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Chapter-1: General introduction



General introduction

1.1 Transition in the global food landscape

Food production generates about 30% of human-activity-related global greenhouse gas
emissions and contributes to detrimental environmental impact [1,2]. Food production also
occupies large amounts of land, with about 32% of all ice-free land is currently being used
for agriculture and animal farming [2,3]. These statistics dictate the scale of food production
for human consumption on our planet. With an expected population increase of 3 billion (to
a total of 10 billion) in the next 30 years, the demand for food and its associated

environmental impact will increase rapidly [2,4,5].

To reduce the environmental impact of food production, there is a need to modify food
production systems [6]. When examining greenhouse gas emissions within food
production, the main source of emissions is primary agricultural production, which includes
the cultivation of crops and animal farming for meat and dairy production [7]. Specifically,
animal farming for dairy and meat production is considered to emit higher amounts of
greenhouse gases than plant-sourced foods [1,7]. For instance, to produce 100 grams of
proteins from beef, 20-50 kgCO, equivalent emissions are paid compared to only 0.3-0.4
kgCO, equivalent for the same amount from peas [7]. Similarly, to produce 100-gram
protein from beef, 164 m? land is required, while only 22 m? is needed for peas [7].
Therefore, it is clear that to reduce the negative impact of food production, there is a need
to switch from an animal-centric food system involving high amounts of dairy and meat

sources to a more plant-based food system.

Despite its negative impact, ingredients derived from animal sources, such as proteins from
dairy and egg, are widely used to stabilize fat droplets in water, air bubbles in water, and
entrap water to form an aqueous gel. Such functional behavior of proteins leads to the
formation of emulsions, foams, and protein gels, which are basic structures in foods [8—
10]. The basic structures are built hierarchically to give every food its characteristic texture.
For example, whey proteins and casein proteins derived from milk are used to stabilize air
pockets and fat droplets in ice-creams which aid in creating distinct structure and
creaminess in ice-creams [11-13]. Therefore, when looking at the transition from animal-
based foods to plant-based foods with lower environmental impact, understanding the

ability of plant-based proteins to create basic structures in foods is essential.
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1.2 Food structuring

The structuring of foods is a challenging process to understand since foods are made up
of complex microscopic architecture [14]. Every food product is built up of essential
constituents such as proteins, fats, carbohydrate polymers, minerals, etc. Among these
constituents, proteins play a crucial role in creating food structures and delivering their
macroscopic properties [15]. Proteins can associate and modify into complex entities
ranging from individual proteins in the nanoscale to protein particles in the sub-micron to
micron-scale [14,15]. Proteins also often interact with non-protein constituents such as fats
and other bio-polymers to create a gel or an emulsion [15]. For instance, in milk, fat
globules stabilized by proteins and phospholipids (1-20 um) give milk their characteristic
color and the familiar mouth feels. Similarly, proteins can coagulate and form a gel-like
material that lies at the base of dairy-based cheeses [14]. Therefore, the oil droplet
stabilization role of proteins (emulsifying property) and gelling behavior of proteins are

essential functional properties.

Besides proteins, carbohydrates such as starch (amylose, amylopectin), pectins, xanthan,
and guar gums are important structuring agents [16]. Starch gelatinization can lead to
starch gels that can play an important role in structuring food products. Gums such as
xanthan are considered additives that can help in increasing the viscosity of food products.
These carbohydrate polymers are often used as texture modifiers in foods in combination
with proteins and fat [17—-19]. Therefore, plant mixtures are an excellent source of

structuring agents such as proteins and starch.

Currently, a large proportion of functional proteins in foods are sourced from dairy. Dairy
proteins are also derived from animals and are therefore associated with negative
environmental impacts. Therefore, dairy proteins need to be replaced with plant proteins
as a functional structuring agent in foods. However, plant proteins have complex molecular
structures and physicochemical properties compared with dairy proteins. Plant proteins
usually exist as hexameric or trimeric proteins with multiple chains of amino acids within
each monomer [20]. In comparison, dairy proteins such as lactoglobulins exist in a
monomeric or dimeric form [21]. Due to these fundamental differences, one-to-one
replacement of dairy proteins with plant proteins to obtain similar functionality is not
possible. Plant proteins may function differently compared with dairy when replacing them
as emulsifiers or gelling agents in foods. Therefore, to use plant proteins as structuring
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agents in place of dairy proteins and still obtain the original microstructure, a fundamental
understanding of the molecular properties of plant proteins and their effects on their

structuring ability needs to be thoroughly understood.
1.3 Extracting proteins from plant sources

Plant proteins can be employed as structuring agents in foods; however, they need to be
extracted from their native seed matrix before using plant proteins. This separation process
adds additional steps and energy requirements when considering the overall transition
towards plant proteins. Therefore, a thorough examination of the rationale behind the

protein extraction process from plant sources is necessary.

Protein bodies

Starch granules

Cell wall

Figure 1.1: Electron micrograph showing the structure of pea seed cells with starch granules,

protein bodies enclosed within the cell wall.

Proteins are stored together with other molecules such as fat ad starch within the cell matrix
of the plant seed. Figure 1.1 shows an SEM micrograph of the structural architecture of
pea seed cells. Proteins are typically stored within the cell walls of the plant seed in specific
entities known as protein bodies. The cell is bound by a cell wall comprised of fibers that
provide a rigid boundary around the components. Therefore, to access the proteins from
this complex architecture, mechanical forces are required. Traditionally plant proteins are

extracted through an aqueous mechanical process.
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Legume seeds

lMiIIing
Flour
Disperse in water at alkaline pH
Centrifugation
Protein rich

—— Waste: Starch & Fibres
supernatant

Acid precipitation

Centrifugation

Pellet:
Globulins Waste: Albumins & sugars
Solubilization and pH neutralization

Drying

70-85 wt%
protein purity

Figure 1.2: Process diagram for alkaline aqueous extraction method to produce legume protein
isolate [22,23].

Figure 1.2 shows the conventional alkaline extraction process used to extract proteins
from legume sources. The extraction process starts with a mechanical breakdown of the
seeds, which ruptures the cells, and the protein bodies are accessible. Then to separate
the proteins from non-protein components, a wet alkaline extraction process is used. The
milled seeds are dispersed in water between pH 8-9.5 for several hours [22,23]. Then, they
are centrifuged to remove any insoluble material. The protein-rich liquid (supernatant) is
subject to an acid treatment at the iso-electric point of pH 4.5-5.0 [24]. The proteins become
insoluble and are separated by centrifugation. The obtained insoluble protein is
resolubilized and dried to obtain what is known as protein isolate. These pea protein
isolates typically contain between 75-85 wt% protein, about 2 wt% starch, and small

amounts of oil and minerals [25].
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This protein extraction process focuses on high protein purity (>70 wt%) and consumes 30
MJ/kg energy, and 80-100 grams of water per gram protein extracted [26]. Therefore,
modifications to the conventional wet extraction are proposed to improve its resource use
[27]. One way to reduce the energy consumption of the extraction process is to use fewer
and less energy-intensive steps-a, a so-called mild extraction process [27]. For instance,
one way to mildly extract proteins from peas is to apply milling simply and air classification
to physically separate proteins from non-protein components. Such a mild separation route
would avoid water use and reduce the number of steps to create a protein extract. Such a
process consumes only about 15 MJ/kg material processed compared with the
conventional wet alkaline extraction process, which consumes 30 MJ energy/kg material

processed [26].

While milder or minimal purification is energetically beneficial, it also creates fractions that
contain large amounts of non-protein components [27,28]. Conventional wet processing
can produce protein isolates with a purity of about 75-90 wt%, while mild processing or no
processing yields proteins mixtures with 20-60 wt% purity. Therefore, when mild separation
or minimal purification is employed, protein fractions containing large non-protein
molecules such as starch, sugars, and fats are obtained. Therefore, to apply these mixtures
as functional ingredients, it is essential to understand the functionality of these protein
mixtures as structuring agents in food systems. Some studies have looked into using plant
protein mixtures as structuring agents [28-30]. For example, the presence of sunflower
phenols together with sunflower proteins has been shown to enhance the emulsification
properties of sunflower protein mixtures [31]. Similarly, starch increases viscosity in certain

protein stabilized emulsions, which can be beneficial in soft-solid food applications [28].

Minimally processed protein mixtures containing non-protein molecules such as starch
could function as structuring agents with the proteins. However, a thorough understanding
of the structuring ability of these protein mixtures is essential for them to be used in foods.
Specifically, the composition and any synergistic or antagonistic effects of non-protein
components need to be understood. Legume sources such as peas are attractive to study
protein mixtures due to their wide availability and simple composition of 20-30wt% protein
and about 40-60 wt% starch. Therefore, in this thesis, the structuring ability of protein

mixtures is investigated using yellow peas as a model legume protein source.
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1.4 Yellow peas

Yellow peas (Pisum sativum) are a leguminous crop grown in about 100 countries
worldwide [32]. They are the third-largest leguminous crop produced globally with around
16 million tons/year, behind soy (36 million tons/year) and beans (22 million tons/year) [33].
Pea seeds are carbohydrate-rich sources with 40-55 wt% starch and 12-20 wt% fibers.
They are also a good source of proteins with about 18-30 wt% protein along with minor
amounts of oil and mineral content [25,34]. The composition of peas is given here as
ranges since the composition varies depending on season and geographical location [34].
Peas grow well in dry and frosty conditions and are cultivated and consumed as part of
traditional diets in many parts of the world to provide energy and essential macronutrients.
Peas are also sought after as a techno-functional plant source to derive functional proteins

and carbohydrates [35].
1.4.1 Pea proteins

Peas contain about 18-30 wt% of proteins. The proteins are stored inside the pea seed
matrix in specific organelles known as protein bodies [36]. Pea proteins can be classified
into the globulin fractions, accounting for about 80% of the total proteins, and the albumin

fraction, which is the remaining 20% [35,37].

Albumins in peas are mainly PA1, PA2, which account for 20% of total protein content [38].
These albumin proteins are about 10-25 KDa in size, much smaller than their globulin
counterparts. The albumin fractions are considered less interfacially active than globulins
at the oil-water interface and, therefore, less well studied as emulsifying agents [39].
However, they are rich in sulfur-containing amino acids and are important dietary

components in pea [38].

The globulin fractions in peas are larger molecules with molecular sizes above 150 KDa.
The globulin fractions can be further sub-divided into Vicilin (7S) and Legumin (11S)
fractions. Both these globular proteins are built up with a complex quaternary structure [37].
Legumin is a Hexameric protein with a total molecular weight of 350-400 KDa [37,40]. The
structure of Legumin is shown in Figure 1.3a. Each Legumin hexamer is made of two

identical trimers, held together by a double S-S bond. Each monomeric sub-unit of Legumin

13



General introduction

is about 50 KDa in molecular weight. Each monomer can be subdivided into an a subunit

(35 KDa) and [ sub-unit of 20 KDa [37].

a Legumin b Vicilin

— -

Trimer

Figure 1.3: Molecular structure of pea globulins with contrasting colors indicating different
polymeric chains (a) Hexameric form of Legumin showing two trimers bound together- the trimers
each are circled for ease of distinguishing, (b) Trimeric form of Vicilin-like molecule. The structures

were imported from protein databank UniProt [41].

Vicilin is a trimeric globular protein with a molecular weight of about 180-200 KDa. The
structure of Vicilin is shown in Figure 1.3b. Vicilin monomers are about 60 KDa in
molecular weight, and an S-S bond does not bind them. Each subunit can be subdivided
into polypeptide chains of 35 KDa, 20 KDa, and 16 KDa [35,37,40]. These polymeric forms
of Legumin and Vicilin are pH and salt content dependent [24,42,43]. The proteins at
neutral or slightly alkaline pH values are known to retain their native quaternary form
closely [44,45]. Both Legumin and Vicilin are known to reduce to trimers (for Legumin) and

monomers (Vicilin) at low pH values [45].

The globulin fractions also possess a pH-dependent functional behavior. It has been noted
that for Legumin and Vicilin at low ionic strength, their solubility has a typical bell shape
curve [24,44]. The solubility is around 70% at pH values of pH 7-8. However, as pH moves
towards pH 5, the proteins start to aggregate due to a reduction in the total surface charge
of the proteins. pH 4.5-5.0 is said to be the iso-electric point for pea globulins [44].
Therefore, the proteins aggregate due to hydrophobic interactions in the absence of

electrostatic repulsion. Studies have also shown that pea globulins are generally less
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soluble in acidic environments than alkaline conditions, attributed to depolymerization into
their monomeric subunits and exposure to hydrophobic patches [45,46]. Due to pea
proteins' pH-dependent molecular properties, their ability to stabilize emulsions and form
gels can also be tuned by adjusting pH. This is a relatively simple approach to tune

structures in food products when using proteins.

Pea globulins are known to be excellent emulsifiers [24,47]. They can form stable oil-in-
water emulsions with monomodal droplet size distribution at neutral pH values. In acidic
pH conditions, pea globulins are said to form protein particles through weak hydrophobic
protein-protein interaction. These protein particles supposedly stabilize emulsions through
a Pickering mechanism [46]. Pea globulins are also known as good gelling agents upon
heating. They denature and interact upon heating to form cohesive and firm gels [24,25].
Pea globulins are an important research focus of this thesis due to their excellent

emulsifying and gelling ability.
1.4.2 Pea starch

Peas are starch-rich seeds containing between 45-60 wt% starch granules by dry weight
[34]. The starch granules are found within the pea seed cells with a size between 8-40 um
in size with a peak of around 25-30 ym [48]. In terms of molecular composition, pea
starches have varying amounts of amylose and amylopectin content. Pea starches contain
anywhere between 40-70 wt% amylose and the remaining as amylopectin polymers
[34,48]. Most researchers have found pea starches to be higher in amylose than in
amylopectin [49]. Regardless of diversity in molecular composition, pea starch is widely
used as a gelling agent [50]. They can swell in an aqueous environment and uptake water
upon heating above 65°C [51]. This leads to starch gelatinization and the formation of
starch gels. These starch gels play an essential role, such as viscosity modification in many

food products.
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Protein mixtures
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Figure 1.4: Overview of the primary aim and outline of the thesis.
1.5 Aim and scope of the thesis

Proteins and starch play an essential role in structuring food systems. Proteins can stabilize
oil droplets, while starch can act as a viscosity modifier. Therefore, using a native pea
mixture containing proteins and starch could be a beneficial approach to structure foods.
However, understanding the structuring ability of these native mixtures in relation to their
composition and interaction between components is essential. The interactions and
structuring ability are also affected by environmental conditions such as pH and
temperature. So, investigating the emulsifying (and gelling) behavior of pea protein
mixtures as a function of pH will provide mechanistic insight into their functionality.
Therefore, the aim of this thesis was to create insights into the structuring ability of
pea protein mixtures in emulsion-based model food materials by linking the molecular

properties of the ingredients to the final material properties. Specifically, the effect of
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non-protein molecules in the interfacial stabilization and emulsion properties of pea protein

mixtures were investigated.

The thesis can be divided into two broad sections, as shown in Figure 1.4. On the one
hand, we investigate using an unpurified pea protein mixture as an emulsifying and
structuring agent. The focus of this section is on proteins and starch, which are the major
constituents in peas. We studied the emulsifying and emulsion properties in relation to the
molecular properties of pea protein mixtures. The second section deals with gaining
mechanistic insight into pea protein behavior at acidic pH values since this is lacking in
scientific literature. In this section, we studied the properties of pea proteins and their effect
on structuring functionality in emulsion systems. To gain mechanistic insights, purified pea
protein isolate was used. The insights gained from investigating the purified proteins were
then translated to the unpurified system. The knowledge obtained from the thesis provides
design rules for structuring foods based on a mechanistic understanding of the behavior of

pea proteins.

Chapter-2 deals with investigating the emulsifying ability of pea flour in oil-water systems.
Native pea flour contains 20 wt% protein and 50 wt% starch, and it represents the most
minimally processed native protein mixture obtainable from peas. Therefore, this chapter
investigated the ability of native pea flour to reduce interfacial tension and form emulsions.
Proteins were identified as a significant emulsifying agent within the mixture, while starch
did not hinder the interfacial activity. The chapter lays the basis in this research, which
shows that purification is not necessary to produce stable emulsions when using pea

protein mixtures in a model emulsion system.

Chapters-3 and 4 deal with creating fundamental knowledge of structuring using pea
proteins at acidic pH values. Pea proteins are known to self-assemble at pH 3 due to non-
covalent weak physical interactions. This self-assembly nature of pea proteins was studied,
and it was found that pea proteins at pH 3 exist as a mixture of protein molecules and self-
assembled protein particles. The protein molecules stabilized the oil droplets while protein
particles remained in bulk. In Chapter-4, the understanding of the stabilization mechanism
was extended to understand the bulk material properties. In particular, the effect of free
protein particles on the mechanical property of emulsion-gels was investigated. The
presence of protein particles created droplet-droplet interaction, which resulted in
emulsions with elasto-plastic 3D printable properties.

17
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Chapter-5 builds upon the knowledge created by fundamental understanding obtained in
chapters-3 & 4 from purified proteins and extends to pea protein mixtures. In chapter-3, we
showed that in acidic pH, pea protein particles do not take part in interfacial stabilization,
while the particles aid in creating more viscous emulsions. In Chapter-5, the pea protein
mixture's interfacial and emulsion properties were compared with purified pea protein
isolate at acidic and neutral pH conditions. The effect of protein purification on interfacial
stabilization is studied. Emulsions are also prepared with the two protein extracts, and their
material properties are compared. The results showed that minimally processed pea
protein mixtures could perform equally well than purified pea proteins as emulsifying
agents. The chapter gives a direct comparison between protein mixture and alkaline

extracted protein isolate.

Chapter-6 deals with heat-set gelation of emulsions stabilized with pea protein mixture
with and without starch. In pea flour, proteins and starch are the primary ingredients.
Therefore, they could be explored as potential gelling agents upon heating in the presence
of oil droplets. The research follows the gelation dynamics and gel microstructure both with
and without the starch present. The research showed that while starch had minimal effect
on increasing the gel strength, it played an essential role in altering the microstructure of
the emulsion gels. The study provides insights into using protein-starch mixtures to

structure emulsions under heat treatment.

In Chapter-7, we discuss our main findings obtained in chapters 2-6 and put our research
into perspective. We also discuss our perspective on future research directions for plant

proteins and areas of immediate attention.

18



Chapter-2

Chapter-2: Pea flour as stabilizer of

oil-in-water emulsions

Published as:

Sridharan, S., Meinders, M. B., Bitter, J. H., & Nikiforidis, C. V. (2020). Pea flour as
stabilizer of oil-in-water emulsions: Protein  purification  unnecessary. Food

Hydrocolloids, 101, 105533. https://doi.org/10.1016/j.foodhyd.2019.105533
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Abstract

Plant proteins have recently gained considerable attention as stabilizers of food-grade oil-
in-water emulsions. However, the separation of plant proteins from their native matrix can
be cumbersome due to the molecular complexity of plants. This issue could be alleviated
by avoiding the protein purification step. In this work, we show that native pea flour
containing 50 wt% starch and 20 wt% protein has similar interfacial properties compared
to concentrated pea protein systems (~55 wt% protein). The interfacial tension profile of
pea flour was similar to that of concentrated pea protein, indicating that proteins are the
primary stabilizing agents of the interface. The fabricated oil-in-water emulsions (10.0 wt%
oil) made with pea flour (PF) or pea protein mixture (PPM) containing 0.2 and 0.3 wt%
protein showed a similar monomodal droplet size distribution. Moreover, both emulsions
stabilized by the PF and the PPM had similar rheological properties, showing that starch
granules did not impact the physical properties. This work clearly showed that stable oil-
in-water emulsions could be produced with pea flour and that pea protein purification is

unnecessary.
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2.1 Introduction

Oil-in-water emulsions are primarily used in food products to create texture and, in some
cases, protect the encapsulated substances [52]. Proteins commonly stabilize the oil/water
interface of the food-grade emulsions as they possess an amphiphilic character [53].
However, mainly animal protein sources are used, such as milk or eggs, causing
environmental stress due to the high impact of livestock on CO, production [7,27]. On the
other hand, plant-based proteins, due to the lower CO, emission associated with the
primary production, are considered more sustainable, thus, the effective replacement of

animal proteins with plant proteins is an urgent matter.

Several plant-based proteins sourced from soy, yellow pea, lentil, and rapeseed have been
considered suitable animal protein alternatives for use as emulsifiers [42,54,55]. Plant
proteins co-exist with lipids, carbohydrates, and low molecular weight molecules, like
saponins and phenols [28,56]. Therefore, plant protein extraction requires complex
purification methods involving oil extraction using organic solvents and protein
solubilization at highly alkaline pH values [57,58]. Besides, large amounts of water and
chemicals are needed for protein extraction, and non-protein molecules in the plant matrix
can interact with the protein and affect their physicochemical properties [59]. Furthermore,
the protein purification steps require energy and cause mass losses [60,61]. For instance,
it has been proven that conventional wet purification of pea protein consumes 30 MJ per
kg of pea flour processed and generates waste amounting to about 30 wt% of the initial

material [26].

Therefore, a logical approach to reduce energy consumption during protein purification and
avoid losses would be to decrease the number of purification steps [26,62]. Such a
processing method results in protein-concentrated systems mixed with other plant-derived
molecules such as starch, fibers, and oil. When such mixtures are used to stabilize

emulsions, the non-protein molecules may influence the emulsion properties.

For studying such a mixed system, yellow peas (Pisum sativum L.) were chosen as a
suitable protein source. This is because their composition is relatively simple, containing
proteins (25 wt%), starch (50 wt%), fibers (15 wt%), and they are cultivated in broad types
of climate [34]. A few studies have already looked into using crude protein mixtures derived

from peas [63-65]. However, the interfacial and emulsifying property of the unpurified pea
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flour (PF) system has not been investigated yet. Therefore, we aimed to investigate pea
flour's interfacial properties and emulsifying ability and compare it with pea protein
mixture's (PPM) performance. We provide a comprehensive insight into the interfacial and
physical properties of the formed emulsions, and the non-necessity of pea flour purification

is demonstrated.
2.2 Materials and Methods
2.2.1 Materials

Yellow peas (Pisum sativum L.) were purchased from Alimex® B.V (Sint Kruis, The
Netherlands). Rapeseed oil was obtained from Danone Nutricia Research (Utrecht, the
Netherlands). Sodium hydroxide (NaOH), hydrochloric acid (HCI), Nile Blue, Rhodamine
B® and Whatmann® qualitative filter paper 5951/2 and Florisil® (activated magnesium
silicate) were all purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands. NuPage®
precast SDS-PAGE gels and PageRuler™ prestained protein markers and NuPage SDS-
PAGE reagents were obtained from Fischer Scientific® (Landsmeer, The Netherlands).
Total starch assay kit (Alpha-amylase/amyloglucosidase method) and Total dietary fiber

kits were obtained from Megazyme (Bray, Ireland).
2.2.2 Methods
2.2.2.1 Yellow pea flour preparation

Yellow peas were kept at -20°C and milled using a rotor mill (Retsch® GmbH, Haan,
Germany). Milling was performed with temperature control using cold water flow to keep
the overall temperature below 40°C. The milled flour was then sieved to obtain flour
particles below 45 pm using a horizontal mechanical sieve shaker (Retsch® GmbH, Haan,

Germany).
2.2.2.2 Compositional Analysis

The ash content in the samples was determined by drying a known mass (1 g) of sample
in a calcination oven (P 330, Nabertherm GmbH, Lilienthal Germany) at 550°C for 24 hrs,

and the wt% of ash was calculated as follows.
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Ash= —nalsample mass 4 qnq (wt%) Equation 2.1
initial dry sample mass

The final sample weight is the amount of sample left after the calcination oven, and the

initial dry weight is the moisture-free sample mass before calcination oven treatment.

The amount of protein in PF and PPM was determined using a Dumas nitrogen analyzer
(FlashEA 1112 series, Thermo Scientific, Interscience, Breda, The Netherlands). The
measurement principle is that the sample is burnt at 900°C, and nitrogen is detected
against a standard curve made with D-Methionine. A conversion factor of 6.25 was used
to convert nitrogen content into protein content [58].

. it tent*6.25 .
Amount of protein = ———Jo1 0Tl * 100 (Wt%) Equation 2.2
total dry mass of sample

Where nitrogen content is the result of the Dumas method, the Total dry mass of sample

is the weight of dry sample added, and 6.25 is the nitrogen conversion factor.

The starch content of pea flour was measured using the Total Starch Glucosidase/a-
Amylase assay kit (Megazyme International Ltd., Bray, Ireland) using the AOAC Official
Method 996.11 [66]. While the starch in PPM dispersion was measured after filtering the
starch using the method for dispersed starch content by enzymatic assay of Megazyme
total starch assay kit (Megazyme International Ltd., Bray, Ireland). The total dietary fiber
content of yellow pea flour was measured using the total dietary fiber assay kit (Megazyme
International Ltd., Bray, Ireland) following the AOAC Method 991.43 [66].

The oil content in pea flour was determined using an automated Soxhlet extractor (Buchi,
Hendrik-ldo-Ambacht, The Netherlands). A known amount of sample (1 gr) was weighed
in cellulose thimble of known weight. The thimbles were fitted in the apparatus oil was
extracted using Hexane for 4 hrs. Finally, the solvent was evaporated entirely, and the
amount of oil was calculated gravimetrically by measuring the weight before and after

extraction. All analyses were done in triplicate, and the mean value was reported.

Amount of oil= —malsample welsht _ x4 51y 1y topy) Equation 2.3
initial dry sample weight

Where final sample weight is the residue sample left in the thimble, and the initial dry

sample weight is the amount of sample weighed into the thimble before extraction
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2.2.2.3 Preparation of pea flour and pea protein mixture dispersions

A known amount of pea flour (<45 um particles) was dispersed in ultra-pure water, and the
pH was adjusted to pH 7 by adding a few drops of a NaOH (0.5 M) solution. The dispersion
was gently mixed under magnetic stirring at room temperature for 3 hrs to allow hydration

of the proteins in the mixture. This dispersion will be referred to as pea flour dispersion.

To obtain the PPM, the starch granules were removed by filtration using a filter paper with
a cut-off of 4-7 ym (Whatman® 595 %) using vacuum filtration. In brief, a known amount of
pea flour was dispersed in ultra-pure water, and the pH was adjusted to 7. The dispersion
was subject to vacuum filtration, and the filtrate was collected and used further, known here

as PPM dispersion.
2.2.2.4 Interfacial properties

The oil/water interfacial tension of PF and PPM dispersion was measured using an
automated drop tensiometer (ADT, Tracker, Teclis-instruments, Tassin, France). The
rapeseed oil was treated with Florisil® overnight to remove any impurities present in the oil.
Florisil and oil were mixed in the ratio (1:3) (w/w) and allowed to stir overnight. The slurry

was centrifuged, and the clear oil was used for the experiments.

An oil droplet with a surface area of 30 mm? was formed at the tip of a stainless-steel

needle immersed in the pea flour dispersion. The shape of the oil droplet was continuously

monitored using a camera and transformed into interfacial tension (V) by Wdrop® software

from Teclis® (Tassin, France) [67]. All measurements were performed at 20°C.

The interfacial tension reached a steady value after 3.5 hours, and the dilatational
viscoelasticity was measured using an amplitude sweep test. The droplet was subjected to
sinusoidal amplitude deformations where its area changed 2.5%, 5%, 10%, up to 30% of
its original surface area. Each amplitude consisted of 5 cycles, 100 sec, followed by a rest
period of 5 cycles (5 x 100 sec). The interfacial tension was recorded as a function of time

together with the amplitude of deformation. The interfacial dilatational modulus (E,)
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Eq4= |E:j +iE'c;| Equation 2.4
E, and E," are the storage and modulus obtained from the amplitude sweep tests.
2.2.2.5 Oil-in-water emulsion preparation

Pea flour dispersion and pea protein concentration dispersion of varying concentrations
were used as an aqueous phase to make emulsions. The dispersions were initially sheared
under a high-speed rotor-stator homogenizer (IKA®, Staufen, Germany) at 6000 rpm for 30
sec. Afterward, 10 wt% canola oil was slowly added to the dispersion and homogenized
for 1 min at 10000 rpm. The coarse emulsion that was formed was further homogenized
by passing 5 times through a high-pressure homogenizer at 250 bars (GEA®, Niro Soavi
NS 1001 L, Parma, lItaly). All emulsions were made in duplicates following the same
procedure and were all stored for 3 hrs before further analysis. The composition of the pea
flour emulsions is given in Table 2.1, while the composition of the PPM emulsions is given
in Table 2.2. Protein concentration was standardized to the same amount for both PF and

PPM emulsions.

Table 2.1: Composition of pea flour emulsions made with various concentrations of protein

Pea flour emulsion components

Initial pea flour (g) | Water (g) Oil (g) Final protein concentration (wt %)
0.50 89.50 10.00 0.10

0.75 89.25 10.00 0.15

1.00 89.00 10.00 0.20

1.25 88.75 10.00 0.25

1.50 88.50 10.00 0.30
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Table 2.2: Composition of pea protein mixture emulsion with different protein concentration

Pea protein mixture emulsion components

Initial pea Pea protein Water Oil Final protein
flour mixture (9) (9) concentration
(9 (9 (wt %)

1.10 0.35 88.90 10.00 0.20

1.65 0.52 88.35 10.00 0.30

2.2.2.6 Droplet size

Droplet diameter measurements were performed using a Malvern® Mastersizer 3000
(Malvern Instruments Ltd., Worchester, UK) equipped with a hydro dispenser. The droplet

_ Z'fn.D14
¥7nD;

diameter was presented as volume mean diameter (D 3 ).

