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Abstract

Low moisture extrusion is a complex scalable technology that uses heat, pressure and shear
to texturize plant proteins into extrudates called texturized vegetable proteins (TVP) used in the
development of meat analogue products. Increasing interest in meat analogues and the rise of new
sources of plant proteins requires understanding of internal interactions by protein, starch and fiber
to develop highly functional and nutritional TVP. This thesis investigates the impact of moisture,
protein, starch, and dietary fiber on faba bean and/or pea TVP to improve extrudate functionality
and structure. Firstly, the impact of moisture (50%, 55%) and extrusion on the protein
conformation and the melt rheological properties and microstructure was studied at increasing
protein content (60%, 70%, 80%) as analyzed by Fourier transform infrared spectroscopy (FTIR),
rheometer, confocal and scanning electron microscopy (SEM). Analysis performed correlated to
TVP functionalities like expansion ratio, bulk density, water holding capacity (WHC), and oil
holding capacity (OHC). Lower moisture content at 50% improved expansion of TVP with good
WHC and OHC by forming a protein melt matrix with increased storage modulus (G’). As protein
content increased from 60% to 70%, an appropriate level of separation of the protein phase and
the starch phase allowed the formation of a relatively homogeneous protein matrix, which
facilitated TVP expansion. Whereas further increasing protein content to 80%, the oblong shaped
air pocket microstructure shifted to a dense protein matrix with large sporadic air pockets resulting
in decreased WHC.

Secondly, the inclusion of pea starch, pea hull insoluble dietary fibers and oat B-glucan
(soluble fiber) were assessed to determine improvement on TVP microstructure and functionality,
while increasing the overall value-added health benefits. Inclusion of 7.5%-20% pea starch

improved expansion and microstructure of pea protein and faba bean protein based TVP with
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larger pores and thicker cell walls, as well as WHC. Resistant starch (RS) and slowly digestible
starch (SDS) in pea was mostly converted to readily digestible starches (RDS) after extrusion
treatment. Insoluble fiber (5%, 10% at 100pm and 150pm sizes) had a negative effect on expansion
and disrupted the TVP microstructure but did improve WHC. Whereas soluble fiber (5%, 10%,
20%) improved TVP expansion, WHC, and OHC at all inclusion levels. At 10% inclusion and
above, the blending of soluble fiber into the protein phase might help TVP expansion, leading to
a decrease in bulk density. Both faba bean and pea were shown to produce TVP from a protein
concentrate, and the expansion and WHC were improved upon the addition of starch and soluble
fiber. Faba bean TVP was more prone to aggregation, thus showed slightly lower expansion but
had similar WHC and OHC as the pea TVP. The findings from this research can help to provide
understanding of microstructure and TVP functionality by modulating moisture, protein content,
starch and dietary fiber inclusion to improve TVP quality and to expand TVP source protein

options like faba bean in the market.
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to the thesis, study innovations and future work.
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Chapter 1: Literature Review

1.1 Plant protein based foods

The current landscape for protein-based foods consists mainly of animal-based products,
though over the last two decades there has been a shift towards plant protein-based food products
that have come to be termed as meat alternatives or meat analogues. Protein is an important
macronutrient required for various biological functions like muscle maintenance and growth.
Proteins are comprised of up to 20 essential and non-essential amino acids which can be broken
down into their nitrogen sources. These proteins are found in both animal meats (myofibrillar
proteins like myosin or actin) and in plants (storage proteins like globular legumin) which can be
extracted from plants and used to develop meat analogues (Damodaran, 2008a). The purpose of a
plant-based meat analogue is to mimic sensory qualities of meat like appearance, texture, and
flavour while trying to keep the nutritional value the same or better (Sha et al., 2020). As the world
population grows with a projected population of 8.5 billion by 2030 (United Nations, 2022), the
need for additional sustainable sources of protein increases other than protein strictly from
livestock animals and their derivatives like milk or eggs. Alternative sources of proteins from
plants can help fill this gap but require additional processing and development into a variety of
food products and ingredients. Consumption of alternative proteins is expected to grow from 13 to
97 million metric tons by 2035 reaching $290 billion USD with the largest increase in compound
annual growth rate of 16% between 2025-2030 of plant-based alternatives (Morach et al., 2021).
Flexitarians choose to substitute meat in their diets with alternative sources of proteins including
plant-based meat analogues and have become one of the main driving forces behind the growth of
the alternative protein market, providing opportunity for new sources of plant proteins and plant-

based meat analogues (Vatansever et al., 2020; Baune et al., 2022).



Other alternative sources of protein for meat analogues are not limited to but include
insects, cultured meat, and fermentation based mycoproteins from fungi, though they may have
negative consumer perceptions based on cultural preferences, political views, specific food
aversions, or are too costly to produce, are not yet commercially available, or have negative
impacts on the environment (Van Loo et al., 2020; Green et al., 2022; Dekkers et al., 2018a).
Proteins extracted from plants naturally high in protein are a more accepted source of protein for
use in meat analogues. Soy and wheat are typically used to develop meat analogue structural
qualities due to their ability to form gels and provide elasticity needed to achieve the desired meat-
like texture, but soy and wheat are both known allergens and consumers negatively associate soy
with genetic modification (Kurek et al., 2022). As new sources of plant proteins become available,
equipment and techniques need to be adapted to accommodate these changes in protein sources
and become relevant again. Therefore, the importance of developing meat analogues with other
plant-based sources of protein like faba bean or pea must be stressed in order to provide product

developers with alternative sources of protein to meet consumers’ needs.

The use of plant protein from pulse crops like faba bean or pea can benefit the environment
directly or from an industry perspective, making plant proteins a more sustainable source of
protein. By fixing nitrogen into the soil and implemented into crop rotations, it can promote
biodiversity, conservation agriculture and decrease the use of fertilizers (Boukid, 2021).
Environmental life cycle assessments of faba bean and pea have shown that the negative impact
on climate in CO» equivalents per kg of legumes (0.55-0.57kg CO»-eq/kg) were substantially lower
than that of meat from ruminant animals (19-38kg CO»-eq/kg) and even slightly lower than cereal
grains (0.66-0.72kg CO;-eq/kg) in all dried and intermediate forms as well as in finished products

(Svanes et al., 2022). The incorporation of plant-based proteins can also improve overall human



diet quality by increasing intake of fiber and vitamins while decreasing the intake of total fat and
cholesterol and can reduce the risk of cardiovascular disease or diabetes (Sokolowski et al., 2020;
Boukid, 2021). Therefore, plant proteins can provide many benefits over animal-based proteins on

a societal and personal scale.

Development of meat analogues are catered to consumers like flexitarians that typically eat
meat products but want to consume protein from plant-based sources for a variety of social, ethical,
and environmental reasons (Green et al., 2022). Therefore, these products are expected to mimic
the flavour, texture, mouthfeel, and even nutritional value of animal meat products. This presents
a challenge to product developers because the protein composition, structure, and functionality of
plant proteins are very different than animal proteins. For example, juiciness is an attribute of
meat-based products that requires water binding capabilities which is difficult to achieve without
modification of plant proteins or processing by either chemical or physical means (Kurek et al.,
2022). Various technologies and techniques have been developed to facilitate transformation of
plant-based proteins into meat analogue products that have similar structures and properties to

meat, but each technique has its own benefits and drawbacks.

Meat analogues can generally be split into two categories: 1) whole muscle meats like
steaks, pulled pork or whole chicken contain fibrous protein strands, or ii) reconstructed meats like
burger patties, sausage, deli meats, and chicken nuggets which are generally spongy in texture.
Whole muscle meat analogues can be produced by wet spinning based on plant protein solvent
precipitations, electrospinning based on plant protein electrode-based principles, shear cell
technology based on plant protein cooling and cone shearing, and lastly extrusion based on plant
protein cooling and linear protein alignment. Reconstructed meats can be produced from

ingredients made by mixing plant proteins and hydrocolloids based on cation precipitation



principles, resulting in a weak structure and limited use in products. Or by extrusion based on plant
protein alignment around expanded air pockets, which can result in a stronger product capable of
withstanding mixing during the development of reconstructed meat analogues (Dekkers et al.,
2018a). 3-D printing can be used to produce either whole muscle or reconstructed meats by hydro-
gel forming principles but has geometric limitations (Prabha et al., 2021). Extrusion is the only
commercially available option that’s scalable of these techniques to create fibrous whole muscle
like analogues as well as sponge like products used in reconstructed meat analogue products

(Dekkers et al., 2018a).

1.2 Extrusion

1.2.1 Use of extrusion for low moisture TVP

Extrusion can be defined as the process of plasticizing and texturizing proteinaceous and/or
starchy materials through the use of mechanical shear, pressure, heat, and moisture to produce an
expanded food product or ingredient (Vatansever et al., 2020). Extrusion uses high temperature
under shear force and pressure in combination to melt and alter the structural characteristics of
mainly starch and proteins. Although there are other techniques to produce meat analogues such
as wet and electro-spinning, shear cell technology, 3-D printing and mixing proteins with
hydrocolloids as mentioned above, extrusion is the only technology that is widely commercially
available, scalable, has a low environmental impact, and also produces layered fibrous products
that mimic animal meats (Dekkers et al., 2018a). Meat analogues like texturized vegetable proteins
can be produced through the utilization of plant proteins undergoing a texturizing process within
an extruder under high heat, pressure, and shear force. The resulting TVP can be further processed
and used in various products to replicate or replace animal meats (Ek, et al., 2020a; Zhang et al.,

2022a). The TVP process can be broken down into two types based mainly based off of moisture



content and temperature to control the degree of expansion and alignment of proteins to form

distinct textures, low moisture extrusion (LME) and high moisture extrusion (HME).

High moisture extrusion typically uses moisture contents between 40%-80% and barrel
temperatures of 100°C -150°C with a cooling die at the end of the extruder (Akdogan, 1999; Zhang
et al., 2022a) to create a meat whole muscle meat like texture with fibrous protein strands aligned
in the same direction as the extruder barrel. Fiber formation in HME is heavily dependent on
having at least a two-phase matrix (protein, polysaccharides, and/or lipids), protein alignment and
the protein’s ability to form strong bonds like covalent disulfide bonds to hold the fibrous structure.
Briefly, proteins hydrate, denature, and unfold from the heat and shear within the extruder to create
a laminar flow where proteins re-align down the length of the barrel. Upon cooling in the long die,
the newly aligned proteins or protein aggregates form noncovalent interactions but more
importantly, form crosslinking between proteins with disulfide bonds to maintain a fibrous,
anisotropic structure. Although to achieve both a layered and orientated fibrous structure, the
protein aggregation speed must equal the phase separation speed when exiting the die (Zhang et

al., 2022b).

Low moisture extrusion typically uses moisture contents between 20%-40% (Zhang et al.,
2022a) and higher barrel temperatures of 130°C-180°C, though temperatures of up to 200°C have
been previously investigated (Beck et al., 2017b; Lyu et al., 2023). Low moisture TVP needs
higher barrel temperatures to be able to melt and plasticize the proteins since the moisture content
is lower. LME can produce a range in extrudate sizes of TVP with expansion and porous structures
to mimic cooked animal meats (Akdogan, 1999). For example, large extrudates (15-20mm) can
mimic cooked nuggets or large meat chunks, smaller extrudates (2-15mm) can mimic minced

meats like ground beef or chicken, whereas flaked or fine extrudates can be used as a binder in



products like sausage and patties (Vatansever et al., 2020). Degree of expansion and resulting
porous structures can be controlled in the melt through manipulation of nucleation sites (starting
points of expansion), bubble growth (increasing bubble size), coalescence (merging of bubbles),
and shrinkage (decreasing bubble size), and when exiting the die through fixation (solidification
of the melt and strength of the protein network). These mechanisms are largely governed by
ingredient properties, barrel temperature, moisture content, and shear, which in turn effect melt

elasticity and viscosity (Kristiawan et al., 2020).

The final product moisture content of HME can vary but is typically above 30% and is
ready-to-eat but requires packaging and refrigeration or freezing to preserve the product and extend
the product’s shelf life. HME products can be consumed as-is or as an ingredient in food products,
but still requires further technological development and adaptation in industry. LME on the other
hand is dried after extrusion and has a final moisture content at or below 12%, making it shelf
stable and greatly extending the shelf life compared to HME products. Conversely, LME is not
ready to eat and requires hydration prior to consumption but is typically used as an ingredient in
further food products and has more versatility with regards to shape, size, texture and food product
applications (Zhang et al., 2022a). In addition, HME products need high levels of protein content
generally above 60% to form a fibrous network, whereas LME products tend to have lower protein
(50%-70%) content and are higher in starch to promote the desired expanded structure (Zhang et

al., 2022a; Zhang et al., 2019).

1.2.2 Utilizing TVP as a food source
TVP produced via high moisture extrusion mimics the fibrous structure of whole muscle
meats, with long protein chains aligned in the same direction parallel to each other and can be

further processed by shredded or cut but are meant to be less processed and resemble whole muscle



meat products (Ryu, 2020). Currently, HME analogues require substantially more development
and are considered an immature market, while LME analogues have mature developed markets
around the globe sourced from soy, wheat, and pea though faba bean and canola sources are
emerging (Baune et al., 2022; Zhang et al., 2022a). Low moisture TVP can provide a wider range
of products over high moisture TVP and can be utilized in a wide variety of food products and
have extended application beyond 100% plant-based products with typical inclusion rates of 30%
before negative sensory attributes are reached (Baune et al., 2021; Hidayat et al., 2018). For
example, TVP can be incorporated into meatballs to decrease animal meat proportion while
simultaneously increasing fiber content, beneficial omega-fatty acids, and lowering environmental
impact through life cycle assessment studies (Baune et al., 2021). Hidayat et al., (2018) found
inclusion of low moisture TVP made from soy protein up to 40% in beef sausage increased the
water holding and cook yield of sausage while decreasing the fat content, though an increase in
TVP resulted in a softer product. Low moisture TVP comes in a variety of sizes and altered texture,
making low moisture TVP a shelf stable versatile product (Zhang et al., 2022a). Based on the size
of TVP and the expected texture of subsequent food products, low moisture TVP can be used in
meat analogue products such as meat chunks, meatballs, burgers, chicken nuggets, sausage and as
how ground meat would be used in products like chili, dumplings, or as taco meat (Baune et al.,
2021; Baune et al., 2022; Zhang et al., 2022a; Ryu, 2020; Hidayat et al., 2018). Low moisture TVP
can be sold and stored as dry products which have a longer shelf life than high moisture TVP,
although low moisture TVP needs to be rehydrated with water for typically 15 minutes before

consuming or further processing (Zhang et al., 2022a; Hidayat et al., 2018).



1.2.3 Screw configuration and extrusion zones

Typically, low moisture TVP is produced using a twin-screw extruder (Fig 1.1) because
they are more adaptable, efficient at mixing and kneading the protein melt, and have more versatile
processing capacities compared to a single screw extruder. The extruder barrel length can be
roughly divided into three sections based on the structural transformation of the protein melt in the
extruder. The three zones are: 1) the feeding zone, i1) the mixing zone, and iii) the melting zone.

Each zone has different functional elements that make up the screw configuration. Screw
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Fig. 1.1 Extrusion configuration and typical screw configuration of a low moisture TVP including
a feeding zone with forward conveying elements (a), a mixing zone with forward conveying,
mixing (b) and backwards (c) elements, a melting zone with forward elements of shortened pitch

(d), and pelletizer.



configuration has a large impact on textural outcomes of low moisture TVP and must be tailored
by removing or adding elements to each functional zone of the extrusion screw profile to achieve
desired cook, texturization, and resulting expansion (Ek et al., 2020a; Chen et al., 2022).
Development of a screw profile (Fig 1.2) is essential to produce TVP with desirable qualities by
factoring in the amount and placement of single flight forward conveying elements, mixing blocks,
reverse elements and double flight forward conveying elements with half the pitch of a standard

forward conveying element (Yacu, 2020).
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Fig. 1.2 Screw profile developed for production of TVP rotating clockwise with the protein melt

flowing from the feeding zone (left) to the die end (right).

Firstly, preconditioning of starting materials is important for uniform mixing of
components like starch, fiber, and protein as well as for uniform moisture distribution prior to
entering the extruder barrel to provide not only stability to the extruder, but to also provide proper
alignment of proteins from uniform moisture penetration of components resulting in an enhanced
finished product (Vatansever et al., 2020). Preconditioning is the mixing of raw materials with
moisture prior to extrusion and will also help limit negative effects of extrusion on starting
materials such as protein aggregation or starch dextrinization from shearing by pre-hydrating the

raw materials (Lazou, 2022).

The feeding zone is where the raw material is fed into the extruder and a predetermined
amount of water is injected further down the extrusion barrel to incorporate into the mixture and

hydrate the raw material to a specified moisture content. In this section, forward conveying



elements under low pressure are used to build volume of materials entering the extruder and to

convey the material down the extruder barrel (Yacu, 2020).

The mixing zone is where the material is mixed under high temperatures and shear to
transition from a solid state to a highly viscous state to partially unfold proteins, gelatinize
starches, and start to cook and plasticize the mixture (Kristiawan et al., 2020). This step is where
retention time is interrelated to screw speed and screw configuration with the bulk of mixing
elements are located. Mixing elements not only help to mix and create shear force but also help
to slow product flow and increase retention time spent in the extruder (Yacu, 2020). Adequate
mixing must be performed under increasing temperatures and pressure to unfold proteins leading
them to melt and denature, which will later allow for protein cross-linking to form and create an
expanded or fibrous structure. Unfolding of proteins could result in loss of tertiary and/or
secondary structure (Lazou et al., 2022) which could be observed using fourier transform
infrared spectroscopy (FTIR) or sodium dodecyl-sulfate poly-acrylamide gel electrophoresis
(SDS-PAGE) analysis of extrudates compared to their respective starting materials. In addition,
backwards conveying elements restrict flow and increase the mixing intensity, retention time,
and energy which assists in building more pressure in the extruder barrel (Yacu, 2020). Enough
back-pressure must be built up to aid in expansion but not too much pressure such that the
protein melt does not have enough force from the forward conveying elements to overpower the

pressure built up from the reverse elements.

Lastly, the melting zone is where the viscous mixture melts and starts to realign the protein
and starch structures with the direction of the barrel creating an expanded and/or fibrous texture
when expelled from the extruder to a lower temperature and pressure (Kristiawan et al., 2020).

Under higher temperatures, proteins undergo physical and chemical changes, making this zone the

10



functional area of the extruder in which weak hydrogen bonds and hydrophobic interactions
breakdown, polymerization occurs to form protein aggregates, and unfolded proteins can realign
to cross-link and form new protein-protein or protein-starch interactions (Guyuny et al., 2023;
Zhang et al., 2019; Kristiawan et al., 2020). Once the protein melt reaches the extrusion die, the
drop in pressure and temperature causes evaporation of trapped water vapour resulting in
expansion of the melt, where pores are formed and the extrudate structure is held by protein cross-

linking and setting of gelatinized starch (Zhang et al., 2019).

1.2.4 Process and system parameters

Expansion and protein alignment of extrudates is affected by the extruder parameters and
the plant source material or product formulation. Extrusion uses multiple unit operations in one
system to cook food materials in a short time inside the extruder (Ek et al., 2020a). Extrusion
parameters can be interrelated or independent and can change extrudate characteristics (Sahu et
al., 2022). Extruder parameters consist of: 1) processing parameters which remain independent and,
11) system parameters which are dependent on process parameters (Morales, 2020; Lazou, 2022).
Final product outcomes or product characteristics such as functionality and structure are heavily
dependent on the complex interactions of process and system parameter that take place throughout
the extrusion process (Lazou, 2022), making the development of extruded products from novel

sources difficult.

Processing parameters refer to set parameters of the extruder machine itself such as feed
rate, water rate (impacts moisture content), screw configuration, screw speed, barrel temperature
and die size, and the formulation of raw materials and their characteristics (Morales, 2020). Feed
rate, water rate, screw speed, and barrel temperature are all process parameters that can be easily

changed during extrusion quickly whereas changes to screw configuration and die size/shape

11



require halting the extrusion process. Although changing the die is less labour and time intensive
than changing the screw configuration, barrel temperature and moisture content are both
significant variables that impact final characteristics of extrudates (Brishti et al., 2021a). These
processing parameters are easily controlled and are often altered in literature research to observe
the changes in desired product characteristic. Barrel temperature must be high enough to melt the
input materials to create texturization and expansion but not so high that expanded structures
become unstable and collapse. Beck et al. (2017b) observed that pea protein at 81.5% produced a
stable expanded product between 140°C-150°C, where at less than 140°C no expansion was found,
and above 150°C expansion started to decrease. Below 140°C there may not have been enough
texturization, meaning not enough proteins were able to unfold enough to reform around air
pockets and cross link to solidify and hold the structure, resulting in less expansion. Above 150°C,
too much protein denaturation may have caused protein degradation or aggregation which can limit
the flexibility of a protein to form around air pockets, again resulting in decreased expansion.
Moisture content can also influence expansion such that at 150°C, as moisture content increases
from 26% to 35% expansion decreases because additional moisture will decrease the shear force
put on the proteins, thus less texturization will occur and fewer proteins will unfold enough to
solidify around air pockets. These results indicate that expansion is dependent on both temperature
and moisture content (Beck et al., 2017b). The formulation of raw materials including protein
source, starch, and fiber interact in the extruder barrel and can have a wide impact on
microstructure and functionalities of extrudates (Duque-Estrada et al., 2023; Webb et al., 2023).
For example, a review by Webb et al. (2023) of protein sources in extrudates such as soy, wheat,
pea, chickpea, faba bean, lentil, and mungbean found that protein composition of amino acids,

protein Osbourne classes (e.g. globulins, albumins, prolamin and glutelin) and protein extraction
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techniques all had an impact on extrudate structure like porosity and extrudate functionalities like
water and oil holding capacities. Therefore, new and emerging starting materials will have
different structures and properties of their starches, proteins, and fibers, but exact product
parameters may not be easily reproducible between starting material sources or formulations with
additional ingredients (Lazou, 2020). Therefore, extrusion parameters must be determined specific
to each new plant protein and extrudate formulation. Continued research into extrusion of new
plant protein sources or ingredients must be conducted to expand vital knowledge on extrusion

processing.

System parameters determine the product characteristics by measuring and describing the
physiochemical and rheological properties that the starting materials are going through within the
extruder barrel. System parameters are dependent on the process parameters and refer to residence
time, mechanical and thermal energy, melt temperature and pressure, and melt viscosity.
Mechanical energy can be defined as the specific mechanical energy (SME) which factors in screw
speed and flow rate process parameters to determine the overall mechanical energy input (Morales,
2020). Finally, differences in melt temperature, pressure, and viscosity are subjected mostly to
changes in starting material formulations and their characteristics, but viscosity can also be
influenced by set extruder processing parameters such as moisture content (Guyony et al., 2023).
For example, an increase in protein content (starting formulation) may require more moisture to
hydrate and therefore result in an increased viscosity. Too much protein could cause negative
effects on extrusion parameters like malfunction from uneven water distribution causing surging.
Whereas an increase in moisture content by increasing the water rate (processing parameter) can

result in decreased viscosity (Day et al., 2013). Changes in one or more system parameters may
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alter other system parameters which could alter product parameters directly, or may require

alterations to processing parameters, emphasizing the complexity of the extrusion process.

Parameter optimization studies can employ surface response methodology to reveal
overall trends on product characteristics based on some system parameters (Brishti et al., 2021a)
but optimization is not always transferable due to differences in protein source, formulation, or
extruder designs. Therefore, optimization of system and process parameters must be conducted

while developing an experimental plan based on desired product characteristics.

1.2.5 Product characteristics

Product characteristics are the measurable physical and chemical properties of the
extrudates which affect textural, sensory and nutritional qualities and can often be referred to as
product functionalities. Generally, processing and system parameters are intentionally altered to
transform the starting material physically and chemically to fit the desired product characteristics
(Morales, 2020) such as expansion, texture, microstructure, oil holding capacity and water holding
capacity (Brishti et al., 2021a). The water holding capacity of TVP relies mainly on pore size and
exposed hydrophilic pockets of proteins (Hidayat et al., 2018). The oil holding capacity of TVP
also relies on pore size as well as the unfolding of proteins to expose hydrophobic pockets that
may have been hidden prior to extrusion (Han et al., 2023). WHC and OHC both help to contribute
to the juiciness of a meat analogue, resulting in better quality and texture (Hidayat et al., 2018;
Han et al., 2023). A good microstructure with sufficient expansion and pores contribute to the
desired chewiness and texture of a meat analogue (Fiorentini et al., 2020). Without adequate water
and oil holding capacities or an appropriate microstructure, meat analogues would taste dry and
tough rather than tender and juicy without the mouthfeel of traditional animal meat products (Han

et al., 2023; Fiorentini et al., 2020). Most parameters are interrelated causing changes in system
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and product parameters, which in turn change based on processing parameters, extrusion contains
complex relationships in which general assumptions can be made to changes in parameters (Lazou,
2010). For example, expansion and bulk density can be altered by adjusting temperature, moisture
content and screw speed which creates a structural protein matrix that can be visualized through
photographic images, scanning electron microscopy (SEM), and confocal laser scanning
microscopy (Chen et al., 2022). Water holding and oil holding capacities are strongly influenced
by protein source and starting material composition but also by the extruder temperature, moisture
and screw speed. These product characteristics often determine quality, which is not easy to
express, but can also provide insight to physiochemical changes of the starting materials happening

during the extrusion process (Lazou, 2022).

