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Chapter 1

Introduction and thesis outline



Chapter 1

1.1  Pea as ingredient for meat analogues

For a sustainable supply of food for the growing world population, a shift is needed from
animal-based foods towards plant-based foods. A reduced meat consumption and at least
partial transition to plant-based proteins may lead to a lower environmental footprint of
human diets (Tilman & Clark, 2014; Weinrich, 2019). Traditional plant-based protein
alternatives have been widely available on the market for decades. Many of those products
are based on soy (e.g., tofu and tempeh) or wheat gluten (e.g., seitan) (Figure 1.1). However,
consumers have not transitioned largely towards these products yet, which suggests that these
products do not completely cover their needs and expectations. Therefore, a lot of activity in
the development of novel plant-based products is with special focus on meat analogues that
mimic meat in all its sensory aspects. High resemblance to meat is considered an important

enabler for consumers to migrate towards plant-based protein foods (Michel et al., 2021).

Plant protein transition Mimics meat in more Non-allergenic
sensory aspects Lower environmental impact

Next generation

Plant-based protein T

M .
eat alternatlyes (T - Meat analogues
(tempeh, seitan) (based on pea)

Figure 1.1. Plant protein transition towards the next generation meat analogues.

Proteins used for meat analogues are mostly derived from dairy, soy and wheat, because those
proteins can be processed into products having texture, appearance and functionality similar
to meat. Despite the clear advantages of using proteins from wheat and soy, they also have
some disadvantages. Both wheat gluten and soy protein are allergens. Estimates suggest that
around 3-6% and 0.4% of the population has a gluten sensitivity or soy protein allergy,
respectively (Leonard & Vasagar, 2014; Sicherer et al., 2000; Thrane et al., 2017). A further
disadvantage of soy is that it cannot generally be grown in temperate zones, such as Europe,

which connects its use to deforestation, for example in Brazil (Harvey & Phillips, 2020).

Pea protein is an emerging alternative to soy protein due to its good functionality, low
potential for allergens, and the ability of pea to grow readily in temperate climate zones
(Bashi et al., 2019; Lam et al., 2018; Stone et al., 2015). There are indications that it can be
transformed into a fibrous structure using high moisture extrusion cooking at high
temperatures (Osen et al., 2014) (Figure 1.2), which makes it an interesting raw material for

further investigation.
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1.2 Formation of fibrous structures

Meat analogues are often defined as plant-based products that mimic the sensorial properties
of meat as much as possible. An ideal meat analogue 1) has a fibrous structure similar to that
of meat, 2) has a juicy mouthfeel during mastication, and 3) possesses a meat-like flavour
(Elzerman et al., 2013, 2015; Hoek et al., 2011; Weinrich, 2019). The structure of meat is
characterized by muscle tissue structure that consists of myofibrillar protein and myoglobin.
Those proteins are positioned in a unique spatial layout, creating textural characteristics.
Naturally, globular plant proteins are not fibrillar in nature and therefore structuring
processes are required for imposing this fibrillar structure (Fuhrmeister & Meuser, 2003; Sun

& Armntfield, 2010; Taherian et al., 2011).

Different approaches to structure plant proteins have been developed. These techniques can
be divided into two strategies of approach: bottom-up and top-down, as described by
Dekkers, Boom, et al. (2018a). For the bottom-up strategy, each structural component is first
created and then combined to into a complete product. Examples of such techniques are tissue
engineering (cultured meat) using biological self-assembly, fermentation (mycoproteins)
using the mycelia as structural element, wet spinning and electrospinning. For the top-down
strategy, a fibrous product is created at once through the use of processes that structure
protein blends. Though the bottom-up methods can create structures that are much closer to
that of meat potentially, scaling of these methods towards industrial production capacity is
not trivial. Besides, waste streams generation is significant in many cases (Warner, 2019).
The top-down methods are more robust, better scalable and have better resource efficiency.
Examples of those processes are freeze structuring, mixing (proteins and hydrocolloids),

extrusion and shear cell technology.