To measure the individual droplet size of the emulsions, the emulsions were centrifuged at
3000 g for 15 min to settle starch granules. The cream layer was carefully removed and
mixed with 1 wt% SDS solution. The sample was immediately measured for droplet size
using a refractive index of 1.47 of rapeseed oil. Every measurement was performed in

triplicate.
2.2.2.7 Zeta potential

The surface charge of the emulsion droplets was measured using a Malvern® Nanosizer
(Malvern Instruments Ltd., Worchester, UK). The emulsion samples were diluted 1:1000
(wt. ratio) in Milli-Q water. The diluted samples were then filled in a Malvern folded cuvette
(DTS1061). The samples were placed in the instrument and equilibrated for 5 min before

measurements were performed. The electrophoretic mobility of the droplets was measured

at 20°C and converted into surface potential { by the following equation

__ 2¢g(ka)

Ue 3

Equation 2.5

Where U is the electrophoretic mobility, € is the dielectric constant of the medium, n is the
absolute viscosity of the medium. Ka is known as the Henry function, where K is the Debye
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parameter which is a function of electric double layer and a is the radius of the

particle/droplet.
2.2.2.8 Protein surface coverage of oil droplets

To quantitatively determine the protein concentration at the oil droplet interface, the
prepared emulsions were centrifuged at 10000 g (30 min, 4°C), and the obtained phase-
separated emulsions were kept at -20°C for 2 hrs. Subsequently, the cream layer was
collected carefully from the frozen serum and dried in the oven at 60°C for 48 hrs. The
aqueous serum and the precipitate were collected and pooled, and the protein
concentration in both cream and aqueous phases was measured using Dumas, as

mentioned in section 0.

The protein surface load, I, (in mg per m?), was calculated as [68]:

Ms=I7/St Equation 2.6
where [, is the measured amount of protein at the interface and S- is the total surface area,
calculated by

6

S.=
T Do

*Voil Equation 2.7

Vi the oil volume, and D 5 , is the surface mean diameter obtained from laser diffraction

experiments of the laser scattering analysis.
2.2.2.9 Qualitative analysis of proteins using electrophoresis (SDS-PAGE)

SDS-PAGE was conducted to qualitatively analyze the protein families present in the
yellow pea flour and at the surface of the formed oil droplets. The samples were dissolved
in NuPAGE® LDS sample buffer at a concentration of 1 mg/mL. Then, 200 yl NuPAGE®
reducing agent was added to the sample. The samples were then heated at 90°C for 15
min followed by centrifugation at 2000 rpm (425 g) for 1 min. Next, 20 pL clear samples
were loaded into the wells of a NUPAGE® 4-12 wt% Bis-Tris precast gel. A protein standard
(10 pL) (10 kDa — 200 kDa) was also loaded into the well, and the gel was fixed in the
electrophoresis chamber. After filling it with MES Buffer, the electrophoresis was run at
200 V. Further, the gel was separated and washed with ultra-pure water and was gently

shaken for 1 hr in Comaisse® blue stain. The gel was then destained with a solution
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containing 20% ethanol, 50% acetone, 30% water for 1 hr. Finally, the gel was washed

with ultra-pure water and stored.
2.2.2.10 Confocal laser scanning microscopy (CLSM)

The structure of emulsions was analyzed using a Nikon C2+ confocal laser scanning
microscope fitted with a 40x oil objective and a camera. Coumarin-6® was used to stain the
oil phase, and Rhodamine B® was used to stain the protein. The dyes were dissolved in
propanol (Coumarin-6) and ultra-pure water (Rhodamine B) with a concentration of 0.1
mg/mL. 7 pL of each dye was added to 1 ml of the emulsion sample and gently mixed for
15 min. Subsequently, the samples were transferred onto a flat glass slide and imaged on
the confocal microscope. Coumarin-6 was excited with a 405 nm laser, while Rhodamine
was excited at 566 nm. The micrographs were captured using Nikon® image software and

processed by ImagedJ software.
2.2.2.11 Cryogenic Scanning Electron Microscopy (cryo-SEM)

Cryo-SEM imaging of the samples was performed to visualize better oil droplets' pea flour
and interfacial structure and any possible interaction with starch granules. In short, the
emulsion was first cryo-frozen using liquid ethane and then transferred to a cryo-planing
setup. The planning was done in a cryo-microtome equipped with a diamond knife. The
sample was then sublimated under a vacuum. The sample was transferred to a Jeol SEM
chamber (Jeol B.V, Nieuw-Vennep, The Netherlands) cooled to -110°C using liquid

nitrogen, sputter-coated with platinum under argon flow, and imaged.
2.2.2.12 Viscosity measurement

The rheological properties of the prepared emulsions were determined using shear sweep
tests. Measurements were performed on an Anton-Paar® 301 (Anton Paar, Oosterhout,
The Netherlands) rheometer equipped with a double gap geometry. Shear sweep tests
were performed at 20°C by increasing shear from 0.1/s to 1000/s measuring the apparent
viscosity. The corresponding graph of shear rate vs. apparent viscosity was plotted in a

log-log plot.
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2.3 Results and Discussion

Table 2.3: Composition of pea flour and pea protein mixture on a dry basis.

Sample Protein Starch Qil Fibers Ash

(wt %) (Wt%) (wt %) (Wt%) (wt %)
Pea flour 19.7+0.88 51.0£1.6 2.2+1.1 16.6+1.3 3.05+0.7
Pea protein | 57.2+1.2 6.0+£0.43 N.D N.D N.D
mixture

The primary components in yellow peas are starch and protein [34,69]. Therefore, a major
focus in this study is given on the effect of these two components on the interfacial and
emulsion properties of yellow pea flour. Thus, besides the pea flour (PF), a pea protein
mixture (PPM) was also produced by removing the starch by filtration. The compositions
of the PF and the produced PPM are displayed in Table 2.3.
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Figure 2.1: Size distribution of PF dispersion (solid line) and PPM dispersion (dashed line); insets

showing corresponding light micrographs of the dispersion (pH 7, 20°C, scale bar: 100 pm).

The PF contains starch granules, protein aggregates, and cell wall material of different
sizes. The figure shows the size distribution of the PF and PPM dispersion in water and
representative light micrographs. Two peaks can be observed in the size distribution curve

for PF (Figure 2.1, solid line). A small one between 2 and 5 ym and a major one at around
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30 um. Starch granules are expected to have a diameter of around 30 um, while protein

aggregates are between 1 and 3 um.

On the other hand, cell wall fragments are expected to have a broad size distribution from
a few micrometers up to about 40 um [36]. This is in line with the light micrographs shown
in the inset, where starch granules and some cell wall fragments can be observed.
Moreover, the particle size distribution of the protein mixture dispersion (Figure 2.1, dotted
line) clearly shows the successful removal of starch since only a peak at 1-3 pm was
observed. The removal of starch was also confirmed by the light micrograph image of
protein mixture dispersion shown in the inset, where the large particles visualized in PF

dispersion are not present.
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Figure 2.2: Dynamic interfacial tension measurement of PF (=) and PPM dispersion (=)
standardized to 0.002 wt% protein (pH 7, 20°C).

The interfacial activity of molecules can be studied by monitoring their ability to reduce the
interfacial tension of oil/water interfaces [70]. Figure 2.2 shows the interfacial tension
reduction profile over time for PF and PPM. The interfacial stabilization of PF was similar
to that of protein mixture dispersion. This shows that the interfacial behavior of the PF was
similar to that of the PPM systems. Besides, three distinct phases can be observed in the
interfacial tension graph for both systems, showing the typical behavior of amphiphilic
proteins [42,71,72].
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Figure 2.3: Dilatational elastic modulus (Ed’: filled symbols) and viscous modulus (Ed": unfilled
symbols) of PF dispersion (— ) and dilatational PPM dispersions (=) standardized to 0.002 wt%

protein, as a function of the amplitude of droplet deformation (pH 7, 20°C).

Apart from reducing interfacial tension, the elastic and viscous nature of the interface
formed by the PF and the protein mixture was studied by dilatational rheology. This
analysis aimed to investigate the extent of interactions between adsorbed molecules and
the nature of the formed interface [73]. In Figure 2.3, the dilatational elastic (E,) and
viscous (E,") moduli are plotted as a function of the amplitude of deformation. The elastic
modulus was much higher for both the samples than the viscous modulus showing that the
interface had a more elastic nature. The values for the elastic moduli are in the same order
of magnitude as previously reported for pea proteins [29]. This indicates that the interface
is stabilized by the proteins present in the PF. Moreover, the removal of starch does not
change the elastic nature of the interface, which indicates that the presence of non-protein

molecules does not influence the interfacial elastic network formed by proteins.
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Figure 2.4: Mean droplet aggregate size of PF emulsion (gray); PPM emulsion (black) (a) and
mean individual droplet size of PF emulsion (gray) and PPM emulsion (black) (b) at 0.2 wt% and

0.3 wt% protein concentration (pH 7, 20°C).

Since it was concluded that the proteins present in the native matrix of the PF are
interfacially active, the next step was to investigate their emulsifying ability. To clarify any
possible effect of non-protein compounds on the emulsifying ability of pea proteins,
emulsions with PF or PPM were prepared. For this purpose, two protein concentrations of
0.2 wt% and 0.3 wt% were chosen. These two protein concentrations were chosen
because these concentrations are expected to have enough protein molecules to cover the
interface [74]. Besides, higher protein content would lead to higher solid content and
viscous emulsions. The prepared emulsions were compared with regard to individual oil
droplet size distribution and stability against aggregation (Figure 2.4). The emulsions
exhibited similar oil droplet and aggregate sizes, proving that starch, at this concentration,
had a minor influence on emulsifying ability. Regardless of the presence of starch, the
formation of aggregates can be attributed to hydrophobic forces, and the low electrostatic
repulsion between the droplets since the surface charge was about -17+1.5 mV. The
electrostatic potential was significantly lower than the -30 mV required for strong
electrostatic repulsion [75]. Besides the weak electrostatic repulsion forces, it is possible
that due to the presence of non-absorbed bio-polymers, depletion forces also arose,

leading to extensive oil droplet flocculation [76].
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Starch Starch

Figure 2.5: Confocal laser scanning (a) and scanning electron micrographs (b) of a PF emulsion
(10.0 wt% oil, 1.0 wt% PF/0.2 wt% protein).

Confocal and electron microscopy were used to investigate the microstructure of the PF
emulsions (Figure 2.5). The confocal micrograph (Figure 2.5.a) confirmed that starch
granules do not associate with the oil droplets, and therefore do not contribute to the
rheological properties of the system. Similarly, cryo-SEM analysis (Figure 2.5.b) showed
that the starch granules retained their granular shape and didn’t closely associate with the

surrounding oil droplets.
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Figure 2.6: (a) Average particle size of individual oil droplets (Il ) and aggregates (H ) as a
function of protein concentration (wt%) and; (b) size distribution of individual oil droplets as a
function of protein concentration; 0.10 (—#—) 0.15 (—@— ) 0.20 (—&— ) 0.25 (—>*%—) and
0.30 (--3K--) wt% protein of PF emulsion (pH 7, 20°C).

33



Pea flour as stabilizer of oil-in-water emulsions

Since it was shown that PF showed similar emulsifying properties compared to protein
mixture, PF emulsions were studied further. Therefore, the emulsifying performance of the
PF, the average size of the individual oil droplets, and droplet aggregates were measured
as a function of the protein concentration in the PF (0.1 wt%-0.3 wt %) (Figure 2.6.a). The
emulsions with lower protein concentration (<0.2 wt%) had larger individual oil droplets,
with an average diameter of around 10 ym. However, the average oil droplet size was
decreased to around 2.5 pym with increasing protein concentration at 0.2 wt%. Above this
protein concentration, the average size of the oil droplets was at the same regime. Besides
the mean oil droplet size, the size distribution of the oil droplets is also an important
parameter. The size distribution of the individual oil droplets with varying protein
concentrations is shown in Figure 2.6.b. According to this graph, at lower protein
concentrations (0.1 and 0.15 wt %), the size distribution was more comprehensive and
multi-modal, while it was narrower and monomodal at higher protein concentrations (0.2-
0.3 wt%). The changes of the oil droplet size with increasing protein content indicate that
at lower protein concentrations, the amount of proteins present is insufficient to cover the
created interface during emulsification. Under these conditions, the average droplet size is
determined by the number of proteins and not by the energy input of the homogenization

process, known as the protein-poor regime [77].

On the other hand, at higher protein content (20.2 wt%), which can be called the protein-
rich regime, the protein concentration is sufficient. The droplet size is not dependent on the
protein concentration. Therefore, 0.2 wt% was chosen as the critical protein concentration
since this value lay between the protein-poor and protein-rich regime. This value lies within
the wide range (0.1 - 1.0 wt%) of protein concentration used in previous studies to produce
pea protein stabilized emulsions [29,74,78]. Higher protein concentrations (1.0 - 2.0 wt %)
were not tested because the emulsions would be too thick due to the high solid content
(5.0 - 10.0 wt% PF).

The protein surface load was analyzed to validate that 0.2 wt% protein was sufficient to
stabilize a 10 wt% oil-in-water emulsion. From the 0.2 wt% protein present in the emulsion
(0.02 g protein/mL of ail), about 0.12 wt% (0.012 +£0.002 g protein/mL of oil) was associated
with the oil, while about 0.07 wt% was resting in the continuous phase (0.064 +0.002 g
protein total). This translates to a surface load of 5.9 +0.6 mg/m?. The previously reported

value for complete droplet surface coverage for pea and lentil protein was between 4.6 —
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5.5 mg/m? [55]. Therefore, the 5.9 mg/m? that was adsorbed in this case is expected to be

sufficient to cover the entire interface formed and prevent the coalescence of oil droplets.
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Figure 2.7: Gel electropherogram of a protein marker (lane 1); PF (lane 2); emulsion oil droplets

(lane 3); emulsion continuous phase (lane 4) of 0.2 wt% protein PF emulsion.

Apart from the quantitative analysis of the number of proteins on the interface, the
qualitative analysis of the proteins absorbed is also essential. Therefore, SDS-PAGE
analysis was performed, and the electropherogram is given in Figure 2.7. As can be seen
from the figure, the proteins in the PF, the oil droplet interface, and the continuous phase
of the emulsions were very similar. The globular protein fractions pea legumin (11S) and
vicilin (7S) were both associated with the cream and aqueous layers. The similarity in the
aqueous and cream phases indicated that the pea proteins (legumin, vicilin, convicilin) are

all interfacially active and adsorbed in the oil-water interface.
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Figure 2.8: PF emulsions (10.0 wt% oil) made with increasing protein concentration (0.1- 0.3 wt%)

(a) on day 0 and, (b) on day 7, when stored at 4°C.

The macroscopic phase separation (creaming) of the oil droplets from the aqueous
continuous phase is an essential physical stability parameter in emulsions. It is primarily
dependent on the size of the oil droplets and their aggregates [79]. Therefore, the creaming
behavior of the emulsions was visually monitored for 7 days (Figure 2.8). As shown in
Figure 2.8.b, the emulsions made with lower protein concentration (0.1 - 0.15 wt%)
showed no precise serum formation, whereas, at higher protein concentration, there was
a more distinct cream layer boundary. This is contrary to the expected behavior based on
the size of the droplets and aggregates (Figure 2.6). Since the emulsions with lower protein
concentrations had larger droplets and aggregates, higher creaming rates should be
expected [80]. However, the sizes of the aggregates measured during this analysis may
not reflect the actual aggregate sizes in the emulsion. Weakly bound aggregates formed
at higher protein concentration (>0.2 wt%) may separate during measurement.

Nevertheless, the unexpected stability against creaming needs to be further investigated.
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Figure 2.9: Apparent viscosity of oil-in-water emulsions (10.0 wt% oil) prepared with PF (e )

and PPM (- - =) standardized to 0.2 wt% protein; and PF (- - -=-) and PPM (

) standardized

at 0.3 wt% protein.

Starch is a well-known thickening agent, which can increase viscosity when present in an
aqueous solution. Therefore, the apparent viscosity of the emulsion systems as a function
of shear rate was tested in Figure 2.9. Emulsions prepared with 0.2 wt% and 0.3 wt%
protein in PF and protein mixture emulsion were used for this purpose. All four emulsions
showed a decrease in viscosity as shear rates increased. This behavior is known as shear-
thinning behavior, which is a characteristic behavior of emulsions that contain droplet
aggregates that are weakly bonded [10]. At lower shear rates, the aggregates do not yet
flow and exhibit higher viscosity rates. But, as the shear rate increases, the weak
interactions between droplets can break, and the aggregates align in the shear direction,
leading to viscosity reduction [79]. An important observation was that the emulsions
stabilized by PF followed closely the flow behavior curve of the corresponding emulsion
stabilized with PPM at the same protein content. The similar shear thinning behavior of
both emulsions shows that starch granules had a limited effect on viscosity. Starch
granules are in the bulk phase and do not associate with the oil droplet aggregates. This
was also corroborated by the confocal micrographs shown in Figure 2.5.a. The slight
differences observed at low shear rates can probably be attributed to the differences in the

sizes of droplet aggregates.
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2.4 Conclusions

The interfacial properties of the PF and PPM were very similar, indicating that the pea
proteins are the main interfacially active components. Non-protein material, like starch, did
not have any influence on the interfacial behavior of the mixture. Moreover, stable oil-in-
water emulsions were produced using PF and PPM with the same protein content. The
critical protein concentration required to produce stable emulsions was 0.2 wt% for
emulsions with 10 wt% oil. In line with the interfacial study, emulsions produced with PF
and PPM showed similar droplet size, aggregate size, and rheological behavior. It was
shown that the emulsifying properties of the protein in the mixture were not affected by the
presence of non-protein material. These results prove that native pea protein mixtures
(such as PF) can produce stable emulsions, and the non-protein molecules do not hinder
the techno-functionality. These insights can promote native pea protein mixtures as

emulsifiers, leading to more straightforward process steps for food production.

38



Chapter-3

Chapter-3: Emulsifying properties of
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Abstract

Pea proteins are promising oil-in-water emulsifying agents at both neutral and acidic
conditions. In an acidic environment, pea proteins associate to form submicron-sized
particles. Previous studies suggested that the emulsions at acidic pH were stabilized due
to a Pickering mechanism. However, protein particles can be in equilibrium with protein
molecules, which could play a significant role in the stabilization of emulsion droplets.
Therefore, we revisited the emulsion stabilization mechanism of pea proteins at pH 3 and
investigated whether the protein particles or the protein molecules are the primary
emulsifying agent. The theoretical and experimental surface load of dispersed oil droplets
was compared. It was found that protein particles can cover only 3.2% of the total oil droplet
surface, insufficient to stabilize the droplets. In contrast, protein molecules can cover 47%
of the total oil droplet surface. Moreover, by removing protein particles from the mixture
and emulsifying with only protein molecules, the contribution of pea protein molecules to
the emulsifying properties of pea proteins at pH 3 was evaluated. The results proved that

the protein molecules were the primary stabilizers of the oil droplets at pH 3.
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3.1 Introduction

Proteins are amphiphilic biopolymers that can stabilize oil-in-water emulsions by adsorbing
onto the oil-water interface and decreasing the interfacial tension [8]. In food applications,
dairy and egg proteins are mostly used as emulsifiers [81], however, due to environmental
concerns, the demand for utilizing plant proteins has tremendously increased [7,62,82,83].
Therefore, several studies have already reported on the emulsifying properties of proteins

obtained from plant sources such as soybeans, rapeseeds, and peas [7,35,52,84].

Among various plant protein sources, pea proteins have been widely studied in recent
years. Peas mainly contain carbohydrates and proteins, which enables simpler extraction
steps to obtain proteins compared to other oil-rich seeds such as soy and flaxseed proteins
that require defatting [85—-87].

Pea proteins extracted by alkaline extraction, mainly a mixture of trimeric 7S and hexameric
11S globular proteins, have been reported to stabilize oil-water emulsions [88]. The
extracted proteins have their point of zero charge (PZC) at pH 4.5, whose emulsifying
properties were shown to be different below and above the PZC [24,44]. Emulsification at
acidic pH using pea proteins resulted in smaller oil droplets than at neutral pH [44,46,52].

Similar behavior has also been reported for other plant proteins such as soy.

The ability of soy and lentil proteins to stabilize smaller oil droplets in the acidic environment
was attributed to the dissociation of proteins from their multimeric form into protein subunits
(monomers) [89]. These protein monomers have an increased exposed hydrophobicity
[90]. Due to this increased exposed protein hydrophobicity, adsorption of proteins to the
droplet surface was promoted. Moreover, due to protein conformational changes at acidic

pH, a visco-elastic interface is formed by weak protein-protein interaction [90].

The dissociation of multimeric proteins (hexameric and trimeric) into monomeric form
(protein sub-units) is reported in the literature [45]. However, concerning emulsifying
mechanism at acidic pH, pea proteins have been reported to self-assemble to form
particles [46]. The protein particles are formed even though the proteins are positively
charged could be attributed to the enhanced protein-protein physical interactions through
hydrophobic and van der Waals forces [91]. These attractive forces may overcome the
electrostatic repulsion leading to protein self-assembly. However, more research on the

particle formation mechanism is necessary.
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Therefore, the proposed mechanism for emulsification by pea proteins in an acidic
environment is that the self-assembled protein particles adsorb on the oil/water surface
and stabilize the oil droplets through a Pickering stabilization mechanism [35]. Pickering
emulsions are associated with stable oil droplets stabilized by particles that are irreversibly
adsorbed on the droplet surface [9,92]. The increased droplet stability of Pickering
stabilization has attracted great interest in modifying pea proteins to act as Pickering
particles in edible emulsion systems, such as by heating to form microgels [93]. However,
a mechanistic study of emulsifying behavior of alkaline extracted, unmodified pea proteins

at pH 3 has not yet been conducted.

The possible co-existence of proteins molecules (biopolymer) with protein particles (self-
assembled) and their effect on droplet stabilization has not been investigated yet. As
reported for proteins, and in general for biopolymer self-assemblies, there might be an
equilibrium between the number of protein molecules and self-assembled protein particles
[94]. In such cases, a considerable amount of protein molecules may still be present in the
pea protein dispersion at pH 3. Due to the smaller size and faster diffusion of protein
molecules than protein particles, they would be expected to play a significant role in
reducing interfacial tension and stabilizing oil droplets. Therefore, the contribution of pea
protein molecules to the interfacial properties of pea proteins at pH 3, containing self-
assembled particles, needs to be evaluated carefully. A pH value of 3 was chosen to study
the emulsifying behavior of pea proteins in acidic conditions relevant for foods while

avoiding the possibility of acid hydrolysis.

In this research, we aimed to understand the emulsifying properties of pea proteins at pH
3.0. Specifically, we evaluate the possible contribution of protein molecules that could co-
exist with self-assembled protein particles to droplet stabilization. Interfacial tension
reduction and emulsifying properties of pea proteins were investigated. Further, we
combined theoretical calculations with experimental techniques to gain critical insights into

the emulsifying mechanism of pea proteins containing self-assembled protein particles.
3.2 Experimental section
3.2.1 Materials

Whole yellow field peas (Pisum sativum L) were obtained from Alimex BV® (Sint Kruis, The

Netherlands). Sodium Hydroxide, Hydrochloric acid (analytical grade), Sodium Dodecyl
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Sulphate (SDS) reagent, and fluorescent dyes Nile red and Fast Green®were all obtained
from Sigma-Aldrich® (Zwijndrecht, The Netherlands). Whatmann® cellulose thimbles were
obtained from VWR (Amsterdam, Netherlands).

3.2.2 Methods
3.2.2.1 Purification of pea proteins

Pea proteins were extracted from yellow peas by alkaline extraction and iso-electric point
precipitation, commonly reported in literature [44,90]. In brief, pea seeds were dry milled
into a coarse flour in a coffee blender (IKA®, Staufen, Germany). The flour was then
soaked in water at 1:10 (w:w) solids to water ratio. The pH was adjusted to pH 8 with a
0.5 M NaOH solution under constant stirring. After 2 hrs of soaking, the slurry was blended
in a kitchen blender at maximum speed for 2 minutes. The resultant slurry was centrifuged
at 10000 g for 30 minutes to precipitate solids. Further, the protein-rich supernatant was
separated, and the proteins were precipitated at a pH of 4.8 with a 0.5 M HCI solution. The
solution was allowed to stand for 1 hour, and the precipitate was collected by centrifugation
at 10000 g for 30 minutes. The residue was diluted (1:10 w/w) with ultra-pure water,
neutralizing the pH (pH 7). The solution was further freeze-dried, and the obtained powder
was termed simply pea protein. The protein powder was stored in the freezer (-18°C) for

further use.
3.2.2.2 Composition analysis

The amount of protein in the extracted pea protein powder was determined using a Dumas
nitrogen analyzer (FlashEA 1112 series, Thermo Scientific, Interscience, Breda, The
Netherlands). The measurement is based on combusting the sample and analyzing the
nitrogen released against a D-methionine standard. A conversion factor of 6.25 was used
[58].

Nitrogen content * 6.25
*
Initial sample dry mass

Protein content (wt%) =
Equation 3.1

The ash content in the samples was determined by drying a known mass (1 g) of sample
in a calcination oven (P330, Nabertherm GmbH, Lilienthal, Germany) at 550°C for 24 hrs

and the wt% of ash was calculated as follows.
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Final sample mass

Ash (wt%) = Initial dry sample mass .

Equation 3.2
The amount of oil present in extracted pea protein powder was determined by a solvent
extraction process. A known amount of dry sample was added to cellulose thimbles. Empty
round bottom flasks were weighed and filled with hexane. The thimbles were fitted into the
extraction unit, and the round bottom flask with hexane was evaporated (60°C) and used
to extract the oil for six hours. Afterward, the round-bottom flask containing oil and hexane
was removed, and hexane was evaporated under a fume hood for six days. The solvent-
free extract in the round-bottom flask was weighed. The amount of oil present was directly

determined from the weight increase in the round-bottom flask after solvent evaporation.

Flask weight after extraction — Empty flask weight
*

100
Sample weight

0il content (Wt%) =

Equation 3.3
3.2.2.3 Oil-in-water emulsion preparation

Oil-in-water emulsions were prepared using pea protein dispersions as an aqueous phase.
10.0 wt% rapeseed oil and 90.0 wt% of protein dispersions were used. The final protein
content of the emulsion was standardized to 0.5 wt% by adjusting the protein content in
the dispersion. The pH of the dispersion was changed to pH 3 using 0.5 M HCI. The
dispersion was then stirred for 3 hours under magnetic stirring. The dispersion was then
sheared for 15 secs at 6000 rpm in an IKA® (Ultra-Turrax, IKA®, Staufen, Germany)
ultraturrax to ensure homogeneous dispersion of proteins. Further, rapeseed oil was added
slowly, and the mixture was sheared for another 60 seconds at 10000 rpm to produce a
coarse emulsion. The formed coarse emulsion was further homogenized by passing
through a GEA® (Niro Soavi NS 1001 L, Parma, ltaly) high-pressure homogenizer for five
passes at a homogenization pressure of 250 bar. The obtained final emulsion was allowed
to equilibrate 3 hours before any measurement was performed. The emulsions were called

pea protein stabilized emulsions and were made in duplicates.

Emulsions were also prepared using protein molecule solution (supernatant after
centrifugation). In brief, pea protein dispersions were prepared as explained above. Then
the dispersion was ultra-centrifugated at 320,000 g for 45 minutes at 20°C using a
Beckman-Coulter L60 (Beckmann-Coulter Nederland B.V, Woerden, The Netherlands)
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ultra-centrifuge in 40 mL tubes. The clear supernatants were carefully collected by pouring
them onto a beaker. The collected solution was called protein molecules solution.

Emulsions were prepared as described above with this solution.
3.2.2.4 Protein dispersion size and charge

The hydrodynamic size of the particles in the protein dispersion was measured at pH 3
using a Malvern® UltraSizer (Malvern, Worcestershire, United Kingdom). In brief, protein
dispersions of 0.5 wt% were prepared as explained in the previous section and
homogenized without the addition of oil. The homogenized protein dispersion was loaded
into a disposable transparent cuvette, and the size was measured using a refractive index
of 1.45, and a temperature of 20°C was set. Similarly, the protein molecules' solution size

was measured under the same conditions.

The surface charge of proteins of the same dispersions was measured using a U-shaped
cuvette in the Malvern Ultra sizer (Malvern®, Worcestershire, UK) at 20°C. All size and
charge measurements were done after 120 seconds of equilibration and were performed

in triplicates, and the average value was reported.
3.2.2.5 Droplet size measurement

The individual droplet size of the emulsions was measured using laser diffraction in
Malvern® Mastersizer® 3000 (Malvern Instruments Ltd., Worchester, UK). The samples
were dispensed using a hydro dispenser, and the droplet size was represented in volume

mean diameter.

To measure individual droplet sizes, the emulsions were treated with 1 wt% SDS solution.
The addition of SDS breaks droplet aggregation driven by protein interaction, so the size
of individual oil droplets could be measured in this manner [95]. An equal volume of (1 mL)
of emulsion and 1 wt% SDS solution was mixed, and the size was immediately measured
using a refractive index of 1.47. Similarly, the droplet size distribution of the emulsions was

determined after 7 days of storage at 4 °C to assess the coalescence stability.
3.2.2.6 Measured protein surface coverage of oil droplets

The amount of protein covering the oil droplet surface was measured and reported in
mg/m?2. The experimental surface coverage was measured according to our earlier work
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[96]. In brief, the emulsion samples were centrifuged at 10000 g for 30 minutes at 4°C. The
cream layer was then collected by removing the serum layer from the centrifuge tube by
puncturing a hole at the bottom of the tube. The cream was dispersed in ultra-pure water
(1:10 (w:w) cream to water). The dispersion was centrifuged again at 3000 g for 15 minutes
at 4°C. The second washed cream layer was also collected, similar to the first
centrifugation, and dried. As explained for protein content measurement, the amount of

protein in the cream layer was measured using Dumas.

