additional evidence of the viscoelastic nature of the protein network
structure. An LVR was observed at low strain amplitudes in Figure 29¢ and
a crossover point between G' and G" was seen at higher strain amplitudes. In
the frequency sweep in Figure 29d, G' was consistently higher than G", con-
firming the network structure.

6.2 Gelation 1s affected by high shear

Excess protein in the continuous phase is crucial for emulsion stability as it
gives rise to gelation and a yield stress, however, some changes to the gelled
network occur when shear is applied. Paper V investigates how the emulsion
structure and rheology, and particularly the droplet size, is affected when shear
is applied. Application of a continuous high shear rate (1000 s) leads to a
reduction in shear stress and viscosity over time (Figure 4a in paper V), indic-
ative of partial network disruption. By simultaneous SAXS measurements,
droplet elongation and alignment of proteins could be investigated, however,
even at such high shear rates, the emulsion droplets and protein structures re-
mained isotropic (Figure 5 in paper V). In fact, the only changes in scattering
with shear were an increase in intensity with time at low Q and a curvature at
the lowest Q. Without noticeable anisotropy, the mechanism for these effects,
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in a O range dominated by surface scattering (Porod region) and overall shape
(Guinier region), is breakage of large droplets that creates more surface area.
The increased intensity was not fully reversible when the shear rate was re-
duced (0.01 s™). This observation is consistent with the increase of viscosity
and shear stress when the shear rate was reduced (Figure 6a in paper V).

The exceptional shear stability and lack of significant droplet elongation is
attributed to the high interfacial tension and low stress under high shear. This
combination gives a low capillary number, which is characteristic of droplets
remaining intact rather than elongating in the flow direction. A high shear
rate can be thought of as similar to the preparation process such as homogeni-
zation of a sample, where the droplet size is being reduced. At a low shear
rate, or at rest, a sample is stable against droplet coalescence and emulsion
separation, and therefore, the process of breakage of droplets under high shear
is irreversible.

6.3 A favourable emulsion composition

The emulsions that showed complete phase separation at rest were character-
ized by a creamed top layer and an aqueous bottom phase (Figure 23b). A
fascinating observation was that the creamed phase had a similar internal com-
position regardless of the initial water/oil/protein fractions. This phase was
investigated by CLSM (Figure 6 in paper III), SAXS/USAXS (Figure 7 in
paper III) and density measurements (Figure S14 in paper III). Example mi-
croscopy data of the upper creaming phase for phase separated emulsions are
presented in Figure 23c. The oil fraction was approximately 50% v/v despite
the original concentration that varied between 10 and 50% v/v. The findings
indicate that there is almost a state of equilibrium giving rise to the fixed com-
position rather than only kinetic stability. This observation is explained by
the ideas from papers 11, III & IV that the stability is highly dependent on the
properties of the continuous phase. With sufficiently high concentrations of
excess protein in the upper phase, a protein network is formed that gives a
yield stress even below the maximum packing fraction. This prevents
rearrangement and coalescence of droplets.

The value of 50% v/v oil fraction appears to be almost an equilibrium when
oil droplets are trapped within the protein network. At lower oil concentra-
tions, the buoyant force of oil droplets of lower density compared to the water
and protein continuous phase drives the creaming. This state is perhaps best
described as a mechanically stable packing rather than a true thermodynamic
stability. Nonetheless, it strengthens the argument that much of the stability
is governed by the rheological consequences of gelation in the continuous
phase rather than interfacial coverage alone.
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6.4 Dynamic constraints by the protein network

The dynamics of the emulsions on microscale were investigated by XPCS. In
paper V, this technique was used to determine which constraints the protein
network imposes on the oil droplets in a sample at rest. The intensity auto-
correlation functions, fitted by the KWW equation, decay faster at higher O
(Figure 7a in paper V), meaning that smaller structures relax quicker than
larger ones. For purely diffusive motion, the relaxation rate is expected to
scale as 1/t,= DTQZ. However, the relaxation rate could not be described by
a single translational diffusion coefficient over the full O range (Figure 7b in
paper V). It did not show simply a clear diffusion process but the relaxation
likely arises from some other fluctuations in the gel network or interfacial
membranes. At small Q, corresponding to large distances, the gradient was
shallow (Dy~4.7 x 10"* m? s, and at large O, the diffusion coefficient was
larger (Dp =~ 150 x 10 m? s™). The exact values depend strongly over which
range of O these gradients were taken. It is likely that the gradient at small Q
is related to some fast motion of droplets that is constrained by the protein
network.