Extrusion cooking is widely used for the production of meat analogues. However, for
extrusion cooking, quantitative understanding of the structuring mechanism is difficult to
achieve due to the complexity of the process, with many different physical and chemical
phenomena impacting the structure and other product attributes simultaneously. This makes
translation of this process towards new proteins complicated. A related technology is the so-
called shear cell, which can employ similar conditions, but can also simplify the conditions
by imposing just plain shear flow and independent control of the temperature. These shear
cells were originally meant to mimic and better understand extrusion-relevant conditions by

using only well-defined flow (van den Einde et al., 2004, 2005). However, it was found that
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calcium caseinate could be transformed into hierarchically fibrous materials at relatively mild
conditions in a shear cell (Figure 1.2) (Manski et al., 2007). Later, these insights were
translated to plant-based ingredients. Blends of soy protein isolate (SPI)-wheat gluten (WG)
and SPI/pectin could be transformed into fibrous product in a shear cell by heating the blend
at 95 and 140°C while shearing for 15 min, respectively (Dekkers, Nikiforidis, et al., 2016;
Grabowska et al., 2014).

Figure 1.2. Macrostructure from A) high moisture extruded pea protein isolate (This article was published
in Journal of Food Engineering, 127, Osen, R., Toelstede, S., Wild, F., Eisner, P. and Schweiggert-Weisz, U.,
High moisture extrusion cooking of pea protein isolates: Raw material characteristics, extruder responses,
and texture properties, 64-74, Copyright Elsevier (2021)), B) shear-induced structuring of calcium caseinate,
C) soy protein isolate-wheat gluten blends, D) soy protein isolate-pectin blends.

Recently, the similarities and differences between extrusion and shear cell technology were
described in depth. Both high-moisture extrusion cooking (HMEC) and shear cell processing
are thermo-mechanical processes (Table 1.1) and are comparable in their basic operations: 1)
mixing and hydration, 2) thermo-mechanical treatment, and 3) cooling (Cornet et al., 2021).
A main difference is that HMEC is a continuous process, while a shear cell is only described
as a batch process so far. Other differences lie in the residence time and the necessity for
cooling. The residence time of the material during HMEC is shorter than in a shear cell, while
in HMEC the conditions in the extruder and in the cooling die are different. Those differences
also imply that the structure formation process may be different. In case of extrusion, the
fibrous product may be formed in the cooling zone (Akdogan, 1999; Cheftel et al., 1992;
Sandoval Murillo et al., 2019; Tolstoguzov, 1993), while cooling seems less essential in a

shear cell.
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For both processes, similar plant protein blends can be used. With HMEC, the screening of
plant protein formulations and process conditions to create fibrous structures is still
predominantly based on trial-and-error based experiments. Greater insight into the fibrous
structure formation of plant protein during and after thermomechanical processing would

improve understanding and development of meat analogues.

Table 1.1. Comparison of HMEC (high moisture extrusion cooking) and shear cell technology.

HMEC Shear cell
a b < d e fg h 7 i g
[ i |
o S e -
L —_— Y
Basic operational Mixing and hydration step Mixing (*external) and hydration step
units Thermo-mechanical treatment Thermo-mechanical treatment
Cooling step Cooling step
Temperature 100-175°C 95-140°C
Pressure 10-60 bar 5 bar
Residence time 2-5 min ~20 min
Shear rates 1-45 s (in cooling die) 39 57! (during heating)

1.3 Characterization of texturization

Up to now, the exact structural and textural characteristics of meat analogues are difficult to
fully quantify. The structure and texture characteristics of meat have been widely studied,
but dedicated methods used to analyse meat analogues are still limited (Mcclements et al.,
2021). Instrumental techniques to measure the texture of meat and meat analogues are often
used, while descriptive (trained panel) and affective (consumer) sensory trials then help to
reveal the texture and flavor characteristics and perception relevant for consumption with the
goal to determine the similiarities between meat analogues and meat. However, sensory
experiments are expensive, time-consuming, difficult to make fully quantitative and not

trivial to translate back towards modifications in processing.

Therefore, instrumental techniques are widely used, as these provide more objective
information on different structural parameters, which can then be more easily translated
towards changes in process or formulation. In addition, these techniques give the opportunity
to better understand the underlying mechanisms that drive structure formation. The
macrostructure, microstructure and mechanical properties of the fibrous products is currently

analysed with texture analysis, spectroscopy, microscopy and rheology.



Chapter 1

The microstructure can be investigated with several methods. Confocal laser scanning
microscopy (CLSM) has been used to study the alignment along the shear direction in SPI-
WG blends after staining with Rhodamine B. SPI and WG showed fluorescence; the intensity
difference in different parts of the samples is used to indicate differences in protein
concentration (Dekkers et al., 2018). Dekkers, de Kort, et al. (2016) presented a method to
determine the water distribution in SPI-WG blends using Time-Domain Nuclear Magnetic
Resonance (TD-NMR) and described consequences for the rheological properties of the
blend, which is an important aspect of the microstructure: the (re)distribution of water over
the dispersed and the continuous phase co-determines the volume and rheology of the
fractions and thus the behaviour during deformation by shearing. In addition, these products
tend to also be at least somewhat porous. Air is entrapped in the structure which could be
considered as a weak/disperse phase that is deformed in the shear flow direction and enhances
the fibrous structures in calcium caseinate (Wang et al., 2018). X-ray tomography (XRT)
reveals the porosity in the structure. The microstructural characteristics ultimately give rise

to the macrostructure and the macroscopic mechanical properties.