The protein surface load (I's) was roughly estimated by using the equation below [68]

[. =
s St

Equation 3.4

Where, [, is the total measured protein content in the cream layer and S; is the total surface

area.

St

= D * Voil
G2 Equation 3.5

Where V,; is the volume of oil and D, , is the surface mean diameter obtained from laser

diffraction experiments.
3.2.2.7 Theoretical estimation of protein surface coverage of oil droplets

The measured surface load of the emulsions was compared with the theoretically
estimated surface load. The theoretical surface load of protein molecules and protein
particles can be calculated using Equation 3.6 [97]. The reader is referred to the appendix

section for more details on the mathematical considerations to derive the formula.

4
F=§*pp * Pmax *Tp
(mg/m?) Equation 3.6

Where p, is 1.37 g/lcm?, &, is 0.91 for circles packed on a flat surface with the assumption

that the droplet surface is a 2-d entity and r,, the radius of protein/ particle

Two scenarios were considered for the theoretical estimation of the surface load. First, the

interface was covered by protein particles, whose radius was based on the hydrodynamic
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size obtained from size measurement. The second scenario was assuming that protein
molecules solely covered the interface. The radius of the protein molecule was estimated

based on its molecular weight according to the following equation [98].

1
r, = 0.066 M3 .
(nm) Equation 3.7

Where M is the molecular weight of the protein in Daltons

The following assumptions were taken into consideration for calculating the theoretical

surface load:

1. Equal amounts of Legumin (11S) and Vicilin (7S) proteins were present at the droplet
surface. So, the average size between Legumin: 4.69 nm and Vicilin: 3.50 nm was used

to calculate the theoretical radius of protein [98]

2. The density of both protein molecules and protein particles was assumed to be 1.37

g/lem®
3. The proteins are circles on a 2-D droplet surface.
3.2.2.8 Interfacial tension and dilatational moduli

The interfacial tension reduction and dilatational rheology of oil-pea protein dispersion
interface and oil-protein molecules solution interface were measured using an automated
drop tensiometer (Tracker, Teclis-instruments, Tassin, France). 0.01 wt% pea protein and
corresponding pea protein molecule solution (0.01 wt% protein dispersion after

centrifuged) were prepared as explained in the emulsion preparation section.

Rapeseed oil was treated with Florisil® overnight to remove impurities was used as the oil
phase. In brief, 1:3 (w/w) Florisil to oil were mixed overnight and centrifuged the next day

to obtain contaminants-free oil, which was used in the interfacial study.

The rapeseed oil was loaded onto a 500 pL syringe fitted with a J-shaped needle in the
drop tensiometer. The aqueous phase was filled into a clean, 7 mL optical glass cuvette.
The needle was inserted into the aqueous phase, and a sessile drop of 15 mm? areas was
made. The shape of the oil droplet was monitored continuously using a camera. This was
converted into interfacial tension by the Wdrop® software from Teclis® Tassin, France).
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The dynamic interfacial tension reduction profile was monitored continuously for 3.5 hours
and plotted against time in a semi-log plot. The interfacial tension reduction was modeled

using the curve fitting procedure using the equation below [99].

-t t

VY, Ty ey e
Equation 3.8
Where, v, is interfacial tension at a given time, y« is the final interfacial tension, y, and y,fit
constants. While t is time in a sec, t, is time in secs, related to the lag phase, and t, is time

in secs, related to the rearrangement phase.

After 3.5 hours, dilatational viscoelasticity was measured by changing the surface area of
the droplet in a sinusoidal manner. The droplet was subjected to changes in surface area
with amplitudes of 5%, 10% up to 30% deformation with respect to initial surface area (15
mm?). Each amplitude was applied for 100 seconds with 5 cycles next to each other. This
was followed by 500 seconds rest period before the next higher amplitude was applied.
The interfacial tension change and change in the area were recorded during the oscillation,

and the dilatational elastic (E4) and viscous moduli (E,") were obtained.
3.2.2.9 Light microscopy and Confocal Microscopy (CLSM)

Emulsions were visualized using light microscopy (Axioscope, Zeiss, Jena, Germany)
using 100x magnification, 5 times dilution in ultra-pure water. The images were captured
using an axiovert digital camera (Zeiss, Jena, Germany) and an axiovision imaging

software (Zeiss, Jena, Germany).

The emulsions were imaged using a confocal laser scanning microscope (CLSM) with
fluorescent dyes to visualize the microstructure. In brief, about 1 ml of the emulsion was
mixed with 7pl of Nile red® and 7l of Fast green FCF® in an eppendorf® tube. The tubes
were sealed and allowed to mix for 15 minutes. Afterward, about 30 pl of the sample was
deposited on a microscopy slide and mounted on the confocal table. A Leica® SP8®
confocal microscope fitted with a 63x water immersion lens and white light laser was used
to image the samples. Nile red stained the oil phase and was excited at 488 nm, and the

emission was captured between 500-600 nm. Rhodamine B, which stained proteins, was
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excited at 566 nm, and the emission was captured between 570-670 nm. The images were

captured in a sequential manner using Leica® imaging software.
3.2.2.10 Transmission electron microscopy

The emulsions were imaged using TEM after fixating the sample on polymer resin. Briefly,
the emulsions were mixed 1:1 (v/v) with 3wt% Agarose solution at 40°C. Then the mixture
was allowed to solidify in the fridge at 4°C. The hardened tubes were cut into 1 mm*1 mm
cubes. The cubes were then fixed with glutaraldehyde for 1 hour and washed three times
with 0.1M phosphate buffer. The cubes were subsequently fixated with 1% osmium
tetroxide and washed with ultra-pure water. Then dehydration protocol was started by
ethanol washing. A series of 30 %, 50%, 70%, 80% up to 100% ethanol washing steps
were performed, each lasting for 30 minutes. After the last ethanol wash, the samples were
mixed with spurr embedding liquid in 3 steps 2:1,1:1 and 1:2 (ethanol: spurr), each step
being 30 minutes long. After this, the samples were left in 100% spurr for 1 hour and
refreshed with 100% spurr again, and left overnight. The following day, spurr was refreshed
again for 1 hour, and then the sample was left to polymerize for 8 hours at 70°C. The spurr
polymerized, and the samples were embedded in it. Next, the samples were sectioned
using Leica EM rapid (Leica® Biosystems, Nussloch, Germany). Afterward, the samples
were more precisely sectioned using Leica® ultramicrotome UC7 into 70 nm thin coupes.
The coupes were collected with formvar film 150 mesh copper TEM grids. The grids
containing the samples were loaded into Jeol® JEM1400 plus-120kV TEM (Jeol B.V,
Nieuw-Vennep, The Netherlands) with an EM-11210SQCH specimen quick change holder.
The samples were imaged at 120kV. The protein particles after homogenization were also
viewed using the TEM. The protein particle dispersion was placed on a copper grid. The
samples were stained with 2ul of Phospho-tungstic acid (PTA) for 15 seconds. Then the
samples were dried using fiber-less filter paper pieces and washed once with water, and
dried again. The dried copper grid was then transferred onto Jeol® JEM2100 TEM chamber

and imaged.
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3.3 Results and Discussion

The composition of the extracted pea proteins was 84 wt% protein, 6 wt% oil, and 3 wt%
ash, similar to the already reported compositions of pea protein extracts [24,55]. The
proteins were characterized for their surface charge density (zeta potential) and solubility
as a function of pH (data not shown). The zeta potential and solubility curves showed were
similar to what has been reported for pea proteins, with the zero charge point of pH 4.6

and minimum solubility between pH 4-5 [24,100].
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Figure 3.1:(a) Particle size distribution of 10.0 wt% oil-in-water emulsion freshly prepared (solid
line) and after 7 days of storage at 4°C (dashed line) stabilized using 0.5 wt% protein, pea protein

extract; (b) Light micrograph of the emulsion shown (scale: 20 ym/diluted 5 times).

To further evaluate the emulsifying property of pea proteins, oil-in-water emulsions were
prepared at pH 3.0. The particle size distribution of the resulting emulsion is shown in
Figure 3.1.a, and the corresponding light micrograph of the emulsion is shown in Figure
3.1.b. The figure shows droplet size distribution for fresh emulsions and after storage for 7
days, and the light micrograph shows oil droplets in fresh emulsions. The size distribution
curve shows a bimodal size distribution with a clear distinction between the two peaks. The
hypothesis is that the oil droplets correspond to the curve in size range between 0.5 and 5
pm. The smaller sub-micron peak between 0.01 ym and 0. 7 um could be related to protein
particles [46].
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After storage for 7 days, no significant change in the droplet size distribution was observed
(Figure 3.1.a, dashed line), indicating that the amount of protein present at the droplet

surface was sufficient to avoid droplet coalescence.
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Figure 3.2: Size distribution self-assembled protein particles at pH 3, homogenized at 250 bar

pressures, inset showing TEM image of protein particles (0.5 wt% protein).

The size distribution curve between 0.01 and 0.50 pm observed in Figure 3.1 could
correspond to the pea protein particles [46] To investigate the cause of the submicron
peak, the protein dispersion was homogenized at the same conditions as the emulsions
without adding oil. The particle size of the homogenized dispersion is given in Figure 3.2.
The figure shows a monomodal particle size distribution curve in the sub-micron range.
The inset in Figure 3.2 shows a representative transmission electron micrograph of the
homogenized protein particle dispersion with spherical particles in light grey. The size
distribution shows that particles in size range between 0.05 and 0.70 ym with a peak
around 0.12 ym were observed. According to the literature, this peak could be attributed
to self-assembled protein particles present in positively charged pea protein dispersion
[46]. Moreover, spherical particles observed in the TEM correspond well with the size
distribution and are most likely protein particles since the extracted protein powder used
here contains about 85 wt% protein. Despite being below the iso-electric point, the
presence of protein particles at pH 3 shows that the driving force for the formation of the
protein particles could be a combination of physical forces such as hydrophobic and van

der Waals that overcome the electrostatic repulsion.
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Figure 3.3: (a) Confocal micrograph showing oil droplets in red and protein surrounding the oil
droplets in green (scale bar: 10 um) and; (b) TEM micrograph of emulsion droplets with protein
particles encircled (scale bar: 2 ym); of 10.0 wt% oil-in-water emulsion stabilized by 0.5 wt% pea

proteins at pH 3.0.

The protein particles of size 0.05 pm and 0.70 ym (Figure 3.2) formed at pH 3.0 have been
attributed as the droplet stabilizing agent in pea proteins through a Pickering stabilization
mechanism [35,46,101]. Confocal and electron microscopy analysis was employed to
investigate whether the protein particles were adsorbed on the oil droplet surface (Figure
3.3). The confocal micrograph (Figure 3.3.a) shows oil droplets (red) surrounded by
proteins (green). The figure shows that the protein particles were only found in patches at
the droplet surface and not seen as a homogeneous layer around the oil droplets. Besides,
not all the oil droplets were covered by the protein particles. To gain a more detailed
visualization of the droplet surface, transmission electron microscopy analysis was
employed (Figure 3.3.b), which shows oil droplets in grey and proteins in black. The image
shows a clear interface of oil droplets covered with denser regions, which are proteins.
Besides, the protein particles are not covering the entire droplet surface, similar to the

observation from the confocal micrograph.
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It was not clear whether solely protein particles were stabilizing the oil droplet surface from
the microscopy analysis. Therefore, more information on the state of the proteins adsorbed
was required to understand the emulsifying mechanism. Therefore, the formed oil droplets’
surface coverage (mass of protein per unit surface area) was calculated theoretically (using

Equation 3.6) and compared with the experimentally measured surface coverage.

The positively charged pea proteins self-assemble to form particles, however since only
physical forces such as van der Waals forces and hydrophobic forces drive the particle
formation, an equilibrium between protein molecules and protein particles might exist
[91,94]. Therefore, two scenarios were considered when calculating the theoretical surface
load. The first one is based on a droplet surface stabilized by protein particles of 60 nm
radius, obtained from the particle size analysis of homogenized pea protein dispersion,
where the peak particle size is around 120 nm (peak value from Figure 3.2). The second
scenario is based on droplet surface stabilized by protein molecules of radius 4.1 nm, which
was calculated from the molecular weight of the protein molecules according to Equation
3.7. The two theoretical scenarios were compared with the experimentally measured
surface load, as shown in Figure 3.4. The figure shows theoretical surface load based on
the two scenarios (top left) and experimentally measured surface load (top right). The
bottom part of the figure compares the theoretical and experimental surface load for the

two scenarios.
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Theoretically estimated surface load Experimentally
measured surface load

Scenario 1: Scenario 2:
Protein particle stabilization| Protein molecule stabilization

@® Protein assembly 2, Individual protein
DA R=4.1 nm 3.2 mg/m?

. © ® 297 mg/m”"2 6.8 mg/m”"2

Theoretical vs measured surface load

Scenario 1: Scenario 2:
Protein assembly stabilization | Protein molecule stabilization

‘ ® ‘} 3.2% surface coverage

Figure 3.4: Comparison between measured surface load with theoretical surface load based on

e
©

< 47% surface coverage

two scenarios (1) Protein particle stabilization (radius r,=60 nm, obtained from Figure 3.2) and (2)
protein molecules stabilization (radius r, = 4.1 nm); of 10.0 wt% oil-in-water emulsion stabilized by

pea proteins.

Considering the theoretical scenario that protein particles of 60 nm radius are adsorbed on
the droplet surface, Equation 3.6 suggests that 99.7 mg/m? of protein particles would be
needed for complete surface coverage. In the theoretical scenario that protein molecules
adsorbed on the surface, 6.82 mg/m? protein molecules would be needed for complete
surface coverage. At the same time, the experimentally measured surface load of the
emulsion oil droplets was only 3.2 mg/m? (Equation 3.4). Moreover, when comparing the
measured and theoretical surface load for protein particle-stabilized surface, the surface
coverage was 3.21% of the theoretical coverage. In the scenario where protein molecules
stabilize the droplet surface, the fraction of surface covered was 46.94% of the theoretical

coverage.

Studies have shown that model spherical particles can stabilize oil droplets by covering as
little as 10-20% of the oil droplet surface [102]. However, in cases of protein particles such
as soy glycinin, 40% or higher coverage was reported. Similarly, when whey protein

nanogels were used, the surface coverage of 68% was critical [103,104]. Therefore, the
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estimated surface coverage of 3.2% for Pickering stabilization for pea protein stabilized
emulsion would not be sufficient to stabilize the oil droplets and avoid further coalescence
[105,106]. Moreover, studies have shown that surface load for protein Pickering particles
was between 20-25 mg/m?, which is lower than what we have estimated theoretically but
was much higher than the measured surface load in this research [103]. The comparison
indicates that scenario two may occur: protein molecules are adsorbed on the droplet

surface.
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Figure 3.5: Particle size distribution of protein molecules solution obtained after centrifugation of

0.5 wt% pea protein dispersion at pH 3.0.

To confirm the hypothesis that protein molecules were also present in the pea proteins at
pH 3, the protein dispersion was centrifugated using ultra-high rotation speed. The
supernatant after ultra-centrifugation contained about 40 wt% of the proteins present in the
initial dispersion (measured by Lowry method). Size distribution of the resultant
supernatant shows a monomodal distribution between 3-20 nm (Figure 3.5). The figure
clearly shows the presence of smaller proteins compared to the protein particles seen
before homogenization. Moreover, the size distribution corresponds well with the
theoretical protein molecule size of ~ 8.2 nm (4.1 nm radius). Moreover, the size distribution
shown here corresponds well with what has been experimentally reported for pea protein
molecules of legumin and vicilin (ry ~4.5 nm) and protein assembly of 3-6 oligomers (ry ~25
nm) [107-109].

The presence of protein molecules (3-20 nm) showed that the pea proteins co-existed as
particles and as protein molecules in the pea protein dispersion at pH 3 with an equilibrium

between them. Therefore, pea proteins at pH 3 can be described as protein particle-
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molecule mixture. The fraction of protein particles and protein molecules in our case was
60:40 (wt: wt), respectively (measured by Lowry). The existence of protein molecules
implies that a minimum protein concentration is required for self-assembly to occur. The
concentration dependency for protein assembly indicates that the particle formation was

diffusion-controlled and was driven by reversible physical forces [94].

Table 3.1: Interfacial tension parameters of pea protein particle-molecule mixture and pea protein

molecule solution measured using drop tensiometer for 12000 seconds at 20°C.

Sample Initial Lag time (t1) Rearrangement Final tension after
tension time (t2) 12000 sec
(sec)
(mN/m) (sec) (mN/m)
Protein particle- | 24.7 154 3137 13.41

molecule mixture

Protein molecule | 23.2 121 2845 14.49
solution

An essential requirement of the interfacially active molecules, like proteins, is their ability
to adsorb onto the oil-water surface and reduce the interfacial tension. Therefore, pea
protein particle-molecule mixture was compared with protein molecules solution for their
interfacial tension reducing property. The shape of the tension reduction curve consisted
of a lag phase and an adsorption phase which is characteristic for protein adsorption at the
droplet surface [31]. During the lag phase, protein molecules do not sufficiently cover the
droplet interface. There is no interaction between them at the interface, leading to a lack of
interfacial tension reduction [65]. However, such a lag phase may not exist in a real
emulsion system due to a much higher concentration of proteins. During the second phase
(adsorption phase), proteins adsorb and rearrange at the droplet surface, which leads to a

noticeable reduction in interfacial tension [30].

The tension curves were fit to an exponential equation (Equation 3.8), and the results are
summarised in Table 3.1. The table shows that for both systems, the interfacial tension
decreased over 3.5 hours from around 25 mN/m to around 14 mN/m. Moreover, the lag
time (t1: ~150 sec) was much lower than the rearrangement time (t2: ~3000 sec) for both
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systems. This indicated that, after the lag time, a gradual reduction in interfacial tension
was associated with the interfacial rearrangement of proteins. The slow rearrangement has
also been shown in literature for pea globulins at acidic conditions [110]. The slow decline
has been attributed to the structural re-organization of pea globulins hexamers (and
trimers) into their monomeric subunits. A similar tension reduction profile for both protein
particle-molecule mixture and the protein molecule systems indicated that pea protein
dispersion's interfacial tension reducing property mainly comes from the protein molecules

and not from the protein particles.
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Figure 3.6: Dilatational elastic (filled) and viscous modulus (unfilled) of pea protein particle-
molecule mixture (black) and pea protein molecules solution (grey) measured after 3.5 hrs of

steady interfacial tension decrease as a function of the amplitude of deformation.

The visco-elastic properties of the film formed at the droplet surface give information on
the interactions between the molecules adsorbed at the droplet surface. Therefore,
interfacial dilatational experiments were performed. The resulting dilatational elastic (Ed’)
and viscous modulus (Ed”) of pea protein particle-molecule mixture and pea protein
molecules are shown in Figure 3.6. The dilatational elastic modulus (E,’) was higher than
the viscous modulus (E,”) over the range of amplitude tested for both systems. The E;’
curves of the protein particle-molecule mixture and protein molecule solution follow each
other closely. Therefore, it can be concluded that protein molecules in protein particle-

molecule mixture mainly adhere to the droplet surface and form a cohesive network.

Moreover, the moduli curves did not show a large amplitude dependency over the tested
range, indicating that the protein-protein interactions at the droplet surface lead to the
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formation of a cohesive network that remained intact under the applied surface area
changes. The protein network was probably formed by physical interactions, which
overcame the electrostatic repulsion. The protein network can prevent the rupture of the

droplet surface and subsequent destabilization of the droplet [111].
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Figure 3.7: (a) Droplet size distribution of emulsion prepared with protein molecules solution day
0 (solid line) and day 7 (dashed line) and inset showing light micrograph of the emulsion at day 0
(scale: 20 pym/diluted 5 times); (b) TEM image of the emulsion stabilized with protein molecules
(Scale 2 ym). and (c) Confocal micrograph of the emulsion prepared with protein molecules at day

0 (oil: Red/ protein: Green and scale: 10 ym).

Emulsions were prepared using the protein supernatant obtained after ultra-centrifugation
to confirm further that protein molecules were the primary stabilizers of the oil droplets in
the pea protein particle-molecule mixture. The same initial protein concentration was used
for ultra-centrifugation compared to what was used to prepare pea protein emulsion

(Figure 3.1). The droplet size distribution of the resulting emulsion is shown in Figure 3.7.a
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for fresh emulsions (solid line) and after 7 days (dashed line). The distribution curve is
monomodal with a size between 500nm to 5 um. The inset in Figure 3.7.a shows a light
micrograph of the formed emulsion in a fresh state. The droplet size distribution of the
formed emulsion, was stable over storage for 7 days, indicating no coalescence (Figure
3.7.a.). Moreover, the droplet size distribution of the protein molecules stabilized emulsion
corresponded well with the emulsions made with pea protein particle-molecule mixture
(Figure 3.1.a). The light micrograph (Figure 3.7, inset) also showed that the droplets were
spherical and showed a similar microstructure to pea protein particle-molecule emulsion
(Figure 3.1.b).

To investigate the microstructure of the emulsion, confocal analysis (Figure 3.7.c) and
TEM analysis (Figure 3.7.b) were employed. The confocal micrograph shows oil droplets
(red) and proteins (in green). While the TEM micrograph (Figure 3.7.b) shows oil droplets
in grey and darker patches of proteins. The confocal (Figure 3.7.c) showed that the formed
oil droplets appeared with a homogeneous interface, and no dense protein areas could be
observed. The homogeneous droplet interface without protein particles was also confirmed
from the electron micrograph (Figure 3.7.b). Besides, the electron micrograph clearly
shows that the droplet surface of protein molecules stabilized emulsion was identical to
that of the pea protein particle-molecule emulsion (Figure 3.3.b). The similarity between
the droplet surfaces of the two emulsions indicated that protein molecules in the pea protein
particle-molecule mixture were responsible for the droplet surface stabilization. These
findings clearly show that the protein particles do not play a significant role in the droplet

surface stabilization of pea proteins at pH 3.0.
3.4 Conclusions

In this work, we investigated the interfacial and emulsifying properties of pea proteins at
pH 3.0. We showed that pea proteins self-assembled to form particles of size between 0.05
pm and 0.7 yum. Most proteins were not present as particles since 40 wt% of the protein in
the protein particle-molecule mixture existed as protein molecules. The size distribution of
the protein molecules (Figure 3.7) was between 3-20 nm following the calculated size of
pea globulins and with what has been reported in the literature for globular plant proteins
at pH 3[90]. The protein particle-molecule mixture reduced interfacial tension and formed

stable oil-in-water emulsions. The measured surface load of the emulsion was compared
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with the theoretical surface load. The comparison showed that only 3.2% of the droplet

surface would be covered when protein particles stabilize the surface.

On the other hand, when protein molecules stabilize the surface, 47% of the droplet surface
would be covered. Therefore, protein molecules are more likely the primary stabilizing
agent. To verify that protein molecules were responsible for stabilization, the emulsion was
prepared with protein molecules. The resulting emulsion was stable against coalescence
and showed a similar droplet size than the emulsion stabilized with the protein particle-
molecule mixture. Therefore, we concluded that the emulsification mechanism in pea
proteins at pH 3.0 is not based on protein particles but protein molecules. Besides, we
show that protein molecules should not be neglected when studying the emulsifying

properties of protein aggregates/particles.
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Appendix
Theoretical surface load

The theoretical surface load of the proteins was calculated based on equations and then
compared with measured surface load. For this purpose, simple mathematical

representation of surface load was taken as starting point as follows:

= % (mg/m?) Equation A1
d

Where, M, is the mass of protein at interface (mg) and A,is the total interfacial area (m?)
Mp = Np * my, (mg) Equation A2

Where, N, is number of protein molecules (no unit) and m, is the mass of one protein
molecule (mg), which can be rewritten as m, = p,*(4/3*Tt*r,?). Where, r, is the radius of
protein (m), and p, is the density of protein (mg/m?)

_ Ad*@Pmax  (no unit) Equation A3

N
P A

P

Where, A, is surface area of droplets (m?), , ., is the maximum packing factor of circles

and A, is the area of protein molecules (m?) which can be written as A, = TT*r,?
Substituting the expansions of Equation A2 and Equation A3 into Equation A1
%
- ! 2 Prnax 4 f *n*rp3 (mg/m?) Equation A4

A % 2
Ad nrp P 3

Which can be simplified into,

4
= 3 *Pp * @max * Tp (mg/m?) Equation A5

Equation A5 is given in the main text as Equation 3.7. It is used to calculate the theoretical

surface load of the proteins at the droplet interface
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Calculation size of individual pea proteins

The physical size of the protein molecule was calculated based on the equation below and

the results are shown in table A1

1
r, = 0.066 * M3

Table A1: Estimated size of pea legumin and vicilin from Equation A6

Equation A6

Protein Molecular weight (Da) Radius (nm)
Legumin (118) 360000 4.70
Vicilin (7S) 150000 3.51
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Abstract

3D printed materials are of great relevance to produce medicinal scaffolds and specialized
foods. An approach to forming 3D printable materials is to use jammed oil droplets.
Jammed oil droplets are highly viscous and can be extruded through the nozzle of a 3D
printer, while after chemical crosslinking, they acquire a self-standing ability. However, the
molecules currently used to stabilize and cross-link the oil droplets have questionable
biocompatibility. Therefore, this study aims to produce a 3D printable jammed emulsion
using pea proteins. This jammed oil-in-water emulsion is remarkably stable and
viscoelastic enough to be extruded through the printer nozzle. Adhesive pea protein
particles formed by pH adjustment act as physical cross-links between the oil droplets,
forming a scaffold with elastoplastic rheological properties that flows above critical stress
while, without any additional treatment, exhibits the required self-standing properties for
3D printing. By understanding the properties of pea proteins and their behavior in bulk and

on interfaces, pea protein-based 3D printable material was created for the first time.
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4.1 Introduction

Manufacturing materials using 3D printing is simple yet effective in creating intricate
macroscopic structures [112,113]. 3D printing technique involves pushing the material
through a nozzle and depositing it layer-by-layer to produce the required structure
[113,114]. The challenge is to create a material that flows when stress is applied to pass
through the nozzle while it behaves as solid at rest to hold the printed structure [115].

Materials with such rheological properties are known as plastic or yield stress materials.

The applications of 3D printing range from scaffolds for tissue cartilages and specialized
functional foods [114,116-118]. Currently, food printing is mainly performed using
carbohydrate polymer materials, with added cross-linking agents and other natural fillers
such as vegetables or chocolates [119,120]. Besides 3D printing conventional foods with
attractive designs, 3D printing is also widely studied to create specific food structures for
specialized nutrition. For instance, 3D printing is investigated to produce foods for the
elderly with mastication issues [121]. 3D printing can also be used to make foods with

specific compositions in the context of personalized nutrition [122—124].

Unlike 3D printing traditional foods, specialized foods need to meet specific microstructure
and nutrient requirements. This demands the creation of materials with precisely controlled
composition and rheological properties. However, the number of edible biopolymers that
can create food materials that possess the necessary plastic properties for 3D printing is

minimal [125].

A route for creating edible 3D materials is the use of highly concentrated oil-in-water
emulsions. The examples reported in the literature are concentrated oil in water emulsions
with an oil volume fraction ¢ larger than 0.64. The oil droplets are stabilized through a
Pickering mechanism by crystalline biobased particles such as chitin or cellulose
nanocrystals [112,116,118,126]. The crystalline particles at the droplet interface and in the
continuous phase create droplet-droplet interaction through weak physical attractive forces
resulting in a soft elastic material, which can flow when subjected to sufficiently large shear
stresses. However, chemical cross-linking and thermal treatments of the material are often
necessary to provide self-standing property [116]. This step, together with the production
of the crystalline particles used as stabilizers, often reduces the biocompatibility of the

materials their potential use in foods.
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Therefore, there is a need for printable emulsions where commonly accessible and edible
polymers are used as stabilizing and crosslinking agents. An attractive edible biopolymer
source that has not been used before to design emulsions that can be printable is plant-

based proteins such as pea proteins.

Pea proteins have gained wide attention due to the lower environmental impact associated
with them [7]. Moreover, pea proteins have excellent emulsifying properties and are widely
available for use in edible applications [24,35,44,78]. Pea proteins assemble through
physically attractive forces into adhesive protein particles at pH 3,[127] acting as natural

crosslinking agents [116].

In this work, we investigated the oscillatory rheological properties of jammed emulsions
stabilized by pea proteins and linked them to 3D printability. We established the role of the
pea protein particles formed by pH-triggered self-assembly to create printable edible
emulsions. Our research reveals that due to the adhesive properties of the pea protein
particles, the droplets within the jammed emulsions are ‘glued’ together, enabling the
formation of 3D printable edible materials. We present a simple pH-driven approach to
create edible materials with 3D printable properties using pea proteins without the aid of

additional cross-linking agents.
4.2 Experimental Section
4.2.1 Materials

Whole yellow field peas (Pisum sativum L) were obtained from Alimex BV® (Sint Kruis, The
Netherlands). Sodium Hydroxide, Hydrochloric acid (analytical grade), Sodium Dodecyl
Sulphate (SDS) reagent, and fluorescent dyes Nile red and Fast Green® were all obtained
from Sigma-Aldrich® (Zwijndrecht, The Netherlands). Whatmann® cellulose thimbles were
obtained from VWR (Amsterdam, Netherlands).