The different mobility on different length scales could be related to the hi-
erarchical nature of the protein network, or at least to the heterogeneity of the
network. A stretching exponent was fitted in the KWW equation and it is
found to decrease with increasing O (Figure 7¢ in paper V). This means that
the distribution of relaxation times is broader at smaller length scales (larger
0). The heterogeneities vary more at smaller scales, and one can speculate
that this is because of different types of proteins with different behaviour such
as hydration and aggregation. The XPCS studies on this system provide some
interesting results, confirming the constraints in mobility that the protein im-
poses on the oil droplets. Further experiments and data analysis, particularly
at shorter relaxation times and for a range of samples, both emulsions and
protein dispersions, would be useful to understand the exact dynamics and
diffusion processes in these types of samples.
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7. Generalization of stabilization mechanisms
in plant-based emulsions

This dissertation is primarily focused on emulsions stabilized by pea proteins,
but an interesting question is whether the stabilization mechanisms, the struc-
tural features and the scattering patterns identified are unique to emulsions
with pea proteins or if the knowledge can be transferred to other plant-based
systems containing excess biopolymers in the continuous phase. Paper VI
addresses this question by comparing the composition, structure and charac-
teristic features of X-ray scattering of 29 commercially available emulsions
prepared with different plant-based materials in comparison to dairy products
used in similar applications. The plant-based materials investigated include
almond, coconut, fava bean, linseed, oat, pea, rice and soy. Examples of an
oat based 'cream' product, a soy based 'milk' product and a dairy cream used
are shown in Figure 30d. This study shifts the focus from the idea of investi-
gating pea proteins as a specific case to determining if the findings can be
applied more generally to a broader range of materials.
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Figure 30. Examples of samples studied in paper VI, including dairy cream, oat cream
and soy milk. a) Slit smeared USAXS data showing a gradient close to 0. b) SAXS
data showing a first order lamellae peak at Q of 0.15 A" corresponding to 42 A. c)
WAXS data showing correlation peaks at several Q values. d) Images and e) visual
appearance of the commercial products investigated.

In the samples investigated, the total content of biopolymers (carbohydrates
and proteins) ranged between 0.1% w/w and 15.3% w/w, with a mean of 7.3%
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w/w (Table 2 in paper VI). These values are of the same order as those in the
work on pea protein stabilized emulsions in papers I to V. However, the total
fat content ranged between 1.0 and 36% w/w, which is significantly lower
than for the emulsions discussed in previous chapters.

X-ray scattering (USAXS, SAXS & WAXS) was used to investigate these
systems. Plots for selected samples are presented in Figure 30a-c. Correla-
tions were seen between intensity in particular regions of Q and both total fat
content and carbohydrate content. For example, a correlation between the
carbohydrate content and the intensity at O = 0.10 A" was identified (Figure
2d in paper VI). At higher concentrations, carbohydrate and proteins are lo-
cated mainly in the continuous phase and this characteristic size is not very
different from that of the material giving rise to the intensity in the broad
shoulder that was observed in the pea protein stabilized emulsions around
0 ~0.025 A"'. However, it is not possible to fully conclude whether the sta-
bilization mechanism for these samples is dominated by the non-adsorbed ma-
terials in the same way as for the pea protein stabilized emulsions in papers I
to V as the rheological properties of these samples were not measured. This
was identified as a future area of interesting work.

Directly observable in SAXS as a peak at 9 =0.15 A" (Figure 30b) was
scattering from crystalline fats and the intensity was proportional to the fat
content (Figure 2c in paper VI). A high fraction of solid fats, derived mainly
from hydrogenated fats, was only found in products with creamy textures,
such as those designed for 'cream' or 'yoghurt' applications. The addition of
solid fats is an alternative approach to increase viscosity, rather than adding
extra protein as in the pea protein stabilized emulsions in papers I to V. The
consumption of large amount of solid fats are debated as nonbeneficial
through a health perspective [75, 76]. The finding of network stabilization in
the pea protein stabilized emulsions described in previous chapters could lead
the way for simply increasing carbohydrate and protein contents to achieve
similar rheological properties while, at the same time, decreasing the solid fat
content.