A way to characterise the macroscopic anisotropy in these materials, is to measure the tensile
strength parallel and perpendicular to the shear flow direction. However, this does not yet
give us sufficient information on how the structural elements interact during processing, and
create the macroscopic characteristics. Rheological measurements can provide insight into
the behaviour of the materials during their thermomechanical processing. Most conventional
rheometers are not capable of operating at the rather extreme conditions during a
thermomechanical treatment (i.e. high protein concentrations, high pressures, high
temperatures, and high shear rates). Recently, a ‘closed cavity rheometer’ (CCR) developed
for investigating properties of rubbers, was used to mimic the process conditions inside a
shear cell or even an extruder (Dekkers et al., 2018; Emin & Schuchmann, 2017). Dekkers et
al. (2018) created the rheological fingerprint of blends of SPI and WG at processing
conditions in a CCR and related this to the formation of fibrous structures in a shear cell. The
outcomes of those measurements resulted in the hypothesis that for fibrous structures, the
two phases in a blend must have similar rheological properties during processing at high
temperatures, to allow for extensive deformation of the dispersed phase, which was

hypothesized to yield the fibrous structure.
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Traditional rheological analysis is done using small deformations, but these are less relevant
for the phenomena that take place during thermomechanical processing, because large-scale
deformation is the fundamental principle of both HMEC and the shear cell techniques. This
is why, large amplitude oscillatory shear (LAOS) experiments are used in this thesis to
describe and understand the behaviour in the non-linear region (Hyun et al., 2011). This
allows the investigation of the fundamental microscopic deformations occurring during

processing that give rise to the macroscopic anisotropy.
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1.4  Research aim and thesis outline

The aim of this thesis is to identify the determining properties of the constituents to the
microstructures obtained during and after thermomechanical treatment, and to relate those to
the macroscopic characteristics of the products created. To do so, pea protein isolate (PPI)
and blends of PPI with other components are characterised using non-linear (large
deformation) rheological measurements, and compared with more conventional products and

materials, such as SPI, but also meat.

This aim can be subdivided into three objectives. Objective I is the investigation of blends
containing PPI and selected other biopolymers on their structuring potential using shear cell
technology. Objective II is (further) development of analytical tools to study product
structure and structure formation with emphasis on rheological analysis of the materials using
deformation in both linear and non-linear regimes under relevant conditions, such as high
temperature and intensive shear. The results can be presented in compact maps and schemes
to help relating the results to the macroscopic properties. The results and methodology of
Objective I and II are combined in Objective III, where the focus is on a quantitative
comparison of meat, meat analogues and the products made in this project. The rheological
benchmarking reveals how closely meat analogues resemble the originals. Besides, it
identifies parameters for research to further improve meat analogues, especially when using

newer materials, like pea protein.

Figure 1.3 graphically outlines how the objectives are covered in the various thesis chapters.

I Structuring IT Analytical tools to study [T Comparison
potential of structure formation of meat and

Plant protein blends Rheological properties meat analogues

Non-linear

Chapter 2 Chapter 3 Chapter 4,5
Chapter 6
Chapter 9 Chapter 7
Chapter 8

General discussion - Chapter 10

Figure 1.3. Graphical outline of the thesis content and chapter division.
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Chapter 2 explores the structuring potential of blends of PPI-WG and SPI-WG using shear-
induced structuring combined with heating. The mechanical properties of the plant protein
blends are compared to that of cooked chicken. In Chapter 3, insight into the internal
structure of the blends is obtained by a combination of Time-Domain Nuclear Magnetic
Resonance (TD-NMR) and rheological characterization using the polymer blending law. For
this polymer blending law, the prediction of the water distribution of the phases after blending
are obtained with TD-NMR. A closed cavity rheometer (CCR) is used to quantify the
rheological properties of the separate phases. The polymer blending law is used to combine
both outcomes to describe the rheological properties of protein blends. The analysis of the
polymer blending is extended by fitting the polymer blending law to the experimental data,
which yields insight into the morphology development of the phases in the blend over time

and temperature.