1.3 Protein Sources

Generally, beef and chicken products are commonly replicated meat analogues (Green et
al., 2022), using TVP. Not only can TVP quality be affected by extrusion parameters, but it can
also be affected by the raw materials like source of protein or additives like starch or dietary fiber
which can undergo denaturation, aggregation, degradation, and changes in molecular
conformations. Soy protein makes up approximately 63.3% of the meat analogue market followed
by wheat, pea, and rice protein, which all differ in physiochemical composition and functional
properties (Boukid, 2021). New sources like faba bean, potato, mung bean, and lupin are gaining
interest for their sustainable and functional characteristics as well as their ability to combat known
allergens like wheat or soy while diversifying an analogues’ nutrient profile (Boukid, 2021; Green
etal., 2022; Kurek et al., 2022). As the market segment grows for meat analogue products, so must

the options of plant protein sources to meet these demands.
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1.3.1 Pulses

There has been increasing research interest in pulse proteins, with publications quadrupling
in the past decade specifically on categories like pulse flours, pulse concentrates, protein
extraction, and pulse protein technology, which are correlated to other searched terms like fiber,
diet and digestibility (Rajpurohit et al., 2023). Pulses are the dried edible seeds of the legume
family typically higher in protein content (~20-30%) and slightly lower in fat content (~1-4%) than
cereal grains (~6.6-17.7% protein and 1.7-5.1% lipids) making pulses an excellent alternative
source of protein (Rajpurohit et al., 2023; Guerrieri et al., 2017; Stone et al., 2019). For example,
Stone et al. (2019) compared the macro nutrient profile of typical Canadian pulses and cereals
showing that pea and faba bean were higher in protein (24.5% and 33.2%), and lower in lipids
(1.2% and 1.5%) than wheat, barley, and oat at 13.1%, 11.9% and 13.3% in protein and 1.9%,
2.4% and 5.1% in lipids respectively. In addition, pulses and cereals differ in the main type of
protein which can be classified using the Osborne classification scheme into globulins (salt
soluble), albumins (water soluble) and prolamins (soluble in ethanol). Cereal grains were most
dominant in prolamins (33.1%-47.5%) followed by globulins (33.8%-43.5%) and albumins
(17.9%-23.4%), whereas pea and faba bean are generally higher in globulins (pea 41.9% and faba
bean 47.0%) and albumins (pea 52.3% and faba bean 47.3%) with minimal prolamins (pea 5.8%
and faba bean 5.6%) (Stone et al., 2019). Although albumins are generally reported lower for pea
and faba bean (pea 15%-25% and faba bean 20%) and higher in globulins (pea 50%-70% and faba
bean 60%) than reported by Stone et al (2019) (Tripathi et al., 2021; Grossmann, 2023). While
small albumins (MW 5-80kDa) are present in pulses and consist mainly of metabolic proteins, the
dominant storage proteins are larger globulins consisting mainly of legumins (MW 300-400kDa)

and vicilins (MW 145-190kDa) (Tripathi et al., 2021).
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1.3.2 Faba bean and pea proteins

Faba beans (Vica faba) contain slightly higher protein content than peas ranging from 24%-
32% protein, 57%-60% carbohydrates and 1.1%-4% lipids. Although faba bean may be higher in
protein than pea, it does contain higher amounts of antinutritional factors like tannins, trypsin
inhibitor, phytic acid, vicin and convicin (Tripathi et al., 2021) that range based on cultivars that
may have slight negative effects. Antinutritional factors can be reduced through the extrusion
process, most greatly trypsin inhibitor by 44% in faba beans and 59% in peas (Adamidou et al.,
2011). As a legume, faba bean contains both globular proteins legumin (11s) and vicilin (7S)
according to their sedimentation coefficients. Legumin is a hexamer held together non-covalently
containing six subunit pairs (acidic subunit linked with a disulfide bond to the basic subunit) and
contains methionine and cysteine (sulfur containing amino acids) which can form strong covalent
disulfide bonds. Whereas vicilin is a trimer held together non-covalently because it lacks cysteine
to form disulfide bonds (Tripathi et al., 2021). SDS-PAGE can help identify inter (within) and
intra (between) bonding of subunits secondary and tertiary protein structures. Whereas FTIR can
identify changes in secondary structures within the amide-I region like a-helix which could shift
to B-sheets, B-turns and random coils (Yang et al., 2018) under protein denaturation from extrusion

conditions.

Dried peas (Pisum sativum) composition is made up of 22%-31% protein, 52%-62%
carbohydrates, and 1.1%-3% lipids (Tripathi et al., 2021). Pea contains both legumin (11S) and
vicilin (7S) globular proteins as faba bean does, but also includes convicilin (70kDa), another 7S
smaller globular protein. Convicilin is also a trimer with a similar basic structure to vicilin with no
disulfide bonds, but it differs by containing a hydrophilic N-terminus that is highly charged and

does not contain polar regions within the main protein (Grossmann, 2023).
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1.3.3  Protein conformations

Storage proteins of pulses can change molecular conformation during processing and
undergo loss of quaternary and tertiary structure to unfold and expose hidden polypeptide chains
and functional groups (Fig. 1.3). For example, the surface of legumin protein in pea has a-chains
that are hydrophilic but when denatured and unfolded, hidden hydrophobic regions become
exposed and can interact with the given environment (Reinkenmeier et al., 2015). Alterations in
these protein major components and their subunits from processing can be determined by using
SDS-PAGE with or without reducing conditions. Although it is important to note that not all
proteins present in the initial seed will be present proportionally in products like TVP since the
protein extraction process can alter the presence and conformation of major and minor proteins
and could ultimately alter the functional properties of proteins within food products. For instance,
Grossmann (2023) explained the knowledge gap of protein processing data such that prolamins
and glutelins will be retained in protein concentrates if air classification separation technique (dry
fractionation) is used, whereas they would be mostly lost in protein isolates if isoelectric

precipitation (wet fractionation) is used to separate the protein and starch fractions.

Proteins can interact with other proteins during processing to form homoprotein structures
such as soluble or insoluble aggregates, and fibrils which have been linked mainly to globular
proteins. For example, adverse environmental conditions like high temperatures common in
extrusion can produce insoluble protein aggregates of various sizes. Small aggregates with higher
surface hydrophobicity could adsorb faster to air-water interfaces of air pocket nucleation points
during extrusion, helping to stabilize expansion (Grossman, 2023). The globular protein legumin
has higher hydrophobicity and fewer negatively charged amino acids, and faba bean protein

isolates tend to have higher legumin/vicilin ratios than pea protein isolates (Shi et al., 2022). More
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Fig 1.3. Molecular structure of vicillin, legumin and convicilin from pea with physiochemical

properties, molecular weight (MW) and sulfur containing amino acids (Grossman, 2023).
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hydrophobic groups exposed from extrusion conditions with fewer negatively charged amino acids
could lead to protein aggregation, but with a higher molecular weight than vicilin could lead to
slower adsorption to the air-water interface, thus decreasing air pocket stabilization of extruded
pockets (Shi et al., 2022). These examples show that protein molecular weight and conformational

changes of proteins can affect stability of proteins to hold air pocket structures in extrudates.

Different sources of protein like faba bean, pea or more traditionally soy and wheat can
impact TVP functionality and structure. Protein source can determine protein flexibility and
strength when formed around air pockets based on initial protein conformations and susceptibility
to aggregation. For example, soy and wheat proteins traditionally in TVP may be more flexible
and strong but are both known allergens. Whereas pea and faba proteins are not allergens and can
provide acceptable TVP functional characteristics and structure. Literature on pea TVP tend to
focus on extrusion parameter optimization whereas literature on faba bean TVP tends to focus on
blending of faba bean with pea, soy, or wheat proteins to improve quality but does not look at
improving faba bean TVP with other ingredients while keeping faba bean as the core protein. In
addition, LME of faba bean or pea do not often explore changes in phase structure through imaging
techniques or how that may be modulated by protein content or rheological properties brought on
by moisture content. Though these interactions may be investigated individually, not often are they

compared under the same conditions for different protein sources side by side.
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1.4 Starch Inclusion

1.4.1 Amylose and amylopectin

Pulses contain about 60%-75% carbohydrates and are typically high in amylose content
ranging from 24%-65% though peas have been known to range from 21%-58% and generally
falling around 34% with amylose and from faba bean ranging slightly lower from 17%-42% and
falling around 32% amylose content (Singh, 2021; Tripathi et al., 2021). Amylose and amylopectin
make up the two types of starch polymers in our food (Magallanes-Cruz et al., 2017). Amylose is
a long linear chain of glucosyl units (low MW) linked with a-(1-4) bonds, whereas amylopectin
has both linear and highly branched glucosyl units with a-(1-6) bonds at the branch points and has
shorter linear units but overall higher MW. Amylose and amylopectin starch chains can be
hydrolyzed and broken down into its glucosyl monomers from the middle by a-amylase
(endoamylase), along with amyloglucosidase which is an exoamylase that can hydrolyze both
linear a-(1-4) bonds and branched a-(1-6) bonds releasing oligosaccharides which are eventually
cleaved down into the glucosyl unit D-glucose (Lin et al., 2016). The crystalline domain of starches
contain either double helices of amylopectin side chains (type A or B starch) or long amylose

chains as a double helix with amylopectin (Pozo et al., 2018).
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1.4.2  Use of starch in TVP formulations

Starch is a key factor in the expansion of extruded products and plays a major role in the
formation of the three-dimensional structure of the TVP protein matrix (Guyony et al., 2023).
Starches undergo degradation and physiochemical transformations (Fig 1.4) where the starch
phase changes from a glassy stage (1) to melted (beyond the rubbery stage) (2) and back to a solid
glassy state when cooled (3) is necessary for expanded extrusion products (Ek et al., 2020b). The
final solid state is most likely gelatinized starch in an amorphous state but may contain some
crystalline regions. Additional starch in the starting material can shift the starch transition curve
up so that a higher temperature and moisture content is required to melt the starch (Ek et al.,

2020b).
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Fig 1.4. Phase change of starch states during extrusion from glassy (1) past the rubbery state to the

melt (2) and back to the glassy state upon cooling (3). The addition of starch to pea protein isolate
(PPI) can shift the starch transition curve up. Adapted from Ek et al., (2020b) and Philipp et al.,

(2018).
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In addition, starch can help prevent protein unfolding and aggregation if they are imbedded within
the protein phase (Lazou et al., 2022), which could benefit TVP structure by lowering protein

aggregation.

1.4.3  Types of starch

Pulse starches generally consist of C-type starch which is comprised of a combination of
both A-type (typically cereal starches) and B-type (typically tuber starches) (Singh, 2021). Figure
1.5 displays the crystalline packing structure and resulting helix formation of A-type and B-type
polymorphs with water, and V-type complex with lipids. Differential scanning calorimetry could
be used to assess short range order by disrupting the double helices to determine changes in
enthalpy needed for ordered structure to gelatinize but can be misleading since it does not factor
in hydration or swelling that also contribute to changes in enthalpy (Warren et al., 2016).
Therefore, FTIR is better suited to determine short range ordered structures of the double helix by
detecting bending of structures and bonds related to the CH> and COH groups of the glucose
monomer to determine shifts in amorphous and crystalline regions of a sample (Kong et al., 2014;
Pozo et al., 2018). The crystalline form of starches have been attributed to peaks at 995cm™ and
1045c¢m™ or in an amorphous form at 1022cm™!, indicating the melting of crystalline regions which
gelatinize (Warren et al., 2016). Although FTIR cannot differentiate between these typical starch
polymorphs and V-type complexes, nor can FTIR accurately quantify the amount of starch type

crystallinity (Kong et al., 2014).
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Fig. 1.5 Molecular model viewed from the top of crystalline structure and helix formation of A-

type, B-type and V-type starch polymorphs. Adapted from Khatun et al., (2019) and Kong et al.,

(2014).

The degree of crystallinity and type of starch polymorph present and can be determined by
using x-ray diffraction (XRD) which detects the long range ordered structure of the double helices
linked to the packing structure of glucose monomers (Pozo et al., 2018). XRD can detect the
characteristic peaks attributed to the starch type in a crystalline form (Singh, 2021) to differentiate
A-type and B-type from C-type and V-type starch which differ based on their geometry of glucose
monomers that dictate the double helical packing density which determine the amount of bound
water within the crystalline structure (Wang et al., 1998). A-type starch crystal packing compacts
tightly and has one water molecule between each double helix, whereas B-type starch crystals pack

more openly and contain water in the center of the structure surrounded by six double helices (Fig.
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1.4) (Pozo et al., 2018). Pea starch is typically described as a C-type starch pattern comprised of
both A-type and B-type polymorphs. Typical indication peaks for starches indicating A-type
crystallinity are at 20 of 15°, 17°, 18° and 23°. B-type crystallinity displays a well-defined peak at
20 of 17°, peaks at 22° and 24°, and sometimes peaks at 5.6° or 22° (Xu et al., 2023; Singh, 2021).
Lastly, C-type starches have defined peaks at 20 of 15°, 17° and 23° 26 with a strong peak at 17°
since both A-type and B-type crystallinity display peaks there that combine and amplify the
intensity, and a shoulder peak at 18° (Wang et al., 2011; Xu et al., 2023). The shoulder peak at 18°
is a defining feature of C-type crystallinity since A-type has a strong peak at 18° and B-type has
no peak at 18° (Pozo et al., 2018). Although, retrogradation, protein-starch interactions and
protein-protein interactions have been known to decrease the digestibility of starches which can
be beneficial to reducing blood glucose levels and promoting prebiotic effects and healthy gut

microbiota (Scott et al., 2023; Magallanes-Cruz et al., 2017).

Quantitative changes in internal structure can be calculated by using ratios of intensity to
estimate the degree of order (DO) (1045¢cm™/1022cm™! ratio) representing the starch crystalline
region to starch amorphous region, and the degree of double helix (DD) (995¢cm™/1022c¢m! ratio)
representing the change of double helical structure (Xu et al., 2023; Vatansever et al., 2021). When
DD is higher than DO, the number of double helices is greater than the amount of crystallinity,
meaning that the crystalline starch is undergoing conformational changes to increase in the amount
of amorphous starch. Changes in DO and DD can indicate measurable changes in crystallinity
from extrusion or between starch sources present in TVP ingredients like protein concentrates or

1solates or added starch.
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1.4.4 Digestible starch classification

Starches can also be classified based on digestibility into readily digestible starch (RDS),
slowly digestible starch (SDS) (Magallanes-Cruz et al., 2017), total digestible starch (TDS) and
resistant starch (RS). Specifically, digestible starch distribution in peas of total starch (e.g. 20.3%)
is about 12.0% RDS, 2.0% SDS and 6.3% RS (Tripathi et al., 2021). These starch classifications
are determined by Englyst method where the sample is subjected to enzymatic attack by a-amylase
and amyloglucosidase to simulate digestion in the gut, after which hydrolyzed glucose is measured
after 20 minutes (RDS), 2 hours (SDS) and 4 hours (RS) of digestion (Englyst et al., 1992). A-
type starch polymorphs have been shown to exhibit levels of SDS whereas B-type starch exhibits
levels of RS content (Zhang et al., 2006; Magallanes-Cruz et al., 2017), implying that C-type starch
polymorphs from pulses may present both SDS and RS. Resistant starch is particularly interesting
since it is more resistant to enzymatic hydrolysis and enters the colon for fermentation, making it
beneficial to the gut as a prebiotic. It has a positive effect on prevention and management of
diabetes by regulating postprandial glucose levels, and it’s regulation of satiety signals for weight

management (Bojarczuk et al., 2022).

Lin et al. (2016) found that starches higher in amylose content showed higher RS content
in samples through several mechanisms according to Englyst’s test. Firstly, the tight packing of
amylose crystalline regions are more stable and less susceptible to enzymatic attack, intermediate
components (long branched chains with lower MW than amylopectin) can associate tightly to
hinder enzymatic attack, and lastly the formation of amylase-lipid complexes limits enzyme
accessibility and hydration. Though long branched chains of amylopectin B-type double helices
also resisted digestive enzymes (Lin et al., 2016). In addition, based on high amylose starch’s

ability to resist swelling under thermal treatment it has been reported to have a higher RS content
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(Magallanes-Cruz et al., 2017). Specifically, the formation of amylose-lipid complexes (V-type
starch) has been shown to resist digestion (Bhatnagar et al., 1994). Amylose-lipid complexes are
formed by leached amylose during gelatinization that wind into helical structures entrapping lipids
within, creating a stable structure that limits the infiltration of water and enzymatic attack.
Extrusion has been shown to form amylose-lipid complexes at temperatures ranging from 110°C
-156°C and up to 200°C (Lin et al., 2016). Although studies have reported thermal degradation of
amylose between 140°C-170°C causing disentanglement of linear amylose, breaking of
amylopectin branch points and scission of polymeric chains which can ultimately degrade the

ordered crystalline phase to promote the amorphous phase (Todica et al., 2016).

Most literature on LME highlights a protein-in-starch network when investigating the effects
of starch on extrusion, whereas TVP consists of a starch-in-protein network and could benefit from
studies on the inclusion of starch to promote TVP quality. Papers investigating low moisture TVP
focus on optimization of extrusion parameters or blending of protein sources but exclude the
incorporation of starch and potential benefits on the comparison of different types of proteins.
Based on previous work on protein-in-starch networks, the amylose starch in pea has been found
more likely to form starch-lipid (V-type) complexes through extrusion known as a resistant starch
and has been shown to promote regulation of blood glucose levels to benefit human health (Gulati
et al., 2020; McCready et al., 1950) indicating starch could not only improve physical TVP quality

but also health benefits.

1.5 Fiber Inclusion
The Food and Agriculture Organization defines dietary fiber as “carbohydrate polymers
with ten or more monomeric units, which are not hydrolyzed by the endogenous enzymes in the

small intestine of humans” (FAO, 1985). Most North Americans consume an average 17g of

27



dietary fiber per day and do not reach their daily recommended intake of fiber in a day (25g-30g),
therefore the inclusion of both soluble and insoluble fiber sources in meat analogues such as TVP
could promote fiber intake of products that would primarily be consumed for their protein content,
thus adding value (McKeown et al., 2022). Dietary fiber is made up of both soluble and insoluble

fiber as shown in figure 1.6.

Changes in rheological properties during extrusion can be affected by soluble and insoluble
polysaccharides, rather than by protein-protein interactions when thermo-mechanically treated
under temperature, pressure, and SME conditions that mimic extrusion in a closed cavity
rheometer (Pietsch et al., 2019). Unlike starches that can undergo a phase transition from
crystalline to amorphous states under extrusion heat and shear conditions, fibers are more rigid
from additional hydrogen bonds in their polymer chains, and therefore undergo little or no
transitions, specifically insoluble fibers. While soluble fibers could undergo a phase change based
on their affinity for water and rigid structure under heat and shear, insoluble fibers would not, even
though some molecular bonds of insoluble fibers can be altered on the particle surface causing
fragmentation (Ek et al., 2020b). While studies have investigated the effects of soluble and
insoluble fiber on direct expanded products, little work has been conducted on fiber inclusion of

TVP where protein is the primary formulation ingredient focus.
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Solubility

Does the fiber dissolve in water?

Yes No
Viscosity Insoluble fiber
Does the fiber form a gel -Laxation and regularity
when hydrolyzed? Ex. resistant starch, cellulose
Yes No
Physiological effect Fermentable
-Delay gastric emptying Is fiber broken down by gut
-Cholesterol lowering microbiota?
-Improve glycemic index Yes _
Ex. B-glucan Prebiotic
effect
Ex. B-glucan

Fig 1.6. Physiological effect and examples of soluble and insoluble fiber. Adapted from

McKeown et al., (2022).

1.5.1 Insoluble pea hull fiber

Pea hull fiber can be used as an insoluble fiber source to improve daily fiber content though
have generally been known to reduce expansion of extrudates (Ek et al., 2020b), though additional
isolated starch included in the formulation containing insoluble fiber could promote necessary
expansion while allowing for increased nutritional benefits of added fiber content of a TVP
extrudate. Pea hull fibers are often a byproduct from the protein extraction process but can be
utilized as a value added upcycled ingredient in TVP to provide additional nutritional benefits.
Insoluble pea hull fiber is generally incorporated into baked goods like bread, muffins, cakes, as
batters or breading, but also in reconstructed meat products like sausages, hamburgers, and hams

as a source of dietary fiber and for its water holding functionality (Martens et al., 2017).
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Pea hull fiber is an excellent source of total dietary fiber (90.6%) compared to other pulses
like soy bran (67.5%) or cereal brans like wheat (48.0%), barley (72.5%), rice (27%) or oat
(24.7%). A large portion of total dietary fiber from pea hull is insoluble (85.3%) compared to other
brans like soy (60.5%), wheat (45.6%), barley (69.4%), rice (24.5%) or oat (13.0%) (Robin et al.,
2012). The insoluble portion of pea hull fiber generally consist of cellulose (65%), hemicellulose
(4%) and lignin (1%) (Martens et al., 2017). Cellulose is comprised of linear B-(1-4) linkages
between B-D-glucosyl units which can associate with each other over extended regions via
hydrogen bonds to form fibrous bundles (Damodaran, 2008b). After extrusion, insoluble fiber
content from pea hull fiber only has minimal decrease (2%-5% for raw hulls and 1.7% for ground
hulls), indicating that although some of the polymers were indeed fragmented under extrusion
conditions, majority of the insoluble fiber did not undergo extensive degradation and remained in
the extrudate (Ralet et al., 1993). Inclusion of insoluble dietary fiber in soy based HME analogues
up to 20% can increase the formation of a fibrous structure by acting as a discontinuous filler until
the protein content is diluted too much to form enough crosslinks to hold the matrix together (Deng
et al., 2023). Effects of dietary fiber on HME products could vary but similar principles could be
applied to LME even though the melt would be under a larger difference in pressure drop when
exiting the die. The size of insoluble fiber particles can also influence extrudate expansion.
Previous reports have shown that a decrease in fiber particle size of sugar beet fiber and insoluble
fiber from cherry pomace can actually have less negative impact on extrudate expansion at the
same inclusion rate of a coarser fiber. This phenomenon has been explained by a few theories; 1)
coarse fibers prevent bubble development and collapse bubbles before maximum expansion, ii)

higher water binding of fine fiber creates more nucleation sites for bubble development, iii) fine
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particles are small enough to become trapped in the matrix of the bubble walls which remain intact

(Lue et al., 1990; Wang et al., 2017).

Pea hull fiber has many health benefits similar to soluble fiber including but not limited to
weight management and tolerance of postprandial glucose levels, relief of constipation, and a wide
variety of bioactive compounds like phenolics, flavonoids, and antioxidants (Martens et al., 2017;
Timm et al., 2023). Weight management could arise from a decrease in low-density lipoprotein
cholesterol or body fat and by better regulating insulin response and glucose levels (Lambert et
el., 2017). An increase in fecal bulk weight from increased water holding capacity with less gut
fermentation than soluble fibers can help decrease constipation (Martens et al., 2017;

Marcotorchino et al., 2021).

1.5.2  Soluble p-glucan fiber

A common soluble fiber used in foods is B-glucan due to its solubility, thickening
properties, and health benefits. B-glucan has primarily been incorporated into food industry as a
bioactive ingredient specifically in baked products like bread or muffins, dairy products like
yoghurts or functional beverages and cheeses, reconstructed meat products like burgers, sausage,
or meatballs, and in other food products like noodles or soups (Sridhar et al., 2023). The use of -
glucan has been shown to improve expansion in extruded snack products and to improve fiber
content but little is known about how B-glucan inclusion affects the protein matrix in a TVP
product, and how that structure may impact other functionalities (Brennan et al., 2013; Duque-

Estrada et al., 2023).