4.2.2 Methods
4.2.2.1 Purification of pea proteins

Pea proteins were extracted from yellow peas by alkaline extraction and iso-electric point
precipitation, commonly reported in the literature [55,88]. In brief, pea seeds were dry milled
into a coarse flour in a coffee blender (IKA®, Staufen, Germany). The flour was then soaked
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in water at 1:10 (w:w) solids to water ratio. The pH was adjusted to pH 8 with a 0.5 M NaOH
solution under constant stirring. After 2 hours of soaking, the slurry was blended in a kitchen
blender at maximum speed for 2 minutes. The resultant slurry was centrifuged at 10000 g
for 30 minutes to precipitate solids. Further, the protein-rich supernatant was separated,
and the proteins were precipitated at a pH of 4.8 with a 0.5 M HCI solution. The solution
was allowed to stand for 1 hour, and the precipitate was collected by centrifugation at
10000 g for 30 minutes. The precipitate was diluted (1:10 w/w) with ultra-pure water, and
pH was neutralized (pH 7). The solution was further freeze-dried, and the obtained powder
was termed simply pea protein. The protein powder was stored in the freezer (-18°C) for

further use.
4.2.2.2 Oil-in-water emulsion preparation

Oil-in-water emulsions were prepared using pea protein dispersions as an aqueous phase.
70.0 wt% rapeseed oil and 30.0 wt% of protein dispersions were used. The final protein
content of the emulsion was standardized to 1.4 wt% for 70wt% oil emulsion by adjusting
the protein content in the dispersion. The pH of the protein dispersion was changed to pH
3 or 7 using 0.5 M HCl or 0.5 M NaOH, respectively. The protein dispersion was then stirred
for 3 hours under magnetic stirring. The dispersion was then sheared for 15 secs at 6000
rom in an IKA® (Ultra-Turrax, IKA®, Staufen, Germany) ultraturrax to ensure homogeneous
dispersion of proteins. Further, rapeseed oil was added slowly, and the mixture was
sheared for another 60 seconds at 10000 rpm to produce a coarse emulsion. The formed
coarse emulsion was further homogenized by passing through a GEA® (Niro Soavi NS 1001
L, Parma, Italy) high-pressure homogenizer at a homogenization pressure of 650 bars. The
obtained final emulsion was allowed to equilibrate 3 hours before any measurement was

performed. The emulsions were called pea protein emulsions and were made in duplicates.

Emulsions were also prepared using pea protein solution (supernatant after removal of
particles). In brief, pea protein dispersions were prepared as explained above. Then the
dispersion was ultra-centrifugated at 320,000 g for 45 minutes at 20°C using a Beckman-
Coulter L60 (Beckmann-Coulter Nederland B.V, Woerden, The Netherlands) ultra-
centrifuge in 40 mL glass tubes. The clear supernatants were carefully collected by pouring
them onto a beaker. The collected solution was called protein molecules solution.

Emulsions were prepared as described above with this solution.
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4.2.2.3 Droplet size measurement

The individual droplet size of the emulsions was measured using laser diffraction in
Bettersizer® (Bettersize Instruments Ltd., Hamburg, Germany). The samples were
dispensed using a hydro dispenser, and the droplet size was represented in volume mean
diameter. To measure individual droplet sizes, the emulsions were treated with a 1.0 wt%
SDS solution. The addition of SDS breaks droplet aggregation driven by protein interaction,
so the size of individual oil droplets could be measured in this manner [95]. An equal volume
of (1 mL) of emulsion and 1.0 wt% SDS solution was mixed, and the size was immediately

measured using a refractive index of 1.47.
4.2.2.4 Rheological measurement

The rheological properties of protein dispersion and emulsions at pH 7 and 3 were
measured at 20°C using an Anton Paar 302 rheometer. The supplier software

Rheocompass S1.25 was used to analyze and obtain raw data for all the measurements.

Emulsions were analyzed using oscillatory rheological measurements in a cone plate set
up with a cone diameter of 50 mm and cone angle of 4° (gap truncation of 0.49 mm). Before
measurements, emulsions were allowed to equilibrate at room temperature for at least 1
hour. The emulsions were then loaded onto the rheometer, and the upper plate was
lowered to the required gap. The emulsion was allowed to equilibrate for 5 minutes before
the measurement was started. First, emulsions were tested for their linear visco-elastic
regime using a strain amplitude sweep at a constant frequency of 6.2 rad/s (~ 1 Hz). An
amplitude where the modulus did not depend on strain value was chosen for further tests.
Then a sequence of tests was performed, starting with a frequency sweep test using a

constant strain determined from the strain sweep experiment.

A fresh emulsion sample was used to probe the large amplitude oscillatory shear rheology
(LAOS) experiment. The emulsion sample was loaded in the same manner, and a strain
sweep ranging from 0.1% strain up to 1000% strain at a constant frequency of 6.2 rad/s
was performed. The raw waveforms collected during the sweep were analyzed using the
MITlaos software, kindly provided as open-source (MITlaos V2.1, freeware distributed from
MITlaos@mit.edu). Lissajous-Bowditch curves were plotted of stress versus strain and
stress versus strain rate. The shapes of these Lissajous curves provide essential

microstructural information about the materials.
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To test the rheological behavior of the emulsion after 3D printing, the emulsions were first
3D printed in a cylindrical shape as described in the ‘3D printing emulsions’ section below.
To test the printed material, a 50 mm diameter plate-plate geometry was used. A serrated
top plate was used to avoid any slip from the printed structure. A gap size of 2.5 mm was
used. The 3D printed structures were carefully placed on the rheometer geometry, and a

frequency sweep was performed similarly to the emulsions before 3D printing.
4.2.2.5 Confocal Microscopy (CLSM)

The emulsions were imaged using a confocal laser scanning microscope (CLSM) with
fluorescent dyes to visualize the microstructure. In brief, about 1 ml of the emulsion was
mixed with 7pl of Nile red® and 7ul of Fast green FCF® in an eppendorf® tube. The tubes
were sealed and allowed to mix for 15 minutes. Afterward, about 30pul of the sample was
deposited on a microscopy slide and mounted on the confocal table. A Leica® SP8®
confocal microscope fitted with a 63x water immersion lens and white light laser was used
to image the samples. Nile red stained the oil phase and was excited at 488 nm, and the
emission was captured between 500-600 nm. Rhodamine B, which stained proteins, was
excited at 566 nm, and the emission was captured between 570-670 nm. The images were

captured in a sequential manner using Leica® imaging software.
4.2.2.6 3-D printing of emulsions

The emulsions were also 3-D printed using a byFlow® (Eindhoven, The Netherlands)
commercial 3-D printer. A cube geometry design of length 30 mm, width 30 mm, and height
10 mm was fed to the printer. A honeycomb fill of 20% infill density was set. The emulsions
were extruded through a nozzle of size 1200 ym. The printing was conducted at a speed
of 10mm/s. In total, 13 layers were printed, one on top of each other. The reference design

for the printed structure is shown in Figure 4.1.a.

To test the effect of 3D printing on the material, the rheology of the emulsions after 3D
printing was also measured. Same printing settings as described above were used. The
freshly prepared emulsions were 3D printed on a soft surface in a dense cylinder shape
with a radius of 5 cm and a height of 2.5 mm. A 100% infill density in a rectilinear pattern
was used. The reason for 3D printing a cylinder to measure rheology was to fit the material

properly within a plate-plate geometry. Accurate filling (fitting) of the sample is essential to
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measure the rheological property accurately. The reference image of the cylindrical

structure to be printed is shown in Figure 4.1.b

3cm
2.5 mm

—> 5cm
3cm

Figure 4.1: Model 3D printing structures generated and fed into the 3D printer (a) Honeycomb
structure used to visually test the printability of the emulsions with dimensions (3 cm*3 cm*1 cm -
I*w*h); (b) Cylindrical shape printed to test the rheology of the emulsion post-printing with

dimensions (d: 5 cm and h: 2.5 mm).
4.3 Results and Discussions

4.3.1 Microstructure and rheological properties of jammed emulsions stabilized by

pea protein molecules

We extracted pea proteins following a simple procedure to be relevant to edible and bio-
compatible applications [22,24,127]. The obtained pea proteins exist predominantly as
individual protein molecules with a G-potential of about -25 mV at pH 7[43,127,128]. These
protein molecules (pH 7) were used (1.4 wt%) to stabilize jammed oil-in-water emulsions

containing 70 wt% oil ((p=0.72) [129].
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Figure 4.2: (a) Oil droplet size distribution of 70.0 wt% oil-in-water emulsions at pH 7 stabilized
with 1.4 wt% pea proteins; (b) Confocal micrograph of emulsion stabilized with pea protein

molecules; Oil in red (Nile red) and protein in green (Fast green), scale bar 50 ym.

The oil droplet size distribution of the emulsions is shown in Figure 4.2.a. The size
distribution was monomodal, with droplets mostly between 1 and 10 um. The distribution in
droplet sizes and the deformable nature of the oil droplets enable their packing above the
theoretical random close packing fraction (=0.64) in these emulsions. It shows that pea
proteins can stabilize emulsions well above the oil droplet close packing (¢$=0.64),
indicating their excellent emulsifying ability. The microstructural properties of the jammed
oil droplets were investigated using confocal microscopy (Figure 4.2.b.). The micrograph
shows oil in red and proteins in green. The micrographs show that pea proteins can stabilize

oil droplets in close contact with each other.

For the emulsions to be 3D printed, they should possess a strong yield stress behavior
(plastic). Therefore, the rheological properties were investigated to characterize whether
the formed jammed emulsion is suitable for 3D printing. The rheological shear elastic (G’)
and loss modulus (G”) of the emulsions as a function of frequency (0.1 rad/s — 100 rad/s)
at constant strain (0.5%) and as a function of strain amplitude (0.1%-1000%) at a constant

frequency of 6.28 rad/s are shown in Figure 4.3.a & b.

The frequency-dependent response provides insights into the dynamics of microstructural
changes during shear (Figure 4.3.a). The G’ of the pea protein stabilized emulsions was
higher than G” over the entire range of applied frequencies. The elastic nature of the

emulsions results from the Laplace pressure of the jammed droplets. Moreover, the elastic
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and loss moduli have a power-law dependence on frequency, suggesting that the material

behaves like a viscoelastic soft solid [130,131].
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Figure 4.3: Elastic (G" Filled symbols) and Loss modulus (G": open symbols) of 70 wt% oil
emulsion stabilized by pea protein molecules as a function of (a) increasing frequency at a constant
strain of 0.5% and; (b) as a function of increasing strain at a constant frequency of 6.28 rad/s; (c)
Photographs of pea protein stabilized emulsion upon 3-D printing at room temperature, top view
with scale bar 1 cm and the envisioned honeycomb structure: 3cm*3cm*1cm (I*w*h); (d) Elastic
(G’: Filled symbols) and loss modulus (G”: Unfilled symbols) as a function of frequency for 3D

printed emulsion (a flat, dense cylinder of diameter of 5 cm and height of 2.5 mm).

Figure 4.3.b shows the G’ and G” curves as a function of strain amplitude in a log-log plot.
The rheological response of the emulsions as a function of strain provides information on
structure breakdown and whether it possesses a plastic-like rheological response
necessary for 3D printing. The elastic moduli (G’) were higher than the loss moduli (G”) at
low and intermediate strains (strain amplitude < 20%), indicating the emulsions behave

predominantly as an elastic material.
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The G’ curve as a function of strain decreases gradually above 2% strain progressively until
about 40% strain. From a strain amplitude of about 40%, G’ is smaller than G” and the
system behaves more as a viscoelastic liquid. The gradual decrease in G’ shows that the
microstructure breakdown was smooth, probably due to the gradual loss of droplet-droplet

contact as strain increases.

The loss moduli (G”) curves as a function of strain in Figure 4.3.b reveal additional
information about the microstructure of the jammed emulsions. The G” curve shows two
strain values where G” first mildly increases, followed by a decrease, called a weak
overshoot [132]. This is attributed to the typical behavior of highly concentrated emulsions
and jammed systems [133—135]. The overshoot arises when sudden flow or rearrangement
occurs within jammed emulsions. Initially, the jammed emulsions droplets are restricted to
move under small strains due to the neighboring droplets. However, as strain increases,

the droplets break their confinement momentarily and start to flow or rearrange.

The first overshoot occurs around 5% strain and the second around 40% strain, and these
may be related to two different microstructural relaxation processes [136]. The first
overshoot at low strain could be related to the disruption of droplet contact. Even though
the droplet contacts are broken, they cannot yet move due to the high concentration of
droplets and are trapped in a cage of surrounding droplets [137]. The second overshoot
(G”) at a higher strain (~40%) is related to large droplet rearrangement or flow. At this
higher strain, droplets escape their cage, and the emulsion starts to flow [136,138].
Therefore, the emulsions exhibited a typical rheological response of a jammed emulsion

system, with only weak droplet-droplet interactions [139,140].

The jammed emulsion stabilized by pea protein molecules was tested for their 3D
printability using extrusion-based 3D printing at room temperature. The emulsions were
extruded with a continuous flow through the nozzle having a pore size of 1200 pm.
However, after printing a honeycomb structure (I*w*h =3cm*3cm*1cm) with 13 layers, the
emulsions could not self-support their structure (Figure 4.3.c). The emulsion structure
collapsed within a few minutes, and the different layers merged. Even though the emulsions
were jammed and have visco-elastic soft solid properties, the G’ and G” were insufficient
to retain the printed structure. This is likely due to insufficient droplet-droplet attractive

forces.
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For 3D printing, a nozzle with a large pore size of 1200 ym was used. Such a large nozzle
dimension provides the ability to extrude our material easily and deposit it onto the surface.
Moreover, droplet sizes in the emulsions are mostly below 10 um, flow through the nozzle
is not expected to destabilize the oil droplets. No oiling off was observed, indicating that the

emulsion droplets did not destabilize.

To test the effect of 3D printing on the material property, a frequency sweep on the
emulsions was performed after 3D printing. For this purpose, a cylindrical shape was
printed instead of a honeycomb (see methods section). Figure 4.3.d shows frequency
sweep after 3D printing. The figure shows that even after 3D printing, G’ is higher than G”
following the same pattern as before 3D printing (Figure 4.3.a). This finding clearly shows

that the material properties are unaffected by 3D printing.

4.3.2 Moving from soft jammed to plastic emulsion material using adhesive pea

protein particles

To increase droplet-droplet interaction for 3D printing of emulsions, cross-linking and/or
thermal treatments are commonly employed [114,116]. However, for edible applications, it
is desirable to avoid such chemical cross-linking. Therefore we attempted to use the
adhesive nature of pea protein particles to create stronger droplet-droplet interactions by

changing the pH of the protein dispersion before emulsification.

Upon pH change to pH 3 in an aqueous phase, Pea proteins self-assemble into protein
particles with sizes between 50-500 nm. This is despite that; they possess a surface charge
of about +30 mV [46,127]. The protein particles are formed through attractive hydrophobic
and van der Waals forces that overcome the electrostatic repulsion [127]. Under these
conditions, the dispersed pea protein particles are in equilibrium with single protein
molecules at a weight ratio of 60:40. As shown by emulsification and interfacial
measurements, when a mixture of pea protein particles and molecules are used to stabilize
oil droplets, the protein molecules are mainly adsorbed on the oil droplet interface. The
protein molecules are sufficient to produce stable emulsion droplets of the same size when
mixed with protein particles. These protein particles do not participate in interfacial
stabilization but simply adhere to the primary protein layer on the oil/water interface or are

present in bulk [127]. Due to the attractive nature of protein particles, they could “glue”
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neighboring oil droplets when they are forced to be in contact, like in a jammed emulsion

(see Figure 4.8.b).

To investigate the potential use of the pea protein particles for this purpose, we triggered
the formation of particles by adjusting the pH of a protein dispersion to pH 3 before forming
jammed emulsions (70 wt% oil, ¢ = 0.72). At this condition, pea protein molecules are
expected to be adsorbed on the interface, while the protein particles are expected to be

entrapped between the oil droplets.
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Figure 4.4: (a) Oil droplet size distribution of 70.0 wt% oil-in-water emulsions at pH 3 stabilized
with 1.4 wt% pea proteins; (b) Confocal micrograph of emulsion stabilized with pea protein

molecules; QOil in red (Nile red) and protein in green (Fast green), scale bar 50 ym.

Figure 4.4 shows the oil droplet size distribution for emulsions at pH 3 and the confocal
micrograph of the emulsions. The droplet size of the formed emulsions was again
monomodal, and droplets mainly were between 1-10 ym. Pea proteins form similar droplet
sizes at both pH 7 and pH 3.

As observed with confocal microscopy, the microstructure of emulsions in the presence of
protein particles (Figure 4.4.b) shows that the droplets are closely packed. Protein particles
(green fluorescence) are visible between the packed oil droplets. These were not seen

when only pea protein molecules were used to stabilize the emulsions.
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Figure 4.5 (a) Elastic (G": Filled symbols) and Loss modulus (G": Unfilled symbols) as a function
of increasing frequency at a constant strain of 0.5% and (b) as a function of increasing strain at a
constant frequency of 6.28 rad/s; (c) Photographs of 3D printed emulsions in the presence of
protein particles at room temperature top view with scale bar: 1 cm with print dimensions of
3cm*3cm*1cm (I*w*h) and the designed honeycomb structure to be 3D printed and (d) 3D printed
structure after 48 hours of storage at room temperature; (e) Elastic (G’: Filled symbols) and loss
modulus (G”: Unfilled symbols) as a function of frequency for 3D printed emulsion (a flat, dense

cylinder of diameter of 5 cm and height of 2.5 mm).

Regarding the rheological properties of the jammed emulsions with pea protein particles,
the elastic and loss modulus as a function of frequency is shown in Figure 4.5.a. The
emulsions showed higher G’ than G” with both depending on frequency as a power law,

showing that they behave as soft solids, similar to when only pea protein molecules were
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used (Figure 4.3.a). However, the absolute values of the elastic and loss modulus of
emulsions with pea protein particles were higher than the emulsion where only pea protein
molecules were present. This points to a stronger droplet-droplet interaction when protein

particles are present.

The elastic and loss moduli of the emulsions in the presence of protein particles as a
function of strain are shown in Figure 4.5.b. At low strains, the G’ curve is higher than G”,
indicating a predominantly elastic behavior. Unlike emulsions with only pea protein
molecules, there is no gradual decline, but a sharp decrease in G’ occurs above 10% strain.
At strain around 15%, the G’ curve crosses the G”, indicating a predominantly viscous
response for strain amplitudes larger than about 15%. The decrease in G’ is related to the
breakdown of the microstructure due to loss of contact between neighboring droplets. In
these systems, the yielding of the structure is much more abrupt than in the jammed

emulsions stabilized by protein molecules.

The loss moduli curve shows a single sharp overshoot while the G’ drops, demonstrating a
sharp loss of droplet-droplet contact and immediate flow or rearrangement [141,142]. The
sharp structural change points to the presence of strong droplet-droplet interactions and
network formation. In such systems, the process of bond breaking and cage disruption co-
occur, leading to a single overshoot. Pea proteins associate with protein particles through
physical forces such as van der Waals and hydrophobic forces that overcome the weak
electrostatic forces at pH 3. The electrostatic forces are not strong enough to prevent the
association of pea proteins at this condition [13]. Similarly, the droplet-droplet network could

be mediated by protein particles through attractive hydrophobic and van der Waals forces.

The disruption in interaction leads to the material flow, which is desirable for pushing the
emulsion through the nozzle for 3D printing. Besides, due to the higher stiffness at low
strains, the material can be expected to retain its shape better upon depositing from the
nozzle. Therefore, the emulsion may be a suitable candidate for 3D printing through a

simple extrusion method.

The emulsions with pea protein particles were tested for their printability by extrusion-based
additive manufacturing a honeycomb structure. The emulsions flowed through the nozzle
(1200 um pore size) continuously. The photographs of the printed structures are shown in

Figure 4.5.c. The emulsions were able to retain the printed structure as seen from the
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photographs. The shape of the extruded material was also clearly visible and resulted in a
sharp printed structure. The cross-section (Figure 4.5.c) shows that the emulsion layers

deposited by the 3D printer were distinct and self-supported.

The self-supporting structure retained its shape for over 48 hrs. (Figure 4.5.d) without the
need for any post-printing treatment. There was no oiling off of the printed structure during

this period, indicating that the emulsions were not destabilized.

The rheological behavior of the emulsions was also tested after 3D printing using a
frequency sweep. The frequency sweep is shown in Figure 4.5.e. The figure shows that G’
is higher than G” following the same pattern as the emulsion before 3D printing (Figure

4.5.a). This similar behavior shows that 3D printing does not affect material properties.

We successfully designed a 3D printable material by using jammed emulsion in the
presence of pea protein particles. The stability of the printed structure clearly shows that,
without any additional treatments, like chemical cross-linking, adhesive pea protein
particles can enhance the interactions between neighboring oil droplets through

hydrophobic and van der Waals forces.

4.3.3 Pea protein particles stick jammed oil droplets together through physical forces

To get more direct insights into the role of the protein particles, we analyzed the non-linear
shear rheology of the emulsions using Lissajous plots. The plots provide information about
the microstructural breakdown and provide a rheological fingerprint of the material
properties. For instance, for a material to be 3D printable, a plastic material response is
required. For such a material, the Lissajous plots take on a rectangular shape (Fig. 5a).
Therefore, to assess the 3D printability of materials, characterizing their Lissajous plots

against standard curves would be a powerful approach.

Lissajous plots were plotted for jammed concentrated emulsions with and without pea
protein particles (Figure 4.6). The figures show a loop plotted as total stress vs. total strain
normalized by the maximum stress and strain, respectively. A dashed line inside the loop

is also plotted, which corresponds to the elastic contribution to the total stress [143].
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Figure 4.6: (a) Reference Lissajous curves showing the basic shapes of standard material
responses for reference and (b) Lissajous curves of 70 wt% oil emulsions with pea protein
molecules and (c) Lissajous curves of 70 wt% oil emulsions with pea protein particles; As a function
of increasing strain amplitude (10.1%, 50%, 101%) at a constant frequency of 6.28 rad/s at 20°C

with stress vs. strain normalized by maximum stress and maximum strain, respectively.

At low strains (10.1%), emulsions without protein particles show a tilted nearly elliptical
shape closely resembling the reference curve in Figure 4.6.a. This shape points to a mildly
nonlinear viscoelastic behavior was in-line with the G’ and G” measurement of the
amplitude sweep [144]. The elastic contribution to the stress showed a nearly straight line,
with a slight increase in slope near the maximum strain, which points to a weak strain
hardening behavior. In contrast, at 10.1% strain, emulsions with protein particles show a

more rhomboidal shape, with intra-cycle softening behavior near the maximum strain.

At 50% and 100% strain, emulsions without protein particles show wider loops in the form
of a rounded rhomboid. The increase in loop area at these strains demonstrates that the

viscous component becomes more apparent than the elastic component [144]. These plots

shape corresponds to emulsions that show progressive softening upon increased strain
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while maintaining a small but finite slope in the elastic contribution. This is consistent with
our earlier observation that there is no abrupt yielding in these systems and that for

emulsions without protein particles, the droplet-droplet interactions are relatively weak.

Contrarily, at 50% and 100% strains, emulsions with protein particles show rectangular
shapes with sharp corners. The sharp rectangular shape points to an abrupt yielding
behavior [145]. A slight overshoot is visible at the rectangle corners in the total stress and
the elastic contribution to the stress (dashed line). The overshoot can be associated with
the stretching of attractive droplet-droplet bonds under applied strain [146]. Due to such
stretching, the stress within the emulsion increased momentarily, and as the strain changed
further, the bonds between the droplets were broken. Once the bonds were broken due to
strain, the emulsion droplets started to flow, as shown by the flat stress response with
increasing strain. The structure breakdown indicates that the emulsion droplets in the
presence of protein particles interact with each other mediated by the protein particles. The
adhesive protein particles through van der Waals and hydrophobic interactions make the
droplets ‘stick’ to each other [146,147]. Therefore, pea protein stabilized emulsions with

protein particles form a yielding, plastic-like material.

To confirm whether protein particles were solely responsible or if pH affected the material
response, emulsions were prepared at pH 3 after removing the protein particles. The
rheological and microstructural properties of the jammed emulsions stabilized by pea

proteins after the removal of protein particles are shown in Figure 4.7.
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Figure 4.7: (a) Elastic (G/ filled symbols) and loss modulus (G”/ unfilled symbols) of 70 wt% oil
emulsions (black) made at pH 3 after removal of protein particles by centrifugation plotted as a
function of strain amplitude and (b) Lissajous curves of 70 wt% emulsions after removal of protein
particles (black), with stress vs. strain normalized by maximum stress and strain respectively. The
Lissajous plots of 70 wt% emulsions at pH 3 with pea protein particles are given for reference (red).

(c) Confocal micrograph of the emulsion showing the microstructure (scale bar: 50 ym).

The confocal micrograph of jammed emulsion at pH 3 after removing protein particles is
shown in Figure 4.7.c. It shows that the protein molecules were still able to produce stable
jammed oil droplets. However, the interstitial space seems to be void of proteins, which

confirms the protein particles being successfully removed.

The strain sweep of the emulsion at pH 3 prepared without protein particles is shown in

Figure 4.7.a. The graph shows G’ (filled circle) and G” (unfilled circle) as a function of strain
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amplitude. The figure shows that G’ values were slightly higher than G” at strain values
below 20%. Above 20%, the G” was higher, and the emulsion showed predominantly
viscous behavior. The emulsions without particles at pH 3 had lower moduli values than
emulsions containing particles at the same pH value (Figure 4.3.b). This behavior of the
jammed emulsion at pH 3 in the absence of protein particles was similar to the jammed
emulsion formed at pH 7, showing an apparent effect of the protein particles on the

rheological properties [136].

Figure 4.7.b shows Lissajous plots of jammed emulsion stabilized with pea proteins at pH
3, with (red) and without protein particles (black) as a function of different strain amplitudes.
The shapes of the loops of the emulsions without protein particles at pH 3 are similar to

that of jammed emulsions without protein particles at pH 7 (Figure 4.6.b).

The shapes of the loops clearly showed that the emulsions without protein particles at pH
3 have a different microstructure than the emulsions with protein particles at pH 3 (red
loops). When particles were not present, at 10% strain, the emulsion displayed a nonlinear
visco-elastic response with mild strain hardening near the maximum strain, similar to the
pH 7 emulsions. Moreover, when protein particles were not present at 50% and 100%
strains, the shapes of the curves were rounded rhomboids. In contrast, the presence of
protein particles resulted in sharp rectangular responses (yielding, plastic-like). Also, the
overshoot in stress at the corners when particles were present is not seen when particles

were absent.

Even though the mass fraction of proteins in the emulsions is much less than oil droplets
(~1:100), the particles are vital for creating plastic-like emulsions. The microstructure
formation mechanism stems from the presence of protein particles between oil droplets, as
shown in Figure 4.8. The protein particles themselves are formed by protein-protein
attractive hydrophobic and van der Waals forces [127]. Therefore, the protein particles
create adhesive droplet-droplet interaction by ‘sticking’ with interface-bound protein
molecules through hydrophobic and van der Waals interactions. The droplet-droplet
adhesion results in soft solid material with a plastic-like response [148]. Without protein

particles, the oil droplets are simply jammed and do not form a printable material.
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Figure 4.8: Graphical depiction of emulsion microstructure (a) without protein particles showing oil
droplets in contact with each other and (b) with protein particles associating with the close-packed

oil droplets creating droplet-droplet interaction through weak adhesive forces.

The ability to produce a 3D printable material using pea protein stabilized emulsions opens
avenues for utilizing plant protein-based edible materials for specialized foods without the
need for any additional cross-linking agent. For instance, pea protein-based emulsions
could deliver hydrophobic molecules through encapsulation for special dietary needs and
therapeutic foods [121,149]. By controlling the shape and fill density of the printed structure,
encapsulation and release of molecules and the sensory attributes of the material can be
modified [150]. Therefore, plant protein-based materials could play a vital role in specialized
foods. Beyond food, we envision that the printable material could be used as a sacrificial

template for producing tissue analogs, for instance, in structured cultured meat research.