A next step in rheological characterisation is the evaluation of the non-linear properties of
plant protein blends at high temperatures, and stress and strain. This has not been studied
before, thus this is the focus of Chapter 4. The large-deformation oscillatory shear properties
of concentrated PPI, SPI and WG dispersions are measured before, during and after a
thermomechanical treatment. The analysis is done using Lissajous curves and the energy
dissipation ratio, which characterizes the plasticity of the materials. The rheological
properties are linked to shear-induced microstructures that can be obtained. Chapter 5
extends these rheological analyses to PPI-WG and SPI-WG blends with different protein
ratios and processing conditions. The rheological properties are visualized in a compact way

by texture maps and colour schemes to demonstrate the difference between the blends.

In previous chapters, commercial PPI-WG and SPI-WG blends were investigated. While
these blends can give fibrous structures, it is of interest to study whether PPI can result in
fibrous structures with other ingredients than WG; for example in combination with
carbohydrates. Chapter 6 describes the exploration of the structuring potential of PPI, SPI
and blends of these with pectin/and or cellulose. The linear and non-linear rheological
properties of the blends are studied with the CCR at structuring conditions to gain insight

into the structure formation as well as physical and chemical changes.

In previous chapters, plant protein blends are used to gain insight into shear-induced
structuring. These blends contain a high protein content and water only, while commercial

meat analogues contain also flavourings, oil or fat, binding agents and colouring agents. Thus
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Chapter 7 describes the rheological properties of various meat and meat analogues before
and after heating and mapping those in texture maps and colour schemes. Differences and
similarities between meat and meat analogues are described. Chapter 8 reviews texture
methods that are typically used to characterize the structure of meat products and discusses
the potential to apply those methods to prepare meat analogues. The need for new methods
that characterize specific texture and structure properties that are different than meat is
described. Chapter 9 introduces near-infrared (NIR) and hyperspectral imaging (HSI) to
non-destructive and rapidly quantify the composition and the spatial distribution of the blend
using chemometric modelling. For this, blends of PPI, water and oil are used to mimic meat

analogues.

Chapter 10 reflects on the findings of all previous chapters. The main findings are
summarized and new insights in structuring protein blends are presented. The developments
made in characterization methods are critically discussed. Suggestions for future

development on meat analogues are provided.

10









Chapter 2

Comparing structuring potential of pea and soy protein

with gluten for meat analogue preparation

This chapter has been published as Schreuders, F. K. G., Dekkers, B. L., Bodnar, 1., Erni, P.,
Boom, R. M., & van der Goot, A. J. (2019). Comparing structuring potential of pea and soy

protein with gluten for meat analogue preparation. Journal of Food Engineering, 261, 32-39.
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2.1  Abstract

Pea protein isolate (PPI) can be combined with wheat gluten (WG) into materials with a
fibrous morphology using shear-induced structuring combined with heating. Results are
partly in-line with soy protein isolate (SPI)-WG blends, but the latter yields anisotropic
materials in a much broader temperature range. Both blends also have the ability to include
air. Air bubbles were aligned and deformed at process conditions that gave the most
pronounce fibrous products. Mechanically, the PPI-WG materials processed at 140°C had a
similar strength as SPI-WG blends. At 110 and 120°C, the PPI-WG blends had a strength
that was comparable to a chicken meat reference (50-100 kPa) but weaker than their
counterparts with SPI-WG (220-300 kPa). Blends of PPI-WG show potential for preparing
structured plant protein materials, but the application area might be different compared with

potential applications of SPI-WG blends.

14
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2.2 Introduction

The awareness of our overexploitation of natural resources has given rise to a quest for plant-
based protein foods that mimic the fibrous texture of meat (Elzerman et al., 2015; Hoek et
al., 2011). These foods can be created from plant-based proteins by extrusion cooking, by
solidifying proteins with a mixture of hydrocolloids and divalent cations, or by using the
newly emerging shear cell technology (Cheftel et al., 1992; Grabowska et al., 2014; Osen et
al., 2014). This latter technique was used previously for studying structure formation
processes with soy protein isolate (SPI) and wheat gluten (WG) (Grabowska et al., 2014) and
later extended to SPI/pectin blends and soy protein concentrate (Grabowska et al., 2016).
Recently it was found that air held up in the materials influences the mechanical anisotropy
of these materials (Dekkers et al., 2018; Dekkers, Nikiforidis, et al., 2016).