Oats and barley both contain similar amounts of total B-glucan from cereal sources, though

soluble B-glucan from oats is generally higher (4.19%) than barley (3.4%) (Lee et al., 1997). Oats
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can range in soluble B-glucan content from 4-6% (Herrera et al., 2016). Extraction of B-glucan
from oats can increase available dietary fiber content in foods but will contain other major
components in the final fraction. For example, B-glucan rich fractions from wet extraction with
and without defatting can contain not only -glucan (28.5%-44.8%) but also other carbohydrates
(11.7%-24.5%), starch (2.1%-18.2%) and protein (25.7%-53.1%) (Liu, 2014). B-glucan from oat
consists of B-D-glucosyl units linked by 70% linear B-(1-4) bonds and 30% linear B-(1-3) bonds

which allow for a viscous solution once solubilized (Bobade et al., 2022).

B-glucan is widely known for its many health benefits such as regulating blood glucose
levels, hypertension, cardiovascular disease, and as a prebiotic among other health benefits
(Bobade et al., 2021; Sridhar et al., 2023). Regulating blood glucose levels is beneficial to prevent
or manage diabetes since B-glucan gives rise to viscosity that could physically interfere with
glucose absorption, impair pancreatic amylase and thus regulate insulin levels. Again, the viscosity
of B-glucans can influence various pathways and effects in the body such as insulin and lowering
blood pressure, which all contribute to lower hypertension risk (Bobade et al., 2021). Prevention
of cardiovascular disease is in part associated with B-glucans ability to decrease total cholesterol,
low-density lipoproteins, and serum triglycerides with no side effects by binding to bile salts in
the small intestine, preventing reabsorption and aiding in weight management (Sridhar et al., 2023;
Bobade et al., 2021). The gut microbiota is largely governed by complex polysaccharides and can
benefit from B-glucans though stimulating growth of helpful microorganisms like Bifidobacteria

(Sridhar et al., 2023).

Contradicting literature on insoluble fiber particles effect on LME again are only
investigated on starch based extrudates for LME products or on HME products, but not in low

moisture TVP (Wang et al., 2017; Robin et al., 2012; Deng et al., 2023). Most work involving
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soluble fiber and extrusion focuses on using extrusion as a treatment to improve the solubility of
fiber but not on the physical and quality benefits of incorporating soluble fiber into low moisture
TVP. The addition of insoluble and soluble fiber to diets has many well known beneficial health
effects but is not often investigated in low moisture TVP even though some studies have reported

positive outcomes on TVP structure and quality.

1.6 Research rationale and objectives

1.6.1 Research rationale

TVP is a LME product produced from well developed technology. Extrusion of TVP can
include new and emerging sources of plant proteins, making this technology relevant again for
emerging research and scientific literature. Therefore, the focus of this thesis will be on low
moisture extrusion and the exploration of new plant protein sources (faba bean -Vicia faba) in TVP
to increase protein content of TVP, and to further investigate starch and fiber (soluble and

insoluble) inclusion on functionality and structure in a LME TVP.

Although low moisture extrusion production of TVP has been around since the 1960s, most
work revolved around soy, wheat and more recently pea as protein sources (Guyony et al., 2023;
Baune et al., 2022). But with the rise of the flexitarian consumers demanding alternative meat
analogues high in protein with lower environmental impact, and with the global TVP market
segment projected to increase to $2.1 billion USD by 2027, TVP is brought back again into the
spotlight to fill this gap (Baune et al., 2022). The re-emergence of TVP brings opportunities to
utilize new protein sources like faba bean to compete with rise of pea protein, though literature on
the use of faba bean as an extruded TVP protein source is scarce, as is the impact of starch and

fiber on the development of TVP structure relating to functional properties.
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Extrusion is a “black box” technology, meaning in-line monitoring or analysis of
interactions between components that comprise process and system parameters are limited. In
addition, the design of extruded products and control over the extrusion process is largely based
on empirical knowledge, even though the process has been studied for decades. Therefore,
techniques to understand component interactions under thermomechanical treatments such as
rheology, FTIR and SDS-PAGE can be employed (Chen et al., 2022). Since system and process
parameters are heavily interconnected, the optimization of key parameters must be performed to

provide consistent product results.

Pea starch was chosen for inclusion in this study due to its sustainability, potential health
benefits and beneficial effect on TVP expansion. Pea starch is a more sustainable option of starch
since it is a by-product from the protein extraction process and is not modified further. Pea starch
has been shown to display good expansion capabilities in TVP (Rangira et al., 2020). It is higher
in amylose content which has been known to form resistant starch with dense molecular packing,
resisting enzymatic attack (Ye et al., 2018). In addition, amylose has been known to form amylose
lipid complexes which are a resistant starch and can provide beneficial regulation of blood glucose

levels (Gulati et al., 2020; McCready et al., 1950).

1.6.2 Prelimnary and optimization trials

Preliminary trials used pea protein isolate and concentrate with 10% moisture pre-
conditioning to determine operating parameters by adjusting screw profile (4 profiles), protein
content (60%-80%), final moisture content (45%-60%), and temperature (160°C-180°C). Screw
speed was held constant and was determined by finding the optimal middle range of parameter
variables based on visual TVP quality of typical yet adequate expansion and density. Screw

profiles ranged from: i) insufficient mixing and lack of pressure buildup resulting in gelatinized

34



melt with a noodle like quality underexpanded, to ii) too many mixing and backward screw
elements which caused water backup due to the melt not overcoming the pressure required to pass
the backward screw elements. Extruder was operational within the 60%-80% protein content
treatments which were taken forward to include in the study. Treatments at or below 45% moisture
were too dry and crumbled since not enough mosture was available for proteins to hydrate and
melt, whereas treatments at 60% moisture caused the extruder to surge, most likely due to

inconsistant melt viscosity and increased pressure.

Based on results from preliminary trials, a full factorial optimization trial (Table. A1) was
performed based on extruder limitations. Trials were run in triplicate to narrow down optimal
temperature for the study and moisture contents to investigate based on the functionality results
(expansion, waterholding capacity, and oilholding capacity). These functionality outputs were
chosen based on known key sensory attributes of TVP for product texture (expansion), product
tenderness (WHC/OHC), and product juiciness (WHC/OHC). Parameters included protein content
(60% and 70%), moisture content (45%, 50%, and 55%), and extrusion barrel temperature (160°C,
170°C and 180°C). Results from the optimization trial that concluded the most optimal output
combinations came from 50% and 55% moisture, and averaged 170°C for both 60% and 70%

protein levels. Therefore barrel temperature remained constant at 170°C in the study.

1.6.3 Hypothesis and objectives

Development of TVP requires a balance between optimization of extrusion parameters,
desired TVP quality and functionality, as well as concidering contributions to health benefits.
Since a TVP product’s primary role is to replicate or replace animal meats protein content is a top
priority, but only if good structural quality can be met. Secondly, inclusions can be made to

improve structural quality like the addition of starch without compromising high protein content.

35



Lastly, inclusion of other components to improve health and functional quality can be added as

long as structual quality can be met.

Therefore, it was hypothesized that faba bean protein could be an alternative source of
protein for TVP based on structure-functionality similarities to pea protein. In addition, the
inclusion of starch and dietary fiber was hypothesized to improve TVP expansion and
functionalities. Meanwhile, the appropriate inclusion of starch could improve potential health
benefits of TVP by increasing resistant starch without compromising protein content or TVP
functionalities such as expansion, BD, WHC and OHC. The objectives of this thesis were two-

fold:

1) to investigate potential structure-functionality relationships of faba bean and pea proteins
at two moisture levels (50%, and 55%) with a focus on increasing protein content (60%-

80%) of TVP (Chapter 2) and;

i1) to determine the impact of starch (5%-10% inclusion) and dietary fiber sources
(insoluble 5%-10%, and soluble 5%-20% inclusion) on TVP structure, functionality, and

the digestibility of starch (Chapter 3).

Achievement of the first objective will not only provide evidence that faba bean protein
can be a viable alternative source of protein in TVP which can expand industry’s protein options.
It could also aid in the scientific understanding of physiochemical changes of faba bean and pea
proteins during the extrusion process resulting in desired functionalities. Achievement of the
second objective would provide academia with new insight into the starch and dietary fiber
inclusion on TVP structure and functionality. In addition, the second objective would provide

industry with a starting point for starch inclusion levels in TVP to improve functionalities of other
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protein sources and maximize dietary fiber inclusion levels before negative effects on functionality
occur, as well as any potential health benefits of starch and dietary fiber inclusion beyond protein

content to the consumer.
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Chapter 2: Effects of Moisture and Protein Content on Functional and Structural

Properties of Faba bean and Pea Texturized Vegetable Protein

2.1 Introduction

Consumers, specifically flexitarians, are looking to adopt alternative sources of proteins
into their diets to contribute to global sustainability efforts while still consuming healthy foods.
Studies have shown that nutritional qualities can be met with the incorporation of texturized
vegetable proteins into food products (Baune et al., 2021). TVP can be mixed with other plant-
based ingredients, binders, and sensorial components to create reconstructed products typical of
animal meats-like burger patties, meatballs, and sausage, which are familiar to and appeal to
consumers. Therefore, the growing use of TVP from plant protein sources in food products is a
stepping stone to increasing plant protein consumption in the diet. Not only could the incorporation
of TVP into a healthier diet lower the risk of cardiovascular disease, and blood pressure, it could
also contribute to a lower environmental impact and fewer green house gas emissions (Baune et
al., 2021; Lee et al., 2008; Clifton, 2011; Xu et al., 2021) compared to traditional animal meat
products. Studies on the sustainable life cycle of plant-based protein food products suggest
prioritizing improving technologies and operational procedures (Allotey et al., 2023), so that

formulating with plant-proteins is easier and more profitable for industry.

Among other techniques like electro spinning, wet spinning, freeze structuring and shear
cell technology, extrusion is the main technique employed to mimic animal meats utilizing plant
sources that is commercially available, scalable, and has low environmental impact (Dekkers et
al., 2018a). TVP is considered a product of low moisture extrusion since it is produced with less
moisture and at higher temperatures than a high moisture extrusion meat analogue (Zhang et al.,

2022a). Changes in moisture content can affect the final TVP structure since water acts as a
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plasticizer, lubricating the protein and contributes flow to the protein melt where proteins undergo
conformational changes (Schmid et al., 2022). Upon mixing with water at high temperatures under
shear force, protein chains denature and undergo conformational changes by unfolding and
exposing hydrophobic amino acid groups. Once protein chains are exposed in the viscous melt,
new protein-protein associations could occur along with potential aggregation, crosslinking,
hydrophobic interactions, or hydrogen bonds, thus forming a protein network with possible fibrous
structures (Zhang et al., 2019). LME also has a characteristic expansion caused by the release in
steam from the decrease in high temperatures and pressures at the extruder die causing bubble
formation that create open air pocket structures. LME has advantages over HME such that LME
does not require an additional cooling die that would increase the number of parameters and
processing steps, or refrigerated storage which both would increase production costs. In addition,
low moisture TVP has an advantage over high moisture extrusion in that it can be dried and stored
at room temperature, can come in a large range of sizes and textures, is currently being produced
as an ingredient for product developers, and can be adapted into a wider variety of food products
(Zhang et al., 2022a). LME can also produce TVP using high protein flours or concentrates so
there may be no need for protein isolates. Soy and wheat are the most commonly used protein
sources in TVP production currently on the market, though with the rise in allergenicity concerns
associated with soy and wheat, other pulse-based proteins like pea are becoming more popular in

TVP products and faba bean is starting to raise interest (Baune et al., 2022)

Increasing research interest in pulse proteins is occurring, with publications quadrupling in
the past decade (Rajpurohit et al., 2023), and the use of pea protein in TVP is surpassing that of
wheat and catching up to soy protein as a source of plant-based protein in food products (Baune et

al., 2022). Faba bean (~27.6% protein) has higher protein content than pea (~23.4%) and has a
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lower climate impact (2.45 vs. 3.06kg CO» equivalents of dried pulse/kg protein for faba bean and
pea respectively), giving faba bean a competitive advantage over pea (Martineau-Cote et al., 2022;
Svanes et al., 2022). Faba bean and pea are composed of mainly globulins (57-60%) and albumins
(20%-26%). The globulins consist of 11S legumin hexamers (20%-30% in pea and 40%-45% in
faba bean) containing acidic (40kDa) and basic (20kDa) units linked by a disulphide bond and 7S
vicilin-like trimers (20%-40% of 150kDa in pea and 20%-25% of 158-163kDa in faba bean)
including convicilin (Gueguen et al., 1994; Vatansever et.al., 2020). Faba bean and pea proteins
also show similar functional characteristics such as water and oil holding capacities. This has led
to the hypothesis that faba bean protein could be used in TVP just as pea protein is replacing soy
in the market (Webb et al., 2023; Shi et al., 2022). In addition, high protein concentrates from air
classified dry fractionation are less energy intensive to produce and less environmentally impactful
processing method than protein isolates from wet fractionation. Therefore, protein concentrates

may not be suitable for HME but are an excellent base formulation for LME.

There is currently more literature focusing on HME to prepare plant protein-based
analogues than on LME analogues like TVP since HME is more recent and could mimic whole
muscle fibers, though novel sources of plant protein use in TVP should still be studied more in
depth. Current publications on LME focus on soy and pea and the relation of extrusion processing
parameters to their TVP physiochemical properties. Literature on faba bean extrusion reported
their nutritional use in livestock feed or as a supplementary ingredient in HME analogues, but little
is known about use of faba bean as a major ingredient in TVP. Most literature on LME focuses on
extrusion parameter optimization but does not uncover rheology or molecular interactions during
black box extrusion processing, or the forementioned relationship to final TVP structure. Further

investigation into the effect on protein structures needs to continue exploring in LME analogues
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specifically (Twombly, 2020) as new protein sources enter existing markets. Moisture and protein
content can alter rheological properties of protein melts within an extruder to affect their expansion
and subsequently the protein structures and the physicochemical properties of TVP from pea and
faba bean protein sources. The exploration of rheological properties and protein structural changes
during low moisture extrusion relating to microstructure of extrudate are rarely discussed in depth
but could provide scientific insight into the impact of protein and moisture content on TVP
properties to improve product development, thereby expanding the use of pea and faba bean as

TVP sources to provide developers with additional protein options.

Aim of this study is to investigate how changes in protein content and moisture content
impact the rheological properties and microstructure of the melts and protein conformation during
low moisture extrusion of faba bean and pea protein in relation to the TVP physiochemical
properties. High protein concentrate fraction from air classification were used as the formulation
base and were combined with protein isolates from a wet extraction process to adjust protein
content of starting materials. Specifically, three protein levels (60%, 70%, 80%) and two total
moisture levels (50%, 55%) were systematically studied to determine their effect on
physiochemical properties of TVPs including expansion ratio, bulk density, water holding capacity
and oil holding capacity. The rheology properties of pea and faba bean proteins were investigated
under a 25°C-95°C-25°C temperature ramp, simulating initial temperature increase during
extrusion. The TVP network microstructures were observed using confocal imaging and SEM
imaging. The changes in protein secondary structure between starting material and TVP of faba
bean and pea through FTIR and SDS-PAGE analysis were conducted. The correlation of protein
structures, network microstructure, and rheological properties were discussed to provide insight

on mechanism of protein network formation in relation to TVP quality such as expansion, density,
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water holding capacity and oil holding capacity. To our best of knowledge, the effect of protein
and moisture content on two similar globular protein sources, pea and faba bean, is not sufficiently

studied together or side-by-side under the same extrusion conditions.

2.2 Materials and methods

2.2.1 Materials and chemicals
Commercial pea (55% protein concentrate) and faba bean (60% protein concentrate) were

kindly provided by Ingredion (Westchester, Illinois, United States), whereas pea (85% protein
isolate) and faba bean (90% protein isolate) were kindly provided by AGT Foods and ingredients
(Regina, Saskatchewan, Canada). Compositional analysis of macro nutrients of starting materials
and subsequent formulations were provided by suppliers (Table 2.2). SDS-PAGE 4-15% gels
(Mini-PROTEAN®TGX™), SDS-PAGE broad-range molecular weight standards, sample buffer,
and running buffer were purchased from Bio-Rad Laboratories Inc. (Hercules, California, United
States). All other chemicals were purchased from Sigma-Aldrich Co. (Oakville, Ontario, Canada).
Purified water used in this study was generated by Milli-Q Advantage A10 system (EMD Millipore

Corporation, Massachusetts, United States). Canola oil was purchased from a supermarket locally.

2.2.2 TVP extrusion and sample preparation

Protein concentrates and isolates were mixed to achieve 60%, 70% and 80% final protein
content for both pea and faba bean sources. The protein mixes were pre-hydrated to 15% moisture
by even mixing with fine misted tap water prior to extrusion. TVP were extruded using a co-
rotating twin screw extruder (Coperion ZSK 26, Coperion, Stuttgart, Germany) equipped with a
3mm die. All other extrusion parameters were optimized within the desired expansion range based
on preliminary work to accommodate both faba bean and pea proteins and held constant

throughout the experiment (Table 2.1). Water injection rate was adjusted to reach total moisture
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contents of 50% and 55% in the melt. Once extruder conditions stabilized, TVP was pelletized and
collected. Pelletized TVP were dried in a tray oven at 60°C for 30 minutes and stored in a sealed
double plastic bag at 21°C. TVP samples were then ground with a conical mill equipped with a
12x12mm screen size at 31Hz motor speed. The ground TVP was passed through a 1.18mm screen
and stored in double lined plastic bags at room temperature (21°C) until further analysis. Extrusion

was performed in duplicate on separate dates for each replicate.

Table 2.1. Extrusion parameters held constant consisting of heating block temperature, feed rate,

water pump pressure, screw speed, and pelletizer speed.

Feed Water Screw Pelletizer

Heating Element Temperature (°C) rate  Pump speed speed

Block 1 2 3 4 5 6 7 8 9 Kghr (psii (RPM) (RPM)

35 50 100 150 170 170 170 170 150 15 20 450 250

2.2.3 Expansion ratio and bulk density

Expansion ratio (ER) was determined by using a vernier caliper to measure the diameter of
three sections per extrudate on 10 extrudates per replicate. The expansion ratio is calculated by
dividing the average extrudate diameter by the diameter of the die opening of the extruder

(Equation 1). (Sahu et al., 2022).

Diameter of extrudate (mm
ER = (mm)

" Diameter of extruder die (mm)

(M

Bulk density (BD) was determined by using vernier calipers, to measure the diameter of three
sections per extrudate on 10 extrudates per replicate, length of each extrudate, and weight of each
extrudate. The bulk density was calculated by determining the ratio of mass to volume and

expressed as g/cm’ (Equation 2). (Sahu et al., 2022).

43



_ (4xm)
BD_(ndeXL) (2)

Where m is the mass in grams, d is diameter in centimeters, and L is the length in centimeters.

2.2.4 Water holding capacity

Water holding capacity was measured via AACC Approved Methods of Analysis 56-37.01
Water Holding Capacity of Pulse Flours and Protein Materials. Sample (1g) was weighed into a
glass test tube and mix with a glass stir rod for 1 minute with an undetermined amount of Milli-Q
water until saturated. The stir rod was cleaned with folded 2”°x4” filter paper covering the tube and
placed upside down in a syringe assembly consisting of a plastic syringe barrel in a 50ml plastic
centrifuge tube. The assembly was centrifuged at 300xg for 10 minutes. WHC was calculated as g

H>O/g sample, dry matter (Equation 3).

(W3-W2)+(W1x Mc)

WHC (g HZO/g sample, dI'y matter) = (1—MOW1 (3)

Where W1 is the sample weight in grams before water addition, W2 is the weight of syringe
assembly (syringe, filter cloth, test tube, sample) before centrifugation, W3 is the weight of the
syringe assembly after centrifugation, and Mc is the initial moisture content of the sample as a

percentage.

2.2.5 Oil holding capacity

Oil holding capacity was determined according to the method by Wang et al. (2020) with
modifications. Sample (1g) was mixed with 10g canola oil in pre-weighed 15ml centrifuge tubes.
Tubes were inverted to shake for 10 seconds, and every 5 minutes for a total of 30 minutes. Tubes
were centrifuged for 15 minutes at 2000xg, excess oil was decanted, and tubes placed upside down

on paper towel for 30 minutes to drain. OHC was calculated as g oil/g sample.
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2.2.6 SDS-Polyacrylamide gel electrophoresis

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis was performed under reducing
and non-reducing conditions. Faba bean and pea TVP samples (3mg protein equivalent) at 60%,
70% and 80% protein content (16.7mg, 14mg, and 12.5mg respectively) were weighed out, mixed
with 2ml milli-Q water, and vortexed every 5 minutes for 30 minutes. Sample aliquots (0.1ml)
were added to 0.Iml blue sample buffer for 30 minutes prior to boiling for 5 minutes and
centrifuged at 4000rpm for 5 minutes. Samples (15uL) and standards (15uL) were loaded onto 4-
20% 10 well comb Mini-PROTEAN® TGX™ precast gels in a tris/glycine/SDS buffer and run at
80mV. Samples were run against a protein standard ranging from 10-250kD. For reducing
samples, 2% 2-mercaptoethanol (2-ME) was added to the blue sample buffer. Gels were stained
with a solution of coomassie brilliant blue-R250 (1g)/ acetic acid/ methanol/ milli-Q water
(1:4.5:4.5, v/v/v) for 30 minutes, drained, and rinsed with deionized water. Gels were de-stained
with a solution of methanol/ acetic acid/ milli-Q water (1:1:8, v/v/v) for 30 minutes, drained, and

de-stained again in fresh solution overnight.

2.2.7 Protein conformation in TVP by Fourier-transform infrared spectrum

Faba bean and pea protein structure in TVP was characterized by fourier-transform infrared
spectrophotometry (Nicolet 6700, Thermo Fisher Scientific Inc, Pittsburgh, Pennsylvania, United
States). Ground TVP and potassium bromide (KBr) were dried at 80°C for 30 hours in an oven
and transferred to a desiccator. Each sample (1mg) was ground further with 99-101mg KBr with
a mortor and pestle and pressed into a disk under 150001b pressure for 5 minutes. The transparent
disk was transferred to the FTIR spectrophotometer where the spectra read at a resolution of 4cm”
1

and a wavenumber of 1111-4000cm™ for 128 scans. Under the same conditions, the KBr

background was subtracted from the spectra. Fourier self-deconvolution was performed by Omnic
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8.1 software on the amide I band region (1700-1600cm™) with an enhancement factor of 2.5 and

at a bandwidth of 24cm™'. (Yang et al., 2021).

2.2.8 Rheological properties

Rheological behaviours of TVP starting materials were analyzed by a TA Discovery HR-
3 rheometer (TA Instruments, Delaware, USA) equipped with a 40mm diameter parallel-plate with
a gap of Imm. Pea and faba bean protein starting material (60%, 70%, and 80% protein content)
were hydrated to 50% and 55% total moisture content with milli-Q water to mimic moisture
content in the extruder. A temperature sweep was performed to record storage (G”) and loss (G’’)
modulus continuously. A temperature ramp was performed to mimic viscoelastic properties under
semi-extrusion temperatures. Samples were heated from 25°C to 90°C at a rate of 2°C/ minute for
10 minutes and cooled to 25°C at a rate of 4°C/ minute. Samples were held for 20 minutes under
1% strain and at a frequency of 1Hz. Evaporation was prevented by using a trap cover and silicone

oil.

2.2.9 TVP Morphology by confocal laser scanning microscope

Microstructures of proteins and starch in TVP were visualized by a confocal laser scanning
microscope (LSM 510 META, Zeiss, Oberkochen Germany). Whole TVP samples were hydrated
with room temperature (21°C) milli-Q water for 15 minutes in a ratio of 5:1 (H20:TVP) and
allowed to drain free of excess water on paper towel for 10 minutes. Drained TVP were frozen for
15 minutes and sliced thinner than 1mm with a razor blade. Sample proteins were stained red with
Acid Fuchasin (0.1% w/v) for 2 hours and washed with milli-Q water twice. Samples starch were

stained blue with Calcoflour white (0.01%w/v) for 2 minutes and washed twice with milli-Q water.
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2.2.10 Scanning Electron Microscopy

Scanning electron micrographs of TVP were generated by using a Sigma SEM EDX (SEM
EDX, Zeiss Sigma, Jena Germany) with an EHT voltage of 10kv. Micrographs were taken at
magnifications of 50X, 500X, and 2.5kX. Samples were hydrated with room temperature (21°C)
milli-Q water for 10 minutes, drained for 1 minute, and flash frozen with liquid nitrogen. Samples
were then cut longitudinally with a scalpel to show the internal air pocket structures formed
running parallel with the extruder barrel. Samples were then air dried and mounted onto platforms

and sputter coated with a thin layer of gold for 120 seconds for conduction.