An indication that the stabilization mechanism, to some extent, is different
in these systems is the increase in droplet radii with total fat content (Figure
2a & b in paper VI). This is consistent with the conventional behaviour of
interfacial mechanisms contributing to stability that is typical for emulsions.
With limited emulsifier materials that can only cover a finite droplet interfa-
cial area, higher fat content would lead to larger droplets. In contrast, for the
pea protein stabilized emulsions, the stability is dependent on the continuous
phase mechanisms.

One difficulty that was identified with pea protein stabilized emulsions,
particularly by comparing a range of studies from the literature [17], was the
variety in stability despite similar emulsion compositions (Figure 22a). Dif-
ferences between the emulsions in paper VI prepared with the same raw ma-
terial showed larger structural differences than what was observed between
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different classes of materials. The observation confirmed the idea from the
review [17] that droplet size, protein aggregation and structure in the contin-
uous phase are strongly influenced by the environment, extraction method and
thermal treatment. According to published literature [17], the protein history
has a greater influence on emulsion stability than type of oil or mixing prepa-
ration, and it supports the idea that the findings from the pea protein system
could be applied to a broader group of plant-based materials.

Excess biopolymers, such as proteins and carbohydrates, were present in
the continuous phase for samples in paper VI, however did not always con-
tribute in the same way as in the pea protein stabilized emulsions. To mimic
the gelled systems produced with pea proteins, a higher effective concentra-
tion of these materials would likely be required to create a network in the con-
tinuous phase. This could be an interesting route forward to shift the focus
from interfacial coverage as the primary stabilization mechanism and concen-
trate on the mechanical properties of the continuous phase. By careful choice
of materials, nutritional balance and content could also be tuned.
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8. Data representation and comparative
analysis using colour maps

Paper VI contained scattering data from many different materials, not only to
provide a database of plant-based materials to be able to compare to the pea
protein system in papers I to IV, but also to use it as an example of how large
numbers of data sets can be presented and compared. With the broad range of
length scales measured (USAXS, SAXS and WAXS), conventional presenta-
tion of the scattering data as intensity versus momentum transfer becomes
hard to visualize and compare for a large number of data sets. To address this,
I presented the data as fingerprint plots of two-dimensional colour maps where
the intensity, 7, and the gradient of intensity, d(In(Z))/d(In(Q)), are repre-
sented by pixel colours on a logarithmic scale (Figure 31 & 32). In this rep-
resentation, in addition to the axis of O, one axis could be used for the different
samples.

For reliable presentation of the results in the colour map representation,
some criteria regarding the binning of data in Q space and in the calculation
of gradients are necessary. For the plots of intensity, the approach was to
normalise the values to the highest and lowest values for each sample. This
was done for uniformity between samples, however, this process could be ad-
justed depending on the purpose of the comparison. For some purposes it
might be more efficient to normalise the values to high and low values across
a range of samples.

Logarithmic binning in Q is used with sufficiently large steps to maintain
a good signal-to-noise ratio. In the representations of gradients (Figure 32),
this was taken as linear interpolations to the chosen points in O, however, the
protocol could easily be adjusted based on mathematical criteria to optimize
display of information while minimizing noise. The colours were chosen as
the modulus of the gradient that could have lower and upper limits depending
on the low and high gradient of the individual sample, in a particular range of
0, or as the maximum and minimum gradients for a set of data.