Currently, mostly soy proteins are used to mimic animal proteins because of their favorable
gelling properties and the resulting creation of an interlaced, fibrous matrix (Banerjee &
Bhattacharya, 2012; Day & Swanson, 2013). SPI combined with WG or pectin could be used
to create a range of fibrous structures. This structure formation was based on the fact that the
biopolymers formed two separate phases of which the rheological properties are dependent
on the moisture content, the ratio between the different biopolymers and on the processing
conditions (Grabowska et al., 2014, 2016). For a fibrous structure, the two phases should
have a sufficiently high viscosity to allow deformation and alignment upon shearing, and

structure entrapment during cooling.

Pea proteins are increasingly used as an alternative for soy protein since the pea plants may
be grown in more moderate climates than soy. In addition, pea proteins are less connected to
GMO questions, and are not listed as allergenic (Lam et al., 2018). Structuring of pea protein
however remains a challenge because it has a much lower gelling capacity than soy protein
(Bildstein et al., 2008). In addition, heat induced gels of SPI are stronger than heat induced
gels of pea protein isolate (PPI) (Hsu, 1982; O’Kane et al., 2005; Shand et al., 2007; Sosulski
et al., 1976). Only a few studies reported success in structuring pea protein isolates with low
moisture extrusion (Beck et al., 2017; Wang et al., 1999) and high moisture extrusion (Osen
et al., 2014). In this study, it was decided to include WG next to PPI and SPI in the blend,
since the WG network can contribute to the viscosity, elasticity and strength (Ng &
McKinley, 2008; Pietsch et al., 2016). WG acts as structurant in these blends and renders

anisotropy due to elongation of the domains according (Grabowska et al., 2014).

15
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Here, we report on the morphologies obtained by blending PPI and WG relative to those
obtained with SPI and WG. We postulate that the use of WG with PPI may result in solidified
protein materials by heating, which may become anisotropic when they are sheared
concurrently. However the exact processing conditions will have to be adjusted to the
different type of materials. We expect that the inclusion of air will play a similar role for

structure formation as found earlier with SPI/pectin.

16
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2.3 Materials and methods

2.3.1 Materials
Pea protein isolate (PPI) NUTRALYS® F85G) and vital wheat gluten (WG) (VITENS ®

CWS) were both obtained from Roquette Freres S.A., (Lestrem, France). Soy protein isolate
(SPI) (SUPRO® EX 37 IP) was obtained from Solae (St. Louis, MO, USA). PPI was
composed of 78.6 wt.% protein (N x 5.7), WG was composed of 72.4 wt.% protein (N x 5.7),
SPI was composed of 80.0 wt.% protein (N x 5.7) (Breese Jones, 1931) on a dry basis,
according to Dumas measurements. The manufacturer’s specification indicated that the PPI
contained 1% dietary fiber, 9% lipids, 4% ash. The manufacturer’s specification indicated
that the SPI contained <1% lipids, <5% ash. PPI, SPI and WG had an average dry matter
content of 93.2 wt.%, 92.8 wt.%, and 92.3 wt.%, respectively. Sodium chloride and
Rhodamine B were both obtained from Sigma-Aldrich Co., LLC. (Zwijndrecht, the
Netherlands). The mechanical properties of the processed SPI-WG and PPI-WG mixture
were compared to chicken fillet as a reference more specifically the breast of a chicken
(Jumbo, Wageningen, The Netherlands), composed of 74.7 wt.% water, 23.6 wt.% protein,
1.6 wt.% fat and 0.1 wt.% salt.

2.3.2  Protein mixtures
Two protein mixtures (SPI-WG and PPI-WG) were prepared with at 40 wt.% concentration.

The SPI-WG and PPI-WG mixtures were prepared with a combination of 19.5 wt.% protein
isolate (SPI or PPI), 19.5 wt.% WG, 1 wt.% sodium chloride and 60 wt.% demineralized
water. Firstly, the sodium chloride was dissolved in distilled water. Then SPI or PPI was
added and mixed with a spatula. The protein mixture was hydrated with the saline solution
for 30 min. After hydration, WG was mixed with a spatula to the protein mixture and added

directly before processing.