2.2.11 Statistical analysis

All quantitative analysis were performed at least in triplicate on two independent extrusion
repetitions. Origin version 2022b (OriginLab Corporation, Northampton, MA, USA) software was
used for statistical analysis and results presented as the mean + standard deviation. Statistical
analysis was conducted by one-way analysis of variance (ANOVA) at a confidence interval of
95% utilizing Tukey’s test at p>0.05. Two-way ANOVA was conducted to determine the
interactions and impact of moisture and protein content treatments on TVP functional

characteristics.

2.3 Results and discussion

2.3.1 Functional property characterizations of TVP

Expansion ratio and bulk density are characteristics measured to quantify the degree of puffing
which is a main physical characteristic in TVP structure quality, whereas water and oil holding
capacity are the main physical attributes for use of TVP in meat analogues (Altan et al., 2023;

Vatansever et al., 2020). Water and oil holding capacity of TVP are important functionalities if

47



Table 2.2. Proximate composition (%dry basis) of faba bean (F) and pea (P) protein

concentrates/isolates and treatment starting materials.

Treatment Protein (%) Starch (%)  Fiber (%) Fat (%) Ash (%)
Faba bean concentrate 60.0 11.5 13.6 3.8 11.1
Faba bean isolate 89.0 2.0 2.0 6.5 0.5
Pea concentrate 55.0 18.2 15.9 4.2 6.7
Pea isolate 85.0 2.0 4.0 8.5 0.5
Protein inclusion

F60 60.0 11.5 13.6 3.8 11.1
F70 69.7 8.3 9.7 4.7 7.6
F80 79.5 5.1 5.8 5.6 4.0
P60 60.0 15.5 13.9 4.9 5.7
P70 70.0 10.1 10.0 6.4 3.6
P80 80.0 4.7 6.0 7.8 1.5

being used in meat analogues to mimic the mouthfeel and texture of animal meat products, which
impact not only tenderness and juiciness but also cook loss (Baune et al., 2022; Webb et al., 2023).
Expansion of TVP creates a porous structure providing a sponge-like quality and enables the
uptake of water or oil needed to improve meat analogue texture. Oil is an important characteristic
in meat analogues to improve texture and mouthfeel but to also enhance or amplify meat-like
flavours. Both oil and water holding capacity of TVP impact meat analogue texture and product
properties like moisture retention, shrinkage and cook loss which should be minimized by
enhancing the oil and water holding properties of TVP to a certain extent (Baune et al., 2022).
Under high pressure, shear and temperature within the extruder, the proteins, starch, and other
components mix together with water and form a protein melt in the extruder. This protein melt
conveys down the extruder barrel as conformational changes in protein occur by unfolding to open
up the protein chains, allowing for new bond formations to occur further down the extruder barrel
and during cooling after extrusion (Kristiawan et al., 2020; Beck et al., 2017a). Air pockets are

formed from other components like fiber, aggregated proteins, residual starch granules, or from
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the initial presence or air in the protein melt (Kristiawan et al., 2020). As the melt exits the die at
ambient temperature and atmospheric pressure, water flashed off into steam, which in turn causes
the melt to expand followed by solidifying void structure (fixation of structure) as the extrudate
cools. This process under set conditions creates expanded TVP containing air pockets filled with

water vapor, which may have been previously retained in the melt (Fig 2.1).
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Figure 2.1. Whole (left), cross section (top right), and longitudinal (bottom right) cuts
respectively of faba bean (F) and pea (P) TVP at 60%, 70%, and 80% protein levels and moisture

content of 50% and 55%.

2.3.2 Effect of moisture and protein inclusion rates on faba bean and pea TVP functional
properties

Preliminary work from moisture level examination (45%-60%) indicated that appropriate
TVP expansion of both faba bean and pea were at 50% and 55% final moisture of melt within the
extruder. Lower moisture levels led to dry crumbly unexpanded whereas higher moisture levels
led to wet gel-like under expanded products. Moisture content had an effect on faba bean TVP
expansion ratio which was higher at 50% moisture (1.64-1.79 ER) than 55% moisture (1.58-1.7

ER) (Fig. 2.2). Similar results were reported separately in pea and mungbean protein isolate TVPs
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such that when moisture content decreased there was an increase in expansion and lowering of
bulk density attributed by an increase in specific mechanical energy (Beck et al., 2017a; Brishti et
al., 2021b). Often a lower moisture content can contribute to the expansion of extruded products
(Twombly, 2020). An increase in expansion (larger or more pores) based on bubble formation
within the protein melt can be explained by two theories that both result in an larger pressure drop
at the die: (i) lower moisture causes an increase in viscosity; and (ii) lower moisture causes an
increase in specific mechanical energy (Beck et al., 2017a; Twombly, 2020). Low moisture content
will allow formation of a protein-based melt with higher viscosity, thus creating more shear force
(Beck et al., 2017a) and higher SME. An increase in SME then leads to enhanced protein
texturization through restructuring of protein bonds (Lee et al., 2022). Decreased melt viscosity
can also result in a stronger melt flow at the extruder die, promoting expansion of TVP (Lyu et al.,
2023; Lee et al., 2022). The directional change in faba bean TVP expansion correlates to the
change in bulk density where more expansion creates a less dense extrudate with more or larger
air pocket pores (Fig. 2.1). For example, as moisture content decreases from 55% to 50% there is
a corresponding increase in expansion (Fig. 2.2) and a decrease in bulk density (Fig. 2.3). When
fixing moisture at 50% and 55%, an increase in faba bean protein content led to slightly better

TVP expansion but a stronger increase in bulk density.

For pea TVP the expansion was not significantly impacted by moisture content, but 80%
protein had better expansion (1.95-2.14 ER) than pea at 60% (1.78-1.82 ER) and 70% (1.82-1.87
ER) protein content. An increase in moisture causes an increase in bulk density with a
corresponding decrease in expansion ratio attributed to decreased bubble formation and stability
from a less viscous protein melt causing lack of dough elasticity and starch gelatinization (Sahu et

al., 2022; Xie et al., 2006). Most research on protein content and expansion or bulk density focus
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on protein content of expanded snack products (10%-50% protein) rather than high protein content
(50%-80% protein) of expanded TVP products (Phillip et al., 2017; Hong et al., 2022). Protein
will compete with starch and absorb more water than starch at a higher starch-protein starting
material ratio, therefore limiting the amount of water available for starch during extrusion (Buhler
et al., 2022b). Thus, in a high starch LME product, the addition of protein will cause decreased
extrudate expansion. Because TVP is a high protein LME product, the conventional understanding
of higher protein content causing less expansion and higher bulk density (Phillip et al., 2017) can
not be extrapolated to TVP products. Bulk density can be impacted more by intrinsic properties of

components other than protein in the raw material such as starch or fiber, and by extrusion
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Figure 2.2. Expansion ratio of faba bean and pea TVP where uppercase letters show significance

(p>0.05) within protein sources pea and faba bean, and lowercase letters show significance

(p>0.05) between all samples.
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parameters like temperature, moisture, shear force, and die profile (Hong et al., 2022; Kristiawan
et al., 2020). Research on the impact of protein content on TVP products is limited and should be

further explored.

Faba bean TVP bulk density ranged from 0.43-0.60g/cm?, and pea TVP from 0.26-
0.45g/cm? (Fig 2.3). The pea TVPs showed a lower bulk density than those based on faba bean
when prepared each moisture and protein level. Bulk density has been attributed to changes in
TVP cell wall structure and pore size distribution (Beck et al., 2017a). Generally lower bulk density
values of pea extrudates suggest that either larger air pockets (increased pore size) or more air
pockets (increased frequency of pore distribution) are formed from the pea protein structure
leading to a decrease in bulk density but not a corresponding increase in expansion ratio. This
indicates that the pea TVP overall may be lighter and airier (higher expansion, lower density)
compared to the faba bean extrudates. Although faba bean and pea have similar 7S and 11S
globular structures, differences in emulsion and foaming capabilities, protein solubility (Kimura
et al., 2008) and their tendency to aggregate (Yang et al., 2018) may contribute to their differences
in expansion and bulk density among pea and faba bean extrudates. For example, pea foams
formed under pressure and heat from extrusion can lead to greater expansion and foam stability
contributed by flexible proteins with higher surface interactions at the air-water interface (Hall et
al., 2021). Higher solubility of pea protein (Kimura et al., 2008) could allow it to better diffuse
and unfold to adsorb at the air-water interface, forming viscoelastic films around air bubble
surfaces during extrusion, which could partially explain an increase in expansion and lower TVP
density, thus promoting extrudate air pockets. Whereas faba bean protein has lower solubility and
higher tendency to aggregate (Yang et al., 2018). Therefore, increasing protein molecular size

could interfere with their ability to move (slower) and unfold (bound as aggregates) to adsorb on
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air-water interface for bubble stabilization, resulting in a less expanded, denser extrudate

(Tsoukala et al., 2006).
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Figure 2.3. Bulk density of faba bean and pea TVP where uppercase letters show significance

(p>0.05) within protein sources pea and faba bean, and lowercase letters show significance

(p>0.05) between all samples.

Extrudate microstructure and the presence of exposed hydrophilic and hydrophobic amino
acid groups can have an impact on a protein’s ability to hold water or oil after extrusion (Webb et
al., 2023). Therefore, water and oil holding capacity of faba bean and pea TVP along with their
starting materials were evaluated. The water holding capacity of the starting materials increased
as protein content increased, though this degree of increase was not the same for faba bean or pea
TVP. Compared to the corresponding starting materials (1.14-2.96g/g), extrusion increased WHC
of faba bean TVP at 60% protein (2.57-2.65g/g) and 70% protein (2.30-2.80g/g) at 50% and 55%

moisture respectively, which is most likely due to the uptake of free water filling the pores
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characteristic of TVP and binding to exposed hydrophilic protein groups (Fig. 2.4) (Beck et al.,
2017b; Webb et al., 2020). Conversely, an increase in protein content to 80% decreased WHC of
faba bean TVP (1.39-1.51g/g) for both 50% and 55% moisture levels respectively. WHC of pea
TVP was higher than the starting material (1.57g/g) at 60% protein (2.85-3.13g/g) but much like
faba bean at 80% protein, the WHC was lower than the corresponding starting materials (2.21-
3.12¢g/g) at 70% protein (1.41-1.42¢g/g) and 80% protein (1.39-1.29g/g) at both 50% and 55%
moisture levels respectively. The reduced water holding for TVPs made from 80% faba bean
protein and from 70%-80% pea protein may be due to excess protein denaturation and aggregation
from exposure to heat and shear force and therefore fewer exposed hydrophilic amino acid side
chains to bind water. In addition, at a higher protein content there are more available hydrophobic
amino acid residues exposed from unfolding denatured protein chains, causing a decrease in WHC.
Chan et al. (2023) found similar results with pea protein TVP at 70%, 76% and 82% protein content
where there was an increase of WHC at below 82% protein. Whereas WHC of the TVP was not
improved through extrusion when increasing the protein content to 82% (Chan et al., 2023). The
authors hypothesized it was mainly from decreased starch content at 82% protein content, and the
increase of hydrophobic amino acid exposure that caused the decrease in WHC at high protein
levels. Under conditions involving moisture and heat, starch present in the protein melt can swell
and bind water through the process of gelatinization, therefore less starch present could prevent
additional water holding capabilities (Webb et al., 2020). Moisture at 50% or 55% had no effect

on WHC for either faba bean or pea TVP.
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Figure 2.4. Water holding capacity of faba bean and pea TVP where uppercase letters show
significance (p>0.05) within protein sources pea and faba bean, and lowercase letters show

significance (p>0.05) between all samples.

Faba bean and pea TVP had similar values of oil holding capacity (2.25-2.44g/g and 2.19-
2.57g/g for faba bean and pea TVP respectively) (Fig. 2.5). Therefore, all faba bean and pea TVP
were comparable and can offer additional oil holding capabilities as an ingredient in meat analogue
food products. Extrusion improved oil holding capacities in all TVP compared to the starting
materials (Webb et al., 2023; Chan et al., 2023). This increase in oil holding could be attributed to
denaturation of the proteins while under extrusion heat and shear conditions, causing unfolding
and opening up of protein structures, thus exposing more hydrophobic groups (Osen et al., 2014).
The increase in OHC in the TVP can also be attributed to the formation of pore structures during
the expansion of TVP at the extruder die. Although increase in moisture could be related to an

increase in OHC (trend in pea TVP 50% to 55% moisture content at all protein levels), it is more
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likely that an increase in OHC is attributed to TVP protein melt expansion and porosity through

oil uptake via capillary action (Saldanha et al., 2023).
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Figure 2.5. Oil holding capacity of faba bean and pea TVP where uppercase letters show
significance (p>0.05) within protein sources pea and faba bean, and lowercase letters show

significance (p>0.05) between all samples.

Although expansion and density rely heavily on extrusion parameters, expansion of faba
bean (1.56-1.75 ER) and pea (1.78-2.14 ER) tended to be slightly lower than other soy TVP ER
(1.25-3) and similar in density (0.06-0.7g/cm®) (Lyu et al., 2023), but denser than wheat TVP
(0.16-0.29g/cm*) (Maningat et al., 1999). Faba bean and pea proteins are similar to soy proteins
and are all quite different from wheat protein which consists of albumins and globulins, though
majority of wheat proteins (70%-80%) consist of gliadins and glutenins (Gueguen et al., 1994;
Vatansever et.al., 2020). Although WHC of both faba bean and pea starting materials increased as
protein content increased, the WHC of TVP only increased compared to their corresponding
starting materials in faba bean up to 70% protein and in pea at 60% protein. Moisture did not have

much influence on WHC of extrudates. WHC of starting materials were comparable to other pea
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and faba bean isolates (1.8g/g) and higher than soy (1.3g/g), but lower than wheat (3g/g) (Webb
etal., 2023). The WHC of extrudates vary drastically among literature due to extrudate size, porous
structure, and WHC method. Pea, soy and wheat TVP WHC at 60% protein content range between
1.5-4g/g (Esbroeck et al., 2023; Lyu et al., 2023) with wheat having the larger WHC between 2.5-
4g/g (Maningat et al., 1999). The WHC of TVP at 60% protein content and 70% faba bean content
were comparable to those reported in literature. Though the 80% TVP and pea at 70% were lower
in WHC but higher in protein content than reported (Esbroeck et al., 2023; Lyu et al., 2023;

Maningat et al., 1999).

All extrudates improved OHC compared to their corresponding starting material and were
all within similar range of 2.19-2.57g/g. Faba bean and pea starting materials were generally higher
in OHC compared to other isolates (faba bean 1.6g/g, pea 1.2g/g, soy 1.1g/g), but lower than wheat
gluten (3.5g/g) (Webb et al., 2023). Comparison of exact TVP functionalities may be difficult due
to variation in equipment, extrusion parameters, and non-standardized methods. TVP OHC of faba
bean (2.22-2.44g/g) and pea (2.19-2.57g/g) were higher compared to other TVP sourced from pea
(0.93g/g), soy (0.74g/g), and wheat (0.79g/g) (Hong et al., 2022). However, from this study it can
be concluded that faba bean protein can compete with pea TVP based on WHC and OHC
functionalities even though they lack the degree of expansion or bulk density of soy protein or
wheat gluten based TVPs, though a dense structure may actually be desired in certain products that
faba bean and pea TVP could provide. For example, when Hong et al., (2022) measured textural
properties of soy, wheat and pea TVP based patties, the pea TVP patties were not significantly
different from the wheat TVP patties for hardness, resilience, springiness, shear force or
compressed juice, and was actually more resilient and springier than soy TVP patties. Expansion

ratio generally increased with protein content, at lower moisture, was higher in pea than faba bean
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TVP, and was congruent with lower bulk density from either larger or more frequent air pockets

in the TVP.

2.3.3 Gel electrophoresis characterization of TVP

The SDS-PAGE gels run under reducing conditions for both starting materials, faba bean
and pea TVP at 60%, 70% and 80% proteins content at 50% and 55% moisture contents are shown
in Fig. 2.6 and Fig. 2.7. Moisture content did not have a visual effect on faba bean or pea SDS-
PAGE gels. Bands characteristic of faba bean protein subunits under non-reducing conditions in
the starting material (SM) were visible as legumin minor subunits (MS) (~75-80kDa), convicilin
(CV) (~70kDa), legumin A (L-A) (~60 kDa), legumin B (L-B) (~60kDa), vicilin (V) (~50kDa),
a-legumin (L-a) (~40kDa), B-legumin (L-B) (~20kDa), and small protein aggregates below 20kDa
(Fig. 2.6A). All major bands present in faba bean starting material became faint in TVP, indicating
extrusion caused protein denaturation and aggregation. The bands at 20kDa (B-legumin), 40kDa
(a-legumin), 50kDa (vicilin) and 60kDa (legumin A and B) appeared in TVP under reducing
conditions (Fig. 2.6B) once the disulfide bonds were cleaved by sodium dodecyl sulfate and 2-
mercaptoethanol. This result indicates that disulfide bonds played an important role to contribute
faba bean protein aggregation after unfolding by extrusion. Faba beans have a higher content of
sulfur containing amino acids (0.19%-0.34% dry basis) than pea (0.23%-0.15% dry basis) of
methionine and cysteine respectively, which may be contributing to increased aggregation of faba

bean proteins (Martineau-Coté et al., 2022).
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Figure 2.6. Non-reducing (A) and reducing (B) SDS-PAGE gels of faba bean starting materials
and TVP at 60%, 70%, and 80%, protein levels and 50% and 55% moisture content. Minor
subunits (MS), convicilin (CV), legumin (L), Legumin A (L-A), Legumin B (L-B), vicilin (V),

a-legumin (L-a), and B-legumin (L-).
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Bands characteristic of pea protein subunits under non-reducing conditions (Fig. 2.7A)
were visible as convicilin (CV) (~70kDa), legumin (~60kDa), vicilin (V) (~44kDa), a-legumin (L-
a) (~40kDa), vicilin fragments (~30-35kDa), B-legumin (L-B) (~20kDa), and small protein
aggregates below 20kDa. Pea protein also underwent unfolding and aggregation by extrusion as
the major bands became faint in TVP. On the other hand, the bands are stronger in pea protein
TVPs that those of faba bean protein, supporting more protein aggregation in faba bean protein
TVPs when compared to pea protein. The bands at 60kDa are almost invisible in TVP under non-
reducing conditions indicating legumin was more susceptible to break down into a and B subunits
and/or aggregation by extrusion. Under reducing conditions (Fig. 2.7B) disulphide bonds in TVPs
were interrupted, accompanied by increased band density of the acidic and basic subunits of

legumin (Tzitzikas et al., 2006) as expected.
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Figure. 2.7. Non-reducing (A) and reducing (B) SDS-PAGE gels of pea starting materials and
TVP at 60%, 70%, and 80%, protein levels and 50% and 55% moisture content. Convicilin (CV),
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2.3.4 FTIR secondary structures of TVP

Fourier-transform infrared spectra of TVP are displayed in Figure 2.8. The protein mix
contained 7 dominant bands at 1628cm™ (B-sheets), 1643cm™ (random coil), 1660cm™ (a-helix),
1670cm™ (B-turn), 1680-1693cm™ (B-sheets/turns) and 1608cm™! (amino acid residues). The band
at 1618cm™ corresponds to protein aggregates of intermolecular B-sheets formed by hydrogen

bonds (Zhang et al., 2022c; Yang et al., 2021). FTIR spectra of the protein mix showed
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Figure 2.8. FTIR spectra of pea (1) and faba bean (2) raw protein and extruded TVP at 60% (A),

70% (B) and 80% (C) protein contents.
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denaturation of proteins from extrusion processing at all protein levels and moisture contents for
both pea and faba bean TVP as the intensity of the bands associated with major secondary
structures were decreased significantly (Fig. 2.8) as expected. Interestingly, the starting material
B-sheet structure at 1618cm™ had a small amount of aggregation already prior to extrusion,
indicating small level of protein aggregates had formed during the protein fractionation or
extraction process (Yang et al., 2021). Changes in moisture content (50% and 55%) or protein
content (60%, 70%, and 80%) of TVP did not affect protein secondary structure in either faba bean
or pea TVP. The bands at 1618cm™! increased obviously in TVP at 80% protein content of faba
bean, further supporting more aggregation in faba bean protein during extrusion. An increase in
protein aggregates has been suggested to be beneficial to expansion and stabilization of TVP
extrudates because of increased intermolecular protein interactions in the network (Beck et al.,

2017b).

2.3.5 Rheological properties of faba bean and pea melts

A temperature sweep over time was used under heating conditions to understand the
rheological property changes during extrusion by analyzing the storage modulus dynamics of faba
bean and pea proteins (60%, 70%, and 80%) at both 50% and 55% moisture levels (Fig. 2.10). The
storage modulus (G’) was always higher than the loss modulus (G”) indicating the protein based
melts were in a solid-state with gel-like rheological properties when heated to 95°C and cooled
back to 25°C (Wittek et al., 2021a), therefore this discussion will focus on the storage modulus.
Protein concentrates and isolates with varying starch and protein contents display different typical
curves (Fig 2.9) under heating based on both starch and protein behaviour (Rodriguez et al., 2023).

During heating, thickening is caused by starches starting to swell and gelatinize and proteins start
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to unfold and reform hydrophobic interactions and disulfide bonds. Whereas during cooling,
thickening is caused by starches gelatinizing and proteins forming cross-links between other

proteins (Kornet et al., 2020).

Heating Holding

Cooling

e PP

Temperature (°C)

G’ (Pa)

Time
Figure 2.9. Typical temperature sweep curve of pea protein isolate (PPI=green) and concentrate
(PPC=blue) under heating conditions from 20°C-95°C-20°C. Thickening of protein melt takes
place at (1) and (2) and is caused by both starch and proteins. (1) is the point at which starches
start to swell and gelatinize, proteins start to unfold and reform hydrophobic interactions and
disulfide bonds between proteins. (2) is the point where starches start to gelatinize and proteins

form cross-links between other proteins. Adapted from Rodriguez et al., 2023.

As expected, with an increase in protein content there was a subsequent increase in G’ of
protein curves, since the starting material water absorption also increased with an increase in
protein content and thus contributed to a less viscous flow (Dekkers et al., 2018b). The higher

protein isolate inclusion of formulations (60%<70%<80% protein isolate inclusion) may also have
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contributed to an increase in overall curve viscosity since an increase in both particle size and

protein aggregation is characteristic of alkali extracted isoelectric precipitation method used to

obtain high protein content of isolates and has been shown to increase the viscosity of protein

solutions (Kornet et al., 2020; Rodriguez et al., 2023). As the mixture heated there was an increase

in G’ until 95°C was reached, which may be caused by: (i) starches swell as they overcome their

glass transition temperature to form a rubbery state (Damodaran, 2008b) (ii) proteins unfold and
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Figure 2.10. Storage modulus (G’) development while heating and cooling of 60%, 70%, and

80% faba bean (A, B) and pea (C, D) proteins at moisture levels of 55% (A, C) and 50% (B, D).

Dashed line indicates temperature change over time.
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start to form new disulfide bonds and hydrophobic interactions, both resulting in an increase in
viscosity (Rodriguez et al., 2023). Once 95°C was met and held, the storage modulus held mostly
constant as proteins and starches equilibrated (Rodriguez et al., 2023). As the mixture cooled there
was a rapid increase in G’ until 25°C was reached. The increase in G’ as the melt starts to cool
could be due to starches gelatinizing and starting to recrystallize into a firm matrix (Damodaran,
2008b), and from the unfolded proteins forming new protein-protein interactions like hydrogen
bonds (Zhang et al., 2022c) and protein network crosslinks (Rodriguez et al., 2023), ultimately
strengthening the melt. However, at faba bean and pea 80% protein, G’ decreased slightly as the
temperature reached 95°C, causing the protein melt to thin until cooling started. Initial denatured
state of proteins in the starting material (from protein extraction process) may be the cause of
thinning since denatured proteins have already formed protein-protein interactions prior to
rheological testing, which was previously stated as a reason for thickening upon heating (Beliciu
et al., 2011; Rodriguez et al., 2023). The 80% protein G’ demonstrated a pseudoplastic thinning
behaviour upon heating, and then follow the same pattern as the 60% and 70% protein content
when cooled. It can be hypothesized that this pseudoplastic behaviour may in part be due to over
dispersion of proteins and starch phases, resulting in a weakening of bond formations or unfolding
and breaking of protein bonds when heated (Wittek et al., 2021b). More likely, the lack of starch
(F80 5.1%, P80 4.7% starch content) indicates the available starch present was not sufficient to
provide enough substantial thickening upon gelatinization to counterbalance any effect of thinning
from protein bond structure breaking down until cooling started. Although these proteins were able
to realign upon cooling and increase in bonding structure as shown by a similar increase in G’

when cooled and gelatinization of starches could increase the viscosity. At 70% pea protein (Fig.
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2.10 C, D), the storage modulus continued to increase until 95°C was reached then rapidly

increased at the melt cooled and did not start to decrease until melt was held at 25°C.