Essentially, all information is preserved in this format, and characteristic
features such as peaks and scaling of intensity is seen over a full Q range. An
important advantage of this approach is how easy it is to see similarities and
differences between samples, rather than using it to fit absolute model param-
eters. The representation is a complement to existing representations when
data volumes are large and a visual overview is useful for initial interpretation
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and sample comparison. It is particularly useful for complex systems such as
these types of food materials that contain many different components and
where direct model fitting is a challenge. The structural features are often
broad and distributed over a range of Q rather than showing sharp peaks. In-
stead of comparing values of intensities directly in diffuse peaks or as param-
eters in model fits, this representation allows for intercomparison between
samples in a more general approach.
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Figure 31. a) SAXS pattern of an emulsion with 60% v/v oil and 7.5% w/v protein
measured at ESRF at a constant applied shear rate of 1000 s™. The colour scale from
blue to red represents the time from start to end of measurement after 200 s. b)
Zoomed in region of a) at 0.0003 < Q0 < 0.0004 A-! with a linear scale in intensity. The
intensity is clearly observed to increase with time. c) Colour map representation of
intensity of the same data as in a). The intensity is normalized to the highest and
lowest values over the entire O range and given on a colour scale from black to red to
white. d) Colour map representation of the same data and with the same Q range as
in b). Also in this representation, the increase in intensity with time is clearly visible
by the shift in colour.

In addition to helping in visual human interpretation, this format of data rep-
resentation could have potential for more automated analysis of large data sets
with artificial intelligence. Particularly with the enormous amounts of data
that can easily be collected at large-scale facilities, it is necessary to introduce
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such methods for optimal efficiency. For example, the rheo-SAXS experi-
ments performed at ESRF during 2 days of beam time, only partly presented
in paper V, produced data of the order Terabytes. An example of how the
increase in intensity with time at a constant applied shear rate can be seen in
normal representation and in this colour plot representation in Figure 31.

Both intensity and gradients of how the intensity varies with momentum
transfer are presented in paper V. Combining the observations from these
colour maps of intensity and gradients of intensity, provides a lot of infor-
mation relevant to material structure at different length scales. An example of
how the representation of gradient can be used for the SANS study of emul-
sions at various temperatures (section 5.4) is presented in Figure 32.
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Figure 32. a) SANS pattern of an emulsion with 50% v/v oil and 10% w/v protein at
different temperatures measured at ANSTO. The colour scale from blue to orange
represents the temperature from 22 °C to 90 °C and back to 22 °C (22R). b) Zoomed
in region of the graph in a) at 0.015 < 0 <0.025 A"! with a linear scale in intensity.
The intensity is clearly observed to increase with temperature and the process is irre-
versible. ¢) Colour map representation of gradient of the same data as in a). The
gradient is given on a colour scale from black to red to white. d) Colour map repre-
sentation of the same data and with the same Q range as in b). Also in this represen-
tation is the increase in gradient clearly visible with temperature, particularly the shift
in gradient between 22 °C and 60 °C.
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The colour map representation should be viewed as a complement to conven-
tional scattering analysis. Instead of replacing model-based interpretations, it
provides an easier way to organize and compare large volumes of data that are
not easily represented by simple models. This representation could be viewed
as a way of bridging a gap between the food science community and scattering
experts. For people not as acquainted to interpret scattering patterns, this is a
route to open this type of experimental techniques and communicate results to
a broader audience. Clear and accessible communication of scientific results
is essential for both ensuring reproducibility, but also for collaboration be-
tween disciplines and for progressing science in a transparent way.
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9. Summary and conclusions in one paragraph

The main finding from this dissertation regarding protein stabilized emul-
sions, and with pea proteins specifically, is the dual role of the proteins both
as adsorbed to oil-water interfaces as in classical emulsions, and as structuring
agents in the continuous phase. The excellent stability, both thermally and
with different pH, arises as a combination of interfacial coverage and protein
interactions in the continuous phase leading to network formation. The pro-
tein both increases viscosity and hinders creaming and coalescence of drop-
lets. The properties of the pea protein stabilized emulsions are dependent on
both oil concentration, protein concentration, pH, applied shear and tempera-
ture. Table 2 summarizes how the droplet size is affected by these factors.

Table 2. Summary of effects on droplet size in pea protein stabilized emulsions.
Droplet size decreases with increasing pH, shear rate, protein concentration and oil
concentration, while temperature shows no clear effects. The range is taken over the
stable emulsions that have been investigated in this work.