We created a 3D printable material by simply changing the pH of jammed emulsions
stabilized by pea proteins and extruding it at room temperature. However, using nozzles of
micron-scale or elevated temperatures might affect the stability of emulsion droplets and,
thereby, the stability of the printed material. Further studies on these aspects would be

necessary.
4.4 Conclusions

3D printable materials should flow when applying an external force to get them through a
nozzle and should self-stand after printing. In this research, we successfully designed such
an edible 3-D printable material based on a jammed emulsion using the pH-dependent self-
assembling property of pea proteins. The emulsions formed without protein particles (pH
7) were visco-elastic soft solids with weak droplet-droplet interactions. Whereas emulsions

formed in the presence of protein particles (pH 3) behaved like elastoplastic material, with
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relatively strong adhesive droplet-droplet interaction. The protein particles through
hydrophobic and van der Waals forces ‘stick’ the droplets together. The printability of the
two emulsions was tested using a 3D printer at room temperature. Emulsions without
particles could not retain the printed structure, while the emulsions with protein particles
were extruded and could retain the printed structures for over 48 hrs. Therefore, using the
self-assembled adhesive protein particles in a jammed emulsion, we designed a 3D
printable material. The use of self-assembled adhesive pea protein particles is an attractive
method to form edible 3D printable materials since proteins form an integral part of edible
systems. This is the first time a simple pH-driven technique is applied to create 3-D printable
edible emulsions structures based on plant proteins. Our method also eliminates additional
pre and/or post-treatments used to stabilize the printed structures [116]. Therefore, our
research opens up possibilities to employ accessible molecules such as pea proteins (plant
proteins) to design edible printed emulsion structures. We envision more plant proteins
would be explored as biopolymers to produce printable materials for specialized foods and

bio-compatible applications such as scaffolding.
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Abstract

Pea proteins are studied as emulsifying agents in food systems. Pea protein extraction
methods consume energy and demand the use of water. To reduce this energy
consumption, extensive purification should and could be avoided. However, a protein
mixture with lower protein purity (~50 wt%) is obtained using less extensive purification. To
use the less purified pea protein mixtures (PPM) as emulsifiers, the emulsifying
functionality of PPM need to be investigated and compared with extensively purified pea
protein isolates (PPI-85 wt% protein purity). Therefore, in this study, we investigated the
interfacial properties of PPM and the properties of emulsions stabilized by PPM and
compared them with PPIl. Both PPM and PPI reduced interfacial tension and formed a
protein layer around the oil droplet at both pH 7 and pH 3. Furthermore, emulsion properties
were investigated by preparing 50 wt% oil-in-water emulsions at pH 7 and pH 3. At pH 7,
emulsion properties were similar for PPM and PPI with a droplet size distribution between
1-10 um, viscosity around 1 Pa.s, and gel strength of 1 Pa. At pH 3, the PPM emulsions
formed slightly larger oil droplets (~ 5 ym) than PPI emulsions (~ 2 ym). PPM emulsions
were more viscous (~40 Pa.s) than PPl emulsions (1 Pa.s), and PPM emulsions formed
firmer gels (300 Pa) than PPl emulsions (2.5 Pa). The higher viscosity and gel strength in
PPM emulsions at pH 3 are attributed to the low solubility of proteins in PPM (20%)
compared with PPl (70%). The insoluble protein particles aid in increasing droplet-droplet
interaction and increase in viscosity and gel strength. Overall, our study showed that PPM
behaves well as an emulsifying agent when compared with PPI. Moreover, the increased
viscosity and gel strength of PPM emulsion at pH 3 indicates that using PPM may be

beneficial for soft solid-like food products.
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5.1 Introduction

Emulsions are mixtures of two immiscible liquids, where one liquid phase known as the
dispersed phase is distributed in the form of droplets throughout the other, the continuous
liquid phase. The dispersed droplets are stabilized by interfacially active molecules known
as emulsifiers. In food systems, emulsions stabilized with dairy and egg proteins are widely
used [126,151] since they are the building blocks of various products, such as yogurt,

spreads, mayonnaise, etc. [152].

In recent years, there is a shift in dietary patterns towards plant-based ingredients due to
environmental, societal, and health reasons [7,82]. Therefore, there is also an increased
interest in using plant proteins as functional emulsifying agents in foods. Several plant
proteins from chickpea, rapeseed, sunflower, and pea have been studied as emulsifiers in
food systems [153,154]. Among these plant proteins, peas have been investigated as a
viable plant protein source since they contain about 20 wt% protein and are widely
cultivated worldwide [24,155]. About 80% of pea proteins are globulins, namely legumin

and vicilin, while 20% of the proteins are albumins, namely PA1, PA2 [37,38].

The globular pea proteins, legumin, and vicilin are extracted through alkaline aqueous
extraction and acid precipitation or ultra-filtration. [24,35,100] These alkaline extracted pea
proteins, known as pea protein isolates (PPI), contain 70-90 wt% proteins. PPl is a suitable
emulsifier of oil-in-water emulsions and are the most common form of pea proteins used
[35]. However, the alkaline extraction process comprises multiple energy-intensive steps
such as centrifugation and drying to remove water. Each of these energy-intensive steps
could consume between 2-7 MJ/kg materials processed [62]. Moreover, the process
focuses on obtaining highly purified proteins and produces side streams such as starch
and fibers considered low-value products [27]. Therefore, a simpler protein separation
process by avoiding steps such as centrifugation has been explored to prevent intensive
purification. Such processing routes consume only 1-2 MJ/kg (compared to 7 MJ/Kkg)
material processed and produce protein mixtures containing 40-60 wt% protein and large

amounts of non-protein components such as starch [26,27,62].

In our previous work, we investigated the effect of starch on emulsifying properties of native
pea flour in a model oil-in-water emulsions at neutral pH by comparing it with PPM where

the starch was removed using a simple filtration technique[96]. By comparing emulsions
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stabilized with pea flour and PPM, we showed that at pH 7, native proteins are the primary
emulsifying agent, and starch does not influence the emulsion properties. To replace
commonly used PPI (75-90 wt% protein) with less purified pea protein systems, it is
essential to directly compare the systems for their emulsifying properties. To compare PPI
with less purified systems, PPM (~ 50 wt% protein) was chosen as the unpurified system.
PPM contains only 5 wt% starch, similar to in PPI, which contains 3 wt% starch. The low
amount of starch in both systems makes the comparison and interpretation of their
functional properties more straight forward. Therefore, a direct comparison would reveal
the effect of protein purification on the emulsifying properties. Specifically, a comparison of
properties of emulsions stabilized by PPl and PPM at both neutral and acidic pH conditions

relevant for food products is necessary.

In this work, we investigate the emulsifying properties of pea proteins at pH 7 and pH 3.
PPM (55 wt% protein) and PPI (85 wt% protein) were studied for their interfacial properties
and the rheological properties of emulsions stabilized by PPM and PPI. This research
provides insight into the interfacial activity and emulsifying functionality of pea proteins in
PPM compared with PPI. Overall, our study sheds light on using less purified PPM in place

of extracted PPI as emulsifying functionality in food systems.
5.2 Materials and Methods
5.2.1 Materials

Yellow peas were purchased from Alimex® B.V (Sint Kruis, The Netherlands). Rapeseed
oil was obtained from Danone Nutricia Research (Utrecht, the Netherlands). Sodium
hydroxide (NaOH), hydrochloric acid (HCI), Nile blue dye, and Rhodamine B® and
Whatmann® qualitative filter paper 595 %, were all purchased from Sigma-Aldrich
(Zwijndrecht, The Netherlands).

5.2.2 Methods
5.2.2.1 Pea protein mixture preparation

Yellow peas were milled, at 40°C, using a Retsch® (Retsch GmbH, Haan, Germany) Rotor
mill fitted with a sieve cut-off of 80 um. The milled protein flour (PF) was then sieved to

obtain flour particles below 45 ym (for us the lowest achievable size) using a Retsch®
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horizontal mechanical sieve shaker. To produce pea protein mixture (PPM), starch
granules were removed by vacuum filtration using a Whatman® 595 % filter paper with a
cut-off of 4-7 um. In brief, a known amount of PF was dispersed in ultra-pure water and the
pH was adjusted to 7. The filtrate i.e. pea the protein mixture (PPM) dispersion was
collected and used further. The PPM fraction contained about 55 wt% protein and 6 wt%
starch [96].

5.2.2.2 Alkaline extraction of Pea Proteins

Pea proteins were extracted from yellow peas by alkaline extraction and isoelectric point
precipitation, commonly reported in the literature [58,88]. In brief, pea seeds were dry
milled into coarse flour in a coffee blender (IKA, Staufen, Germany). The flour was then
soaked in water at a 1:10 (w:w) solids to water ratio. The pH was adjusted to 8 with a 0.5
M NaOH solution under constant stirring. After 2 h of soaking, the slurry was blended in a
kitchen blender HR2093 (Philips, The Netherlands) at maximum speed for 2 min. The
resultant slurry was centrifuged using Sorvall Legend XFR (Thermo Fischer Scientific,
Waltham, MA, USA) in 250 mL centrifuge tubes at 10000 g for 30 min to precipitate solids.
Further, the protein-rich supernatant was separated, and the proteins were precipitated at
pH 4.8 with a 0.5 M HCI solution. The solution was allowed to stand for 1 h, and the
precipitate was collected by centrifugation at 10000 g using Sorvall Legend XFR (Thermo
Fischer Scientific, Waltham, MA, USA) in 250 mL centrifuge tubes for 30 min. The
precipitate was diluted (1:10 w/w) with ultrapure water, and the pH was neutralized (pH 7).
The solution was further freeze-dried, and the obtained powder was termed pea protein

isolate (PPI). The protein powder was stored in the freezer (-18 °C) for further.
5.2.2.3 Solubility and surface charge

The amount of protein soluble in water as a function of pH was determined using the Lowry
method. In brief, 0.2 wt% protein dispersions (0.25 wt% solids for PPl and 0.4 wt% for
PPM) were prepared in 50 mL ultra-pure water. The pH of the dispersions was set to
2,3,4,5,6,7 using 0.1M HCl or 0.1 M NaOH solutions. The dispersions were then left to stir

at room temperature for 3 hours at 300 rpm using a magnetic stirrer.

The surface charge of proteins of the same dispersions was measured with a U-shaped

cuvette in the Malvern Ultra Sizer (Malvern Instruments Ltd., Malvern, U.K.) at 20 °C. The
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measurements were done after 120 s of equilibration inside the ultra sizer and were

performed in triplicate, and the average value was reported.

For solubility measurements, the protein dispersions were centrifuged using a Sorvall
Legend XFR (Thermo Fischer Scientific, Waltham, MA, USA) in 50 mL centrifuge tubes at
10000 g for 30 min at 20 °C. The clear supernatant was collected, and the Lowry test was
performed at 700 nm using VWR® UV-1600PC spectrophotometer (Amsterdam, The
Netherlands). A standard curve for protein was created using BSA as a protein standard.
The number of proteins in the ultra-centrifuged protein solution was also measured

according to the same protocol.
5.2.2.4 Interfacial tension and dilatational rheology

The interfacial tension reduction and dilatational rheology of the oil-PPI and oil-PPM
interface were measured with an automated drop tensiometer (Tracker, Teclis Instruments,
Tassin, France). A 0.002 wt % pea protein dispersion was prepared for PPM and PPI. The
pH was adjusted to pH 7 or pH 3 using 0.5 M NaOH or 0.5 M HCI, respectively.

Rapeseed oil was treated with Florisil overnight to remove impurities and was used as the
oil phase. In brief, a 1:3 (w/w) ratio of Florisil to oil was mixed overnight and centrifuged

the next day to obtain contaminant-free oil, which was used in the interfacial study.

The rapeseed oil was loaded onto a 500 pL syringe fitted with a J-shaped needle in the
drop tensiometer. The aqueous phase was filled into a clean, 7 mL optical glass cuvette.
The needle was inserted into the aqueous phase, and a sessile drop of 20 mm? areas was
made. The shape of the oil droplet was monitored continuously with a camera. This was
converted into interfacial tension by the Wdrop software from Teclis Instruments (Tassin,
France). The dynamic interfacial tension reduction profile was monitored continuously for

3.5 hrs and plotted against time in a semi-log plot.

After 3.5 hrs of measurement of the interfacial tension, dilatational viscoelasticity was
measured by changing the surface area of the droplet in a sinusoidal manner. The droplet
was subjected to changes in surface area with amplitudes of 5 and 10% up to 30%
deformation with respect to the initial surface area (20 mm?). Each amplitude was applied
for 100 s with five cycles next to each other. This was followed by 500 s of rest period

before the next higher amplitude was applied. The interfacial tension change and change
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in the area were recorded during the oscillation, and the dilatational elastic (Ed') and

viscous moduli (Ed") were obtained.
5.2.2.5 Oil-in-water emulsion preparation

Emulsions were prepared with PPM and PPI dispersions. The protein concentrations in all
the dispersions were standardized to 1.0 wt% (in the final emulsion with 50 wt% oil) by
appropriately changing the dry matter content. The protein concentration was chosen
based on our previous research, where we showed that an oil-to-protein ratio of 1:50 is
sufficient to produce stable emulsions [96]. The protein content referred to in these

emulsions are final protein concentrations (after adding oil).

First, the protein dispersions were sheared under a high-speed rotor-stator homogenizer
(IKA®) at 6000 rpm for 30 s. Afterward, 50 wt% canola oil was slowly added to the
dispersion and homogenized for 1 minute at 10000 rpm. This resulted in a coarse emulsion.
The coarse emulsion was further homogenized by passing through a GEA® (Niro Soavi
NS 1001 L, Parma ltaly) high-pressure homogenizer five times with the homogenization
pressure set of 450 bars. All emulsions were made in duplicates following the same

procedure and were allowed to rest for 3 hrs before further analysis.
5.2.2.6 Particles size

Droplet diameter measurements were performed using a Bettersizer S3 Plus (3P
INSTRUMENTS GmbH & Co. KG, Odelzhausen, Germany) equipped with a hydro

dispenser. The droplet diameter was presented as volume mean diameter

»inD*
D4,3—( ZTnDi3 )'

5.2.2.7 Rheological properties

The rheological properties of PPI stabilized and PPM stabilized emulsions at pH 7 and 3
were measured at 20°C using an Anton Paar 302 rheometer. The supplier software

Rheocompass S1.25 was used to analyze and obtain raw data for all the measurements.

Emulsions were analyzed using oscillatory rheological measurements in a cone plate set
up with a cone diameter of 50 mm and cone angle of 4° (gap truncation of 0.49 mm). Before

measurements, emulsions were allowed to equilibrate at room temperature for at least 1
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hour. The emulsions were then loaded onto the rheometer, and the upper plate was
lowered to the required gap. The emulsion was allowed to equilibrate for 5 minutes before
the measurement was started. An oscillatory strain sweep ranging from 0.1% strain up to
1000% strain at a constant frequency of 6.2 rad/s was performed. The Elastic (G’) and
Loss modulus (G”) were recorded as a function of strain. Another fresh emulsion sample
was loaded into the same geometry, and a steady shear viscosity was measured from 0.1/s
to 100/s.

5.2.2.8 Confocal microscopy

The emulsions were imaged using a confocal laser scanning microscope (CLSM) and
fluorescent dyes to visualize the microstructure. In brief, about 1 mL of the emulsion was
mixed with 7 pL of Nile red and 7 pL of Fast green FCF in an Eppendorf tube. The tubes
were sealed and allowed to mix for 15 min. Afterward, about 30 pL of the sample was
deposited on a microscopy slide and mounted on the confocal table. A Leica SP8 confocal
microscope fitted with a 63% water immersion lens and white light laser was used to image
the samples. Nile red stained the oil phase and was excited at 488 nm, and the emission
was captured between 500 and 600 nm. Rhodamine B, which stained proteins, was excited
at 566 nm, and the emission was captured between 570 and 670 nm. The images were

captured sequentially with Leica imaging software.
5.3 Results and Discussion

The study focuses on investigating the emulsion properties of pea protein mixtures (PPM)
containing 55 wt% proteins, 5 wt% starch, 3 wt% oil, and 10 wt% sugars when compared
with alkaline extracted pea protein isolate (PPI) containing 80 wt% proteins, 5 wt% oil, 3
wt% ash and 6 wt% sugars [96,127]. In our previous work, we have shown that in the
unextracted PPM, proteins are the primary emulsifying agent [96], similar to when using
extracted protein isolates. Therefore, when comparing these two mixtures, differences in
the protein properties such as protein charge and solubility could affect their ability to

adsorb and stabilize the oil-water interface.
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Figure 5.1: (a) Net surface charge and (b) Protein solubility, as a function of pH for 0.2 wt% protein

concentration in PPM dispersion (blue) and PPI dispersion (black) measured at 20°C.

Figure 5.1 shows the net surface charge and percentage of soluble proteins as a function
of pH in PPM and PPI standardized to 0.2 wt% protein. The surface charge (Figure 5.1.a)
of both the samples is similar across the entire pH range and represents the net surface
charge of proteins. At pH 2, the net surface charge is around +30 mV for both PPl and
PPM dispersion, and the surface charge decreases as the pH goes to around 4. The
surface charge reaches 0 at pH 4.8, which is known as the iso-electric point. Further

increase in pH leads to an increase in net surface charge to about -30 mV at pH 7.

The solubility curve is shown as percentage soluble proteins compared to the initial amount
of proteins added in the dispersion as a function of pH in Figure 5.1.b. The figure shows
that PPl has a ‘U’-shaped solubility curve with 60% solubility at pH 7. The solubility
decreases to about 5% as the pH approaches pH 4-5. At these pH values, the proteins are
close to their iso-electric point (pH 4.8), and due to lack of repulsive surface charges, the
proteins aggregate which might explain the low solubility. Further, when pH decreases to
pH 2, the solubility increases to about 70% since the proteins obtain a net surface charge
of +30 mV at this pH value. In PPM dispersion, the solubility at pH 7 is 60 wt%, and it
decreases to 20% as the pH is around the IEP. Upon decrease in pH to 2, the solubility
remains constant at 20%, unlike in PPI, where at pH 2 the solubility rises to 60%. Therefore,
in PPM, the proteins remain in aggregated, insoluble state further away from their iso-

electric point where they have a net positive surface charge.
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The solubility of proteins in PPM and PPI differ below their iso-electric point (pH 4.8). In
PPI, even though the solubility at pH 3 is 60%, we have previously shown that the proteins
in PPI also form soluble protein particles [127]. The proteins in PPI self-assemble due to
hydrophobic and van der Waals forces into particles between 100 and 500 nm. Due to
relatively small size, they do not precipitate during solubility measurement. In the case of
PPM, the solubility at pH 3 is around 20%, much lower than PPI. The low solubility shows
that majority of the proteins formed large protein particles, that precipitated during solubility
measurement. It could be hypothesized that, similar to in PPI, the proteins in PPM could
also self-assemble due to hydrophobic forces and van der Waals forces. However, in the
case of PPM, the proteins could form larger particles in micron scale. These large particles
may be insoluble due to their large size. The exact size of such protein particles is difficult
to establish due to the co-existence of fibers, minor quantities of starch and other small
molecules in PPM. Future investigation is necessary to understand the formation of
insoluble protein particles in PPM. Therefore, at pH 3, PPM forms insoluble protein

particles while PPI forms soluble protein particles.
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Figure 5.2: Interfacial tension as a function of time for 0.002 wt% protein in PPM dispersion (blue)
and PPI (black) at (a) pH 7; (b) pH3. Measured at 20°C for 12000 sec.

The interfacial behavior of PPM and PPI were investigated using drop tensiometry. Figure
5.2 shows the dynamic interfacial tension decrease as a function of time for PPM and PPI

dispersions at the oil-water interface at pH 7 and 3.
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Figure 5.2.a shows the tension decrease at pH 7. Initially, the interfacial tension (IFT) in
both PPM and PPl samples starts around 25 mN/m. As time progresses, the IFT value
decreases sharply up to about 2000 sec. Beyond 2000 sec., IFT decreases gradually. After
12000 sec., IFT is between 13-15 mN/m for both the samples. In the initial stages, the IFT
for PPI dispersion decreases more steeply compared with the PPM dispersion. The faster
decrease in PPl indicates that the PPI proteins can adsorb and form an interfacial layer
faster than the proteins in PPM. However, above 2000 sec, the decrease in tension slowed
down for both systems. After 12000 sec, PPI dispersion reduced the tension to about

13mN/m while the protein mixtures were reduced to about 15 mN/m.

Figure 5.2.b shows the decrease in IFT at pH 3. The pattern of IFT decrease at pH 3 is
similar to at pH 7 for both samples. Initially, a rapid decrease in IFT is followed by a long
period of slow decline. The IFT goes from 25 mN/m to about 16 mN/m for PPI and about
18 mN/m for PPM. Despite differences in solubility between PPl and PPM at pH 3, both
proteins reduce IFT with a similar slow profile. This indicated that the proteins in both

samples were equally surface-active regardless of their purification routes.

The IFT decreases slowly at pH 3 for both samples compared with pH 7. A slower decrease
indicates that the proteins take longer to adsorb to the interface and rearrange [156,157].
At pH 3 higher IFT values were reached at the end of 12000 sec (17-19 mN/m) for both
the systems compared with pH 7 (13-15 mN/m). This difference for PPM is likely caused
due to presence of insoluble protein particles at pH 3, leading to fewer proteins available
to adhere to the oil droplet interface. To verify this hypothesis, we compared the rate of
decrease in IFT at pH 7 and 3 for PPM in the first 1000 sec. The rate of decrease is simply
the slope of the IFT curve in the first 1000 seconds. Therefore, the rate of decrease of IFT
for PPM at pH 7 is 0.0077 mN/m.sec while at pH 3 is 0.0048 mN/m.sec. The rates could
be translated into percentage differences as PPM at pH 3 decreases IFT 38% slower than
at pH 7. In comparison, the difference in protein solubility for PPM at the two pH values is
about 45%. Therefore, the difference in protein solubility is proportional to the rate of

decrease of IFT for PPM at the two pH values.

In PPI, at pH 3, the proteins also form protein particles much smaller in size (100-500 nm).
Therefore, they do not precipitate during solubility measurement (centrifugation) and are
termed soluble aggregates. Therefore, in PPI, the slow decline of IFT is likely caused by
the presence of self-assembled protein particles. The particles are also unavailable to

95



Effect of pea protein purification on the interfacial and emulsion properties

interact with oil droplets, leading to higher final interfacial tension than PPI at pH 7.
However, since the protein particle formation does not lead to lower solubility in PPI, a

direct correlation as in PPM is not possible.

a pH 7 b pH 3
25 25 ¢
: PPI C PPI
_20 ¢ pPM | 20 1 PPM
g o £ L
Z15 £ S5 f E
é E é F o0 5
'uf1o 4 iuﬂo i
=] ]
LIJ-O 5 B o _ LIJn 5 -1
o bl
0 5 10 15 20 25 30 35

Amplitude (%) Amplitude (%)

Figure 5.3: Dilatational elastic (filled) and viscous moduli (unfilled) as a function of strain amplitude
of 0.002 wt% protein stabilized interface in PPM dispersion (blue) and PPI (black) at (a) pH 7 and
(b) at pH 3.

Proteins upon adsorption to the oil-water interface stabilize the oil droplet by forming a
visco-elastic layer around the droplet. The visco-elastic properties of the protein layer
around the oil droplet were investigated using dilatational amplitude sweep measurements.
Figure 5.3 shows the interfacial dilatational elastic (E,’) and viscous ( E,”) as a function of

dilatation amplitude for PPM and PPI dispersions at pH 7 and pH 3.

Figure 5.3.a shows the dilatational moduli as a function of amplitude at pH 7. For both, the
samples E; was higher than E;”, throughout the amplitudes tested. The higher E;
indicated that the interface was visco-elastic with a dominant elastic nature. The E;” curves
for both samples were a straight line and coincided with each other between 2-3 mN/m.
The E4 curves for both PPM and PPI decreased as a function of amplitude from ~20 mN/m
at 5% to ~17 mN/m at 30% amplitude. Besides, the E;’ curve for PPM was higher than for
PPI, indicating a slightly weaker elastic network in PPl compared to PPM. Overall, at pH 7,
both PPl and PPM form an interfacial layer with similar stiffness (E,’) with a slight decrease
as a function of amplitude. Figure 5.3.b shows the dilatational moduli curves as a function
of amplitude at pH 3. At pH 3, E;’ was 15-17 mN/m for PPI and PPM dispersions while E,”

was around 2 mN/m for both systems, indicating a visco-elastic protein network. The E;’
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curves for both samples did not change with increasing amplitude. Therefore, at pH 3, both
systems form an interfacial layer with similar stiffness (E,’) values as a function of

amplitude.

When comparing the pH values, E, values of PPI dispersion at pH 3 were similar to E, at
pH 7, pointing to similar strength at both pH values. In PPM dispersion at pH 3, E; was
lower than at pH 7, pointing to a weaker interface at pH 3. The difference in PPM between
the two pH values is likely caused due to insoluble protein particles present at pH 3. Due
to low solubility, fewer proteins adsorb and interact at the droplet interface leading to a
weak interfacial layer [158]. To further understand the rheological properties of the

interfacial layers, Lissajous plots were plotted.
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Figure 5.4: Interfacial Lissajous plots of 0.002 wt% protein in PPM dispersion (blue) and PPI
dispersion (black) at 20 % dilatational amplitude (a) at pH 7, (b) at pH 3; at 30% dilatational
amplitude (c) at pH 7 and, (d) at pH3.
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Figure 5.4 shows the Lissajous plots of PPM and PPI at 20% and 30% dilatation amplitude.
Lissajous curves were plotted as surface pressure as a function of change in relative area

of deformation.

Figure 5.4.a and Figure 5.4.c show the Lissajous plots at pH 7 at 20% and 30% amplitude,
respectively, for PPl and PPM. The Lissajous curves are ellipsoidal-shaped loops at both
strain amplitudes for both systems, indicating a predominantly visco-elastic interface with
a larger elastic response [159,160]. The loops show slight differences between PPl and
PPM. The PPI stabilized interface plots show a wider loop in the expansion phase than
PPM, indicating a more fluid-like response. Upon compression, PPl and PPM interfaces
show a slight narrowing of the loop, indicating a hardening of the interface. Upon
compression, the proteins are squeezed into smaller areas, creating a packed interface
that becomes rigid as it is compressed. Such ability to be compressed indicates that pea

proteins at pH 7 do not seem to form a strong interacting protein-protein network [161].

Figure 5.4.b and Figure 5.4.d show the Lissajous plots at pH 3 at 20% and 30% strain
amplitude, respectively. Also, at pH 3, both PPM and PPI stabilized interfaces show a
visco-elastic response upon dilatation. However, at pH 3, the loops show a noticeable
bending upon expansion, indicating a slight softening behavior of the interface. Such a
strain-softening behavior indicates that the interface could be deformed easily caused due
to weak interactions. Proteins at pH 3 are present as aggregates, and therefore fewer
proteins are adhered to the droplet interface, causing a weak interfacial layer [158].
Besides, the loops of the PPI interface are slightly wider than the PPM, indicating a slightly
more viscous response, in line with the elastic moduli plot (Figure 5.3.b). Upon
compression, both PPM and PPI loops show a slight hardening effect similar to pH 7. This
behavior also indicates that proteins at the interface could be pushed closer to each other
by compression, forming a jammed interface [160]. Therefore, at pH 3, the protein network

is also weak and soft-solid, similar to pH 7.

The interfacial properties of PPl and PPM show slight differences. At pH 7, PPM forms a
slightly stronger interface, whereas, at pH 3, PPI forms a stronger interface. PPl forms an
interface that is equally stiff at both pH 7 and pH 3. In PPM, the interface is less stiff at pH
3, which might be due to the lack of sufficient soluble proteins in this system (protein
solubility-20%). Nevertheless, the unpurified PPM reduces IFT and forms a protein
interface around the oil droplet at pH 3. To study the emulsion properties of pea proteins,
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50 wt% oil-in-water emulsions were prepared using 2 wt% protein dispersion (1wt% final
protein concentration in emulsions) in PPM and PPI at pH 7 and pH 3. The protein to oil

ratio was chosen based on our previous study on emulsifying properties of pea flour [96].

a pH7 b pH 3
25 25 -
PPI C PPI
20 - PPM 20 1 PPM
E15
(]
g
210
>
5 4
AT . 0 LI
10 100 1000 0.1 1 10 100 1000
Size (um) Size (um)

Figure 5.5: Size distribution of PPM stabilized emulsions (Blue) and PPI stabilized emulsions
(Black) of individual droplets (solid line) and droplet aggregates (dashed lines) at (a) pH 7 and (c)
at pH 3.

Figure 5.5.a & b shows the droplet and droplet aggregate size distribution for PPM and
PPI stabilized emulsions at pH 7 and 3. At pH 7 (Figure 5.5.a), both PPM stabilized (blue)
and PPI stabilized (black) emulsions show a monomodal droplet size distribution. The
individual oil droplets are primarily between 1-10 ym with a peak around 2-3 pm. No
difference in the droplet size between PPl and PPM is noticeable, and they overlap. The
oil droplets in both systems were aggregated and were measured without the addition of
SDS. Droplet aggregates also had a size distribution of about 20 ym for PPl emulsion and

30 pym for PPM emulsion.

At pH 3 (Figure 5.5.b), the emulsions show monomodal individual droplet size distribution,
with the majority of oil droplets between 1-10 um in size. PPM had larger size distribution
than PPI. The peak for PPl was around 2 um, while for PPM, it was around 5 ym. The
larger droplet size in PPM indicates that the proteins in PPM may not be able to form small

oil droplets, most likely due to their lower solubility.

In PPM at pH 3, most of the proteins are present as aggregates, leading to a lower amount

of proteins taking part in forming the weak visco-elastic interfacial layer (Figure 5.3.b).

99



Effect of pea protein purification on the interfacial and emulsion properties

Moreover, the initial reduction of IFT in these mixtures is slow in these mixtures. Therefore,
we hypothesize that the oil droplets may re-coalesce during homogenization due to a lack
of strong interfacial layer formation and long adsorption of the proteins. The recoalescence
results in larger oil droplets in PPM emulsion compared to PPl emulsions. Nevertheless,

the larger oil droplets in PPM emulsions are still monomodal and are smaller than 10 pm.

At pH 3, the oil droplets in both systems were aggregated, and their size was measured
without adding SDS. The aggregate size for PPI stabilized emulsions is between 500 nm
to 20 ym. While for PPM stabilized emulsions, it is between 1-200 ym. Therefore, PPM
emulsion also had a much larger aggregate size than PPl emulsion. The result indicates

that droplets in PPM associate with each other more than in PPl emulsions.

a pH 7 b pH 3

Figure 5.6: Confocal micrographs of 50 wt% oil emulsions stabilized with (a) PPM at pH 7, (b)
PPM at pH 3, (C) PPl at pH 7 and, (d) PPI at pH 3; Oil droplets colored in red and proteins colored

in green and scale bar: 20 ym
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Confocal microscopy was employed to visualize the emulsion microstructure, and the
images are shown in Figure 5.6. The micrographs show oil droplets stained in red and
proteins stained in green. At pH 7, both PPM stabilized emulsions (Figure 5.6.a), and PPI
stabilized emulsions (Figure 5.6.c) show similar microstructure. The droplet sizes
visualized with the microscopy correspond well with the droplet size measured (Figure

5.5). The oil droplets are spherical and are also found partly in the aggregated state.