Melts with higher protein content (80%) tend to decrease in viscosity upon heating due to
the proteins of raw materials unfolding and the interruption of original bonds causing dissociation
of proteins unto protein subunits (Wittek et al., 2021b). In addition, the available starch present
was low, thus not sufficient to provide enough substantial thickening upon gelatinization to
counterbalance any effect of thinning from protein. During cooling the viscosity increased
significantly due to reforming of protein intermolecular interactions to form crosslinked networks.
Whereas starch behavior dominated in samples with lower protein content (60%) with an increase
in viscosity upon heating caused by starches starting to swell and gelatinize. During cooling, such
samples experienced a decrease in viscosity (shear-thinning) initially owing to the breakdown of
swollen starch granules and lack of protein encircling the starch granules, which would help to
withstand starch breakdown (Kesarwani et al., 2016). The breakdown of starches was followed by
viscosity increase upon further cooling due to both starch gelatinization forming new networks, as
well as protein crosslinking and new hydrogen bond formations. Interestingly, the faba bean curve
of the 80% melt displayed more shear thinning at 50% moisture than at 55% moisture. This may
be due to the increased apparent protein content decreasing the number of available starches to
swell within the melt, as well as less water available for starch swelling (Xie et al., 2008). In
addition, melts with higher protein content showed higher initial viscosity because globular
proteins exhibit higher molecular weights than starches (Kornet et al., 2020). Moreover, higher
storage modulus resulted from a lower moisture content since an increase in moisture caused a

lower viscosity and possibly increases the distance between protein-protein interactions.
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Expansion may be more related to overall curve viscosity and not correlated to either the
peak or final viscosity since the differences in peak and final viscosities (setback) remain similar
among each 60%, 70%, and 80% protein level samples at different moisture levels (Kesarwani et
al., 2016). Curve viscosity of storage modulus was generally higher at 50% moisture levels than
55% for both faba bean and pea at 60% and 70% protein levels. This increase in viscoelasticity at
50% moisture may partially explain why there was a slight increase in ER values, since more
elastic protein melts allow for stretching and therefore more expansion. At 80% protein content,
the viscosity of storage modulus was higher in pea than with faba bean, indicating pea proteins
may form strong interactions in the protein networks at a higher protein concentration than faba
bean proteins. This assumption can be supported by the fact that 80% pea had higher expansion
values and lower bulk density (holding more and/or larger air pockets). In addition, increased
aggregation of faba bean proteins presented from FTIR and SDS-PAGE data may

conformationally hinder the formation of new crosslinks or protein-protein interactions.

2.3.6 Confocal imaging of protein-starch phase structures

Protein (red) and starch (blue) distribution within faba bean and pea TVP were analyzed
by confocal imaging as shown in figure 2.11 and figure 2.12 displaying a starch-in-protein network
with both a starch phase and protein phase. The suggested degree of phase separation to be
discussed will be defined as; the degree to which starches and proteins are associated with
themselves while holding the physical structure of the TVP together. The protein content had an
obvious impact on the starch-in-protein matrix for all faba bean and pea TVP samples. The pea
TVP displays three very distinct structures based on protein levels. Dispersion of starch (Fig.
2.11A, D) at the 60% protein level in pea TVP were homogenously spread within the pockets of

the protein matrix, starch and oblong shaped pores elongated in the same orientated direction. This
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elongation of the protein matrix is orientated with the length of the extruder barrel within the
melting zone after expansion at the extruder die. Starches were distributed evenly and seemed to
allow for protein structure to form oblong pores around the regularly occurring starch bodies,
rather than starches migrating to available spaces between irregular shaped pores in the protein
matrix. Tolstoguzov (1993) suggests that this elongation of pores is caused by the starch dispersed
phase solidifying before or at the same time as the protein continuous phase is elongated and
solidified when exiting the extruder die at the time of expansion. Grabowska et al. (2016) found
similar structures when increasing soy protein levels using shear cell technology where starches
were homogenously dispersed within the protein matrix at 35% protein and displayed aligned
anisotropic structure at a higher 45% protein level. They suggested that an increase in shear force
resulting from increased protein concentration was necessary for phase alignment and texturization
(Grabowska et al., 2016). This was also demonstrated in this study as reflected by increased visual
elongated structure (Fig. 2.11B, E) when protein concentration was increased to 70% with
corresponding higher G’ values found. Pea protein TVP (Fig. 2.11) tended to have more and larger
air pockets than the faba bean TVP (Fig. 2.12), which matches work performed by Duque-Estrada
et al. (2023) who used confocal imaging to compare microstructure of TVP made with different
ratios of pea, faba bean, and fiber sources (quinoa and hemp). All TVP’s contained rigid fibers in
a protein matrix in which the pea dominant TVP displayed a greater number of air cells
contributing to a low density, sponge like protein matrix. The authors did not speculate why pea
TVP formed these open structures, but it could be due to the 7S to 11S globular protein ratio of
pea and the ability of each protein to spread at the air-water interface of formed air pockets and
hold the structure after expansion when TVP is cooled. 7S proteins in soy have been known to

spread more efficiently to air-water interfaces than 11S globulins which aggregate in the bulk
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phase and do not move efficiently to the air-water interface (Carrera Sanchez et al., 2004). Since
pea has a lower 118 to 7S ratio than faba bean (Gueguen et al., 1994; Vatansever et.al., 2020), this
may partially explain why the pea TVP generally had more and larger air pockets seen in both
confocal (Fig. 2.11) and photographic imaging (Fig. 2.1) as well as in observed expansion ratio
and bulk density. In addition, the formation of more aggregation in faba bean protein during

extrusion makes the protein molecule larger and less flexible, thus may move slower to the air-

water interface, and less efficient to adsorb at the interface, leading to formation of less air pockets

C
100um

in the protein melt (Tsoukala et al., 2006).

F

Figure 2.11. Confocal micrographs of pea protein TVP extruded at protein levels 60% (A, D),

70% (B, E), and 80% (C, F) and moisture levels of 50% (A, B, C) and 55% (D, E, F).
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A further degree of phase separation may have occurred in the 70% pea protein TVP (Fig.
2.11B, E) between the starch and the protein matrix which is displayed as elongated protein
structures consisting of gelatinized starch particles gathering in the larger pores of the protein
matrix. The 80% pea protein TVP (Fig. 2.11C, F) had a distinctively dense protein matrix with
less homogenous distribution of starch located sporadically deep in the protein matrix. Larger air
pockets (shown as black in the confocal imaging) tended to break up the dense protein matrix,
causing TVP to crumble. Starch distribution within the protein matrix of the faba bean TVP was
similar to the pea TVP at 60% (Fig. 2.12A, D) and 70% (Fig. 2.12B, E) protein levels. Generally,
the faba bean TVP had smaller air pockets and the protein matrix was more dense due to high level
of protein aggregation, and had noticeable differences in the 80% faba bean protein TVP (Fig.
2.12C, F) compared to the pea TVP. This dense structure was confirmed by lower expansion ratio
and higher bulk density values in faba bean TVP compared to pea. This result suggests that a
certain amount of starch (higher than 5%) is required for even distribution and expansion and

structuring of faba bean protein based TVP.

Gelatinized starch granules in both faba bean and pea TVP were more evenly distributed
at 55% moisture. The increase of moisture in the protein melt could allow for more flow (less
viscous) and movement of starch in the extruder, which was indeed more evident at the 60%
protein levels (Fig. 2.11A, D and Fig. 2.12A, D). The even distribution of starch within the protein
matrix at 55% moisture reflected lower final G’, lower expansion ratios, and higher bulk density.
This possibly suggests that starch placement and size may interfere with protein-protein
interactions during the formation of air-pockets, resulting in less air pockets and a denser structure.
Gelatinized Starch granule size was consistent between 50% and 55% moisture content within

each protein levels.
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Figure 2.12. Confocal micrographs of faba bean protein TVP extruded at protein levels 60% (A,

D), 70% (B, E), and 80% (C, F) and moisture levels of 50% (A, B, C) and 55% (D, E, F).

Confocal imaging suggests that 70% protein in both faba bean and pea has a higher degree
of phase separation between protein and starch which can be a favourable structure to form
continuous protein matrix with starch distribution in the pockets and the air pockets (shown as
black) formation indicates the protein matrix in TVP structure was strong to hold together tightly
during air expansion. In addition, the elongated protein matrix allowed some fibrous structure

formation in TVP to better simulate meat fibers.
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2.3.7 Scanning electron microscope images of TVP surface structures

.The TVP matrix microstructure was observed using scanning electron microscope. Overall
similarities between faba bean and pea SEM micrographs (Fig. 2.13 and 2.14) were observed. Any
starch granules were only visible at the higher magnification (Fig 2.13D, E, Fig. 2.14C, E) and
tended to be located mainly around the surface of the air pockets as small, round, protruding lumps.
The lack of visible starch granules and rheology of starting material following typical heating

curves reaching gelatinization temperatures during extrusion (Fig. 2.9) indicates the starch was

200um 200um

20um

Figure 2.13. SEM micrographs of faba bean protein TVP extruded at protein levels 60% (A, D),

70% (B, E), 80% (C, F) and moisture levels of 50% (A, B, C) and 55% (D, E, F).
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gelatinized in the TVP and created a smooth surface (Ferawati et al., 2021; Nilsson et al., 2022;
Rodriguez et al., 2023). Although extrusion temperature and internal conditions are different than
conditions performed under rheological testing in this study, an increase in G’ between 55°C-60°C
observed is close to the initial point of starch gelatinization (Ferawati et al., 2021; Nilsson et al.,
2022), suggesting that gelatinization could indeed be occurring. In addition, rheological results
showed thickening of melt when cooled, which is typical of rheological starch pasting curves of
gelatinized starches (Fig 2.10). A rough crater-like surface would form as the consequence of air
bubble rupture and collapse during extrusion, whereas a homogeneous surface indicates there is
good compatibility between protein and starch without obvious macroscopic phase separation in
the TVP which demonstrates good expansion (Beck et al., 2018). Micronucleation (greater
frequency of small pockets) at 55% moisture, as well as uniform starch distribution based on
confocal imaging at higher moisture (55%), resulted in more nucleation points visible through
SEM imaging. Although there were more nucleation points visible, ER at 55% moisture displayed
a decrease in expansion in both faba bean and pea. This decreased expansion may be influenced
by the differences in pressure between the bubble walls and the protein melt in which the thinner
protein melt at 55% moisture weakened protein or starch interactions, causing the bubbles to
coalesce and collapse, preventing large bubble formation (Twombly, 2020). A greater degree of
starch-protein phase separation is needed for starch to diffuse within the protein melt and gather
in greater volumes in the protein matrix, which subsequently cause greater expansion based on
bubble growth or nucleation points that have coalesced and become larger (Twombly, 2020). This
result further suggests that starch distribution in the protein matrix can impact the degree of
micronucleation and bubble growth in the protein melts, and subsequently their expansion to form

strong desirable TVP structures.

74



200um S 200um

20pm

200pm

Figure 2.14. SEM micrographs of pea protein TVP extruded at protein levels 60% (A, D), 70%

(B, E), 80% (C, F) and moisture levels of 50% (A, B, C) and 55% (D, E, F).

Faba bean TVP at 80% protein (Fig. 2.13C, F) had a layered structure which was observed
in both SEM image and photographic imaging (Fig. 2.1), both of which were cut longitudinal to
display formation and elongation of air pockets. The ability for faba bean proteins to form layered
structure would be desired in high moisture meat analogues but the ability for proteins to form
around air pockets and hold their structure during expansion is desired in TVP. This lack of

continuous structural integrity could also be an indication of air pocket collapse at the point of
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expansion when protein melt is exiting the extruder die since large air pockets at the 80% protein
level were much further apart, creating dense structures loosely held together. As faba bean protein
content increased, air pockets increased in number and decreased in size, which is confirmed by

increased bulk density at the 80% protein level.

Pea TVP (Fig. 2.14) tended to have larger air pocket overall compared to faba bean TVP,
which coincides with the increased expansion ratio and lower bulk density of pea TVP. In addition,
larger air pockets of pea TVP and specifically at 70% protein in pea TVP was more evident in
traditional photographic imaging when TVP was cut longitudinally to show the extend of air
pocket size and frequency (Fig. 2.1). As discussed above, pea protein may have better expansion
due to lower legumin/vicilin ratio than faba bean and less protein aggregation during extrusion,
which could allow formation of viscoelastic protein film at the air-water interface of the bubble
nucleation sites to promote expansion. Legumin is larger than vicilin causing slower movement to
the air pocket air-water interface, and the rigid protein conformation from disulfide bonds can
interfere with unfolding and thus prevent the protein flexibility needed to form around air pockets
(Shi et al., 2002). Higher formation of rigid protein aggregates in faba bean TVP could also have
interfered with the proteins ability to form a film at the air-water interface for the same reasons.
Small legumin subunits may be faster to move to the air-water interface and could provide the
required flexibility to form around the air pockets since the disulfide bonds between subunits are
broken, reducing protein rigidity, which would allow for protein flexibility around those air

pockets (Shi et al., 2002).

2.4 Conclusion
This study was able to expand beyond previous work that that is limited to investigating

input and output extrusion parameters of a black box technology on TVP functionalities. By
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correlating microstructures modulated by protein content and moisture to expansion and
subsequently TVP quality, industry ingredient and product developers can better understand the
inter-molecular phase structures of TVP to adopt new protein sources. In this study, microstructure
shifted at 60% protein from a homogenously dispersed and gelatinized starch-in-protein phase with
evenly dispersed oblong pockets to larger sporadic air pockets within a denser protein matrix at
80% protein, implying a degree of starch phase separation is required at 70% protein to improve
TVP expansion and quality. Lower moisture (50%) provided better expansion as influenced from
increased rheological G’ and smooth SEM imaging to improve TVP quality. Faba bean TVP had
greater protein aggregation lessening expansion, though microstructure and functionality was
similar to that of pea and can become a viable high protein source to expand the TVP market
options and value. With a wide range in protein content from 60%-80% and a lower range in
moisture from 50% to 55%, results suggest protein content had more impact than moisture content
on WHC, rheological properties and microstructure phase separation from confocal imaging.
Moisture between 50%-55% during TVP production contributed mostly to differences in
expansion and BD. Whereas protein source was more important to protein flexibility, aggregation

and air pockets shown in SEM imaging.

In addition, this study has also shown that high protein concentrates from air classification
(dry fractionation) can be used as a more sustainable base formulation supplemented with protein
isolates to improve high protein TVP content and microstructure quality. Protein concentrates are
less expensive to produce and could contain more native proteins and fewer aggregated proteins
that have not been subjected to harsh extraction conditions like protein isolates produced from wet
fractionation processing. Therefore, the use of concentrates can lower costs while maintaining high

protein TVP with favorable functionality and structure.
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Chapter 3: Effects of Starch and Dietary Fiber Content on Functional and Structural

Properties of Faba Bean and Pea Texturized Vegetable Protein

3.1 Introduction

Extrusion is highly suitable for development of value-added products and can provide a
method to incorporate by-product streams from other processes with potentially improved
functional properties to increase nutritional value and structural properties of extruded products
like TVP. Development of TVP stems primarily from the 1960’s to early1980°s with the use of
soy and wheat as the protein source, though there has been a lag of continued research, renewed
interest in meat analogue development has been brought on by a segment of the population that
has been termed flexitarians who eat meat but follow a plant forward diet (Von Kaufmann et al.,
2023; Baune et al., 2022; Grasso et al., 2023). However, a new generation of TVP is emerging by
the investigation of other macronutrient effects on TVP protein matrix structure in relation to
functionality such as starch and dietary fiber. Specifically, low moisture TVP has high potential
for inclusion in hybrid meat products and can provide both improved functionality, texture, and
potentially improve nutritional components like increasing dietary fiber intake and catering to

starch digestion needs (Grasso et al., 2023).

Legume starches provide excellent stability against shear force and heat form extrusion
while providing high gel strength and resisting disintegration during the cooking process (Tas et
al., 2021), making them ideal for use in extruded products. Pea starch has been found to exhibit
good expansion and physiochemical characteristics in extruded products (Rangira et al., 2020) and
can be utilized as a by-product from pea protein extraction, assisting in less waste products,
creating a more circular economy, and adding value to a waste stream. Under extrusion conditions

of high heat, shear, and pressure, starch undergoes physiochemical changes by modifications of
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the crystalline and amorphous regions, and phase changes from a glassy state to rubbery
viscoelastic state during the extrusion process (EK et al., 2020b). High temperature and shear melt
the crystalline region by uncoiling starch double helices, breaking hydrogen bonds between
amylopectin and amylose, therefore increasing mobility of starch granules within the melt (EK et
al., 2020b). Starches can generally be divided into four different classifications based on ease of
digestibility, resulting in fluctuating effects on short-term health and long-term health (individuals
with diabetes). They are readily digestible starch, slowly digestible starch, total digestible starch
and resistant starch which are deemed as indigestible (Bello-Perez et al., 2020). Pea starch is high
in amylose which is more likely to form starch-lipid complexes, a type of resistant starch that has
been known to form through extrusion, providing beneficial regulation of blood glucose levels
(Gulati et al., 2020; McCready et al., 1950). In addition, legume starches including yellow pea has
been shown to have high levels of retrogradation in extrudates which can increase resistance of
digestive enzymes, promoting a lower release of sugars into the blood stream and lowering
glycemic response (Tas et al., 2021). Specifically, high amylose starch like in pea can form
resistant starch and resist enzymatic attack based not on crystallinity of resistant starch but rather
the dense molecular packing (Ye et al., 2018). Changes in starch formation can be measured by
various methods. FTIR can be used to determine the short range ordered structure of starches
whereas x-ray diffraction can be used to determine the long-range ordered structure of starches
and packing of double helices along with the type of crystallinity, both based on starch double

helices (Pozo et al., 2018).

Fibers tend to undergo less or no phase transitions at all under high heat, shear, and pressure
conditions during extrusion, although soluble fibers could change phases owing to their increased

solubility and higher affinity with water (EK et al., 2020b). The addition of B-glucan has been
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shown to retain functional properties and improve nutritional quality of faba TVP by increasing
soluble dietary fiber content of TVP (Sayanjali et al., 2017; Saldanha et al., 2023). A Government
of Canada’s source of fiber health claim could be applicable in the final meat analogue product if
it contained was a minimum of 2g B-glucan or pea hull fiber per 75g serving size (Food and Drug
Regulations, 2024). Fiber inclusion in extruded snack products has been shown to provide
beneficial health responses by extending postprandial glucose release, possibly affecting satiety
responses (Brennan et al., 2012). Contradicting reports on insoluble fiber either increasing or
decreasing expansion based on particle size mostly involve starch based extrudates and not protein
based TVP (Wang et al., 2017; Robin et al., 2012). Small insoluble particle sizes have been shown
to increase expansion by increasing the number of nucleation sites so that air pockets can form
while at the same time acting as a filler distributed uniformly in cell walls without causing cell
rupture (Wang et al., 2017). Studies have also shown a decrease in expansion from insoluble fibers
rupturing cell structure, specifically at higher inclusion rates which over saturate the melt and from
larger particle sizes physically causing cell rupture preventing bubble growth, and decreasing cell
size (Wang et al., 2017; Robin et al., 2012). To determine effects of insoluble fiber on low moisture
TVP we could apply combined concepts both from starch expanded products previously
mentioned and from high moisture extrusion. Insoluble fiber in HME had been shown to prevent
protein aggregation up to 15% inclusion in soy based TVP but at 20% inclusion the insoluble fiber
disrupted the continuous protein network and prevented cross-linking between proteins (Deng et
al., 2023). There is limited knowledge on how insoluble and soluble fibers interact with the
structural matrix of low moisture extruded products, especially in TVP (Xiao et al., 2023),

therefore further investigation in this area is warranted for improved extrudate nutrition.
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The aim of this study is to investigate how the addition of starch to faba and pea TVP can
impact the protein matrix structure and product quality of the extrudates. The protein conformation
and rheology were studied while determining the effect of extrusion on changes in starch type.
Starch inclusion TVP were produced from faba bean and pea protein concentrates and isolates
which were supplemented with 5%, 7.5%, 10% and 20% pea starch. The most promising pea TVP
was then supplemented with 5% and 10%, insoluble pea fiber with 100um or 150um particle size,
or with soluble B-glucan fiber at 5%, 10% and 20%. The TVP supplemented with insoluble and
soluble dietary fiber in pea extrudates were also investigated to determine the effects on extrudate
product characteristics and protein matrix structure in addition to inclusion of starch. Functional
properties including expansion ratio, bulk density, water holding capacity and oil holding capacity
were analyzed along with rheological properties under a 25°C-95°C-25°C temperature ramp to
simulate the initial temperature increase during extrusion. Changes to protein confirmation in TVP
was analyzed with FTIR and changes to dietary starch were investigated through starch digestion,
FTIR and x-ray diffraction, whereas protein matrix microstructure was observed by confocal and
SEM imaging techniques. The supplementation of starch and dietary fiber in TVP were discussed
to provide insight on structural and functional impact to TVP by connecting the influence of starch
and dietary fiber on protein matrix structure. To the best of our knowledge, the study of the effects
of starch on protein based TVP with pea or faba and dietary fiber on low moisture extrusion is
scarce, especially on the impact to protein matrix microstructure in relation to the extrudate product

functional characteristics.
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3.2 Materials and methods

3.2.1 Materials and chemicals

Commercial pea (55% protein) and faba bean (60% protein) starting material were kindly
provided by Ingredion (Westchester, Illinois, United States), whereas pea (85% protein) and faba
bean (90%) isolates were kindly provided by AGT Foods and Ingredients (Regina, Saskatchewan,
Canada). Oat protein and B-glucan (containing of 34% soluble fiber) was purchased from
Lantmannen (Stockholm, Sweden). Pea hull fiber 125 and 200 were purchased from Avena Foods
Ltd (Regina Saskatchewan, Canada) composed of 79.6% insoluble fiber. Compositional analysis
of macro nutrients of starting materials and subsequent formulations were provided by suppliers.
SDS-PAGE 4-15% gels (Mini-PROTEAN®TGX™), SDS-PAGE broad-range molecular weight
standards, sample buffer, and running buffer were purchased from Bio-Rad Laboratories Inc.
(Hercules, California, United States). Digestible and resistant starch assay kit (K-DSTRS) was
obtained from Megazyme (Bray Wicklow, Ireland). All other chemicals were purchased from
Sigma-Aldrich Co. (Oakville, Ontario, Canada). Purified water used in this study was generated
by Milli-Q Advantage A10 system (EMD Millipore Corporation, Massachusetts, United States).

Canola oil was purchased from a supermarket locally.

3.2.2 TVP extrusion and sample preparation

Protein concentrates and isolates were mixed to achieve 70% starting protein content for
both faba bean (F) and pea (P) sources, then starch was added in the formulation with 5%-20%
inclusion levels. Fiber inclusion was based on the favourable results of the starch inclusion
treatments. Specifically, the formulations contained 70% protein, then 10% starch and then 5%-
10% insoluble fiber or 5%-20% soluble fiber. Macronutrient composition is displayed in Table

3.1. Insoluble pea hull fiber specification passed though US mesh sizes of 100 and 150 resulting
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in particle sizes of 150.11um (150pum) and 97.63um (100um), respectively, based on polynomial
trend line equation (y=19880x!%") from the American National Standard for Industrial wire cloth
(ASTEM E11-01) conversion table and will be referred to as 150pum and 100um in this chapter.
The starting materials were pre-hydrated to 15% moisture content by even mixing with fine misted
tap water prior to extrusion. TVP were manufactured with a co-rotating twin screw extruder
(Coperion ZSK 26, Coperion, Stuttgart, Germany) equipped with a 3mm die. All other extrusion
parameters were optimized within the desired expansion range based on preliminary work in order
to accommodate both faba bean and pea proteins and held constant throughout the experiment.
Treatments with added starch were extruded at 170°C and a screw speed of 450rpm whereas
treatments with added dietary fiber were extruded at 150°C and a screw speed of 550rpm based
on initial optimization. Water injection rate was adjusted to reach total moisture contents of 50%
in the melt. Once extruder conditions stabilized, TVP was pelletized and collected. Pelletized TVP
were dried in a tray oven at 60°C for 30 minutes and sealed in a double plastic lined bags stored at
room temperature (21°C). TVP samples were then ground with a conical mill equipped with a
12x12mm screen size at 31Hz motor speed. The ground TVP was passed through a 1.18mm screen
and stored in double lined plastic bags at room temperature (21°C) for further analysis. Extrusion

was performed in duplicate on separate dates for each replicate.