Variable Range Effect on droplet size
Protein [% w/v] 5—15 Decreases with higher content
Oil [% v/v] 10 — 60 Decreases with higher content
pH 37 Decreases with higher pH
Temperature [°C] 4—90 No change

Shear [s7'] 0 — 1000 Decreases with higher shear
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10. Populdrvetenskaplig sammanfattning

Har du négonsin funderat pé hur det gér till nér likemedel frisétter sina aktiva
dmnen pa ett ldngsamt och kontrollerat sétt i kroppen? Eller pa hur raketbréns-
len, smorjmedel, farger och andra avancerade ytbeldggningar fungerar &dven
nér de utsitts for extrema forhéllanden som hog varme, hogt tryck, eller kraf-
tiga vibrationer. Och vad har egentligen dessa exempel pa hogteknologiska
produkter gemensamt med maten i ditt kylskép?

Skillnaderna mellan dessa anvéindningsomraden kan verka stora till en bor-
jan, men faktum &r att de egentligen &r ganska lika ur ett vetenskapligt per-
spektiv eftersom de ar gjorda av samma typ av material, ndmligen emuls-
ioner. Emulsioner ér blandningar av material som egentligen inte vill blandas,
det mest klassiska exemplet dr olja och vatten. I dessa material &r oljedroppar
utspridda i en kontinuerlig vattenfas (den sammanhéngande vitskan som om-
ger oljedropparna). Eftersom vatten och olja naturligt separerar sig i tva lager
krévs det att man tillsdtter ett tredje &mne, ett sa kallat emulgeringsmedel,
som faster vid grinsytan mellan oljedropparna och vattnet for att de ska blanda

sig.

Oljedroppar

Figure 33. a) Glass &r ett typiskt exempel pa en emulsion inom livsmedel. b) Tittar-
man riktigt ndra pa en emulsion ser man oljedroppar som dr omringade av en vatten-
fas. Det kan man till exempel se genom att anvinda ett mikroskop. c) En schematisk
representation av hur drtproteiner stabiliserar emulsioner genom att bade binda till
oljedropparna samt &ven att bilda ett nitverk i den omgivande vattenfasen.

Emulsioner anvénds inom olika industriella sektorer, allt fran ldkemedelsut-
veckling och kosmetika till flyg- och rymdteknik, energisystem och livsmedel.
Mjolk, majonnés, glass (Figure 33a), salladsdressingar och choklad &r nagra
exempel pd livsmedel som innehéller bdde olja och vatten. Den hér
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avhandlingen undersdker drtprotein som ett vixtbaserat alternativ till dgg-
och mjolkbaserade proteiner som emulgeringsmedel inom livsmedelsappli-
kationer. I Figure 33b kan man se en mikroskopbild av en stabil emulsion dér
oljedroppar dr omgivna av en vattenfas.

Artproteiner ir, i likhet med manga andra vixtbaserade material, en kom-
plex blandning av olika typer av proteiner med olika egenskaper. Négra av
dessa proteiner faster vid oljedropparna likt klassiska emulgeringsmedel, me-
dan resten sprids ut i den omgivande vattenfasen. Arbetet i den hér avhand-
lingen visar att det hir ”6verskottsproteinet” i vattenfasen dr avgdrande for att
6ka emulsionernas stabilitet.

Emulsionerna som har undersokts i det hir arbetet innehéller oljedroppar
som dr ndgra mikrometer, medan proteinstrukturerna stracker sig pa en skala
frén nanometer upp till klumpar som &r flera mikrometer. Som jamforelse kan
man tilldgga att dessa &r atminstone tio gdngar mindre &n tjockleken pé ett
ménskligt harstrd. For att kunna studera sa pass sma strukturer krdvs avance-
rade metoder. Tekniker som anvinds i detta arbete dr exempelvis reologi, som
beskriver hur material flyter och dndrar form, rontgen- och neutronstrélning,
som undersoker materialstrukturer (Figure 34), samt avancerade mikroskop,
dar droppar och proteiner avbildas direkt. Resultaten fran dessa har samman-
taget lett till slutsatser om dropparnas och proteinernas rorelse, storlek, form
och placering. En av fordelarna med valet av just dessa tekniker dr att flera
olika storlekar av objekt har kunnat undersokas parallellt. Stabiliteten i dessa
emulsioner kan sdledes sammanfattas av tvd mekanismer:

e Proteinerna som fiéster till oljedropparnas yta bildar ett skyddande
lager som hindrar att dropparna flyter ihop

e Resten av proteinet, som befinner sig i vattenfasen, binder till
varandra och bildar ett néitverk som hindrar att dropparna rér

pa sig

Det hir betyder att drtproteinerna inte bara omringar enskilda droppar, utan
dven bygger upp en Overgripande struktur i emulsionen, likt ett skelett, som
man kan se i den schematiska representationen i Figure 33c. Nétverkets egen-
skaper och funktion beror pé yttre faktorer sdsom de relativa méngderna av
olja, vatten och protein, pH (surhet), temperatur och hur kraftigt emulsionen
rors om (skjuvning).

Nar det kommer till livsmedel dr dessa faktorer direkt kopplade till prak-
tiska moment som val av ingredienser/recept, mekanisk blandning, tillag-
ning/upphettning, och tuggning/konsumtion. Ingrediensvalet paverkar bade
sammansattningen och surheten. Blandning ger upphov till mekanisk paver-
kan. Upphettning 6kar temperaturen, och tuggning innebér ytterligare férdnd-
ring av temperaturen och mekanisk paverkan. Emulsionerna som har under-
sokts i den hir avhandlingen visar en god stabilitet Gver ett brett spann av yttre
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forhallanden, med viss fordndring av droppstorleken. Generellt sett ger
mindre droppar en stabilare emulsion. For de studerade emulsionerna leder
hogre koncentrationer av protein och olja till att systemet blir mer trogflytande
(hogre viskositet), vilket leder till att dropparna héller sig mindre eftersom de
inte flyter ihop lika latt. Lagt pH-vérde paverkar proteinernas struktur och
leder till storre oljedroppar. Temperaturen har inte s mycket effekt pa dropp-
storleken, medan kraftig omrorning leder till att droppar splittras och blir
mindre.

Rontgenstralar som Detektor

har &ndrat riktning
efter kontakt med
provet

Rantgenstrale

Figure 34. Schematisk representation av hur rontgenstralning kan anvéndas for att
studera emulsioner och andra material. En rontgenstrale riktas mot provet och nér
fotonerna kommer i kontakt med materialet &ndras riktningen som de fiardas. Genom
att mita var de triffar pa en detektor, det vill sdga hur mycket de sprids, kan man
rakna ut t.ex. storleken och vilken form som dropparna har i en emulsion.

Aven om irtprotein dr huvudfokuset i den hir avhandlingen, inkluderar arbetet
dven andra liknande material frén plantbaserade rdvaror. Emulgeringsmedel
baserade pa mandel, kokos, bondbona, linfrd, havre, ris, soja, och dven meje-
riprodukter har undersokts. I avhandlingen presenteras strukturella ”fingerav-
tryck” av dessa som ett nytt sitt att visualisera och jamfora rontgendata fran
manga prover samtidigt. Den héir metoden &r inte begrinsad till livsmedel,
utan kan anvéndas inom andra omraden dir struktur &r viktigt och kanske
framst for att jaimfora olika sammansittningar eller typer av material.

Inom lékemedel anvénds emulsioner till att langsamt och kontrollerat fri-
sitta aktiva substanser genom att emulsionen destabiliseras nir pH och tem-
peratur dndras eller 6ver tid. Inom till exempel flyg- och rymdteknik, smorj-
medel, farger och beldggningar ar det tvirtom, ddr méste materialen vara sta-
bila dven under extrema forhallanden. Emulsionernas vérld dr mycket storre
dn vad man kan tro, och det &r anvindningsomradet som styr vilka egenskaper
som &r Onskvirda och hur de ska stabiliseras eller reagera pa forédndringar i
omgivningen.
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Min forskning bidrar specifikt till att besvara fragor som '"Vad ar det som
gOr att mejeribaserade livsmedel upplevs som krdmiga, visuellt tilltalande och
med bra struktur?' och 'Hur kan vi &terskapa dessa egenskaper med andra
(vaxtbaserade) alternativ?'. Sa nésta gang som du njuter av en perfekt krdmig
glass som bara smélter i munnen pé en varm sommardag kan du tdnka pa att
det ligger en hel del vetenskap bakom. Och kanske, om du har tur, sd mérker
du inte ens att den &r gjord av artprotein eller andra véxtbaserade ravaror.
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11. Popular scientific summary