At pH 3, in both emulsions, more protein particles (green) are visible between the oil
droplets than at pH 7. The PPM emulsions show larger oil droplets than PPl emulsions,
which corresponds well with the size measurements. Moreover, protein particles can be
seen in the droplet interstitial spaces for both emulsions. In PPM emulsion, the oil droplets

seem to be connected and are arrested from moving.

The interfacial and emulsion properties showed that PPM behaves comparably to PPI. The
protein mixtures can stabilize oil droplets to produce monomodal droplets, and their
interfacial rheology is similar. Previous work has shown that protein purification processes
affect the bulk properties of protein dispersions, such as viscosity and gelation [162]. To
understand the effect of protein purification on the emulsion rheology, oscillatory strain and

viscosity of a 50 wt% oil-in-water emulsion were studied.
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Figure 5.7: Rheological properties of PPM stabilized emulsions (blue) and PPI stabilized

emulsions (black). Elastic (G’) and loss moduli (G”) of emulsions as a function of strain amplitude

(a) at pH 7 and (c) at pH 3; Apparent viscosity of emulsions as a function of shear rate (b) at pH 7

and (d) at pH 3.

Figure 5.7 shows the rheological behavior of 50 wt% oil-in-water emulsions stabilized by
PPM and PPl at pH 7 and 3. Figure 5.7.a & ¢ shows the strain-dependent elastic (G’) and

loss (G”) moduli at pH 7 and 3, respectively. Figures 5.7.b & d show the steady-state

viscosity as a function of shear rate at pH 7 and 3, respectively.

At pH 7, both emulsions show a relatively higher G’ than G” at low strains. The G’ values

are around 1 Pa at low strain, and the G” are below 0.8 Pa. A slightly higher G’ points to

an elastic material response from the emulsions. As the strain value increases, the G’ value

gradually decreases up to 20% strain. Above 20% strain, G” gets larger than G’. Therefore,

at large enough strains, the emulsions lose their elastic interaction and start to flow,

characteristic of viscoelastic emulsions [132].
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Similarly, the shear-rate-dependent viscosity (Figure 5.7.b) shows similar behavior for PPI
and PPM stabilized emulsions. The viscosity at 0.1/s shear rate is similar for the 3
emulsions around 1 Pa. As the shear rate increases, the viscosity decreases. Such
behavior points to a shear-thinning response from all the emulsions. It is known that the oil
droplets in the emulsions are aggregated. These aggregates align and break down upon

application of shear, which causes a shear-thinning response [79].

At pH 7, both PPl and PPM emulsions have similar behavior, indicating that protein
purification does not influence their bulk behavior. Moreover, the presence of non-protein

molecules also does not modify the visco-elastic and shear thinning properties.

Figure 5.7.b shows that elastic and loss modulus as a function of strain for the emulsions
at pH 3. Both the emulsions exhibit higher G’ than G” at low strains, also pointing to an
elastic gel at this condition. However, G’ and G” values are lower for PPI stabilized
emulsions than PPM stabilized emulsions. The difference in moduli means that PPI
emulsion is a weaker gel than the PPM stabilized emulsions. The PPM stabilized emulsion
showed a higher initial G’ value compared with PPI| stabilized emulsion. For both
emulsions, the G’ decreases at large strains before G” became dominant. The large
difference between PPl and PPM could be attributed to the lower solubility of the proteins
in PPM compared with PPI at this pH. Our previous work showed that the presence of
protein particles creates increased droplet-droplet interaction [163]. The protein particles
reside between the droplets and, through non-covalent attraction, create increased droplet-

droplet interaction.

Similarly, it could be expected that in PPI emulsion at pH 3, the presence of insoluble
material contributed to increased droplet-droplet interaction leading to the formation of a
stronger emulsion gel in the PPM emulsions. The protein aggregates could create closer
droplet-droplet contact through interaction with neighboring oil droplets or through a
bridging mechanism. Such an interaction would lead to increased droplet-droplet
interaction and stronger emulsion-gel [164,165]. The presence of stronger droplet-droplet

interaction is also evident in the droplet aggregate sizes shown in Figure 5.

Figure 5.7.d shows the shear-rate-dependent viscosity of the emulsions at pH 3. The figure
also shows that PPM emulsion had higher viscosity at low strains than PPI stabilized

emulsions. However, in both PPM and PPI emulsions, the viscosity values decrease as a
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function of shear, pointing to a shear-thinning fluid response. This is likely caused due to

the alignment and flow of droplet aggregates present in both systems [166].

Comparison between pH 7 and pH 3 also shows the difference in the rheological properties
of the emulsions. Both PPI stabilized and PPM stabilized emulsions at pH 3 were more
viscous and formed stronger compared gels (higher G’) with the corresponding emulsions
at pH 7. In PPl emulsions, at pH 3, the initial G’ was around 3 Pa, whereas, at pH 7, it was
around 0.8 Pa. Similarly, PPM emulsion at pH 3 had a viscosity of 50 Pa at 0.1/s compared
with 1 Pa at pH 7. Therefore, the bulk properties of pea proteins are affected by the

formation of protein particles at pH 3 both in the extracted and unpurified protein mixtures.

In our previous research, we proved that PF could be used to stabilize oil-in-water
emulsions. By comparing PF with PPM, we showed that starch does not play a role in the
emulsion properties of the resulting emulsions at neutral pH at a 10 wt% oil emulsion [96].
By extension, in this work, we show that pea protein mixture (PPM) can stabilize emulsions
with similar droplet size and rheological properties compared to alkaline extracted PPI at
neutral pH. At acidic pH, PPM stabilizes emulsions with larger droplets (5 ym) than PPI (2
pm) due to lower solubility in PPM. Moreover, in acidic pH, PPM emulsions are stronger
gels with higher viscosity compared with PPl emulsions. Producing stronger gels using
PPM may be an added advantage when making concentrated emulsion-based food
formulations since it opens up avenues to use less oil to achieve the desired viscosity

compared to the extracted protein system.
5.4 Conclusions

In this work, we investigated the interfacial and emulsifying properties of pea protein
mixtures (PPM) and compared them with alkaline extracted pea protein isolate (PPI). We
found that unpurified PPM performed comparably well with purified PPl at pH 7 and 3 when
tested for 50 wt% oil emulsion systems. At pH 7, both systems showed a similar interfacial
rheological property. They stabilized emulsion droplets with monomodal size distribution
and showed a similar rheological response. At pH 3, PPM had lower solubility than pea
protein isolate. Their interfacial rheological properties were visco-elastic soft solid
interfaces. In emulsions, PPM stabilized larger droplets (~ 5 ym) than PPI emulsions (~ 2
pm). This difference was likely caused by the presence of insoluble pea protein aggregates

in PPM. The rheological response of PPl and PPM stabilized emulsions was also different
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at pH 3. PPM emulsions formed a stronger visco-elastic gel with a higher viscosity
compared with PPI emulsions. This was also likely caused by the presence of insoluble
protein aggregates in PPM. These insoluble aggregates created a stronger droplet-droplet
interaction, leading to a strong emulsion gel. Therefore, PPM can function as emulsifiers
at acidic and neutral pH values and comparable to PPI. At pH 7, the functionality of PPM
is similar to PPI, while at pH 3, the emulsifying ability is slightly lower than PPI. Our results
show that unpurified pea protein mixture works comparably well with alkaline extracted pea
protein isolates. The use of unpurified mixtures could be beneficial in acidic conditions

because they can form more viscous emulsions than alkaline extracted PPI.
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Abstract

Pea proteins are widely studied as emulsifying and gelling agents in soft food materials.
The protein extraction process consumes energy and focuses merely on protein purity. To
avoid extraction-related energy consumption, unpurified pea protein-starch mixtures could
be used directly as functional ingredients. Such mixtures provide additional advantages
due to their binary role, such as using proteins as emulsifiers and starch as a gelling agent.
We investigated the heat-induced gelation and properties of emulsions stabilized by pea
flour (PF) containing 20 wt% protein and 50 wt% starch, as well as with the starch removed
by filtration (PPM). Both the PF stabilized and PPM stabilized emulsions gelled when the

temperature increased above about 45°C. Gelation was followed by oscillatory rheology.
At pH 7, starch (in PF) contributed to a higher elastic modulus (G'’=2000 Pa) compared

with the emulsions without starch (G’=1000 Pa). At pH 3, the presence of starch did not
contribute to a higher G’ in the emulsions. The presence of starch at both pH values
affected the microstructure of the emulsion gels. The PF emulsions after heating were more
brittle upon applied strain compared with the PPM emulsions. This brittle nature of the
emulsions containing starch is attributed to the disruption of the protein oil-droplet network
by the starch. Our results provide insight into emulsion gelation when using a native pea
protein-starch mixture. Our study demonstrates that native protein blends with starch may

increase gel strength depending on the system pH.
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6.1 Introduction

Plant-based proteins are widely investigated as emulsifying and gelling agents in foods
[22,167]. Cultivating plant protein sources such as peas produces about 0.3-0.4 kg CO,
/100 g proteins compared with 10 kgCO, / 100-gram proteins for milk [7]. Therefore, there
has been an increased interest in the transition from animal to plant proteins as part of

efforts to fulfill climate change regulations [168].

Before being used in foods, plant proteins need to be extracted from their matrix. Protein
extraction processes negatively impact the environmental benefits associated with plant
proteins. Previous work has shown that wet extraction of pea seed proteins can consume
about 30 MJ/ kg raw material instead of 15 MJ/kg in the dry separation process [26]. Also,
the conventional extraction steps can lead to the loss of functional molecules such as
carbohydrates [27]. Therefore, lowering the environmental impact of plant protein
extraction processes remains a challenge. While optimization of protein extraction
processes by using less energy-intensive steps is an important research focus, minimizing
or avoiding purification steps might also be helpful to mitigate the negative impacts

associated with plant protein extraction [27,169].

It has been shown that native plant protein mixtures containing non-protein molecules can
function as emulsifiers and gelling agents in model food systems [36,64,84,169]. For
example, native pea protein/starch mixtures contained in the unpurified pea flour were able
to stabilize oil-in-water emulsions as such without the need for any purification steps [96].
Since this mixture contains both proteins and starch, it can create emulsion gels by heating.
However, the influence of starch gelatinization on the gel microstructure has not been
extensively investigated. Understanding the effect of starch on gel properties is necessary

to use native pea flour as a structuring agent in emulsion gels.

Therefore, in this work, we investigate the potential simultaneous exploitation of proteins
and starch in the native pea flour to form emulsion gels that resemble foods such as cheese
and mayonnaise. The emulsifying properties of pea proteins would stabilize oil droplets,
while the gelling properties of pea proteins and starch upon heating may aid in forming
emulsion-gels [49,170]. We investigated the gelation behavior of pea flour (PF) and pea
flour with the starch removed (pea protein mixture (PPM)) at two pH values within the range

of pH used in foods. (pH 7 and pH 3). Starch was removed from PF by filtration, while

109



Heat-set gelation of emulsions stabilized by pea flour

proteins are retained. The gelation dynamics as a function of temperature were followed
by rheological analysis. The gel microstructure was studied using oscillatory rheology and
confocal microscopy. The results provide mechanistic insight into the contribution of starch

to the gelation and microstructure formation of pea protein stabilized emulsions.
6.2. Materials and Methods
6.2.1 Materials

Yellow peas were purchased from Alimex® B.V (Sint Kruis, The Netherlands). Rapeseed
oil was obtained from Danone Nutricia Research (Utrecht, the Netherlands). Sodium
hydroxide (NaOH), hydrochloric acid (HCI), Nile blue dye, and Rhodamine B® and
Whatmann® qualitative filter paper 595 1/2 were all purchased from Sigma-Aldrich
(Zwijndrecht, The Netherlands).

6.2.2 Methods
6.2.2.1 Pea Flour and Pea protein mixture preparation

Pea flour was obtained by milling and sieving yellow peas. Peas were milled using a
Retsch® (Retsch GmbH, Haan, Germany) rotor mill fitted with a sieve cut-off of 80 um. The
peas were stored in the freezer at -20°C before milling. During milling, the temperature was
kept below 40°C using cold water flow. The milled flour was then sieved to obtain flour
particles below 45 pm using a Retsch® horizontal mechanical sieve shaker. The size of 45
um was the smallest available sieve size, so it was used to keep particle size as small as
possible. A known amount of PF was then dispersed in water, and the pH was adjusted to
pH 7 or pH 3 using 0.5 M NaOH or 0.5 M HCI, respectively. The dispersion was allowed to
stir for 3 hours at 300 rpm under magnetic stirring. This dispersion was further used for

emulsification, known as PF dispersion.

To remove starch granules, filtration was used. A Whatman® 595 1/2 filter paper with a
cut-off of 4-7 ym was used to filter under vacuum using vacuum filtration. In brief, a known
amount of pea flour was dispersed in ultra-pure water and adjusted to pH 7. The dispersion
was subjected to vacuum filtration in a custom-made vacuum filtration setup. The filtrate
was collected and used further, known here as pea protein mixture (PPM) dispersion. Due

to the removal of starch, the dry matter content in PPM dispersion was lower than the initial
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PF used. However, very little protein was lost during filtration. For this study, the protein
content was standardized to the same values in PF and PPM dispersions by adjusting the

initial pea flour used.
6.2.2.2 Oil-in-water emulsion preparation

Pea flour dispersion and pea protein dispersion of varying concentrations were used as an
aqueous phase to make emulsions. For 30 wt% oil emulsions, a dispersion containing 0.86
wt% proteins was prepared in ultra-pure water (4.3 wt% PF without filtration as PF
dispersion or with filtration as PPM dispersion). Similarly, for 50wt% oil emulsion, a
dispersion containing 2.0 wt% protein was prepared in ultra-pure water (10.0 wt% PF
without filtration as PF dispersion or after filtration as PPM dispersion). The final protein
concentrations for PF and PPM emulsions containing 10 wt%, 30 wt%, and 50 wt% oil were
0.2 wt%, 0.6 wt%, and 1.0 wt%, respectively. Previous work showed that for a 10 wt% oil-
in-water emulsion, a 0.2 wt% protein concentration is sufficient to produce stable emulsions

[96]. Therefore, we used this ratio to produce these emulsions in this study.

First, the protein dispersions were sheared under a high-speed rotor-stator homogenizer
(IKA®) at 6000 rpm for 30 secs. Afterward, 30 wt% or 50 wt% canola oil was slowly added
to the dispersion and homogenized for 1 minute at 10000 rpm. This resulted in a coarse
emulsion. The coarse emulsion was further homogenized by passing through a GEA®
(Niro Soavi NS 1001 L, Parma lItaly) high-pressure homogenizer five times with the
homogenization pressure set of 350 bars or 450 bars for 30 wt% and 50 wt% emulsions,
respectively. All emulsions were made in duplicates following the same procedure and

were allowed 3 hrs before further analysis.
6.2.2.3 Particles size

Droplet diameter distributions were measured using a Bettersizer S3 Plus (3P
INSTRUMENTS GmbH & Co. KG, Odelzhausen, Germany) equipped with a hydro
Xinp?

2ino?

dispenser. The droplet diameter was presented as volume mean diameter D, 5_(

)-

6.2.2.4 Temperature-dependent gelation of emulsions

The temperature-induced gelation behavior of pea proteins was followed using a small
amplitude oscillatory rheological test. An Anton-Paar 302 rheometer fitted with a cone-plate
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geometry was used. A cone with 40 mm diameter and 4° angle was used, the cone
truncation was 490 ym. The emulsions were loaded onto the bottom plate attached to a
Peltier element. The top cone was lowered, and the samples were sealed with a solvent

block to minimize evaporation.

After 5 minutes of idle time, a temperature sweep was applied. The temperature was raised
from 20°C to 90°C at a heating rate of 3°C/min. The samples were held at 90°C for 10
minutes before cooling at 3°C/min back to 20°C. During the whole duration of the test, a
constant strain of 0.5% and frequency of 6.28 rad/s was applied, and the elastic (G’) and

loss (G”) moduli were recorded.
6.2.2.5 Multiphoton Microscopy (MPM)

The microstructure of emulsions after heating was visualized using multiphoton
microscopy. Multiphoton microscopy differs from a confocal setup in that it uses low energy
near-infrared femtosecond laser. The fluorescent molecules are excited by multiple low-
energy photons, enabling deeper penetration and reducing photobleaching in the samples
(Larson, 2011). Therefore, MPM was used to image deeper into the dense gel samples in

our study.

The emulsions (before heating) were stained with 7 ul Nile red (1mg/ml stock) for oil and 7
pl of Fast green FCF (1mg/ml stock) for protein. About 60 pL of the stained emulsions were
transferred to a microscope glass slide fitted with a gene frame (Gene frame 65 pL
adhesives, Thermo Fisher Scientific, United Kingdom). The gene frames were sealed with
a 1.5H coverslip glass and placed in a water bath (100°C,15 min). The samples were then

cooled and visualized using a multiphoton microscope.

The multiphoton microscope is a Leica confocal setup fitted with a Ti: Sapphire laser
tunable from 700nm-1080 nm. The samples were imaged at a wavelength of 920 nm using
a 40X water immersion objective. The emissions were captured between 480-600 nm for
Nile red and 700-800 nm for Fast green. The images were processed using the

accompanying Leica® confocal software.
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6.2.2.6 Large amplitude oscillatory shear rheology

After measuring gel properties as a function of temperature, a 5-minute resting period at
20°C was allowed. Subsequently, the heat-set gels were analyzed using Large Amplitude
Oscillatory Shear rheology (LAOS). The emulsions were analyzed in the same cone-plate
geometry. An increasing strain amplitude from 0.1 % up to 1000% was applied at 6.28

rad/s frequency. The elastic and loss moduli were recorded as a function of time.

Also, the raw oscillatory strain data from each point of the strain sweep was recorded, and
the waveform data was used to plot Lissajous plots. The Lissajous plots were plotted as
stress vs. strain to obtain loops. These Lissajous plots provide further information about

the microstructure of the emulsion-gels by recording their breakdown characteristics.

The area enclosed within the Lissajous curves represents the dissipated energy per unit
volume during an oscillatory cycle. This area thus represents essential information from
the Lissajous plots, as it reflects the loss of viscous energy at a given strain amplitude.
When dividing this dissipated energy over the energy dissipated by ideal plastic material,
the energy dissipation ratio (DR) is obtained [171]. The energy dissipation ratio can be
calculated from the following equation:

Eq TG yo

= = Equation 6.1
(Ed)pp 40max q

with G” is the loss modulus and 0,54 is the maximum stress at an applied strain amplitude
Yo- Eq is the energy dissipated by the material, and (E,),, is the energy dissipated by a
perfect plastic material. The energy dissipation ratio was plotted as a function of the strain
amplitude. The energy dissipation curves provide compact information on the transition of

the material from a predominantly elastic to predominantly viscous behavior.
6.3 Results and Discussion

Pea flour (PF) and pea protein mixture (PPM) were dispersed at an aqueous system at pH
7 and 3 and heated. A 3 wt% protein dispersion was chosen to study this behavior since
this protein concentration (and pea flour concentration) gels sufficiently to be detected by
the rheological measurement and is in the range used to stabilize emulsions. Lower protein

concentrations did not provide sufficient gelling upon temperature to be studied, so they
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are not shown in the figures. The results of the gelling behavior of the dispersions are

shown below in Figure 6.1.
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Figure 6.1: Elastic modulus (G’) as a function of time measured during temperature ramp up from
20°C to 90°C holding for 10 min and ramp down to 20°C at a rate of 3°C/min for (a) Pea flour (PF:
3 wt% protein + 7.5 wt% starch) at pH 7 (—) and pH 3 (—) ; (b) Pea protein mixture (PPM: 3 wt%
protein) at pH 7 (—) and pH 3 (—).

Figure. 6.1.a shows G’ evolution for PF dispersions at pH 7 and pH 3 upon heating. At pH
7, before heating, the G’ value was around below 0.1 Pa and was lower than G” (not
shown). Therefore, the dispersion at pH 7 was liquid-like before heating. Upon heating, the
G’ value increased and reached about 50 Pa at the end of the heating cycle. At pH 3,
before heating, the G’ was below 0.1 Pa and was below G”, indicating a liquid-like
response. The G’ value reached around 20 Pa at the end of the heating and cooling cycle.
Before heating, both PF and PPM dispersions were liquid, and G’ was lower than G” (not
shown). However, as the temperature reached about 60°C, G’ values increased sharply,
and the dispersions became gel-like with G’ higher than G”. The steep increase around
60°C can be related to pea starch gelatinization [172]. Above this temperature, starch
granules take up water and swell, leading to loss of crystallinity and eventually to leaching
of amylose polymers [49]. Since starch is the major constituent in these systems,

gelatinization plays a significant role in increasing G'.

Figure. 6.1.b shows the temperature sweep results for PPM dispersions at pH 7 and pH
3. Before heating, the PPM dispersions were liquid-like and did not have any measurable
visco-elasticity (G’ < G” and noisy data). G’ values gradually increased when the heat was

applied, and the dispersions showed weak-gel-like behavior above 70°C (G’ > G”).
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However, the increase in G’ was gradual for both samples and did not show a steep

increase at 60 °C.

The final G’ value for PPM dispersions at the end of the heat treatment was lower (0.6 Pa
for pH 7 and 9 Pa for pH 3) than that of PF (20 and 50 Pa). In PF, starch gelatinization had
alarge impact on the G’. In PPM, the small increase in G’ can be mainly attributed to protein
denaturation and protein network formation [162]. In PPM gels, only ~ 3 wt% proteins were
present, and to form strong protein gels, higher protein concentrations (> 7 wt%) are
required to form self-supporting protein gels [170]. Overall, the gelation of the dispersions

shows that starch gelatinization contributes to increasing G’ in the dispersions.

To assess the emulsion-gelation behavior, oil-in-water emulsions were stabilized using
both PF and PPM dispersions. Two oil concentrations of 30 wt% in the low-oil regime
stabilized with 0.6 wt% protein (final) and 50 wt% in the mixed regime stabilized with 1.0
wt% protein (final) were chosen. Due to similar protein content in both PF and PPM
stabilized emulsions, the effect of protein on gelation is expected to be similar for both
samples. Therefore, any possible differences in the gelation behavior could be attributed

to starch present in pea flour.
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Figure 6.2: Elastic modulus (G’) as a function of time measured during temperature ramp up from
20°C to 90°C holding for 10 min and ramp down to 20°C at a rate of 3°C/min for (a) Pea flour
stabilized 30 wt% emulsion (c) Pea flour stabilized 50 wt% emulsions (b) PPM stabilized 30 wt%

oil emulsion and (d) PPM stabilized 50 wt% oil emulsion. Emulsions at pH 7 (black) and pH 3

(gray).

Figure 6.2 shows the G’ value as a function of time during temperature sweep for 30 wt%
(bottom panels) and 50 wt% (top panels) emulsions stabilized by PF (left panels) and PPM
(right panels). The plain grey line in the plots represents the temperature evolution also as

a function of time.

Figure 6.2.a shows gelation behavior of 50 wt% oil emulsion stabilized with PF. At pH 7
(black curve), before heating, the G’ value was around 2 Pa and was higher than G”(data
not shown). A higher G’ than G” before heating showed that the emulsion was already a
gel. Upon heating, the G’ value increased from about 2 Pa to about 2000 Pa, with a sharp
increase starting around 35-45°C. At pH 3 (gray curve), before heating, the G’ value was
about 200 Pa and was higher than G” (data not shown). G’ > G” indicates that the

emulsions at pH 3 were also a gel before heating. The G’ value increased from 200 Pa to
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about 3000 Pa after heating with a gradual increase in G’ starting at about 30°C. Above

80°C, G’ remained stable until cooled back down to 20°C.

Figure 6.2.c shows the gelation behavior for 30 wt% oil emulsion stabilized with PF. At pH
7 (black curve), the emulsions had a G’ of 0.5 Pa, while emulsions at pH 3 had a higher G’
of 5 Pa. At both pH values, G’ increased sharply starting around 30-45°C. Overall the

30 wt% PF emulsion follows the same pattern as the 50 wt% oil PF emulsion.

Before heating, G’ value of PF emulsion at pH 3 was higher than at pH 7. Upon heating, at
both pH values, the G’ increase started at a much lower temperature (30-45°C) than the
starch gelatinization temperature seen in the PF dispersion (> 60°C). Therefore, the G’
increase is not related to starch granule gelatinization. An increase in G’ at lower
temperatures has been reported for protein stabilized emulsion gels [173], attributed to

aggregation and rearrangement of oil droplets at 40-50°C [174,175].

Figure 6.2.b shows the emulsion gelation for 50 wt% oil PPM emulsions at pH 7 (black)
and pH 3 (gray) as a function of time. At pH 7, the G’ value before heating for emulsions
was about 0.5 Pa. Upon heating, a sharp increase in G’ is seen at about 40°C and reaches
about 800 Pa after heating. For emulsions at pH 3, before heating, the G’ is about 800 Pa
and G’ is higher than G”. Therefore, before heating, emulsions at pH 3 form stronger gel
compared with pH 7. Upon heating, a gradual increase in G’ values occurs at a temperature
of about 35°C and continues throughout the heating cycle. During this period, the G’
increases from about 800 Pa to about 2000 Pa after heating. The final G’ of emulsions at

pH 3 is higher than that of emulsions at pH 7.

Figure 6.2.d shows the gelation behavior of 30 wt% oil PPM emulsions. The G’ value for
pH 7 was lower (0.4 Pa) than for pH 3 emulsion (10 Pa). Moreover, both emulsions
increased in G’ upon heating starting around 30°C. Overall, the final G’ for 30 wt%
emulsions was lower than 50 wt% PPM emulsions at their respective pH. Higher G’ with
higher oil content indicates the active role played by the droplets in forming emulsion gels
[173]. However, no differences in gelation dynamics are seen for 30 wt% emulsions

compared with 50wt% emulsions.

Overall, both PF and PPM emulsions show different rheological properties for pH 3 and 7.
Before heating, both PF and PPM emulsions at pH 7 were weaker gel (lower G’) compared

to emulsions at pH 3. This could be attributed to the behavior of proteins in these pH values.
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Previous research has shown that the higher viscosity and gel strength are due to the

formation of protein particles at pH 3 due to non-covalent interactions [163].

The PF emulsion and PPM emulsion show similar gelation behavior with an increase in G’
at around 40°C. This temperature at which G’ increases is much lower than starch
gelatinization (60°C) and protein denaturation in aqueous phases (75°C). Moreover, the
similar gelation dynamics of PF and PPM emulsion show that the gelation is most likely
initiated at lower temperatures by droplet aggregation in both cases. The aggregation is
most likely caused by interactions between proteins at the oil droplet interface and proteins
in the bulk and proteins in other oil droplets. Similar observations have also been made for
soy protein stabilized emulsions [174]. After heating, differences in gel strength between
PF and PPM emulsion were observed at pH 7. The 50 wt% PF emulsion showed a higher
G’ (2000 Pa) than the PPM emulsion at pH 7 (800 Pa). However, the same effect was not
seen in the emulsions at pH 3. So, starch gelatinization increases gel strength only at pH
7 and not at pH 3.

The gelation dynamics for the emulsions were also affected by pH. The emulsions at pH 7
showed a sharp increase in G’ upon heating between 35-50°C, while emulsions at pH 3
showed a relatively gradual increase in G'. The difference could be attributed to the
difference in the gel strength before heating. Emulsions at pH 7 form a weaker gel prior to
heating than pH 3, caused by protein aggregation at pH 3 [163]. Therefore, oil droplets at
pH 3 form a stronger gel that shows a relatively smaller increase resulting in slow

rearrangement of droplet aggregates upon heating.
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Figure 6.3: Confocal micrographs of 50 wt% oil emulsions after heating and subsequent cooling,
stabilized with (a) Pea flour (PF) at pH 7, (b) PF at pH 3, (c) Pea protein mixture (PPM) at pH 7,
(d) Pea protein mixture (PPM) at pH 3. Oil stained in red and protein in green. Scale bar: 50 pm.

The confocal micrograph was used to visualize the emulsion microstructure after heating
the emulsions. Figure 6.3 shows representative confocal images of 50 wt% oil emulsions
stabilized with PF and PPM at pH 7 and 3. Qil droplets are shown in red, and proteins are
shown as green fluorescence. In all the four emulsions after heating, the oil is still present

as intact oil droplets, indicating the emulsions were stable upon heating.

Figure 6.3.a and Figure 6.3.b show the emulsion-gels of pea flour emulsions at pH 7 and
pH 3, respectively. At pH 7, the oil droplets are evenly spread across the space and are
closely packed with small gaps in between. At pH 3, the oil droplets seem to be densely
aggregated with a lot of free space in between. The microstructure indicates that at pH 7,
a more homogeneous gel is formed compared with emulsions at pH 3. Figure 6.3.b and
Figure 6.3.d show the emulsion-gels after heating PPM emulsions at pH 7 and 3,
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respectively. At pH 7, the oil droplets in the PPM emulsions are also evenly spread
throughout the space. The oil droplets are in close contact with one another. At pH 3, the
PPM emulsions also show that the oil droplets form patches on dense aggregates with

empty spaces in between.