3.2.3 Expansion ratio and bulk density

Expansion ratio was determined by using vernier calipers, to measure the diameter of three
sections per extrudate on 10 extrudates per replicate. The expansion ratio is calculated by dividing
the average extrudate diameter by the diameter of the die opening of the extruder (Equation 1).

(Sahu et al., 2022).
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Diameter of extrudate (mm
ER = (mm)

= 1
Diameter of extruder die (mm) ( )

Bulk density was determined by using vernier calipers, to measure the diameter of three sections
per extrudate on 10 extrudates per replicate, length of each extrudate, and weight of each extrudate.
The bulk density was calculated by determining the ratio of mass to volume and expressed as g/cm?

(Equation 2). (Sahu et al., 2022).

_ (4xm)
BD_(nxdzxL) (2)

Where m is the mass in grams, d is diameter in centimeters, and L is the length in centimeters.

3.2.4 Water holding capacity

Water holding capacity was measured via AACC Approved Methods of Analysis 56-37.01
Water Holding Capacity of Pulse Flours and Protein Materials. Sample (1g) was weighed into a
glass test tube and mix with a glass stir rod for 1 minute with an undetermined amount of Milli-Q
water until saturated. The stir rod was cleaned with folded 2”°x4” filter cloth covering the tube and
placed upside down in a syringe assembly consisting of a plastic syringe barrel in a 50ml plastic
centrifuge tube. The assembly was centrifuged at 300xg for 10 minutes. WHC was calculated as g

H>0O/g sample, dry matter (Equation 3).

WHC (g H20/g sample, dry matter) = (W3—(\1V_213/[+C§\‘//vv11x Mc) )

Where W1 is the sample weight in grams before water addition, W2 is the weight of syringe
assembly (syringe, filter cloth, test tube, sample) before centrifugation, W3 is the weight of the
syringe assembly after centrifugation, and Mc is the initial moisture content of the sample as a

percentage.
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3.2.5 Oil holding capacity

Oil holding capacity was determined according to the method by Wang et al., (2020) with
modifications. Sample (1g) was mixed with 10g canola oil in pre-weighed 15ml centrifuge tubes.
Tubes were Inverted to shake for 10 seconds, and every 5 minutes for a total of 30 minutes. Tubes
were centrifuged for 15 minutes at 1000xg, excess oil was decanted, and tubes placed upside down

on paper towel for 30 minutes to drain. OHC was calculated as g oil/ g sample.

3.2.6 Protein conformation in TVP by Fourier-transform infrared spectrum

Pea and faba bean protein structure in TVP was characterized by fourier transform infrared
spectrophotometry (Nicolet 6700, Thermo Fisher Scientific Inc, Pittsburgh, Pennsylvania, United
States). Ground TVP and potassium bromide (KBr) were dried at 80°C for 30 hours in an oven
and transferred to a desiccator. Each sample (1mg) was ground further with 99-101mg KBr with
a mortor and pestle and pressed into a disk under 150001b pressure for 5 minutes. The transparent
disk was transferred to the FTIR spectrophotometer where the spectra read at a resolution of 4cm”
! and a wavenumber of 1111-4000cm™ for 128 scans. Under the same conditions, the KBr
background was subtracted from the spectra. Fourier self-deconvolution was performed by Omnic
8.1 software on the amide I band region (1700-1600cm™) with an enhancement factor of 2.5 and

at a bandwidth of 24cm™ (Yang et al., 2021) and the starch region (1070-960cm™) with an

enhancement factor of 3.4 and at a bandwidth of 46.5cm’".

3.2.7 Rheological properties

Rheological behaviours of TVP starting materials were analyzed by a TA Discovery HR-
3 rheometer (TA Instruments, Delaware, USA) equipped with a 40mm diameter parallel-plate with
a gap of Imm. Pea and faba bean protein starting material with starch and fiber inclusions were

hydrated to 50% total moisture content with milli-Q water to mimic moisture content in the
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extruder. A temperature sweep was performed to record storage and loss modulus continuously.
A temperature ramp was performed to mimic viscoelastic properties under semi-extrusion
temperatures. Samples were heated from 25°C to 90°C at a rate of 2°C/minute for 10 minutes and
cooled to 25°C at a rate of 4°C/minute. Samples were held for 20 minutes under 1% strain and at

a frequency of 1Hz. Evaporation was prevented by using a trap cover and silicone oil.

3.2.8 TVP Morphology by confocal laser scanning microscope

Microstructures of proteins and starch in TVP were visualized by a confocal laser scanning
microscope (LSM 510 META, Zeiss, Oberkochen Germany). Whole TVP samples were hydrated
with room temperature (21°C) milli-Q water for 15 minutes in a ratio of 5:1 (H20:TVP) and
allowed to drain free of excess water on paper towel for 10 minutes. Drained TVP were frozen for
15 minutes and sliced thinner than 1mm with a razer blade. Sample proteins were stained red with
Acid Fuchasin (0.1% w/v) for 2 hours and washed with milli-Q water twice. Samples starch were

stained blue with Calcoflour white (0.01%w/v) for 2 minutes and washed twice with milli-Q water.

3.2.9 Scanning Electron Microscopy (SEM)

Scanning electron micrographs of TVP were generated by using a Sigma SEM EDX (SEM
EDX, Zeiss Sigma, Jena Germany) with an EHT voltage of 10kv. Micrographs were taken at
magnifications of 50X, 500X, and 1KX. Samples were hydrated with room temperature (21°C)
milli-Q water for 10 minutes, drained for 1 minute, and flash frozen with liquid nitrogen. Samples
were then cut longitudinally with a scalpel to show the internal air pocket structures formed
running parallel with the extruder barrel. Samples were then airdried and mounted onto platforms

and sputter coated with a thin layer of gold for 120 seconds for conduction.
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3.2.10 X-ray diffraction

X-ray diffraction of starting materials and TVP was measured by a Bruker D8 Advance
(D8 Advance, Bruker, Massachusetts, US) diffractometer with Co Ka radiation at 35kV and
40mA. Continuous scan mode was used with 20 diffraction angle and scanning regions of 3-80°

range at steps of 0.0100° and a scan speed of 1.00s/step.

3.2.11 Dietary fiber and resistant starch

Readily digestible starch, slowly digestible starch, total digestible starch and resistant
starch were measured according to procedures from Megazyme Digestible and resistant starch
assay protocol with slight modifications (Fig. 3.1). Briefly, TVP were ground by mortar and pestle
and passed through a 100um screen prior to analysis. Samples (0.5g) were wetted with 95% EtOH
(1ml) for 10 minutes, vortexed with sodium maleate buffer (17.5ml) and incubated at 37°C for 5
minutes. An additional 1.5ml sodium maleate buffer was added with 1ml (NH4)2SO4 pancreatic
a-amylase/amyloglucosidase (PAA/AMG) enzyme suspension and incubated in a shaking water
bath until determining digestible starch, stirring occasionally. At 20 minutes (RDS), 2 hours (SDS)
and 4 hours (TDS) 1ml of digested sample was mixed with 20ml acetic acid to stop the reaction.
2ml was centrifuged at 13,000rpm for 5 minutes of which 0.1ml was vortexed with 0.1ml of dilute
AMG to hydrolyze remaining polymers to glucose and incubated at 50°C for 30 minutes. The
standard (0.2ml acetic acid buffer), blank (0.1ml acetic acid buffer, 0.1ml D-glucose), and sample
were each vortexed with 3ml GOPOD (glucose oxidase and peroxidase) reagent and incubated at
50°C for 20 minutes. Absorbance was measured at 510nm against the blank. Resistant starch was
measured after 4 hour digestion by vortexing 4ml digested sample with 4ml 95% EtOH and
centrifuged at 4,000rpm for 10 minutes, supernatant decanted, and washed twice with 50% EtOH

following the same procedure. Samples were analyzed for RS by resuspending the pellet in 2ml
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cold NaOH and stirring over ice water for 20 minutes. The sample was then vortexed with 7.5ml
sodium acetate buffer, 0.5ml HCI, and 0.1ml AMG and incubated at 50°C for 30 minutes. After
centrifuging at 13,000rpm for 5 minutes, 0.1ml was vortexed with 0.1ml sodium acetate buffer and
3ml GOPOD reagent then incubated at 50°C for 20 minutes before measuring absorbance at

510nm against the blank.
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Figure 3.1 Adapted Megazyme digestible starch and resistant starch determinization method.
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3.2.12 Statistical analysis

All quantitative analysis were performed at least in triplicate on two independent extrusion
repetitions. Starch digestion was performed in duplicate. Origin version 2022b (OriginLab
Corporation, Northampton, MA, USA) software was used for statistical analysis and results
presented as the mean + standard deviation. Statistical analysis was conducted by one-way analysis

of variance (ANOVA) at a confidence interval of 95% utilizing Tukey’s test at p>0.05.

3.3 Results and discussion

3.3.1 Effect of starch inclusion rates on faba bean and pea TVP functional properties

Inclusion of starch can increase desirable expansion of TVP and improve texture of
extrudates (Ek et al., 2020b). TVP had dense internal structures at low starch levels more evident
in the faba bean TVP. As starch inclusion levels increased, TVP expanded and internal structures
changed in bubble nucleation amount and bubble size (Fig. 3.2). Starch caused an increase in
expansion of faba bean TVP up to the 7.5% inclusion rate (1.92 ER) and then with further increase
of starch content up to 10% (1.93 ER) and 20% (1.89 ER), the ER remained almost unchanged
(Fig. 3.3A). For pea protein, 10% and 20% starch inclusion significantly increased the TVP
expansion rate from 5% starch inclusion (1.82 ER) and 7.5% starch inclusion (1.78 ER) to an ER
of 1.99 and 2.02 respectively. The addition of starch can cause increased expansion of extrudates
from several mechanisms based on; starch swelling, flow behavior, nucleation, gelatinization, and
stabilization of expanded network. With the addition of water and onset of swelling, the water acts
as a plasticizer, allowing more space between starch granules and creating a more even distribution
within the melt and access to water to aid in swelling (Kristiawan et al., 2020). When the starch is
mixed with water, the high swelling of starches promotes uniform heating and internal mixing

within the extruder (Wang et al., 2014). The hydration and swelling of starch then affects viscous
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flow behavior by decreasing viscosity upon heating due to the swelling of starch granules, allowing
for nucleation and bubble growth (Parmar et al., 2021; Hong et al., 2022). As starches swell,

gelatinization starts to occur which results in a stable expanded structure (Wang et al., 2014).

Table 3.1 Macronutrient composition (dry basis) of faba bean (F) and pea (P) protein
concentrates/isolates, pea starch, pea hull fiber (150um and 100um), B-glucan (BG), and starting

material inclusion rates.

Treatment Protein (%)  Starch (%) Fibre (%) Fat(%) Ash (%)
Faba bean concentrate 60.0 11.5 13.6 3.8 11.1
Faba bean isolate 89.0 2.0 2.0 6.5 0.5
Pea concentrate 55.0 18.2 159 4.2 6.7
Pea isolate 85.0 2.0 4.0 8.5 0.5
Pea starch 7.9 82.4 6.0 0.7 2.5
Pea hull fiber 150um 5.0 2.9 89.0 0.3 2.8
Pea hull fiber 100um 5.0 2.9 89.0 0.3 2.8
B-glucan 3.5 48.0 40.0 6.5 2.0
Pea starch inclusion

F0% 69.7 8.3 9.7 4.7 7.6
F5% 66.6 12.0 9.6 4.5 7.3
F7.5% 65.0 13.9 9.5 4.4 7.2
F10% 63.5 15.7 94 43 7.1
F20% 57.3 23.1 9.0 39 6.6
P0% 70.0 10.1 10.0 6.4 3.6
P5% 66.9 13.7 9.8 6.1 3.5
P7.5% 65.3 15.5 9.7 59 3.5
P10% 63.8 17.3 9.6 5.8 3.5
P20% 57.6 24.6 9.2 5.2 34
Dietary fiber inclusion

150 5% 60.9 16.6 13.5 5.5 3.5
150 10% 57.9 15.9 17.5 5.2 34
100 5% 60.9 16.6 13.5 5.5 3.5
100 10% 57.9 15.9 17.5 5.2 34
BG 5% 60.8 18.9 11.1 5.8 34
BG 10% 57.8 20.4 12.6 59 33
BG 20% 51.7 23.5 15.6 5.9 3.2
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Figure 3.2 Whole (left), cross section (top right), and longitudinal (bottom right) cuts respectively

of faba bean and pea TVP with 5%, 7.5%, 10%, and 20% starch inclusion levels.
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In the work of Parmer et al. (2021), protein was added to starch based extrudates, which
then competed with the water distribution in the melt, therefore reducing the expansion and the
extrudate porosity. In this work, starch was added to the protein based extrudate. Therefore, the
opposite effect was observed and additional starch increased expansion. Though it may be possible
that a maximum starch level can be reached in relation to protein content to achieve expansion,
but in excess no longer contributes to expansion. Crowding of excess starch and increased shear
from decreased viscosity from swelling of starch may cause starch degradation into shorter chains
which can no longer participate in expansion (Wang et al., 2014). Decrease in viscosity can
increase residence time (time the melt spends in the extruder) and thus increase time starches are
exposed to high temperatures of the extruder barrel (Yacu, 2020). The lack of continual expansion
above faba bean 7.5% starch inclusion and pea 10% starch inclusion may be due to starch
crowding, decreased viscosity, and from starch molecules reaching temperatures high above
gelatinization, causing molecular degradation (towards dextrinization) and thus poor expansion
since only gelatinized starches participate in contributing to the stable expanded structure (Wang
et al., 2014; Allen et al., 1007). Beyond gelatinization, starches may further degrade into small
molecular dextrins which have not been shown to increase expansion ratio, therefore medium sized
amylose-protein complexes may be forming and stabilizing the elastic recoil of the extrudate at
the die and holding the TVP structure (Allen et al., 2007). Pulse proteins contribute to the network
by providing strength through covalent bonds and complex non-bonding formations (Parmar et al.,
2021; Hong et al., 2022). Briefly, unlike proteins alone, the addition of starch to TVP promotes
expansion through the swelling and gelatinization of starches that assist in melt flow, nucleation,
and in holding the protein matrix structure. All samples in this study fell within the expansion

range of TVP made from soy protein isolate, wheat gluten, and 20% starch of about 1.43-2.40 ER
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between temperatures of 180°C-190°C and screw speeds of 350-450rpm (Lyu et al., 2023), more
specifically the faba bean TVP at 7.5%-20% starch inclusion and pea TVP at 10%-20% starch

inclusion fell right in the middle of this estimated range.

As previously shown in chapter 2, extrudates with more expansion also had lower bulk
density, producing a more light and airy extrudate (Fig. 3.3B). All starch included faba bean TVP
had similar bulk density (0.32-0.39g/cm?), which were less dense than the TVP with no starch
inclusion (0.54g/cm?). In starch expanded extrudates where starch is the dominant phase, fiber and
proteins act as the dispersed phase and fill the gaps that a starch films can form around until a limit
is reached when the starch film is not elastic enough to hold bubble expansion or the cell walls
upon exiting the die, causing decrease in expansion and increase in BD (Kristiawan et al., 2020;
Guy, 2001). To our best knowledge, very little literature investigates the system where protein is
the dominant phase and starch becomes the dispersed phase which can effect product
characteristics, therefore extrapolated assumptions be made within reason. For example, if protein
decreases expansion in a protein-in-starch matrix which had high expansion, then similar concepts
could be applied where starch can increase expansion in a starch-in-protein matrix where there is
less expansion, though further research is required in this area to verify if extrapolation of concepts
is applicable to different starch or protein dominant matrices. The inclusion of starch had more
impact on faba bean TVP than pea TVP and created a less dense extrudate with more or larger air
pockets. This may be because faba bean protein has a higher tendency to aggregate (Yang et al.,
2018) than pea protein so the addition of starch was able to interrupt faba bean protein aggregation
to a certain extent, and add enough elasticity to support air bubble formation while the proteins
were able to unfold and interact with the starch to hold the cell walls in place (Zhang et al., 2019;

Verbeek et al., 2010). It was noticed that the pea TVP with starch included (0.32-0.45g/cm?®) had
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similar bulk density as the extrudate with no starch inclusion (0.38g/cm?), though the pea TVP
with 10%-20% starch inclusion (0.34g/cm® and 0.32g/cm®) were significantly less dense than the
5% starch inclusion (0.45g/cm?) extrudate. It could be that the addition of pea starch to pea TVP
did not increase the number of nucleation points or bubble size until 10% starch, at which the
number of nucleation points or bubble size increased which not only increased expansion but also
decreased BD since more bubbles or larger bubbles would make the TVP lighter and less dense.
Varying extrusion parameters can produce a density of 0.12-0.35g/cm? from extruded pea starch
alone (Rangira et al., 2020) due to the much better expansion capacity of starch than protein.
Extruded starch inclusion TVP BD was again within range of other TVP (approximately 0.15-
0.45g/cm’) made from soy protein isolate, wheat gluten, at a 20% starch inclusion (Lyu et al.,

2023). The inclusion of pea starch overall improved expansion ratio and bulk density of extrudates.
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Figure 3.3 Expansion ratio (A) and bulk density (B) of faba bean and pea TVP at 0%, 5%, 7.5%,
10%, and 20% starch inclusion levels. Uppercase letters indicate significant differences within

protein sources and lowercase letters indicate significant differences among all TVP samples.
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Differences in WHC of TVP (Fig. 3.4A) could be attributed to pore structure and size, or
exposed binding sites from the presence of starches, fibers, protein type which all influence the
water absorption of TVP (Esbroeck et al., 2024). As in previous chapters, one of the major reasons
for extrusion to improve WHC (2.43-3.65g/g) is due to water uptake via capillary forces of the
TVP porous structure (Esbroeck et al., 2024). An increase in starch caused a subsequent increase
in WHC of extrudates, more so in the faba bean TVP. WHC of faba bean TVP ranged from 2.73-
3.65g/g. It was noticed in faba bean TVP that WHC was lowest at the highest starch inclusion of
20% (2.73g/g), which may be because too much starch in the TVP formulation could interfere with
the protein unfolding and formation of network, and thus decreasing the TVP water holding
capacity (Zhang et al., 2019; Verbeek et al., 2010). Though this would need additional
investigation and analysis. Contrary to faba bean TVP, only when 20% starch was included in pea
TVP was there a significant increase in WHC (3.31g/g) compared to the other pea samples (2.43-
2.77g/g). SEM images in section 3.3.5 show an increase in number of pores at 20% starch inclusion
for pea TVP which could mean there is more surface area available in the protein network to hold
more water. WHC from extruded pea starch alone under different extrusion parameters can range
from 10.98-12.10g/g indicating that starch based extrudates should be able to hold more water than
protein based extrudates (Rangira et al., 2020) which was anticipated. The starch included TVP in
this work falls within the higher range and above of previous reports on WHC (approximately

1.25-3.2g/g) of TVP from soy protein isolate which also included 20% starch (Lyu et al., 2023).
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Figure 3.4 Water holding (A) and oil holding (B) content of faba bean and pea TVP at 0%, 5%,
7.5%, 10%, and 20% starch inclusion levels. Uppercase letters indicate significant differences
within protein sources and lowercase letters indicate significant differences among all TVP

samples.

OHC of faba bean (1.59-1.84g/g) and pea (1.66-1.77g/g) starting materials were again
lower than the OHC of faba bean (2.34-2.37g/g) and pea (2.31-2.40g/g) extrudates (Fig. 3.4B).

OHC was improved through extrusion though starch levels or protein source had no impact on
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oil holding capacity. Oil may be held within the air pockets through capillary action or within
hydrophobic regions formed by the unfolding of proteins during extrusion processing to expose
more hydrophobic groups which were hidden in the starting material (Xiao et al., 2023). OHC of
typical pea TVP range from 0.75-0.90g/g (Chan et al., 2023). The addition of starch to faba bean
and pea TVP did not have a negative impact on OHC. Even though the addition of starch may
have decreased the overall protein content slightly and thus lowered the possible exposed
hydrophobic groups available for oil binding, the expansion of the extrudates kept the OHC

constant so there was no decrease in OHC of extrudates.

The inclusion of a small amount of pea starch at 7.5% for faba bean TVP and 10% for pea
TVP can significantly improve expansion ratio and bulk density of extrudates which is favorable
as the extrudates still contained 63.8%-65% protein, keeping the nutritional protein value of TVP
extrudates. The increase in expansion may be linked to the starch-in-protein matrix to be discussed
alongside confocal microstructure results in more detail (section 3.3.4). Starch inclusion improved
WHC for faba bean TVP at 10% inclusion whereas pea TVP required a higher starch inclusion
level of 20% to improve WHC. The inclusion of starch in TVP kept OHC constant for both faba

bean and pea TVP.

3.3.2 FTIR protein secondary structure of faba bean and pea starch inclusion extrudates

Eight dominant absorption peaks were present in Fourier Transfer Infrared spectra of the
raw materials at 1618cm™ (protein aggregates), 1628cm™ (B-sheets), 1643cm™ (random coil),
1660cm™ (a-helix), 1670cm™ (B-turn), 1680-1693cm! (B-sheets/turns) and 1608cm™ (amino acid
residues). All absorption peaks flattened, specifically the amount of ordered a-helix at 1660cm™,
while unordered structures like random coils (1643cm™) and B-sheets/turns (1680-1693cm™)

remained (Sadat et al., 2020), both indicating the unfolding and denaturation of proteins occurred.
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The absorptions for the secondary protein structures became much weaker in faba bean and pea

TVP with starch included (Fig. 3.5), indicating protein denaturation in all extrudates.
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Figure 3.5 FTIR spectra of faba bean (a) and pea (b) TVP with corresponding starting materials

at 0%, 5%, 7.5%, 10%, and 20% starch inclusion levels in the protein region (1700-1600cm™).

3.3.3 Rheological properties of faba bean and pea starch inclusion extrudates

Rheological properties of TVP starting materials with starch included were all in a solid
state since the storage modulus was higher than the loss modulus. In general, the G’ curves for
faba bean starting material (Fig. 3.6A) and pea starting material (Fig. 3.6B) were different. Overall,
the faba bean G’ were generally lower than the pea G’, indicating pea proteins formed stronger
interactions in the extrudate networks than faba bean proteins. Starch had an impact on faba bean

G’ during the initial heating step up to about 50°C which may be due to the swelling and initial
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gelatinization temperature of the starches, but pea starch had more impact on faba bean G’ when
cooling. The addition of pea starch to faba bean starting material resulted in a slight decrease in
slope and increased stabilization of the G’ curve when the melt started to cool, most likely from
the gelatinization of starch. Pea starch has been known to have resistance to shear thinning and
high gel elasticity, from the higher amylose content found in pea starch (Rangira et al., 2020). High
gel elasticity from pea starch may have helped the faba bean proteins to form a more cohesive
network and stabilize the structure while cooling since faba bean proteins tend to aggregate more
than pea proteins which form weaker structures if unfolded linear protein chains aggregate and
tighten. In addition, a higher degree of gelatinization from the pea starch can cause further
stretching of molecules resulting in a higher ER (Rangira et al., 2020) once cooled. The elasticity
provided by the pea starch improved the faba bean network structure when cooled, promoting an
increase in ER for all included starch faba bean TVP. Pea starch also had more impact on pea G’
during the cooling stage, implying that indeed the gelatinization of starch was stabilizing the
network structure of the pea starting material as well. Contrary to the faba bean starting materials,
the pea starch had less effect on G’ during initial heating of the starting material which may be due
to the compatibility of the pea starch present in the starting material and the pea starch that was
added. Interestingly it is not until starch is included at 20% when the G’ of faba bean and pea
results in a more viscous curve more characteristic to starch rheological properties than protein
rheological properties explained in more detail in chapter 2. Both faba bean and pea at 20% starch
inclusion had an increase in final G’ compared to other starch inclusion (5%-10%), indicating a

stronger network brought on by more starch gelatinizing.
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Figure 3.6 Rheological properties of storage modulus (G’) for faba bean (A) and pea (B)
extrudates at 0%, 5%, 7.5%, 10%, and 20% starch inclusion level over a temperature ramp 25°C-

90°C-25°C.