How do medicines release their active ingredients in a controlled and even
rate? How can rocket fuels, lubricants, paints or coatings keep their function-
ality under extreme conditions such as high heat, pressure and vibrations?
And what do these high-tech products have in common with the everyday
foods in your kitchen?

Although the first impression is a clear difference between these applica-
tions, they share one scientific challenge. The challenge is how to keep oil
and water (or other immiscible ingredients) mixed in a stable way. Such mix-
tures, known as emulsions, are used in applications ranging from drug deliv-
ery, cosmetics, aerospace, energy systems and foods. Milk, mayonnaise, ice
cream (Figure 35a), dressings and chocolate are some examples of food emul-
sions, where droplets of oil are dispersed in an aqueous continuous phase (wa-
ter). With the addition of emulsifiers, i.e., molecules or particles, adsorbing
to the interface between oil droplets and the surrounding water, emulsions can
be kept stable for long times. This dissertation focuses on pea protein as a
plant-based emulsifier to replace conventional egg or dairy derived ingredi-
ents to stabilize emulsions for food applications. A microscope image of a
stable emulsion where oil droplets are dispersed in an aqueous phase is seen
in Figure 35b.

Oil droplets

W Protein n:e't\wrks inwater

Figure 35. a) Ice-cream is a well-known example of a food type emulsion. b) A closer
look of an emulsion shows oil droplet dispersed within an aqueous water phase. This
can for example be seen with microscopes. c) A schematic representation of how pea
protein stabilizes emulsions by attaching to the oil-water interface and creating a net-
work in the aqueous phase.
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Pea proteins, similarly to many other plant-based materials, are a complex
mixture of proteins that have different properties, that can interact, and that
behave in different ways. Some fraction of the proteins attach to the oil drop-
lets like conventional emulsifiers, however, some are located in the surround-
ing water. The work presented in this dissertation describes how this “extra”
protein in the continuous phase is used to improve emulsion stability.

The oil droplets in these systems are a few micrometres in size, and the
protein structures ranges from nanometres up to aggregates of several micro-
metres. For reference, these structures are at least an order of magnitude
smaller than the thickness of a piece of human hair. To “see” structures of
this size requires advanced techniques. Methods used in this work is for ex-
ample rheology which describes how a material flows and deforms, small an-
gle X-ray and neutron scattering that investigates material structures (Figure
36), and confocal microscopy that can image proteins and droplets directly.
These have been used to understand the behaviour, size, shape and location of
the proteins and oil droplets inside the emulsions. A powerful thing with this
work is the study of the components on several length scales to obtain not only
a picture of individual protein behaviour or droplet size but how they are re-
lated.

The stability of these emulsion systems can be described as a combination
of two different mechanisms:

e Proteins attach to the oil droplet surface and create a protective
layer that prevents droplet coalescence

e Excess proteins connect to each other, forming a network in the
surrounding water that prevents motion of droplets

That means that the pea proteins do not only cover individual droplets, but
also build a supporting network within the emulsion as shown schematically
in Figure 35c. The structure of this network depends on factors such as the
relative fractions of individual components of oil, water and protein, pH (acid-
ity), temperature and shear.

Examples of where this is relevant for foods are in the ingredient selection
(recipe), mixing, cooking and chewing/consumption processes. The choice of
ingredients affects both the composition and pH. The mixing causes shear.
The cooking gives a raise in temperature and the chewing causes additional
shear and temperature increase. The system studied in this dissertation
showed stability over a range of conditions and treatments, with some change
in droplet size. In general, smaller droplets, mean a more stable system. A
higher concentration of proteins and oil produces smaller droplets due to a
higher viscosity. A lower pH changes the conformation of the proteins and
increases the droplet size. The temperature has limited effect on droplet size
and stability and high shear causes breakage of droplets.
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Detector
Scattered X-rays
affected by the
sample material

X-ray beam

Figure 36. Schematic representation of how X-ray scattering can be used to study
emulsions and other materials. A beam of X-rays hit the sample, and change direction
upon contact with the sample. By recording the intensity on a detector of how much
they scatter, it is possible to calculate for example the size and shape of the oil droplets
in an emulsion.