The gelation dynamics and microstructure analysis indicate that G’ increases due to oil
droplets rearrangement in all the emulsions, and starch plays a minor role. However, the
microstructure of the material might still be affected by the presence of starch in the
emulsions. Therefore, to further assess starch's effect on the microstructure, oscillatory

shear rheology was applied to 50 wt% oil emulsions stabilized with PF and PPM.
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Figure 6.4: Strain sweep showing G’ (filled symbols) and G” (unfilled symbols) measured at 20°C
after temperature sweep test for (a) 50 wt% oil PF stabilized emulsions at pH 7 (black) and pH 3

(gray), respectively and, (b) 50 wt% oil PPM stabilized emulsions at pH 7 (black) and pH 3 (gray).

To investigate the gel microstructure after heating, an oscillatory strain sweep was
employed. Figure 6.4 shows the G’ (filled symbols) and G” (unfilled symbols) values as a

function of strain amplitude for 50 wt% oil PF and PPM emulsions at pH 7 and pH 3.

Figure 6.4.a shows the strain sweeps of emulsion gels 50 wt% oil PF emulsions at pH 7
(black) and pH 3 (gray). At pH 7, the G’ values for the emulsion at low strain is around 3000
Pa and G” is about 600 Pa. Higher G’ than G” up to 10% strain, indicates the formation of
a solid viscoelastic emulsion-gel. Above 10% strain, the G’ of the emulsions starts to
decrease, and around 25% strain, the G’ value drops below the G” value, indicating a more

liquid-like response. At pH 3, the G’ value of emulsions is also 3000 Pa at low strains, and
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with increasing strain, the G’ decreases gradually. At about 20% strain, the emulsion at pH

3 becomes viscous as G” becomes higher than G’.

The gel strength is similar for both emulsions at pH 7 and 3, which shows that both
emulsions form equally strong emulsion-gels upon heating. However, for emulsions at pH
3, the G” shows a slight local increase at about 15% strain. Such an increase is termed a
weak strain overshoot (or type Il behavior; [176]) and implies that the rate of network bond
creation and breakage both increase with strain amplitude, but the latter increases faster.
The initial overshoot results from the reformation of clusters, and the subsequent decrease
at higher amplitude results from larger-scale rearrangements. No such increase in G” is
observed for emulsions at pH 7, which shows Type | behavior in which both G’ and G”

smoothly decrease [176].

Figure 6.4.b shows the strain sweeps of PPM emulsions at pH 7 (black) and pH 3 (gray).
Also, in PPM emulsions, the G’ (1000-5000 Pa) values were higher than the G” (200-1000
Pa) at low strains (<10%). The higher G’ value indicated a solid viscoelastic emulsion-gel
was formed after heating. In PPM emulsions at pH 7, the G’ value remained constant and
higher than G” up to about 1% strain. Above 1% strain G’ gradually decreased and around
40% strain, G’ decreased below G” indicating a transition to a liquid-like response. At pH
3, G’ was higher than G” up to 5% strain. As strain increased above 5%, G’ decreased and

eventually above 100% strain, became lower than G”.

The emulsion-gels made with PF and PPM at pH 7 showed differences in their strain-
dependent behavior. At low strains, PF emulsions had a higher G’ value compared with
PPM emulsion. Higher G’ in the starch-containing emulsion-gel indicated that the starch
might play a role in increasing gel strength. However, in emulsions at pH 3, there were no
differences in G’ value between PF emulsions and PPM emulsions. This difference based
on pH could be attributed to the initial nature of the emulsions before heating. In emulsions
at pH7, a weak emulsion-gel is present before heating. Therefore, upon heating, the
gelatinization of starch contributes to increasing the overall gel strength. However, at pH
3, the emulsions are already stronger gels, possibly due to droplet-droplet interaction.
Therefore, at pH 3, the gel strength is dominated by droplet-droplet interaction, and starch

gelatinization plays no noticeable role in increasing gel strength (G’).
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Strain sweep plots do not show any possible effect of starch on the microstructure of the
emulsions upon heating. Therefore, to further understand the effect of starch on the
microstructure of the emulsion-gels, Lissajous plots were plotted from the strain sweep
experiments. Figure 6.5 shows the elastic Lissajous plots, plotted for 5 strain amplitudes
as a stress v strain plot [143]. The stress and strain values are normalized to 1 by dividing
them by the corresponding maximum value. The elastic stress contribution is also plotted

as a grey dotted lines within the loops.
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Figure 6.5: Lissajous plots obtained from waveform data of the strain sweeps of 50 wt% oil
emulsion stabilized by (a) Pea flour (PF) at pH 7 and pH 3; and (b) Pea protein mixture (PPM) at
pH 7 and pH 3; at 10%, 50%, 100%, 500% and, 1000% strains (with arrows pointing to stress

overshoots).

Figure 6.5.a shows the Lissajous plots of 50 wt% PF at pH 7 and pH 3 for strains of
10%,50%,100%, 500% and 1000%. At pH7, at 10% strain, the PF emulsion gel shows
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narrow plots, with a small deviation from an elliptical shape. The elastic contribution to the
stress (the dashed line) shows a very mild upswing near maximum strain. Such a shape
indicates a near-linear visco-elastic response from the material [144]. As the strain
increases to 50% and 100%, the response of the emulsion gels abruptly changes to a
rectangular shape with rounded corners. Such a shape indicates a plastic material
response with a higher viscous contribution [177]. Above 100% strain, the emulsion gels
show a rounded loop, with a near-zero elastic contribution for almost the entire loop,

indicating a predominantly viscous behavior.

For emulsions at pH 3, at 10% strain, the loops of the emulsions are significantly wider and
have a more deformed elliptical shape than PF at pH 7. The relatively higher viscous
contribution coincides with the weak strain overshoot in G” we see in Figure 6.4. As the
strain increases to about 50 and 100% strains, rounded rectangular loops are seen.
Overall, the breakdown of PF emulsion gels at pH 7 and pH 3 are similar with a transition
from near-linear behavior at 10% strain to plastic behavior at 50%, and above 100% strain,

their response becomes predominantly viscous.

Figure 6.5.b shows the Lissajous plots of 50 wt% emulsion gels stabilized with PPM at pH
7 and 3. The evolution of the loops from 10% to 1000% strains for both systems can be
seen. For PPM emulsions at pH 7, at 10% strain, a narrow-elongated loop can be seen.
The loops are significantly narrower than those of emulsion gels prepared with PF. Such a
shape points to a linear visco-elastic material response, dominated by the elastic
contribution. As the strain increases to 50% and 100% strain, the response gradually
changes to a more rhomboidal shape, with a larger enclosed area than 10% strain. In this
strain range, the PF emulsion gels already showed plastic behavior. The PPM emulsion
gels retain more elasticity, which is also evident from the nonzero slope of the elastic
contribution around zero intracycle strain. Above 100% strain, a rounded rectangular plot

is seen, and the response becomes predominantly viscous.

PPM emulsion gels at pH 3 behave similarly to those prepared at pH 7 at 10% strain but
with a relatively larger viscous contribution. However, at 50% and 100% strain, the shape
of the loop becomes increasingly distorted. The widening of the loop indicates a relative
increase in the viscous contribution to the response of the material. At 50% and 100%
strain, the loops show overshoots in the total stress (see arrows) and in the elastic
contribution to the stress (dashed lines). At the lower-left and upper-right corners, the
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direction of strain reverses, and the strain rate is zero, leading to a stress build-up in the
material. As the strain proceeds, the material possesses elastic contacts, which increases
both the total stress and the elastic stress contributions (see arrows). The increase in stress
proceeds until a yielding is observed, indicated by the gradual change in slope of the total
stress (curved corners). Upon a further change in stress, the material stress decreases.
The drop in total stress as the strain sweep proceeds signals a shear-thinning behavior

under the applied frequency.

Moreover, the overshoot in the total stress is significantly higher than the overshoot in the
elastic stress, indicating a significant shear thinning in the predominantly viscous phase of
the response. A similar overshoot in elastic stress at 50% and 100% strain was also
observed for non-heated pea protein stabilized emulsions at pH 3 [163]. At this pH, about
50-60% of the proteins are present in the form of particles. These protein particles are
formed through attractive protein-protein interactions, which creates adhesive interaction
between oil droplets resulting in increased elastic bonds between the oil droplets. In such
a case, the emulsion shows a stress-overshoot behavior, indicative of the breakage of the
additional interactions [163]. Above 100% strain, the material becomes viscous dominated,

showing rectangular loops with sharp corners.

Overall, the breakdown of PPM emulsions at pH 7 and 3, with a gradual transition from the
elastic response at 10% to viscous response at 500%. Emulsions at pH 3 also showed the
presence of stronger interactions between droplets in the medium amplitude regime, while

at pH 7 no such interactions were present.

The Lissajous analysis shows clearly emulsion-gels with starch and without starch form
different microstructures. At both pH values, in the presence of starch, more brittle gels
with an abrupt breakdown are formed, while in the absence of starch, more cohesive gels
are formed. We hypothesize that starch gels are formed partially upon heating, which
disrupts the formation of a continuous droplet network. Starch gels containing higher
amylose content are known to break down abruptly upon strain [177]. Therefore, the

breakdown mechanism in the PF emulsion gels is dictated by the breakdown of starch gels.
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Figure 6.6: Dissipation ratio as a function of strain measured at a constant frequency of 6.2 rad/s
of (a) 50 wt% oil emulsion stabilized by PF at pH 7 (—) and pH 3 (—); (b) 50 wt% oil emulsion
stabilized by PPM at pH 7 (—) and pH 3 (—).

A more compact way of interpreting the non-linear breakdown mechanism of the emulsion-
gels is to plot the dissipation ratio (DR) as a function of strain amplitude. DR represents
the ratio of viscous to elastic response of the material upon the strain. The DR value lies
between 0 and 1, with the lower values indicate an elastic response and the higher values
indicate a viscous response [178]. DR as a function of strain can provide insights into the
microstructural transition from elastic to viscous dominated material response [145].
Figure 6.6 shows the DR plotted as a function of strain for 50 wt% oil emulsions stabilized
by PF (Figure 6.6.a) and by PPM (Figure 6.6.b).

Figure.6.6.a shows the DR for PF as a function of strain at pH 7 (black) and pH 3 (gray).
At pH 7, at strains below 2%, the emulsion-gels exhibit a plateau of about 0.1. The low DR
value at low strains indicates a predominantly elastic material response. As the strain
increases, DR increases gradually to about 0.2 at 10% strain. Upon further increase to
medium strain, the DR value increases to about 0.9 at 200% strain, indicating a viscous
response. At pH 3, the DR value of PF emulsion is about 0.1 at strains below 2%. As the
strain increases, the DR value increases and reaches above 0.2 at 4% strain. Eventually,
with increasing strain, the DR value increases, indicating the material becomes more
viscous. Above 100% strain, the DR value reaches about 0.9, indicating a predominantly
viscous behavior [145]. At pH 3, the increase in DR occurs at smaller strains than at pH 7.

The faster breakdown shows that PF emulsions at pH 3 show a more brittle response than
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at pH 7 at intermediate strains. The observation also aligns with the homogenous

microstructure seen in confocal micrographs of the emulsions at pH 3 (Figure 6.3.b).

Figure 6.6.b shows the DR ratio as a function of strain for 50 wt% oil emulsion stabilized
by PPM at pH 7 and 3. At pH 7, the DR curve is around 0.1 and does not change much to
about 5% strain. Above 5% strain, the DR value increases and reaches about 0.9 at about
200% strain. At pH 3, at low strains below 5%, the DR value remains at 0.1 as the strain
increases above 3%, the DR value increases. Upon further increase in strain, the DR value
reaches 0.9 above 200% strain. In PPM emulsions, the DR value increases at lower strain
for emulsions at pH 3 compared with pH 7. This indicates that the emulsions at pH 3 are
more brittle than pH 7. This observation also aligns well with the microstructure images of
the PPM emulsions (Figure 6.3.c&d). The PPM emulsions at pH 7 showed homogenous

droplet distribution, while at pH 3, dense droplet regions and empty spaces co-existed.

Moreover, the DR of PPM emulsion at pH 3 has a two-mode breakdown. In the medium
strain region (20%-100%), a local peak in DR is noticeable. The PPM emulsion at pH 3
consists of protein particles, which create additional droplet-droplet interactions. Therefore,
the bump in DR could indicate a two-mode breakdown of the emulsion. The first mode is
the breakage of attractive droplet-droplet interactions, and the second is the macroscopic
yielding and flow of the emulsion-gel [138]. In the DR of the emulsion-gel (gray line), the
DR value increases from 6% strain to about 20% strain, indicating an increasing plastic
contribution due to strain. During this period, the material is strained and does not break
down or yield, and the elasticity is retained possibly by droplet-droplet contact. As medium
strains between 20%-100% are applied, the interaction between oil droplets is broken,
indicated by a stable DR value (change in slope). Even though the droplet interactions are
broken, the oil droplets are surrounded by neighboring oil droplets known as a cage, and
the emulsion does not yield. A relatively stable DR value indicates this caged stage
between 50-100% strain. Upon further increase in strain, the second breakdown mode is
initiated, indicated by the increase in DR value. The DR value increase corresponds to the
breaking of the oil droplet cage and subsequent yielding or flow of the emulsion gel. A
similar two-mode yielding behavior has been observed for weakly attractive emulsion-gels
[138].

When comparing PF and PPM emulsions, the increase in DR occurs at lower strains for
PF emulsions compared with PPM emulsions. This faster increase in DR in PF emulsions
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indicates that PF emulsions show an abrupt increase in viscous contribution compared with
PPM emulsions. Moreover, the PF emulsions at both pH values are brittle compared with
PPM emulsions at each pH. Therefore, it is clear that starch creates a brittle gel network

at both pH values in the emulsions upon heating.

Overall, our results from the temperature-dependent gelation dynamics show that the
emulsion gelation is dominated by oil droplet interactions and rearrangements for all the
emulsions, whether they contain starch or not. Starch contributed to the gel strength (higher
G’) at pH 7, while at pH 3, no effect of starch was seen. The emulsion-gels formed in the
presence of starch broke down at lower strains and more abruptly, possibly due to the
formation of inhomogeneous matrix containing patches of starch-gels between droplet-
network. It is worth noting that, in our study, native protein-starch mixtures were used, so
the starch to protein ratio was fixed (2.5:1). However, adding more starch to the system
could further increase gel strength at pH 7 or modify the microstructure further and be

explored in future research.
6.4 Conclusions

In this study, we investigated the heat-driven gelation and microstructural properties of
emulsions stabilized by pea proteins in the presence of starch and without. The effect of
starch was studied by preparing emulsions stabilized with pea protein mixture, which was
obtained after removing starch by filtration. In all the emulsions, G’ increased at 40°C,
which is below the starch gelatinization (60°C) and protein denaturation temperatures

(> 70°C). The increase in G’ at 40°C occurred due to droplet-droplet aggregation and
rearrangement due to heating. The influence of starch depends on the pH of the
emulsions. At pH 7, starch increased gel strength and led to a gel matrix that broke down
more abruptly and at lower strains than PPM emulsions. At pH 3, starch did not increase
gel strength but led to a gel that broke down more abruptly at lower strains than PPM
emulsion. Our results clearly show that starch plays a limited role in increasing gel
strength, while they play an important role in modifying microstructure into one which
breaks down abruptly at low strains. Our results provide insight into the microstructural

and rheological properties of pea protein-starch mixtures in emulsion gels. The results
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could provide a design guide for producing food materials with desired mechanical

properties based on pea protein-stabilized emulsions.
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Chapter-7: General discussion
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7.1 Main findings
7.1.1 Overview

Peas are starch-rich seeds containing about 50 wt% starch along with about 20 wt%
protein. Pea proteins are used as emulsifiers and gelling agents in food products. Before
their use, in general, the proteins are extracted through an alkaline aqueous extraction
process aiming to produce purified protein extracts with 70-90 wt% protein purity. The
extraction process involves multiple steps and consumes about 30 MJ/kg material
processed. Therefore, a more straightforward extraction process with fewer steps or no
protein purification (i.e. using pea flour as such) could improve the protein purification
process, from an energy consumption perspective. For instance, using pea flour would
reduce the process related energy consumption from 30 MJ/kg pea processed to 10-12
MJ/kg pea processed [26]. However, when less purification or no purification is used,
proteins are obtained in mixtures with 20-60 wt% protein purity, together with non-protein
components such as starch, fibers and oil. Consequently, to use simpler protein purification
processes, the interfacial properties of pea protein mixtures and rheological properties of
emulsions stabilized with protein mixtures need to be investigated. The primary aim of this
thesis was to create a mechanistic understanding of the interfacial properties of pea protein
mixtures and the mechanical (rheological) properties of emulsions stabilized with pea

protein mixtures.

In pea protein mixtures, the primary component of interest in terms of emulsifying and
gelling functionality are proteins, so most of this thesis focused on these functionalities of
pea proteins. In these protein mixtures, also significant amounts of non-protein molecules
such as starch could be present. The effect of starch on the emulsion rheological properties
and the emulsifying functionality of proteins were investigated. This thesis is divided into
two major research lines based on the research focus on purified proteins and protein

mixtures.

The first research line of the thesis focuses on understanding the interfacial and emulsifying
properties of purified pea proteins extracted by the alkaline extraction process. Chapter-3
and Chapter-4 deal with the understanding of purified pea proteins. In these two chapters,
the emulsifying mechanism of pea proteins at acidic pH and the emulsion rheological

properties at acidic and neutral pH values were mechanistically understood. The second
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research line uses the knowledge generated in the first research line to understand the
functionality of protein mixtures as emulsifiers. Chapter-2, Chapter-5, and Chapter-6 deal
with pea protein mixtures as functional emulsifying and gelling agents. In this research line,
we investigated the emulsifying behavior and emulsion rheological properties (structuring
behavior) of pea protein mixtures containing large amounts of starch at neutral and acidic

pH values.

To obtain fundamental insights into the behavior of purified proteins and protein mixtures,
we investigated molecular properties such as solubility, surface charge, and composition
and linked them to the interfacial activity and interfacial rheological properties. The protein-
protein interaction in the aqueous and oil-water interface driven by pH was also
investigated. From the fundamental understanding, the link between molecular properties
and emulsion rheological and microstructural properties were mechanistically understood.
Using this approach, we deliver design principles to produce food products using pea

protein mixtures.
7.1.2 Conclusions

Conventionally, purified plant proteins are used as functional ingredients. In this thesis, we
challenge the status quo of using purified plant proteins as emulsifying and structuring
agents. So we started with investigating the emulsifying properties of native unpurified pea
flour (Chapter-2). To obtain pea flour, peas with 50 wt% starch and 20 wt% protein were
milled into a fine powder (pea flour - PF) and were tested for their interfacial and emulsifying
properties. To understand the effect of protein purity, pea flour (PF) was compared with
pea protein mixture, obtained by filtration of PF to remove starch granules while retaining
the proteins. The pea protein mixture (PPM) contained 55 wt% proteins and about 5 wt%
starch. Both PF and PPM were able to reduce interfacial tension similarly compared with
what has been reported for purified proteins. The interface was stabilized by a visco-elastic
protein network in both PF and PPM.

Additionally, model oil-in-water emulsions were prepared with 10 wt% oil at pH 7, and the
emulsifying ability of pea flour was assessed. The emulsions showed decreased droplet
size with increased protein concentration, and both PF and PPM stabilized emulsions
showed similar viscosities at similar average droplet size. The results clearly showed that

proteins mainly drove the interfacial activity in this native mixture. The non-protein
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molecules, including starch, did not negatively hinder the emulsifying property of pea
proteins. The findings from this chapter, show that for the investigated systems protein

purification is not necessary for using pea proteins as emulsifying agents.
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Figure 7.1: Thesis chapters and main findings.

For food applications, it is essential to assess the emulsifying and interfacial properties of
proteins at both neutral and acidic pH. Emulsifying behavior of pea proteins at acidic pH is
not well understood. Thus, before investigating the properties of unpurified protein
mixtures, a fundamental understanding of purified pea proteins was necessary. Therefore,
in Chapter-3, we investigated the interfacial and emulsifying properties of alkaline
extracted pea protein isolates (85 wt% protein purity). First, the behavior of pea proteins at
pH 3 was investigated. The proteins formed self-assembled particles at acidic pH and co-
existed with protein molecules. When such a mixture is used to stabilize emulsions, the
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protein molecules stabilize the oil droplet interface while the protein particles do not take
part in this stabilization. This result is important since, it fills an essential knowledge gap,
by revealing the mechanism of emulsification by pea proteins at pH 3. Further the role of
the non-adsorbed protein particles on the bulk emulsion properties were investigated
(Chapter-4). We investigated the bulk properties of emulsions when self-assembled
particles were present (pH 3) compared to when self-assembled particles were absent (pH
7). To do this, jammed oil-in-water emulsions containing 70 wt% oil were prepared, and
their rheological properties were assessed. The emulsions behaved like an elastic gel
system with a jammed microstructure in the absence of protein particles. Whereas when
protein particles were present, the emulsions acted as a firmer gel with elastoplastic

material properties.

Further rheological analysis revealed that protein particles were able to stick the oil droplets
together. This behavior created strong droplet-droplet interaction, making the material
behave like a plastic system. The drastic change in behavior due to protein particles was
demonstrated by 3D printing the emulsions. When emulsions without protein particles were
3D printed, the material could not self-stand, whereas the emulsions with protein particles
were able to retain the printed structure. We showed using mechanistic insights, how pea
(plant) protein behavior can be tuned to create 3D printable emulsions. This is a simple
approach, as it involves a pH trigger followed by emulsification. The results show for the
first time, that using pea proteins, 3D printable edible materials can be designed using a

simple pH trigger.

With the mechanistic insight created from chapter-1 showing that protein purification was
unnecessary and chapter-3 & 4, which provided fundamental insights of pea proteins
behavior at acidic pH, we aimed to combine these findings to understand the behavior of
protein mixtures as emulsifying agents (Chapter-5). In this chapter, the emulsifying
functionality of unpurified pea protein mixtures (PPM) and alkaline aqueous extracted pea
protein isolates (PPI) were compared. This comparison is important to understand and
apply pea protein mixtures, since protein isolate is the widely used standard in food
systems. The comparison extended beyond model oil-in-water emulsions to include higher
oil content (50 wt% oil) and assess functionality at both neutral (pH 7) and acidic (pH 3)
conditions. The results clearly showed that both the unpurified PPM and purified PPI

behaved similarly in reducing interfacial tension and forming stable oil droplets at neutral
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pH. However, at pH 3, the proteins in the unpurified PPM were only 20% soluble compared
with 60% solubility in PPI. Due to this difference in solubility, PPM formed a weaker visco-
elastic interface compared with PPI. PPM also formed larger oil droplets (5 um) compared
with PPI (2 ym).

Nevertheless, in both cases, the emulsions were stable against coalescence. The resulting
emulsion properties were also investigated for 50 wt% oil-in-water emulsions. The results
showed that at pH 7, both PPM and PPI formed weak visco-elastic emulsion materials with
G’ slightly higher than G”. At pH 3, PPM emulsions formed much stronger emulsion gels
compared with PPl emulsions. As shown in Chapter-4, the higher G’ is also related to
insoluble protein particles in PPM, leading to increased droplet-droplet interaction. Overall,
this chapter further proves that the purification of proteins is unnecessary. At pH 3, the
unpurified (PPM) protein mixture would be beneficial in producing stronger emulsion gels
(higher G’). By directly comparing PPI and PPM, we provided a clear understanding of the
functionality of pea protein mixtures against the more standard pea protein isolate. The
results provide an essential guideline for using pea protein mixtures as emulsifier in place
of PPI.

In Chapter-6, heating was investigated as a means to structure emulsion-gels when using
pea protein mixtures. Especially when considering the use of pea flour, the presence of
starch could enhance the gelling behavior upon heating compared with only proteins.
Accordingly, in this chapter, we investigated the heat-set gelation properties of pea flour in
emulsion systems. To examine the effect of starch, PF (50 wt% starch, 20 wt% protein)
stabilized emulsion and PPM (55 wt% protein) stabilized emulsions were studied at both
acidic and neutral pH values. Our results showed that starch only contributed to a small
extent to increasing gel strength at pH 7, while at pH 3, it did not contribute at all. Gelation
was initiated primarily by droplet-droplet rearrangement and interactions. However, starch
influenced the microstructure of the emulsions at both pHs. When starch was present, the
emulsion-gels showed breakdown at lower strains than when no starch was present.
Therefore, starch created brittle emulsion-gels, possibly due to disruption of the droplet-

droplet attractive interaction and thus droplet-network formation.

From the experimental work in this thesis, we have successfully shown that it is possible
to use pea protein mixtures without extensive processing and purification. Our results show
that protein mixtures work equally well in stabilizing oil-water emulsions. We show that, the
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use of mixtures also has added advantage that it produces emulsions with higher viscosity
and gel strength. Overall, using peas as a model legume source, The findings of this thesis
show that native legume protein mixtures containing non-protein molecules should be
considered seriously as functional structuring agents in food materials. The findings also
clearly highlight the versatile and added functionality of protein mixtures against isolated

proteins.
7.2 Pea Proteins as structuring agents in foods: Design guidelines for the future

Proteins are mostly used in their isolated form in many food products. Traditionally, when
dairy proteins are employed, they are naturally obtained from the characteristic processing
steps in the dairy industry, such as whey proteins from the side stream of cheese making
[11]. Once separated, the proteins are mixed with fats and sugars to create the food
product desired. However, when looking use plant-based ingredients, they are stored in
specific organelles within a solid seed matrix. Consequently, additional processing steps
are necessary to obtain purified proteins from within the solid matrix. However, foods are
constructed from multiple components such as proteins, fats, and starch, which interact to
create textures [14—16]. Plant sources are rich in more than one of these components,
such as peas — 20 wt% protein and 50 wt% starch. So, a shift in focus from protein purity
towards protein mixtures is a better alternative for obtaining plant-based protein
ingredients. Such protein mixtures containing large amounts of non-protein molecules are
obtained by simple processing steps such as filtration instead of aqueous alkaline
extraction and centrifugation. They are known as mildly purified or unpurified mixtures
[27,179].

The idea of using unpurified or less purified plant protein mixtures is not novel [63,64].
Previous studies have already explored the possibility of using unpurified protein mixtures
as emulsifying agents [28,169]. However, many of these studies mainly focus on creating
a more straightforward process to obtain functional protein mixtures and do not solely focus
on the functionality [50,179]. In this thesis, we focused exclusively on the emulsifying and
gelling functionality of the protein mixtures. Specifically, we created a fundamental
understanding of how physico-chemical properties such as protein solubility are affected
when proteins are present in mixtures and how the properties affect their functionality.
Overall, in this thesis, some key design guidelines are provided for using purified proteins
and mildly purified or unpurified protein mixtures. The main insights gained in this thesis
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are: (1) Protein purification is not necessary for producing function pea proteins. (2) In the
unheated state, protein behavior dictates emulsion properties, and starch does not
contribute to emulsion properties. (3) Proteins can behave as both emulsifying and
structuring agents in oil-in-water emulsions (4) Starch creates brittle emulsion gels upon

heating.
7.2.1 Pea protein purification unnecessary

The first insight obtained is that protein purification is not necessary for emulsifying
functionality of pea proteins. This finding was systematically proven in Chapter-2 and
Chapter-5. In chapter-2 the results clearly show that native PF can be considered a protein
system suitable for emulsification. The result is promising to use PF as a native emulsifying
mixture in many food systems to produce emulsions with comparable manner to isolated
pea proteins. The research was further expanded in Chapter-5, by linking molecular protein
properties such as charge, aggregation state and, solubility, we showed that when present
together with starch, pea proteins could still function as emulsifier. The findings in chapter-
5 were a result of direct comparison between pea proteins in isolated form and in mixtures.
The result showed that protein purification is not a pre-requisite to stabilize emulsions using
pea proteins. Pea proteins in mixture and in purified form can both stabilize and produce
emulsions. The future vision is that such design guidelines would also be extended to more
plant proteins apart from peas. It is likely that for legume plant sources, such as lentils,
chickpeas protein extraction may not be necessary to use the proteins as emulsifiers. The
finding paves the way to eliminate the protein extraction process based on the needs of

the final product.
7.2.2 Emulsion properties are dictated by protein behavior

The second insight obtained in this thesis is that ‘In the unheated state, emulsion properties
are dictated by protein behavior, and starch does not contribute to emulsion properties.
The finding was also proven in Chapter-2, the results revealed that the viscosity of
emulsions and aggregation state of oil droplets were not affected by the presence of starch.
We showed that, even in mixtures of proteins and other components, proteins largely
influence the emulsification and emulsion rheological behavior from this mixture (10 wt%
oil emulsion at pH 7). Therefore, the findings demonstrate that by understanding protein

behavior in mixtures, emulsions with similar physical properties may be produced,
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compared with when using purified pea proteins. The results have shown that, protein
mixtures can replace purified proteins. The reduction in energy intensive processing steps
such as centrifugation and reduced use of water, would reduce the resource use

associated with pea protein extraction.
7.2.3 Proteins can behave as both emulsifying and structuring agent

The third insight obtained in this thesis is that ‘Protein particles can behave both as
emulsifying and structuring agents in oil-in-water emulsions. In Chapter-3, we investigated
the fundamental protein behavior at pH 3. The findings showed that at pH 3, about 60% of
pea proteins self-associate into protein particles due to attractive non-covalent interactions,
and 40% remain as dissolved individual protein molecules. The protein aggregation
behavior was linked to emulsifying mechanism. The research revealed that when pea
proteins are used at pH 3 to stabilize emulsions, the protein molecules stabilize the
interface while protein particles remain in bulk. Using this fundamental understanding, the
results showed (Chapter-4) that the free protein particles could increase viscosity and gel
strength to form 3D printable material. By combining fundamental protein research and
linking it to final material property, mechanistic insight was created on the ability to build
3D printable material. This finding is important, since it shows that plant proteins could be
used in a simple manner to make 3D printable foods, expanding its use into specialized

foods.