3.3.4 Effects of starch distribution on protein matrix phase for faba bean and pea extrudates
Confocal imaging of faba bean and pea TVP depicts the interactions between protein (red)
and starch (blue) at each starch inclusion level (Fig. 3.7). At higher starch levels (10% and 20%
inclusion levels), the starch and protein are observed as two phases, in addition to some starch
distributed within the protein network (shown as purple). Below 10% starch inclusion, the amount
of gelatinized starch granules (blue) does not increase proportionally with the increase of starch in
the raw material. Beyond 10% inclusion, a homogenous phase emerges where the excess starch
blends with the protein and becomes part of the protein phase. While there is a distinction of two
separate phases in the TVP structure, the amount of protein (red) is still larger than the amount of
starch (blue), indicating that it is still a starch-in-protein matrix. This change of protein phase is
supported by expansion ratio results such that expansion increased in both faba bean and pea TVP
until 10% starch inclusion in which additional starch did not contribute to expansion. A bi-
continuous phase between protein and another component could start to develop when levels of

20%-30% inclusion of another component is included, which may decrease the desired protein
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matrix structure (Deng et al., 2023). A bi-continuous phase between the protein and starch had not
yet developed in this work since there are two defined protein and starch shapes, though at 10%
and 20% starch inclusion, a change in phases to a protein-in-starch matrix may be starting to occur
but is not fully developed. This shift in starch is seen in both faba bean and pea TVP. In addition,
expansion ratio was maximized at 7.5%-20% for faba bean and 10-20% for pea, suggesting that
expansion of TVP will increase with an increase in starch inclusion until a change in the starch
and protein phase starts to occur where starches blend within the protein matrix and no longer
promotes expansion. Buhler et al. (2022a) suggests that in a meat analogue where protein exceeds
30% and starch is greater than 2% of the formulation, a multiphase blend occurs and various
protein-starch morphologies can occur based on protein state, size, and continuity of protein
aggregates. Depending on the level of cooked starch in the extruder that causes expansion and the
level of proteins and starches, the protein matrix could either surround starches or the starch could
form a continuous matrix around protein aggregates (Buhler et al., 2022a). It is possible that the
starch content is not quite high enough to induce a bi-continuous network or phase flip from starch-
in-protein to protein-in-starch, but rather the dominant protein phase surrounds the starches which
are just starting to form a continuous phase with the protein. Additional starch would need to be
included above 20% to determine at what point a bi-continuous phase could occur before flipping

to a protein-in-starch matrix.
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Figure 3.7 Confocal imaging of faba bean and pea TVP with pea starch inclusion at 0%, 5%, 7.5%,

10%, and 20% where the protein is dyed red, and starch is dyed blue.
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Differences in material strength of the starch dispersed phase can contribute to elongation
and the directional structure of the TVP structure which is related to the shear rate of the protein
melt within the extruder. As shear rate increases, the elongation of the dispersed starch phase
increases until shear rate is too high and the larger elongated pockets break (Twombly et al., 2020).
At 20% starch inclusion in faba bean TVP, the protein matrix becomes more globular in structure
rather than elongated and fibrous, as well as more purple in colour, meaning starch could be
migrating from the starch-in-protein phase to possibly interact with the proteins more closely (Fig.
3.7). WHC increased in faba bean TVP until 20% starch inclusion where there was a drop in WHC,
suggesting that the decrease in WHC may be caused in part to starch interacting with the proteins
rather than absorbing more water, or the globular structured protein matrix is less effective in
holding water than the elongated protein matrix. SEM images (Section 3.3.5) of faba bean TVP

also show a more open structure with fewer and larger pores which may hold less water.

3.3.5 Effects of starch on microstructure of faba bean and pea extrudates

SEM micrographs of faba bean TVP (Fig. 3.8) and pea (Fig. 3.9) were taken to observe the
structure of the TVP, the surface of air pockets, as well as the structure within the protein matrix.
There are no visible starch granules either at the surfaces of air pocket walls or the internal protein
matrix. Rheological results of the starting material G when heated provides supporting evidence
that even up to 20% starch inclusion on both faba bean and pea extrudates had gelatinized and
created a smooth air-water interface of the air pocket walls which has been shown to display better

expansion than a rough surface (Rodrigues et al., 2023; Hussain et al., 2013).

The micrograph of air pockets in the faba bean TVP (Fig. 3.8) at a lower starch inclusion

(5% and 7.5%) tended to have a smooth striated surface and the faba bean at 5% inclusion had a
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Figure 3.8 SEM micrographs of faba bean TVP at 5%, 7.5%, 10%, and 20% starch inclusion.

similar smooth long fibril texture within the internal protein matrix. These fibers may have
developed from the available proteins unfolding and aligning along the length of the barrel which
were covered with smooth gelatinized starch (Cabrera-Ramirez et al., 2021). As starch inclusion
increased, air pockets became larger and cell walls thickened (Rangira et al., 2020). In addition to
the hydrophilic nature of the starch that allowed more water absorption, thickening of cell walls in
SEM imaging may further contribute to the increase in WHC of extrudates since thick cell walls

hold large volumes of water, even though extrudates with many small pores could hold even more
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Figure 3.9 SEM micrographs of pea TVP at 5%, 7.5%, 10%, and 20% starch inclusion.

water based on lowered capillary forces required to hold the water. As the walls thicken, more
water is held although has a slower uptake than an extrudate with thin walls or smaller pores. The
WHC of faba bean TVP with 20% starch inclusion may be lower because pore size may have
increased to the point there were larger pores and fewer thick walls to hold more water (Esbroeck
et al., 2023). Therefore, fewer number of pores but larger pore size can increase the expansion and

WHC of faba bean TVP but at 20% starch inclusion WHC decreased because the pore size became
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too large to effectively hold more water. Higher frequency and larger pores were also found in pea
TVP (Fig 3.9) with an increased inclusion of starch. The pea TVP at 20% inclusion of starch had
smaller pores than faba bean TVP at 20% inclusion of starch, which may indicate why WHC of
pea increased at 20% inclusion of starch since the pores were still able to hold more water and

were not too large.

Extrusion of pea starch alone has shown to produce highly expanded extrudates with thick,
elongated pores (Rangira et al., 2020). The benefit of adding starch to protein dominant TVP is
that starch can help increase TVP expansion and structure. Pea starch extruded alone has high
water solubility and dissolves when rehydrated, which is undesired in a meat analogue product
(Rangira et al., 2020). Whereas the protein matrix is able to hold the expanded structure of TVP
when rehydrated in water for meat analogue development. Therefore, starch can be used to assist
in TVP expansion while the protein matrix can hold that structure when rehydrated, creating a
higher quality TVP.

3.3.6 Long-range crystalline order of faba bean and pea extrudates with x-ray diffraction

X-ray diffraction was used to determine the long-range ordering state of starch crystalline
structure of the pea starch starting material and within the TVP extrudates (Fig. 3.10). Typical A-
type and B-type crystallinity peaks were present, indicating the pea starch had C-type crystallinity
prior to extrusion due to the defining shoulder peak at 18°. Although it could be hypothesized that
the pea starch measured showed more prominence towards A-type pattern than B-type pattern
since stronger peaks were present correlated to A-type than B-type, for example no clear peaks at
20 of 5.6°, 22°, 24° (B-type) were defined though a well-defined shoulder peak at 18° was present

when it should be separated and equal to the peak at 17° (A-type).
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Figure 3.10 X-ray diffraction light scattering of pea starch, faba bean (A), and pea (B) TVP at 0%,

5%, 10%, and 20% inclusion levels.
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V-type starch complexes are indicated by peaks at 7.4°, 13° and a well-defined peak at 20°
20 related to V-type amylose-lipid complexes (He et al., 2024; Xu et al., 2023; Chen et al., 2015).
The strong peak at 20 of 9° and 20° is characteristic of amylose-lipid V-type pattern of acylated
starch (Chi et al., 2008; Arijaje et al., 2015). Both faba bean (Fig. 3.10A) and pea (Fig. 3.10B)
TVP showed a clear shift from C-type starch crystallinity to V-type starch crystallinity based on
the strong peak at 26 of 20°. This indicates that any lipids that were present may have complexed
with available starches under high heat, pressure, and shear from the extrusion process to shift
from C-type to V-type crystallinity. Amylose-lipid V-type complexes have been formed
previously through low moisture extrusion in corn and cereals determined by the characteristic
peak at 20° 20 while retaining some crystallinity patterns of native starch (Wang et al., 2022).
Though in this study all native C-type crystallinity from pea starch was either fully gelatinized
(showing no crystalline peaks in x-ray diffraction) or converted to amylose-lipid complex V-type
crystallinity which was not present in the native pea starch. Literature specific to formation of V-
type crystallinity of pea starch in high protein TVP is scarce, though findings from this study show
clear evidence of V-type crystallinity formation to further stimulate and encourage future

investigation on this topic which is outside the scope of this study.

3.3.7 Short-range crystalline order of faba bean and pea extrudates with FTIR

FTIR spectra of the starch region (960-1060cm™) reveal short-range ordering of starch
granules in crystalline and amorphous forms (Fig. 3.11). Peaks were present in all starting material
and extrudate samples at 1045cm™ and 995¢cm™ which are assigned to crystalline starch (Lu et al.,
2019). Absorption at 1045cm™! were assigned to bending of C-OH groups whereas absorption at
995cm™! was attributed to the stretching of C-O in C-O-C groups (Altan et al., 2023). Peaks in the

starting materials at 1014cm™ and 1030cm-'were attributed to C-O stretching (Altan et al., 2023;
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Basiak et al., 2018). Only the extruded samples contained peaks at 1022cm™ which are typically
assigned to amorphous starch since this peak intensity increases as starch is gelatinized and were

attributed to the stretching of C-O (Basiak et al., 2018; Ponzo et al., 2018).

Starches present in the starting material in the crystalline form are melting under extrusion
temperatures, after which those starches are then gelatinized (Lu et al., 2019, Vatansever et al.,
2021) during the extrusion process. The melting of crystalline starch of the starting material may
be indicated by the absence of peaks at 1030cm™ and 1014cm™ in faba bean extrudates (Fig.
3.11A) with the emergence of an amorphous peak at 1022cm™. Both the peak intensities at
1022cm™ and 995cm™! increase as the addition of pea starch increases in the extrudates but not in
the starting materials, indicating conformational changes are occurring in the starch due to the
extrusion process (Vatansever et al., 2021). An increase in intensity of the peak at 1022cm™!, should
result in a decrease in intensity of crystalline peaks at 1045cm™ and 995cm™!, which is not seen in
Figure 3.11A. A decrease in these crystalline peaks could be occurring but may not be visible in
the FTIR spectra because even though the starch was increasing, it was gradually being converted

into the amorphous peak at 1022cm™.

In pea extrudates (Fig. 3.11B), the melting of the crystalline starch is indicated by a shift
in peaks at 1030cm™ and 1014cm™ which merge into the amorphous peak at 1022cm'. The
extrusion process has previously reported to cleave glycosidic bonds of starch chains, causing a
decrease of peak intensity at 1030cm-! (Torres et al., 2019). In addition, a decrease in crystallinity
indicates untwisting of starch structure and better digestion which was found during section 3.3.7
on starch digestibility (Li et al., 2020). Interestingly, the amorphous starch peak (1022cm™) within
the pea extrudates (Fig. 3.11B) does not fully emerge until 7.5% of starch inclusion is met, (Fig.

3.11A). It is possible that the pea starches present in the starting material may be bound to proteins
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Figure 3.11 FTIR spectra of faba bean (A) and pea (B) starting materials and TVP within the

starch region (1060-960 cm™).

and are more resistant to phase changes from crystalline to amorphous states. The high protein
content of TVP could form a matrix creating a physical barrier between starches and water needed
for swelling, or protein could outcompete starch for available water, thus increasing the
gelatinization temperature and ultimately delaying starch gelatinization (Li et al., 2022). Lipids in
the starting materials (3.9%-4.7% in faba bean and 5.2%-6.4% in pea) were higher in the pea

extrudates than the faba bean and could form amylose-lipid complexes preventing these starches
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from swelling (Li et al., 2022). In addition, only the amorphous peak at 1022cm™ increases

intensity as pea starch inclusion increases.

3.3.8 Degree of order (DO) and degree of double helix (DD) of faba bean and pea extrudates
The ratio of crystalline to amorphous regions can be defined as the degree of order
(1045cm™'/1022cm™ ratio) and changes in double helical structure can be defines as the degree of
double helix (995cm™/1022cm! ratio) (Xu et al., 2023; Vatansever et al., 2021). The DO in the
faba bean and pea extrudates remained unchanged and unaffected by the increase in pea starch
(Table 3.2). With increasing pea starch in TVP all values of DD were higher than DO, indicating
the conformational changes of crystalline starch into amorphous starch (Vatansever et al., 2021).
In addition, pea extrudates displayed a decrease in DD as starch inclusion increased, indicating a
reduction in double helices, even though pea generally had higher DD than faba bean. Because
this decrease in DD was not seen in the faba bean extrudates, the conformational change can be
attributed to the pea starch originally in the starting material. Possibly, strong hydrogen bonds in
pea starch between double helices may have helped hold the double helical conformation in place
through extrusion, though the decrease in DD may be because the added starch diluted the intensity

of double helices originally present in the pea starting material.
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Table 3.2 FTIR peak intensity determination of starch degree of order (DO) and degree of double

helix (DD) of faba bean and pea starch inclusion extrudates.

Treatment DO 1045/1022cm™ DD 995/1022¢m™!
F0% 0.569 £0.014 0.979 £ 0.033bc
F5% 0.436 +£0.016 0.910 + 0.003¢c
F7.5% 0.407 = 0.008 0.942 + 0.028bc
F10% 0.581 £0.134 0.873 +0.026¢
F20% 0.570 £ 0.068 0.943 £ 0.027bc
P0% 0.760 = 0.067 1.618 £ 0.098a
P5% 0.565 £ 0.206 1.179 +£ 0.075ab
P7.5% 0.523 £0.001 1.266 + 0.009b
P10% 0.439 + 0.009 0.958 £ 0.139bc
P20% 0.640 + 0.009 0.971 £ 0.014bc

3.3.9 Digestible starch analysis of starch included faba bean and pea extrudates

Ye et al. (2018) reviewed that extrusion of high-amylose starch can form resistant starch
in which the dense amorphous molecular packing (rather than crystallinity) can either slow down
enzymatic attack or can prevent and limit binding, keeping the dense amorphous starches intact.
Digestible starch analysis of the starting materials and TVP were evaluated to determine changes
in starch digestibility with increasing starch inclusion in faba bean and pea extrudates (Table 3.3).
Digestible starch analysis of the starting materials revealed resistant starch in faba bean (3.5%-
7.7% dwb) and pea (0.48%-7.9% dwb) samples were more abundant than slowly digestible starch
in faba bean (0.95%-3.17% dwb) and pea (0.80%-3.06% dwb) samples, followed closely by
readily digestible starches in faba bean (0.86%-1.79% dwb) and pea (0.73%-1.88% dwb) samples.
The drastic decrease in resistant starch in all extrudates from their respective starting materials
(Fig. 3.12) is most likely due to high extrusion temperature (170°C) reaching or even surpassing
the melting temperature of available starches in which the crystalline regions of starches melt (EK

et al., 2020b) and starches become more prominent in the amorphous state. Previous studies have
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Table 3.3 Starch content in g/100g dry basis for faba bean and pea starting material and extrudates

digestibility at 0%, 5%, 10%, and 20% starch inclusion.

Treatment RDS (%) SDS (%) TDS (%) RS (%) Total Starch (%)
SM-F0% 0.86f 0.95cdef 2.714j 3.51abcd 6.21cde
SM-F5% 1.42¢f 1.28cd 4.17gh 5.72ab 9.89bc
SM-F10% 1.50ef 2.53b 6.25f 7.72a 13.97ab
SM-F20% 1.79¢f 3.17a 7.86¢cde 6.92ab 14.78a
SM-P0% 0.73f 0.80defg 2.00j 0.48cd 2.48¢
SM-P5% 1.08ef 1.17cde 3.40hi 2.71bcd 6.10cde
SM-P10% 1.49¢f 1.55¢ 4.94¢g 4.64abc 9.58bc
SM-P20% 1.88ef 3.05ab 7.64cde 7.91a 15.55a
F0% 6.84d 0.14gh 7.09¢ef 0.02d 7.14cd
F5% 8.20cd ND 8.02cde 0.01d 8.21c
F10% 8.79¢ 0.46efgh 8.75¢ 0.01d 8.99¢
F20% 17.25a 0.30fgh 17.06a 0.05d 17.36a
P0% 2.43¢ ND 2.29 0.20cd 2.63de
P5% 7.37cd 0.11h 7.23def 0.02d 7.64¢
P10% 8.13cd ND 8.33cd 0.04d 8.38¢
P20% 15.39b ND 15.62b 0.04d 15.66a

found that extrusion above 180°C or excessive shearing cause starch to degrade into short chained
molecules which do not retrograde efficiently, preventing the formation of amylose double helical
RS. In addition, degradation of amylopectin has shown to increase the retrogradation rate of
amylopectin into amylopectin double helices which contribute mainly to the formation of SDS and
not RS (Huang et al., 2022). The shift or absence of FTIR peaks in the crystalline region and the
emergence of a peak at 1022cm-! in the amorphous region suggests some but minimal crystallinity
in the extrudates. Starch-lipid complexes could have formed which are an example of RS that show
v-type crystallinity (Cabrera-Ramirez et al., 2021). Therefore, the small amount of RS in the TVP
could be the v-type crystallinity seen from the x-ray diffraction results, though additional research
should be performed to verify this conclusion. Mostly all RS and SDS in the starting material was

converted to RDS starch by the extrusion process. Extrusion may have caused the breakdown of
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10%, and 20% starch inclusion.

branched amylopectin and long linear amylose chains into smaller molecular weight chains,
leaving the shorter starch chains open to enzymatic cleavage from digestive amylase, and thus
increasing the digestibility of the extrudates (Ye et al., 2018). Conversely, other papers have found
extrusion to decrease digestibility of starches because protein competes with starch for water,
leaving less water for starch swelling and gelatinization. Starch can also become trapped in the
protein matrix, reducing digestibility (Huang et al., 2022). This breakdown of pea starch generally
occurs in the melting stage from shear and heat. Generally, an increase in RS and subsequent
decrease in starch digestion is desired in the general public for better regulation of blood glucose
levels and weight management, though increased starch digestibility can be beneficial for
populations seeking high energy dense foods (Guo et al., 2022). The combination of high protein

and digestible starch in TVP could benefit populations at risk for malnutrition.
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3.3.10 Impact of starch on TVP

The addition of starch improved TVP product characteristics and structure. ER, BD and
WHC were improved especially in faba bean TVP overall but specifically between 10%-20%
starch inclusion in faba bean and pea TVP. Rheology analysis showed typical starch swelling and
gelatinizing characteristics and promoted stabilization of faba bean G* which resulted in increased
expansion. Excess starch inclusion between 10%-20% in TVP induced a shift from starch-in-
protein network to develop a homogeneous phase which displayed maximum TVP expansion. As
starch increased above 10% inclusion, elongated pores became more globular in structure, which
had no increased effect on expansion ratio. Starch imparted an increase in pore size which
improved water holding capacity on TVP. Extrusion caused the breakdown of starch crystalline
regions to form V-type RS complexes but converted most RS and SDS present in the starting

material to RDS making the extrudate starches more digestible.

3.3.11 Effect of insoluble and soluble fiber inclusion on faba bean and pea TVP functional
properties

The base TVP formulation to which insoluble fiber (5%-10%) and soluble fiber (5%-20%)
were added was based on the TVP with the most favorable results from the addition of starch (5%-
20%) from previous sections 3.3.1 to 3.3.10. Pea was chosen as the protein source at the 10%
starch inclusion rate as the base formulation for fiber addition. This TVP displayed the highest
quality of product characteristics overall of ER (1.99), BD (0.34 g/cm?®), WHC (2.77g/g), and OHC
(2.38g/g). Moreover, this TVP had an open pore structure at the highest possible protein content
for nutritional purposes without losing structural integrity of the TVP. TVPs produced with

insoluble pea hull fiber were visually more dense with smaller pores (Fig. 3.13) whereas TVPs
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produced with soluble fiber from B-glucan were more open in structure with larger pores and

greater expansion (Fig. 3.14).

5% 150 10% 150

5% 100
4

Figure 3.13 Whole (left), cross section (top right), and longitudinal (bottom right) cuts

10% 100

respectively of pea TVP with 5% and 10% inclusion levels of insoluble pea fiber at 150pm and

100pm size.

The starch phase plays an important role in expansion during the extrusion process (Ek et
al., 2020b). Low solubility of fibers and incompatibility of insoluble fibers within the starch phase
can lead to bubble rupture and may have contributed to lower expansion (Kristiawan et al., 2020).
In addition, as insoluble fiber content increases, this difference in solubility between fiber and
starch widens and extrapolates the effect of bubble rupture, causing further decrease in expansion
between 5% fiber content (1.81, 1.70 ER) and 10% fiber content (1.57-1.54 ER) (Fig 3.15a). Wang
et al. (2017) found that an inclusion of insoluble fiber from cherry pomace to expanded corn starch

extrudates at 5% increased expansion whereas inclusion at 15% decreased expansion. Although
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the addition of pea hull fiber at 5% inclusion did not increase expansion, the results align with
previous reports such that as insoluble fiber content increases to 10% there is a decrease in
expansion. Since the insoluble fiber acts as a filler, due to its incompatibility, the increase in fiber
content to 10% may be too high for the protein phase to hold the protein matrix in a continuous
phase, and the additional starch is not enough to support the expanded matrix when cooled (Deng

et al., 2023). Collapse or bubble rupture could occur from lack of structural integrity (interruption

20% BG

Figure 3.14 Whole (left), cross section (top right), and longitudinal (bottom right) cuts

respectively of pea TVP with 5%, 10%, and 20% inclusion levels of soluble $-glucan fiber.
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of protein-protein bond formations) or from fibers piercing the protein matrix, resulting in
decreased expansion (Deng et al., 2023; Wang et al., 2017). Surprisingly, a decrease in particle
size from 150um (1.81, 1.57 ER) to 100um (1.70-1.54 ER) at 5% and 10% fiber content
respectively resulted in a decrease in expansion. This is contradictory to previous understandings
that: (i) larger particle sizes would promote higher probability of bubble membrane rupture based
on incompatible solubility of the fiber within the starch phase (Kristiawan et al., 2020) and (ii)
larger sized fibers need more space for starch to bind and hold the bubble structure (Wang et al.,
2017). Although it should be mentioned that the conclusions made by Kristiawan et al. (2020) and
Wang et al. (2017) were based on extrudates where starch was the dominant phase, whereas in this
work, the experimental extrudates contain a protein dominant phase with starch and fiber dispersed
within the protein matrix. Therefore, assumption of molecular interactions in a starch expanded
extrudate should not be extrapolated to a TVP extrudate with higher protein content. ER was lower
than that of soy protein based TVP from 50-70% protein levels with inclusion of rice bran insoluble
fiber from 2.2-2.27 ER but within range of rice protein based TVP ranging from 1.34-1.97 ER

(Pengjun et al., 2023).

B-glucan soluble fiber extrudates have larger expansion values (Fig 3.15A) overall at 5%,
10% and 20% inclusion (1.95-2.07 ER) than the insoluble pea fiber extrudates (1.54-1.81 ER),
which may be due to better physiochemical compatibility stemming from higher water solubility
of B-glucan closer to the solubility of starches within the starch phase of the melt (Kristiawan et
al., 2020). 10% BG was highest in ER compared to 0% and even 5% BG with little difference in
expansion when B-glucan was increased to 20%, indicating that an addition of 10% or 20% -

glucan to TVP formulations can improve TVP expansion.

120



A22 aab PBO6
bc

05 | A abcbcdb‘:d A

BD (g/cm3)
© o o
) w >

o
=

¥ O o O © ¥ O OO ¥ ©O O © O ¥ O 0
S nwg g S @ oo SR SR S S 0o am
o — — Q--.\D‘-\o\-\o\ o — — D'\Q‘{':\Q
\Q\Q\Q\Q o o~ o \Q\Q\Q\Q ax o~ ¢
SN &\ o o n O o SN o o 9 n © O
h S w9 SN n S n o o

Figure 3.15 Expansion ratio (A) and bulk density (B) of insoluble fiber inclusion at 0%, 5%, and
10% (150pum and 100um size), soluble fiber inclusion at 0%, 5%, 10% and 20% pB-glucan, and
TVP at 5% B-glucan. Uppercase letters indicate significant differences within insoluble or soluble

fiber content and lowercase letters indicate significant differences among all TVP samples.