While proteins from peas are the main material investigated, the scope in this
dissertation goes beyond this specie. I compare emulsions based on almond,
coconut, fava bean, linseed, oat, rice, soy and even dairy materials. The work
identifies structural “fingerprints” of each material and proposes a new way
of presenting results obtained from scattering experiments. This method is
relevant not only for food applications but also for other industrial areas where
the material structure is important, particularly in the comparison of different
formulations or between different types of materials.

Medicines release their active ingredients by a slow process of emulsion
destabilization where the encapsulated active ingredients get released. Rocket
fuels, lubricants, paints and coatings are formulated to remain stable and retain
their structure at extreme conditions such as high temperatures and under
shear. In the first case, destabilization is crucial upon change in pH, temper-
ature or with time, but in the other cases, materials need to remain both ther-
mally and long-term stable. The world of emulsions is greater than you first
may think and it is the application that will determine the desired properties
and response to external factors.

This research helps to answer questions such as 'What makes the (dairy-
based) food that we appreciate in terms of creaminess, visual appearance and
texture be that way?' and '"How do we recreate the same properties with other
(plant-based) materials?'. The next time that you enjoy a smooth, perfect,
melting-in-the-mouth ice-cream on a hot summer day, you should remember
that a lot of science has been involved in this formulation and if you are lucky,
you will perhaps not even notice that it is made with pea proteins or other
plant-based materials.
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Appendix A

The steps in the list below describe a general procedure to perform a SAXS
measurement, including sample loading, physical instrument setup, measuring
parameters, data reduction and data analysis.

1. Sample loading
e Determine holder based on the nature of the sample (gel, solid, liquid)
e Evacuate the sample chamber to vacuum

2. Sample alignment
e Move the sample holder horizontally and vertically to find the center
of the sample and note the positions

3. Sample naming, description and data storage
e Define a directory for data storage, create a log file and make a list
relating file number to sample and measurement conditions
e Ifthere are multiple samples or different configurations, it is advisable
to create a macro file with commands for a series of measurements that
can run over long times

4. Detector configuration
e Choose the appropriate sample-to-detector distance based on the angles
that are relevant to the length scales in the sample
e Determine the regions of interest on the detector
e Specify the detector position with appropriate offset from the centre

5. Collimation
e Constrain the beam size and divergence by specifying the slit dimen-
sions

6. Measurement
e In addition to measurement of samples, it is highly recommended to
always include extra measurements of:
o Direct beam
o Background (empty sample holder (Kapton window/capil-
lary), solvent, oil...)
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o Calibration reference sample for intensity such as glassy car-
bon
o Calibration reference sample for Q such as silver behenate

7. Data reduction

Initial reductions based on for example instrument geometry and
choice of region of interest as well as detector corrections

Mask direct beam intensity, dead regions and noise on the two-dimen-
sional images to evaluate scattering

Perform an azimuthal average to convert the two-dimensional images
to one-dimensional data. This is assuming that the scattering is iso-
tropic

Put the data on absolute scale by dividing by the direct beam intensity
while allowing for the transmission of the sample, and divide by the
sample thickness

Subtract the appropriate background signal (e.g., sample holder, sol-
vent, oil) scaled according to volume fraction, sample thickness and
transmission

If measurements have been performed at multiple sample-to-detector
distances, the data sets can be merged over the common Q range
Confirm that the intensity and values of Q are correct based on the
measurements of reference samples

8. Data analysis
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Performed as either:
o Model-free analysis of intensity and its gradient at different
0
o Arbitrary model fits with dimensionless or reduced parame-
ters
o Physical model fits with parameters describing real structural
properties such as object size, shape and density
More details about fitting and models used in this thesis are described
in subsection 3.2.4 in the main text
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