3D printing as a technique has the potential to be applied in foods and bio-materials
[122,150]. 3D printing has been explored as a way to produce specialized foods in a
hospital setting or for people with special medical needs and even as a domestic kitchen
tool to create foods [121,149,150]. However, the adoption of food 3D printing has been
held back due to the lack of biopolymers that can be used to construct foods with printable
properties (elastoplasticity). Therefore, our findings open the possibility to use pea proteins
and other plant proteins to construct printable foods. We expect that more plant protein
sources could be explored as bio-polymers to construct 3D printable foods. However, to
be able to successfully utilize plant proteins to create printable materials, a multi-
disciplinary approach is necessary. 3D printing has long been investigated in tissue
engineering, human organ construction, space exploration by material physicists,
engineers, and rheologists. Therefore, food scientists need to work with scientists from
these disciplines to understand and construct 3D printable foods: Specific research is
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necessary to study the material properties when using different protein sources using
rheological and scattering tools. Moreover, investigating the sensory and flavor profile of

printed foods by collaborating with sensory scientists and flavor chemists is necessary.

Our approach to create 3D printable materials using plant proteins could also be an
essential step when considering upcoming areas of food research. One such area is the
research on cultured meat. Cultured meat or lab-grown meat is growing meat cells in a
controlled environment without the need to kill an animal. Currently, unstructured, ground
meat-type structures could be produced successfully using this method and can replace
animal farming in the future. However, the cells need to grow in specific patterns along
defined directions to create more structured meats. To achieve the specific structure, the
cells need a guiding scaffold. Besides guiding, the scaffolds also need to be porous in
structure to allow permeation of nutrients. Currently, scaffolding is one of the bottlenecks
for cultured structured meat research. One issue is that scaffolding by 3D printing is
performed using materials made out of non-edible synthetic polymers, which need to be
removed after growing the piece of meat and are unpractical on large scales. Therefore,
using plant protein stabilized emulsions as 3D printable scaffolds could be an excellent
option to make structured cultured meat. Emulsion-based scaffolds have been investigated
to grow tissues by tissue engineers [125,180,181]. We envision a similar approach could

be explored using plant proteins for cultured meat production.

The use of emulsion-based 3D printed scaffolds could work as follows: First, 3D printable
emulsions need to be prepared with dispersed phase that can be easily removed, for
instance, by solvent evaporation. When such an emulsion is 3D printed as desired, the
dispersed phase (droplet phase) could be removed, and the remaining material forms an
edible, porous scaffold. The porosity of the scaffold could be controlled by changing the
droplet size and volume fraction of the droplets [181]. The meat cells may then grow and
differentiate along the plant protein based scaffolds. The porosity would aid in delivery of
growth nutrients and act as permeable chamber. Therefore, this approach could potentially
tackle two important issues in structured cultivated meat production. First, we could create
tune able porous scaffolds, which can deliver nutrients. Secondly we can use a relatively
simple approach and produce edible scaffolds that do not need to be removed before

consumption.
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To realize this, food scientists need to work on fundamental understanding on how to
manipulate plant proteins to form adhesive particles which can further be used to form 3D
printable particles. Moreover, food scientists need to work in tandem with tissue engineers,
since tissue engineers have investigated emulsion-based scaffolds for a long time.
Therefore, in cultured meat research the co-working of tissue engineers, material scientists
and food scientists would be necessary to realize this vision. Specifically, questions such
as how to optimally produce printable scaffolds need to be investigated. Then, from a
material science perspective, the scaffold's stretchability, load-bearing ability and porosity
need to be investigated. Lastly, how well the meat cells adhere to and grow on the printed
scaffold must be analyzed from a biological perspective. Since 3D printing is able to
produce intricate structures, it could be possible to design porous scaffolds which could
deliver nutrients for growth to cells on thick meat pieces. We envision that in the long term
our research could lay foundation for 3D printing edible scaffolds for precision structured

cell-based meat production.

The ability to 3D print plant-based proteins can also enable them to be used in medicinal
food applications. For instance, plant protein-based materials could be used to produce
matrix that can deliver bio-active molecules and drugs as necessary. The approach could
enable at-home printing of matrices mixed with the desired amount of drug or bio-active
molecules. Personalized health and care can be realized using this approach. Such a
prospect can be realized if edible plant proteins are investigated further as 3D printable
polymer constructs. We hope our research sheds light on the possibility to use plant
proteins for 3D printing edible materials and will eventually lead to mainstream use of 3D

printing using plant proteins.

So far, the application of protein particles was discussed in the context of purified pea
proteins. Similar to purified pea proteins, unpurified pea proteins mixtures also form protein
particles at pH 3. These protein particles are insoluble, as opposed to soluble aggregates
in purified pea proteins. The insoluble nature of pea proteins in mixtures can increase
viscosity in emulsions by droplet-droplet interaction, as shown in Chapter-4 for purified
pea proteins. The effect of protein particles was drastic in the mixtures that the viscosity
and gel strength were about a 100 times higher when using mixtures. Therefore, the
proteins can act as a viscosity enhancer apart from being just an emulsifier. The dual role

of proteins in oil-water systems is a crucial finding from this thesis. The findings showed
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that by using protein mixtures at acidic pH, protein aggregates are formed, which could
function as an emulsifier and as a structuring (viscosity enhancing) agent simultaneously.
The results have important practical implications for high viscosity oil-based foods such as
mayonnaise. The ability to use protein particles, to produce 100 times more viscous
emulsions with compared to using purified pea proteins is useful design knowledge. Firstly,
the finding will lead to a reduction in cost and improve the health outlook by reducing the
amount of oil used. Moreover, by reducing the amount of oil, the sustainability of the
product can be greatly enhanced, since oil extraction is a cumbersome process. In this
chapter, we show that by linking protein behavior to the final material property, food
products can be designed to meet modern day demands while making it cheaper and more

sustainable.
7.2.4 Starch creates brittle emulsion gels upon heating

The fourth insight obtained in this thesis is that ‘Starch creates brittle emulsion gels upon
heating. The findings, described in Chapter-6, show that upon heating emulsion-gels
containing starch become brittle (that they fracture at lower strain). Therefore, when brittle
food material is envisioned, such as in a plant-based cheese alternative, using a native
protein-starch mixture will be beneficial. The results show that protein processing could be
avoided and simply milled peas (pea flour) could be used as an emulsifying mixture. The
mixture serves a dual purpose where the proteins emulsify the oil while the starch gels
upon heating. In such a microstructure, starch gels disrupt the formation of oil droplet gel.

Therefore, a heterogeneous microstructure is creates, leading to a brittle emulsion-gel.

In this thesis, we successfully delivered design guidelines for using plant protein mixtures
as functional proteins using peas as a model source. The approach used in this thesis links
protein behavior, tuned by pH to emulsifying behavior. We also report, pH and heat as
means to structure emulsions to tune the rheological properties of oil-in-water emulsions.
Our approach has played an important part in creating a mechanistic understanding of pea
protein mixtures and will hopefully lead to expand the use of pea protein mixtures beyond
traditional emulsifying role. We hope that future research will build on this approach for pea

proteins and other plant protein sources for structuring research.
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7.3 Future challenges and opportunities

The use of less purified, native protein mixtures also has other challenges that are not dealt
with in this thesis. These include the feasibility to use protein mixtures in specific foods and

the negative impact on taste due to unprocessed protein mixtures.

Regarding the feasibility to use protein mixtures as functional agents in food products, the
biggest constraint is that the protein mixtures contain proteins, starch, etc., in specific
ratios. Therefore, when certain food formulations require higher amounts of one of the
components, this component needs to be added in pure form. Therefore, there is still a
need for extensive purification of plant ingredients, which offsets the energetic advantage
of less pure ingredients. Moreover, specific food formulations may be negatively impacted
by non-protein constituents; for instance, a milk-like structure may be negatively affected
by the presence of insoluble proteins, which precipitate and render the milk low-quality.
Similarly, when healthy food products such as high protein drinks (20 wt% protein, 5-10
wt% fat and no starch) are envisioned, purification of the proteins is necessary. When
envisioning such high protein products, unpurified proteins (50 wt% protein purity) may
need about 40 wt% of solids instead of 25 wt% solids for purified proteins, leading to a
drastic change in the final product property. Therefore, protein mixtures are not always the
better choice in terms of application. A more suitable approach is to keep in mind the final
food product's application and required textural properties. Then using the requirements,
the right protein choice, such as mixture vs. purified, needs to be evaluated. To do this,
design guidelines such as those formulated in this thesis are essential. Moreover, these
design guidelines need to be formulated based on fundamental understanding of the

protein mixtures and purified proteins.

Apart from suitability, getting a ‘good tasting’ product is another crucial challenge [182].
Unprocessed protein mixtures from plants may still retain raw or cooked taste profiles
[183,184]. These sensory profiles may overpower the taste and smell of the product that is
envisioned. The challenges mentioned above in minimally processed plant protein
mixtures need to be addressed to apply them in foods. Therefore, when investigating the
use of plant protein mixtures as functional ingredients, future research should also
specifically look at possible off-flavors in the unprocessed or mildly processed protein
mixture and their interaction with the food matrix. This approach could identify and
eliminate or suppress negative sensory attributes. The sensory studies need to be
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conducted in tandem with the functionality studies to give a holistic design view that

considers taste and techno-functionality.

As seen above, when using plant proteins, there are multiple means to produce food
products and several challenges to be tackled. So far, generic processing to obtain pure
protein ingredients has been the standard approach. However, a reverse design approach
could be used as an effective means to valorize plant ingredients and minimize processing.
In the reverse design approach, the physicochemical properties of the product envisioned
need to be formulated first. The product properties such as rheological properties,
physicochemical system conditions, the composition need to be determined by food
scientists together with product technologists and sensory scientists. Subsequently, the
correct type of mixtures or purified ingredients must be tested to attain such a product.
Fundamental research is necessary for this area from food chemists, physical chemists,
physicists, and engineers to understand how the molecular properties of different
components can be controlled and how the change affects the material property. The
knowledge generated in this step needs to link molecular properties to final material

properties.

Further, the links need to be translated into design guidelines with both quantitative and
qualitative guiding principles. The knowledge generation needs to look at many different
plant protein sources and study the most common food product conditions such as pH,
ionic strength, heat. The wealth of knowledge generated and desired product properties
could then be matched using the design guidelines. The ultimate end goal to this should
be to build a design tool-based on mechanistic understanding. The desired product
parameters are given as input in such a tool, and the different plant protein sources and
processing conditions are provided as output. The modeling work needs fundamental
physicists, mathematicians, engineers, physical chemists to work in tandem. Continued
work to improve and expand the model to also include sensory and nutritional qualities
would also be necessary for the future. If such a model tool is designed effectively, that will
open up great possibilities to diversify and use different plant protein sources effectively in
food products. Ultimately, using this tool, a food product developer should be able to input
the desired product property and find different combinations of plant-based ingredients that
could be processed in specific manners to attain such properties. Naturally, a great deal of

time, effort, and human resources is needed to achieve such a goal. In this regard, our
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thesis has started with a small step in this direction, and future research will hopefully

continue to realize this expansive goal.
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Summary

Chapter-1 provides the general introduction and outline for this thesis. In this chapter, we
explain the impact of global food production. Food production occupies about one-third of
the land and produces about a quarter of global greenhouse gases. Specifically, animal-
based foods produce more greenhouse gases than plant-based foods. For instance,
animal-based foods such as cow meat generate about 20-50 kgCO, equivalent to produce
100 grams of proteins, whereas plants require about 0.2-0.3 kgCO, equivalent to produce
100 grams of proteins. Therefore, due to environmental concerns, there is global interest
in transitioning to a more plant-based food system. We also make the case that, in this
transition, proteins have been given a lot of attention. The emphasis on proteins is because

proteins are an essential macro-nutrient necessary for human sustenance.

Moreover, proteins are used as emulsifying and gelling agents in many food products such
as cheese. Therefore, replacing animal-sourced proteins with plant-based proteins as
functional agents has been widely investigated. However, plant protein use is held back
due to a lack of thorough understanding of their Physico-chemical and functional
properties, such as emulsifying and gelling properties. Therefore, there is a need to
understand the functional and physicochemical properties of plant proteins. We explain
that this thesis aims to add new understandings of plant-based proteins' physicochemical

and functional properties.

Another drawback of using plant proteins is the need for an extensive purification process
to extract proteins from the plant matrix. Large amounts of water and mechanical forces
are necessary to extract plant proteins from the seed matrix. Such a resource-intensive
process increases the environmental footprint of plant proteins and leads to process-
related losses of carbohydrates and proteins. So, avoiding extensive purification and using
an extraction process with fewer processing steps may be a suitable alternative to reduce
resource use in plant proteins. Such milder processing would produce protein extracts with
more non-protein molecules such as starch. A thorough understanding of the structuring
ability of protein mixtures containing non-protein molecules is necessary to apply them
successfully in foods. The understanding of plant-based mixtures as functional ingredients
is also an important research focus of this thesis. To investigate the functional properties
of plant-based mixtures, peas were chosen as the plant protein source to be investigated
in this thesis. In the next section, we lay out the reasons to investigate peas as a potential

plant protein source. Peas are a leguminous crop, which is widely grown around the world.
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This makes them an easily accessible source of plant proteins. Moreover, peas contain 50
wt% starch and 20 wt% protein, making them good proteins and carbohydrates. The
proteins in peas are also known to be suitable emulsifiers of food-grade oil-in-water
emulsions. Finally, we provide the aim and the outline of this thesis: To create mechanistic
insights into the structuring ability of pea protein mixtures in emulsion-based model food
materials. In the last section of this chapter, we provide the outline of this thesis, which
contains 7 chapters, including the introduction, 5 experimental chapters, and a general

discussion.

Chapter-2 established the proof of concept for this thesis. In this chapter, we provide
experimental evidence for using unpurified pea flour as emulsifier in oil-water systems. Pea
seeds were milled to obtain pea flour (PF), which contained 50 wt% starch and 20 wt%
protein. The PF was investigated as an emulsifier in a 10% oil-water emulsion system at
pH 7. We found that the proteins in this mixture were the interfacial stabilizing agent, and
the non-protein components did not hinder the interfacial stabilization by the proteins. The
results showed that a protein to oil ratio of 1:50 (wt:wt) was sufficient to produce stable
emulsions at neutral pH when a 10% oil emulsion was prepared. The effect of starch on
the emulsion rheological properties was also tested. To investigate the effect of starch, it
was removed from PF by an aqueous filtration process, and the resulting mixture was
termed pea protein mixture (PPM). The effect of starch on viscosity was investigated by
comparing emulsions stabilized with PF and with PPM. The comparison showed that the
presence of starch did not influence the emulsifying property and emulsion viscosity.
Overall, the chapter shows that pea protein purification is unnecessary to use as an

emulsifying agent in oil-water systems.

Many food products are designed to be in acidic pH values. Therefore, we also investigated
the emulsifying behavior of pea proteins at pH 3. However, due to the lack of extensive
studies of pea proteins at pH 3, we first decided to study extensively purified pea proteins
to gain fundamental insights. In Chapter-3, we studied the interfacial and emulsifying
properties of purified pea protein isolates (PPI) at pH 3. Pea proteins were found to partly
self-associate into protein particles of 100-500 nm size at pH 3. About 60% of the proteins
were self-assembled into particles, while the remaining 40% were present as individual
protein molecules. A 10% oil-in-water emulsions were prepared, and the droplet size and

surface coverage were experimentally measured. Theoretical surface coverages of the
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emulsions were also calculated based on the protein size, protein particle size, and droplet
size. The theoretical and the experimental surface coverage were compared to understand
the role of protein molecules and protein particles on interfacial stabilization. The results
showed that in this mixture at pH 3, the protein molecules stabilized the oil droplets while

the protein particles remained in bulk.

To understand the effect of protein particles on the emulsion rheological behavior, we
investigated the rheological properties of emulsions with and without protein particles in
Chapter-4. Emulsions were prepared with 70 wt% oil at pH 7, where no protein particles
were present, and at pH 3, where protein particles were present. We tested the rheological
properties and attempted to 3D print both the emulsions. The emulsions without protein
particles (pH 7) were visco-elastic emulsion gels. Upon 3D printing, the emulsions were
not able to self-stand. The emulsions with protein particles (pH 3) formed elastoplastic
material. The emulsion was able to self-stand upon extrusion from the 3D printer and
retained the printed structure for up to 48 hours. Our results showed that the protein
particles formed at pH 3 created adhesive droplet-droplet interaction, resulting in an

elastoplastic emulsion.

In chapter-3, we thoroughly investigated the properties of pea proteins and their
emulsifying mechanism. In chapter-2, we proved that at pH 7, protein purification was
unnecessary for using pea protein mixtures as emulsifiers. In Chapter-5, we further
expanded on the findings of Chapter-2 and Chapter-3 to understand the emulsifying ability.
In Chapter-5, we investigate the interfacial and emulsifying properties of pea proteins in
pea protein isolate (PPI) and pea flour (PF) at both acidic and neutral pH. The interfacial
and emulsifying abilities of both PF and PPl were similar at neutral pH. However, at acidic
pH, the emulsifying ability of PF was slightly lower. Slightly larger oil droplets were formed
when using PF (5 ym) than PPI (2 uym).

The difference in droplet size was caused due to lower protein solubility in PF (20%)
compared to PPI (60%) at pH 3. Lower solubility leads to fewer proteins available to cover
the interface and to the stabilization of larger droplets. Besides, pea proteins aggregate
(low solubility) and form protein particles. The presence of insoluble protein particles
increases the viscosity of the PF stabilized emulsions compared to PPI stabilized
emulsions at pH 3. The finding shows that PF can be used as an emulsifier in place of PPI
at pH 7 and 3. At pH 7, emulsions with similar size and viscosity can be formed. So, a direct
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replacement of PPI by PF is possible. At pH 3, PF stabilizes larger oil droplets compared
with PPI, indicating slightly less functionality of PF compared with PPI. Nevertheless, an
increase in viscosity and gel strength for PF stabilized emulsions at pH 3 may produce

more viscous food products.

Starch is the main component (50 wt%) in pea flour (PF). Starch can be gelatinized using
heat and can form starch gels. In chapter-1, we showed that starch in PF did not influence
the viscosity of 10 wt% oil-in-water emulsions at pH 7 when they were present in the
granular form without gelatinization. In Chapter-6, we extend the finding and investigate
the heat-set gelation and gel properties of emulsions stabilized with PF at pH 7 and 3.
Specifically, the effect of starch was investigated upon heating the emulsion gels. To
investigate the effect of starch, two protein systems were used. First, milled peas, called
pea flour (PF), contain 50 wt% starch and 20 wt% protein. Second, starch was removed
from PF by filtration, and the starch-free protein mixture known as pea protein mixture
(PPM) was used. 50 wt% oil-in-water emulsions with both PF and PPM as stabilizers were

prepared at both pH 7 and 3. Gelation as a function of heating was investigated by heating

from 20°C to 90°C and then cooling back to 20°C. The heat set gelation showed that a
specific increase in gel strength around the starch gelatinization temperature was not
observed. The final gel strength was slightly higher at pH 7 for emulsions containing starch
(PF emulsions) than emulsions without starch (PPM emulsions). Whereas at pH 3, starch
did not increase the final gel strength. However, Lissajous plots at pH 7 and 3 revealed
that starch played a prominent role in creating more brittle emulsion gels, which broke down
at lower strains than emulsions without starch. Starch formed patchy starch gel that
disrupted continuous emulsion droplet gel formation, leading to a brittle response. Overall,
it was concluded that the presence of starch is beneficial to create brittle emulsion-gel

structures.

In Chapter-7, we summarized the results obtained in detail. We also discussed how our
results could be translated into broader protein transition studies. We make a case for
avoiding plant protein purification from a technical standpoint. More specifically, we show
that using less purified pea protein sources can function equally well than a more purified
protein system in terms of emulsifying functionality at pH 7 and 3 when tested at an oil-to-
protein ratio of 50:1. We also make a case that, purely from a structuring standpoint, the

presence of native mixtures of starch and protein may be beneficial. However, a careful
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design choice, based on what the final product properties are, is necessary. In the final
section, we lay out our vision for the future of plant-based protein research and use. We
hope that future research of plant proteins would look into a broader context than simply
as a replacer of traditional animal-based proteins. For instance, plant proteins may be used
in the future to create entirely new food structures and be part of specialized food products
such as 3D printed convenience foods. A more in-depth understanding of plant protein
functional properties would lead to better use and push the boundaries of the future of our

food systems.

170



Acknowledgments

Acknowledgments

The last four years and the time leading up to those four years have been quite a journey.
| have been lucky that | had some fantastic people around me who helped shape my life
both within and outside of my PhD. Although | call it my PhD, it was a significant
collaboration with many different people; without whom | would not have been able to finish
this PhD. In this long list of people | would like to acknowledge, firstly, | would like to thank
my supervisors, Costas, Marcel, and Harry, for their continued support and guidance
through my PhD. Costas, you have been a fantastic mentor who helped me develop my
academic and personal skills. | will cherish our friendly, honest conversations about my
thesis, science, and society in general. Marcel, thank you for your positive attitude and for
always being ready for discussion. | have learned a great deal from your honest feedback
and critical thinking. Harry, | am thankful to have you involved in my PhD. You always took
up the vital task of looking at my research overview and made me put my research in
perspective. Your ability to see the big picture and your emphasis on clear science
communication is something | will always strive to emulate as much as | can throughout
my career. Besides my official supervisors, | would like to thank Leonard Sagis for helping
me with most of my rheology methods and explanations. Leonard, your explanations and
on-point feedback have helped me immensely. You have had a significant impact on my

technical skills and understanding. Your balanced attitude is something | will never forget.

Besides the big official names, | would like to thank the 2 little people who have had an
immense impact on my PhD thesis. Their names may not be on the official name list, but
these people have been pivotal during the last four years. Elena and Carlos. | am forever
grateful to both of you for tolerating my craziness and being always there for me. Elena,
our scientific and unscientific discussions were one of the nicest parts of my thesis. | cannot
imagine the last years without these discussions. Thanks for always calming me down and
making my life a little easier. | never felt alone and through happy times but especially in
the tough times. | always felt it was a two-person journey thanks to being 2 PhDs in the
same group under the same supervisor. Carlos, the poor outsider (not a PhD), | am so
happy to have you listening to the complaints of my PhD situation and delays. | am so
grateful that you always reminded me, | worry too much for no reason, and you were always

right (no surprises). Thanks, Carlopedia, for your patience.

171



Acknowledgments

| would also like to thank colleagues and friends at BCT, particularly the PhDs and
postdocs, for the fun discussions and the coffee breaks. These interactions were unique
and special as they were my first social interaction in a job setting. | have enjoyed being
part of BCT, and thanks to every one of you. | would also like to thank my MSc students
(not students anymore) Jesper, Achraf, and Jasper for their scientific and social
contributions to my thesis. It was a fun ride, and thanks to your personal touches, | learned
and modified my working methods based on your feedback. | would also like to thank the
TiFN group of PhD colleagues and academic staff for some rigorous scientific discussions.
These interactions have helped me learn a lot from every single one of you. | am sure you
will all have a great career and a fun time overall. | would also like to thank the technical
staff who have been behind the scenes helping me with technical and experimental
questions and facilitating my work in the lab. Susan, Annemarie, Nadine, Harry Baptist,
Roy, Irene, and Helene, you have all helped me immensely and, without your kind support,
| would not have been able to perform my experimental work. Your smiley and helpful

attitude have made my day better on so many occasions.

Lastly, | would like to thank my friends in the Netherlands and back home in India. You
guys know who you are; | am not going to mention all your names here. You have all been
accommodating when | needed a break to get away from the stress and relax. My memory
will remember those tough times, and | will always be thankful you were all there. My family
has also been so supportive and understanding of the demands of my PhD. | always knew
you guys had my back no matter what, which made my life easier and helped me focus on

my work.

| have not mentioned many names in this acknowledgment, but so many people shaped
this thesis and my PhD that it is hard to acknowledge every person. So many people have
helped me understand myself and my work culture through long and short interactions, and
| am happy and thankful for every one of those, however insignificant or small they may

seem.

172



About the author

About the author

Lakshminarasimhan Sridharan, easily known as Simha, was born
on 6™ August 1993, in the southeast of India in the town of Puttur.
As so many Indians did in the 2000s, he obtained a Bachelor's in

Engineering (Chemical) from St. Joseph’s College of Engineering,

Anna University in Chennai.

In 2015, he decided to pursue a master's degree in Food Science and came to
Wageningen for this reason. At Wageningen University, he pursued MSC in Food
Technology with a specialization in sustainable food process Engineering. He conducted
his master thesis at the Food Process Engineering group entitled: ‘Flavour Encapsulation
in Oil Body Emulsions Obtained From Rapeseeds.” He then conducted a research
internship at Fonterra Research and Development Center at Palmerston North, New
Zealand. His internship was entitled ‘Pickering Emulsions Stabilized with Cellulose Nano
Crystals.” Following this internship, he completed his MSc studies. Subsequently, he
started as a PhD candidate at the Bio-based Chemistry and Technology in October 2017.
His PhD work was primarily on understanding the structuring ability of pea protein mixtures

in emulsion-based systems. The results of his thesis are presented in this book.

Simha can be contacted at: simha.sridharan@gmail.com

173



List of publications

List of publications

This Thesis

Sridharan, S., Meinders, M. B., Bitter, J. H., & Nikiforidis, C. V. (2020). Pea flour as
stabilizer of oil-in-water emulsions: Protein purification  unnecessary. Food
Hydrocolloids, 101, 105533.

Sridharan, S., Meinders, M. B., Bitter, J. H., & Nikiforidis, C. V. (2020). On the emulsifying
properties of self-assembled pea protein particles. Langmuir, 36(41), 12221-12229.

Sridharan, S., Meinders, M. B., Sagis, L. M., Bitter, J. H., & Nikiforidis, C. V. (2021).
Jammed Emulsions with Adhesive Pea Protein Particles for Elastoplastic Edible 3D Printed
Materials. Advanced Functional Materials, 2101749.

Sridharan, S., Meinders, M. B., Sagis, L. M., Bitter, J. H., & Nikiforidis, C. V. “Brittle

emulsion-gels via heating emulsions stabilized with native pea flour”. Submitted.

Sridharan, S., Meinders, M. B., Sagis, L. M., Bitter, J. H., & Nikiforidis, C. V. “Effect of
protein purification on the interfacial and bulk rheological properties of pea proteins in oil-

water mixtures.”. Submitted.
Others

Kornet, R., Sridharan, S., Venema, P., Sagis, LMC., Nikiforidis, CV., van der Goot, A.J.,
Meinders, M.B.J., van der Linden, E., “Fractionation methods affect the gelling properties

of pea proteins in emulsion-filled gels”. Submitted.

Ntone, E., Rosenbaum, B., Sridharan, S., Willems, S.B.J., Moultos, O.A., Viugt, T.J.H.,
Meinders, M.B.J., Sagis, L.M.C., Bitter, J.H., “Smart Lipid Balloons: Stimuli-responsive

natural lipid droplets for selective lipid trafficking”. Submitted.

174



Overview of completed training activities

Overview of completed training activities

Discipline specific activities

Conferences and meetings

EFFoST Conference, Nantes, France (2018).

CHAINS conference, Vlaardingen, The Netherlands (2018).

1%t Oil Body Conference, Wageningen, The Netherlands (2018).

15" International hydrocolloids conference, Melbourne, Australia (2020).

95" ACS colloid and surface science symposium, Online (2021).

Courses

Food proteins: Functionality, modifications and analysis, VLAG, Wageningen, The
Netherlands (2018).

Summer school Glycosciences, VLAG, Wageningen, The Netherlands (2018).

Confocal Microscopy Course, University of York, York, England (2019).

General courses

PhD week, VLAG, Barlo, The Netherlands (2018).

Start to supervise BSc and MSc Thesis students, WGS, Wageningen, The Netherlands
(2019).

Scientific publishing, WGS, Wageningen, The Netherlands (2019).

Scientific Writing, WGS, Wageningen, The Netherlands (2019).

Grant proposal writing, WGS, Wageningen, The Netherlands (2020).

Optional

Scientific PhD excursion to Denmark and Sweden, BCT, 2018.

Bio-based Soft materials group meetings (BIOSOM), BCT (WUR), 2018-2021.
BCT lunch meetings, BCT (WUR), 2017-2021.

TiFN PhD meetings, WUR, 2017-2021.

Abbreviations
VLAG: Graduate School for Nutrition, Food Technology, Agrobiotechnology
and Health Science
WGS: Wageningen Graduate School
WUR: Wageningen University and Research centre
BCT: Bio-Based Chemistry and Technology
175



Colophon

This research formed part of a project that was organized by TiFN, a public-private
partnership on pre-competitive research in food and nutrition. The public partners were
responsible for the design of study, data collection and analysis, decision to publish and
manuscript preparation. The private partners namely Danone, Fromageries Bel, PepsiCo
and Unilever have contributed through regular discussions and knowledge sharing. Co-
funding for the project was obtained from the Netherlands Organization for Scientific

Research (NWO) and the Top-Consortium for Knowledge and Innovation Agri&Food (TKI)

Financial Support from Wageningen University and TiFN for performing the research and

for printing this thesis is gratefully acknowledged.

Cover design: Ines Vilalva (Ines Vilalva design)

This thesis was printed by Proefschriftmaken (100 copies)

Lakshminarasimhan Sridharan, 2021

176






	Lege pagina