BD of insoluble fiber (0.35-0.43g/cm?) and soluble fiber (0.30-0.44g/cm®) TVP followed
a similar trend to the starch inclusion TVP where an increase in ER resulted in a decrease in bulk
density (Fig. 3.15B). It should be mentioned that the insoluble and soluble fibers had a large impact
visually (Figures 3.13 and 3.14) on pore cell structure and size which is not fully captured in the
BD values. Insoluble fibers from wheat or corn bran have previously been shown to increase in
cell density and smaller cell size attributed by an increase in nucleation degree from insoluble
fibers in the extruder (Robin et al., 2012), as was found visually in Fig. 3.13 as well. Improvement

in BD of soluble fiber TVP indicates either more pores or larger sized pores were formed during
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extrusion. According to the TVP photoimaging (Figures 3.13 and 3.14), the driving force of lower
BD is larger sized pores, which in turn may lead to thicker cell walls (Esbroeck et al., 2024).
Interestingly, the amount of B-glucan inclusion (5%-20%) did not significantly impact the BD
among B-glucan inclusion TVP as it did impact the ER. BD of the pea hull fiber TVP are within
range of TVP made with soy or rice protein with rice bran inclusion ranging in BD from 0.26-
0.34g/cm® and 0.63-0.88g/cm? respectively (Pengjun et al., 2023). BD of the B-glucan 5%, 10%
and 20% TVP were all lower than other TVP made from faba bean protein at 5.6% B-glucan which
can range from 0.48-0.52g/cm® (Saldanha et al., 2023), whereas the 5% oat TVP was within that

reported range.

WHC (Fig. 3.16A) was significantly improved with the addition of insoluble fiber (2.73-
3.16g/g) and soluble fiber (2.60-2.98g/g) compared to the TVP with no added fiber (1.41g/g). The
insoluble fiber TVP were significantly higher in WHC than their corresponding starting materials
most likely due to exposure of hydrophilic groups during extrusion to intrinsically bind water as
well as through capillary uptake (Esbroeck et al., 2024). The insoluble fiber TVP tended to have
small pores which are more likely to hold more water from capillary action than larger pores
(Esbroeck et al., 2024). Whereas the soluble fiber TVP had similar WHC to their starting materials
which could be more likely caused by the ability of B-glucan to hold water effectively prior to
extrusion when compared to the insoluble fiber (Sayanjali et al., 2017). The B-glucan 5%-20%
included treatments had significantly lower BD than the insoluble fibers from larger pore sizes,
the WHC between insoluble and soluble proteins remained similar. New insight to TVP WHC by
Esbroeck et al. (2024) suggests that along with porosity and cell size, wall thickness may also play

arole in WHC when pore size is large as with the B-glucan included TVP. Lower BD could indicate
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Figure 3.16 Water holding (A) and oil holding capacity (B) of insoluble fiber inclusion at 0%, 5%,
and 10% (150 and 100pum size), soluble fiber inclusion at 0%, 5%, 10% and 20% B-glucan, oat
protein TVP at 5% p-glucan and their respective starting materials. Uppercase letter indicate
significant differences within protein sources and lowercase letters indicate significant differences

among all TVP samples.
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larger cell size and thinner cell walls, which are slower to uptake water but can hold more water
overall (compared to thick walls) since there is room for swelling (Esbroeck et al., 2024). Although
cell wall thickness was not measured in this study, this new insight could be a contributing factor
to increased WHC with a lower bulk density but cannot be confirmed. All TVP were within range
of other reported WHC of TVP from 1.5-2.9g/g of assorted protein sources like soy, pea, gluten,
chickpea, and navybean (Hong et al., 2022). WHC was generally higher than the averages for soy
(2.1g/g), pea (2.1g/g) and wheat (1.9g/g) TVP (Hong et al., 2022) but within range or lower than

WHC with insoluble rice bran in soy (2.9-4.9g/g) and in rice (2.97-3.47g/g) (Pengjun et al., 2023).

Again, OHC was improved from the respective TVP starting materials through extrusion
(Fig. 3.16B) but was also improved by the addition of both insoluble pea hull fiber (2.42-2.54¢g/g)
and soluble B-glucan (2.52-2.57g/g) compared to TVP with no fiber added (2.29g/g). Interestingly
the increase in OHC in the insoluble fiber TVP may not be due just to capillary action from
increased expansion because the insoluble fiber TVP actually had lower expansion than the 0%
fiber included TVP. It is possible that the increase in OHC in insoluble fiber TVP may come from
increased porosity and increased pore surface area from a rough pore surface (Waliullah et al.,
2021), rather than from expansion. Soluble fiber may have improved OHC with increasing f-
glucan comes from improved protein network mesh structure from increased expansion, which
facilitates the binding of lipids (Xiao et al., 2023) although there was less improvement of OHC
compared to starting materials than there was in insoluble fiber TVP compared to their starting
materials respectively. All TVP were higher than other reported OHC of TVP from 0.69-1.04g/g
of assorted protein sources like soy, pea, gluten, chickpea, and navybean (Hong et al., 2022).
Moreover, the WHC of TVP falls within range reported for TVP with rice bran inclusion in soy

(2.55-2.73 g/g) and rice (1.91-2.51g/g) (Pengjun et al., 2023).
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3.3.12 FTIR protein secondary structure of faba bean and pea dietary fiber inclusion extrudates
The increase in insoluble fiber at different sizes (100um and 150um) and soluble fiber had
no effect on protein structure in raw materials, but there were changes in TVP in both fiber sources
(Fig 3.17). Protein aggregates correlated to the peak at 1618cm™! are the intermolecular B-sheets
formed by hydrogen bonds which are more dominant in all extruded TVP compared to the starting

material, indicating increased B-sheet formation from protein aggregation (Zhang et al., 2022c;

Yang et al., 2021).
A ——sSmM-10% 100 B —— SM-20% BG
1660 1643
1693 ——10% 100 ——20% BG
| eso H° y 4'152{‘ 1618 1?} 1643 ’
1693 4559 1670 v oes
l 1618
1608
1 M 1 M 1 n 1 L
—— SM-10% 150
—— 10% 150

1
—— SM-10% BG

-
- = —— 10% BG
S K
'Y 3
8 =
c 1 1 " 1 R 1 i m
@ ——SM-5% 100 £
£ \—— 5% 100 9
g fe]
g <L
1 L L 1
—— SM-5% BG
|—5% BG

" 1 .
—— SM-5% 150
5% 150

1 " 1 " 1 " 1 " " L i L n 1 L 1

1700 1680 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600

Wavenumber (cm™) Wavenumber (cm™)

Fig 3.17 FTIR spectra of insoluble fiber inclusion at 5% and 10% at 150um and 100um sizes (a)
and B-glucan fiber inclusion at 5%, 10%, and 20% (b) TVP with corresponding starting materials

in the protein region (1700-1600 cm™).
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3.3.13 Rheological properties of dietary fiber inclusion extrudates

The rheology curve of the storage modulus was higher than the loss modulus for all curves
with the inclusion of insoluble and soluble fiber indicating the protein melt was in a solid state
(Deng, 2023). The G’ of all insoluble fiber TVP (Fig. 3.18A) were lower than TVP with no
insoluble fiber added, indicating that fewer or weaker bonds and interactions between protein or
starch were formed when insoluble fiber was included. This resulted in a decrease in viscosity
which may indicate why ER was lower for TVP with insoluble fiber, since there may have been

fewer bonds to hold the air cells when TVP expanded.

B-glucan has been known to display shear-thinning flow behaviors based on a decrease in
viscosity relative to an increase in shear (Herrera et al., 2016). Since shear rate and temperature
increases on the extrusion melt as it is conveyed down the barrel (especially in the mixing and
melting zones), shear-thinning behavior may explain the steady downward G’ slope of the
viscosity curve as the melt is heated and held until cooling starts (Fig. 3.18B). Ye et al. (2018)
suggests that the addition of B-glucan can cause entanglement of B-glucan chains with other
components which could reduce the attraction between protein-protein interactions. The inclusion
of B-glucan did increase ER in this study, implying that B-glucan positively impacted bond

structures from proteins which were indeed able to hold expanded cell structure.
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Figure 3.18 Rheological properties of storage modulus (G’) for insoluble and soluble fiber

extrudates over a temperature ramp 25°C-90°C-25°C.

3.3.14 Effects of dietary fiber distribution on protein matrix phase of extrudates

Confocal imaging of TVP highlights the starch and fiber (dyed blue) size, orientation, and
effects on the protein matrix which is dyed red (Figures 3.19 and 3.20). Insoluble carbohydrates
such as pea hull fiber may act as a particulate during texturization in the extruder and not as a
separate phase, allowing this particulate to also act as a nucleating agent. Since the surface of the
particulate is rough, air could be trapped as microscopic cavities on the fiber once all materials are
mixed in the extruder barrel and could be inflated at the die when water is flashed off (Twombly
et al., 2020). This could cause micro bubble formation effecting the protein matrix structure which
is clearly evident when comparing insoluble fiber addition at both 5% and 10% levels for both
150pm and 100um sized fibers against 0% fiber inclusion TVP structure (Fig. 3.19). The protein
matrix is highly disrupted by the insoluble fiber compared to the TVP with no fiber added. A
significant decrease in ER of insoluble fiber TVP (Fig. 3.15A) with little change in density (Fig.
3.15B) suggests that there is an increase in small air pockets from many nucleation sites that do

not grow in bubble size to cause an increase in expansion, supporting the micronucleation caused
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by insoluble pea hull fiber seen in confocal imaging. Particle size of insoluble fiber can impact not
only expansion of extrudates but also the structure of the protein such that small particle sized fiber
will fill the small gaps within the protein matrix, leaving the structure unimpacted. Though as
insoluble particle size increases up to 150um in this work, the fibers could start to interfere with
protein-protein bonding and prevent or cut the protein matrix, causing collapse of structure
preventing bubble growth and ultimately a decrease in expansion (Wang et al., 2017). In this work,
such increase in size threshold above 150um was not reached, therefore expansion still occurred

in all TVP.
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Figure 3.19 Confocal imaging of pea TVP with insoluble fiber inclusion of 150pum and 100pm

size at 0%, 5%, and 10%.
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Deng et al. (2023) found that between 20%-25% inclusion insoluble dietary fiber in high
moisture soy extrudates a bi-continuous phase between the protein and fiber developed which
resulted in a crumbly texture with no desired filaments. Insoluble fiber inclusion was not high
enough to shift the matrix to a bi-continuous phase in this work as there is a clear defined protein
phase with a dispersed insoluble fiber phase throughout the protein matrix (Fig. 3.19). Insoluble
fiber is unique from starch or soluble fiber in that it does not undergo phase change from extrusion
heat, shear or pressure, but rather acts like a discontinuous filler within the extrudate’s protein
phase. The rigid structure from additional hydrogen bonds contributes to higher glass transition
and melt temperatures (220°C-250°C for dry cellulose), therefore providing resistance to
deformation and phase change along with its insolubility providing thermodynamic immiscibility

with the dominant protein phase (Deng et al., 2023; Ek et al., 2020b).

Confocal imaging of soluble B-glucan (Fig. 3.20) between protein (red) and fiber (blue) at
each fiber inclusion level shows very different protein matrix structure and fiber distribution
compared to the insoluble fiber included TVP. At 5%, B-glucan is accumulated as a separate phase
from the protein and are dispersed homogenously within the formed air cells of the protein matrix.
B-glucan at 10% and 20% inclusion has also blended into the protein phase (shown as purple),
indicating a change in protein phase is taking place. B-glucan can solubilize into the protein phase
by evidence of previous confocal imaging in noodles where B-glucan was found to overlap with
the protein network as B-glucan content increases, whereas the starch remained as a separate phase
from the protein network (Nguyen et al., 2022). It is possible that the blending of the soluble fiber
into the protein phase helped TVP expansion, leading to a decrease in bulk density. However, the

mechanisms will need to be investigated in future studies.
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Figure 3.20 Confocal imaging of pea TVP with soluble fiber inclusion of B-glucan at 5%, 10%,

and 20%.
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3.3.15 Effects dietary fiber on microstructure of extrudates

All TVP with insoluble fiber inclusion had similar microstructures (Fig. 3.21) when viewed
under a scanning electron microscope. Insoluble fiber TVP had a rough surface on the air pockets
as well as in the protein matrix internally when compared to the TVP with starch included. This

rough pore texture may be why the insoluble fiber TVP had higher OHC without an increase in

Air pocket Protein matrix

X50 X500 X500

5% 150

10% 150

10% 100

expansion which provides a beneficial function to TVP as a meat alternative (Waliullah et al.,

Figure 3.21 SEM micrographs of insoluble fiber included pea TVP at 5% and 10% of 150pm size

and 100um size pea hull fiber.
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2021). Clear bubble expansion is seen in all insoluble fiber TVP (Fig. 3.21 X50 magnification).
All insoluble fiber TVP contained distinct micronucleation sites stemming from unhydrated fiber,
creating a matrix with many rough ridges dispersed throughout the TVP, which coincides with
confocal imaging (Fig. 3.19) (Beck et al., 2018). Both TVP with100pum and 150um sized insoluble
fiber at 10% fiber inclusion had significant decreases in ER that could be caused by excess fiber
filling the cell walls and piercing the matrix, causing rupture of air cells and collapse of pockets
evident by flattened or misshaped air pockets in the SEM micrographs (Fig. 3.21 X500
magnification) (Wang et al., 2017). Small round craters visible in the protein matrix (Fig. 3.22
X500 magnification) of 10% fiber inclusion TVP indicate micronucleation sites where air bubbles

ruptured causing an increase in porosity but not a subsequent increase in expansion (Beck et al.,

2018).

Interestingly, SEM at a higher magnification (Fig. 3.22) showed the formation of fibrous
bundles within the cross section throughout the extrudate more often as insoluble fiber content
increased. High shear could cause degradation of the fiber into smaller bundles (Bhatt et al., 2022;
EK et al., 2021), but this was not seen in this study with pea hull fiber. Since the glass transition
temperature of cellulose (220°C-250°C) is above the extrusion temperature, the fibrous bundles
have not degraded, but rather remain in the TVP (Deng et al., 2023; Ek et al., 2020b). In addition,
the fibrous bundles tended to be short and wide rather long strands. The 5% inclusion of 150pum
sized fiber TVP tended to have larger fibril bundles which are clearly shown in Fig. 3.22. The
protein matrix forms around these fibrous bundles homogenously distributed within the matrix,
specifically starches can gelatinize around the fibrous bundles since the fiber has poor interfacial
adhesion with starch from lack of hydrogen bonding (Ek et al., 2021). This phenomenon is clearly

visible in the micrograph of 5% inclusion of the 150um sized insoluble pea hull fiber.
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5%

Figure 3.22 SEM micrographs of insoluble fiber included pea TVP at 5% and 10% of 150pm size

and 100um size pea hull fiber at a magnification of 1KX.

The SEM of soluble B-glucan fiber TVP (Fig. 3.23) also have a rougher surface compared
to the starch inclusion TVP (Figures 3.8 and 3.9) and larger surface lumps compared to the
insoluble fiber TVP (Fig. 3.21). The B-glucan TVP had a dense protein matrix with thicker cell
walls and fewer small air pockets than the insoluble fiber (Kour et al., 2019). At lower soluble -
glucan fiber content (5%) the texture of the protein matrix seemed smoother (Fig. 3.23 X500
magnification) implying that soluble fiber has more positive impact on expansion than insoluble
fiber (Xiao et al., 2023). Soluble fiber formulation was able to increase up to 20% inclusion
whereas insoluble fiber inclusion was only able to increase up to 10% before impacting extrusion

processing and the TVP integrity.
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3.3.16 Impact of digestible fiber on TVP

Insoluble pea hull fiber caused a decrease in expansion ratio brought on by a dense TVP
structure, but BD was unaffected. Inclusion of insoluble fiber also promoted micro nucleation to
form many small air pockets which improved WHC. Soluble -glucan fiber improved ER, BD,
and WHC by promoting larger air pockets with thicker cell walls. The inclusion of soluble fiber
at 10% and 20% in TVP induced a shift from starch-in-protein network to develop a
homogeneous phase where 3-glucan started to blend into the protein phase resulting in improved

ER and lower BD.
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3.4 Conclusion

By using imaging techniques on protein matrix microstructure to connect the effects of
starch and dietary fiber on TVP, this study was able to expand upon concepts from starch expanded
products and HME, helping to improve TVP nutrition and quality. This study was able to link
changes in chemical components to the extrudate microstructure, and then to the TVP product
characterization. Extrusion of pea starch converted all C-type crystallinity to RS V-type complexes
in pea and faba bean TVP which decreased in double helical starch structure yet converted the RS
and SDS to RDS. Starch inclusion modified faba bean protein network microstructure by creating
larger pockets and thicker cell walls, thereby increasing expansion of all faba bean TVP and pea
TVP once 10% starch inclusion was met while improving WHC at 7.5-10% in faba bean and at
20% in pea. The addition of appropriate amount of insoluble or soluble fiber to TVP improved
WHC and OHC, as did the addition of B-glucan to ER and BD. Insoluble fiber decreased expansion
at a higher concentration (10%) due to the formation of fibril bundles which disrupted in the protein
network. On the other hand, in the soluble fiber TVP a change in the protein phase occurred within
the protein matrix where -glucan was distributed within the protein phase while being retained as
a separate phase to the protein as well. To the best of our knowledge, this study is the first to show
how dietary fiber from insoluble pea hulls and soluble B-glucan impact TVP microstructure and

the impact of how pea starch can improve faba bean TVP.
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Chapter 4: Conclusion and Future work

4.1 Conclusion

This study was able to better describe the pulse protein structure and its interaction with
other food components, starch and dietary fiber, within extrusion black box technology by
combining spectroscopic and microscopic analytical techniques. And to study the impact of

protein melt rheology and structure on the TVP functional quality and starch nutritional value.

The first objective (Chapter 2) showed that TVP microstructure and rheological
properties can be modulated by modifying the protein and moisture content, thereby improving
TVP functionalities. TVP expansion was improved by a degree of phase separation in the protein
matrix at 70% protein and a lower moisture (50%) brought on by increased G’ rheological
properties resulting in smooth SEM imaging and good WHC and OHC. Faba bean protein had
lower yet fairly similar functionality to that of pea protein in TVP. Both faba bean and pea
proteins were within ranges of acceptable functionality from traditional TVP protein sources like
soy and wheat. Because faba bean and pea are not allergens they could be a replacement for soy
and wheat protein in TVP production. This study also showed that TVP can have acceptable
functionality and structure when protein concentrates (~60% protein) are used as the raw
materials when supplemented with protein isolates to reach higher protein levels. Protein
concentrates are less expensive and may contain superior native (less aggregated) proteins
compared to protein isolates, due to using a dry fractionation process which is also more

environmentally friendly than the wet fractionation process.

The second objective (Chapter 3) was able to show improvement of expansion of faba
bean and pea TVP by starch inclusion in the protein matrix. Starch inclusion also improved

WHC of pea TVP at 20% inclusion, while WHC of faba bean was improved at an even lower
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level of 7.5% by creating larger pores, thickening of cell walls and improving microstructure,
thus increasing the quality of TVP. Although extrusion was shown to convert all C-type starch to
crystalline V-type RS, almost all RS and SDS were converted to RDS under extrusion
conditions. Inclusion of insoluble pea hull fiber decreased ER for all TVP brought on by lower
G’ rheological properties and disruption of protein matrix showing visible fibril bundles in SEM
imaging. On the other hand, inclusion of dietary fiber was shown to improve WHC and OHC of
all TVP at all inclusion levels. Soluble fiber improved expansion and density of all pea TVP by
imparting a change in the protein phase where B-glucan blends with the proteins in addition to
remaining as a separate phase within the protein matrix, specifically at 10% inclusion of -

glucan.

The overall human diet can be improved by the incorporation of TVP to replace animal
meats, thereby decreasing total fat intake and cholesterol while providing protein from plant
sources along with beneficial starches and fibers (Boukid, 2021). Increased RS in the diet is desired
in the general population for regulation of glycemic response and blood glucose levels, and for the
fermentation of RS in the gut which can promote the growth of beneficial bacteria. A decrease in
starch digestibility is also desired for management of body weight and composition, as well to
decrease caloric intake to combat obesity and associated chronic diseases (Guo et al., 2022). Since
amylose-lipid complexes are a type of RS and can form from starches high in amylose, the
inclusion of other starches higher in amylose like modified or high amylose corn starch (55%-
70%), native lentil starch (29%-45%), or native potato starch (25%-31%) could possibly improve
the amount of RS in TVP (Zakaria et al., 2017; Bertoft, 2017; El Seoud et al., 2013). Our study
found pea starch content in the starting material to be higher in beneficial RS and SDS, but under

extrusion conditions were converted to RDS which are more easily digestible. Digestible starch
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may actually be desired in populations that require highly digestible energy dense foods such as

the elderly or those with poor appetites from malnutrition or other related conditions.

Inclusion of B-glucan improved TVP functionality, but the effect of this B-glucan on human
health was outside of the scope of this study and yet to be investigated. Incorporation of the [-
glucan containing TVP into a model food system such as a burger patty or alone as a ground beef
could provide additional health benefits on human health such as improved laxation, healthier gut
microbiota, and lower cholesterol, but will need to be demonstrated by in-vivo and clinical studies

in the future (McKeown et al., 2022).

Based on results from this study, there were three TVP from chapter 2 and 3 which
displayed the most promising functionality (ER, BD, WHC and OHC) overall without
compromising protein content; 1) the pea with 70% protein content and 50% moisture content, ii)
the pea TVP with 10% starch inclusion and, iii) the pea TVP with 10% B-glucan fiber. The TVP
with 20% B-glucan fiber still had acceptable product characteristics. Moreover, the addition of
small amounts of pea starch (high in amylose) can improve the structural and functional quality

of new or underutilized protein sources as was true for faba bean TVP.

4.2 Study innovations

Results from this study were able to expand beyond current work focused just on
optimization of input and output parameters of extrusion by investigating deeper into the effect
of protein, starch, and dietary fiber on microstructure and functionality in TVP, to help guide
product developers. Chapter 2 was able to show evidence of faba bean protein’s capability and
potential as another alternative source of plant protein for TVP production in addition to pea

protein. As well as the proven capability of TVP production from a protein concentrate base
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supplemented with protein isolate, which can reduce energy and costs associated with protein

extraction from a TVP ingredient.

Chapter 3 was able to apply concepts from starch expanded LME products to the impact
of increasing starch in a starch-in-protein matrix TVP dominant in protein, which has not been
fully explored. This study has added value to a protein extraction by-product stream (pea starch)
as a quality enhancer to TVP protein sources such as faba bean that have lower expansion
capabilities and could be applied to other lower functional protein sources to expand TVP plant
protein options. The addition of dietary fiber provided the opportunity to improve TVP for
human health while showcasing improved expansion, WHC, and OHC of TVP. In addition,
confocal imaging was able to show B-glucan distributed within the protein phase as well as
within the protein matrix, which to the best of our knowledge has not been demonstrated in a

LME TVP product and could promote a new area of research.

4.3 Future work
1. Continue investigation of TVP for quality attributes associated with food applications
including structural integrity and textural attributes.

ii.  Implementing TVP into model food systems such as ground meat patty analogues
(exposed) and sausage analogues (enclosed by casing) with and without dietary fiber to
determine capability and quality in a hybrid or meatless product.

iii.  Evaluate sensory qualities (texture, aroma, flavour) of faba bean and pea TVP with starch
and dietary fiber inclusion in a model food system for product evaluation correlating to
instrumental texture analysis.

iv.  Investigate application of pea starch and other starches high in amylose on other plant

protein sources to expand viable protein options and enhance quality of TVP.

140



vi.

Continue investigation of B-glucan interactions with protein to better understand the
physiochemical impact of B-glucan within the TVP protein matrix.

Explore the impact of TVP on health from the inclusion of dietary fiber and digestibility
of starch through animal models or by substitution of typical animal meat products with

TVP.
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Appendix

Table A1. Full factorial optimization trial WHC, OHC, and ER results of pea (P) at protein
content of 60% and 70%, temperatures of 160°C, 170°C and 180°C, at moisture contents of 45%,
50% and 55%.

Sample Protein Temperature Moisture WHC OHC ER
(“o) (°C) (%) (g/g) (g/g)
P60-160-45 60 160 45 2.39 1.91 1.39
P60-160-50 60 160 50 2.86 2.02 1.56
P60-160-55 60 160 55 2.99 1.99 1.46
P60-170-45 60 170 45 3.54 2.07 1.43
P60-170-50 60 170 50 3.60 2.08 1.54
P60-170-55 60 170 55 2.60 2.00 1.38
P60-180-45 60 180 45 3.30 2.20 1.63
P60-180-50 60 180 50 3.43 2.23 1.63
P60-180-55 60 180 55 3.00 2.17 1.75
P70-160-45 70 160 45 3.19 2.06 1.50
P70-160-50 70 160 50 2.88 2.09 1.60
P70-160-55 70 160 55 3.20 2.10 1.65
P70-170-45 70 170 45 1.30 2.03 1.52
P70-170-50 70 170 50 1.48 2.13 1.58
P70-170-55 70 170 55 1.35 2.17 1.96
P70-180-45 70 180 45 1.26 2.13 1.68
P70-180-50 70 180 50 1.29 2.03 1.74
P70-180-55 70 180 55 2.29 2.21 1.50
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