2.3.3  High-temperature and shear-induced structure formation of protein
mixtures
A high-temperature conical shear cell (HTSC) (Wageningen University, the Netherlands),

which was developed in house (Grabowska et al., 2016), was used to process the SPI-WG
and PPI-WG mixtures. The HTSC is a cone-in-cone device, of which the bottom cone rotates.
The cavity between the two cones is closed, preventing escape of steam during heating. The

protein mixtures were processed in the pre-heated shear cell of different processing
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temperatures (95-140°C) at 39 s! (controlled by a Haake Polylab QC drive, Germany). After
15 min constant shearing and heating, the HTSC was cooled down to 25°C within 5 min. The
products were left at room temperature in a closed plastic bag for at least one hour before
further measurements were performed. Each product was prepared and analysed three times

independently.

2.3.4  Chicken
Chicken fillet was used a reference for the mechanical properties to the SPI-WG and PPI-

WG products. First, the fillet was vacuum sealed in a plastic bag and frozen overnight. Then
it was partly defrosted to facilitate cutting parallel and perpendicular to the fibers to a
specimen of approximately 7 mm thick, 7 mm width, 45 mm length. Each specimen was
again vacuum sealed in a plastic bag and heated in a water bath at 65°C for 20 minutes. The
heated chicken had an average dry matter content of 28.6%. Mechanical measurements were

conducted with the samples at room temperature.

2.3.5 Confocal laser scanning microscopy
The morphologies of the SPI-WG and PPI-WG products were visualized with a confocal

laser scanning microscope (CLSM). Samples of the SPI-WG and PPI-WG materials were cut
into samples with dimensions 3 by 8 by 10 mm and rapidly frozen with liquid nitrogen. A
cryo-microtome (Micron CR50-H, ADAMAS-instruments Corp., Rhenen, The Netherlands)
was used to create slices with approximately 40 um thickness at a temperature of -20°C. A
solution of 0.2 mg/mL Rhodamine B was used to stain the specimens (Sigma-Aldrich Chemie
Gmbh, Steinheim, Germany). A Confocal Laser Scanning Microscope type 510 (Zeiss AG,
Oberkochen, Germany) using a 543 nm HeNe laser with a 405 nm Blue/Violet diode laser
was used with A 20x EC Plan-Neofluar/0.5.A lens. The images were analysed with the
software ZEN, the blue edition (Carl Zeiss Microscopy).

2.3.6  X-ray microtomography
An X-ray microtomographer, GE Phoenix v|tome|x m (General Electric Go., Wunstorf,

Germany), was used to study the inclusion of air in the SPI-WG and PPI-WG products. A
240 kV microfocus tube with tungsten target was employed. X-rays were produced with a
voltage of 80 kV and a current of 90 mA. The images were recorded by a GE DXR detector
array with 2,024 x 2,024 pixels (pixel size 200 um). The detector was located 815 mm from

the X-ray source. A sample was cut to a dimension of 3 by 4 by 20 mm and placed in a closed
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Eppendorf tube to avoid moisture loss. The sample was placed 28.55 mm from the X-ray
source, which resulted in a spatial resolution of 7.00 um. The sample was placed on a rotary
stage to allow a full scan consisting of 1,500 projections over 360°, with a step ratio of 0.24°.
The first image was skipped. The saved projection was the average of three images where
every image is obtained over 250 ms exposure time. GE image reconstruction software
(Wunstorf, Germany) was used to calculate the 3D structure via back projection. The 3D
images, obtained using the v|tome[x XRT, were analysed using Avizo imaging software

version 9.4.0. The measurements were performed in duplicate.

2.3.7  Tensile strength analysis
Tensile strength analyses were performed with a Texture Analyzer (Instron Corp. 5564,

USA) using a static load cell of 100 N. A uniaxial tensile test was performed at room
temperature with a displacement rate of 1 mm/s. Tensile bars were taken from the materials
with a dog bone-shaped mold in two directions: i) parallel, and ii) perpendicular to the
direction of shearing. The bone-shaped mold was used to cut the samples, the dimensions
(thickness and width) of the cut sample varied. Therefore, the dimensions were measured and
accounted for in the tensile strength determination. The ends of the tensile bars were placed
into the two clamps such that 15.5 mm was the initial length of the sample. The results
obtained from these tensile test analyses were depicted as force-displacement curves. The

true stress (o, Pa) and fracture strain (g, —) were defined as

h .
gy = 1nh(—z) [—] 21
h
AW = 5o ] 2
a(t) = % [Pa] 23

Where h, is defined as the length of the sample of the tensile bar (15.5 mm), h(t) defined as
the length all time ¢, A(t) is defined as the contact surface area A of the tensile bar all time
t, A, is the initial contact surface area of the tensile bar and F(t) is the force per unit of area
A(t). It was assumed that the volume of the tensile bar did not change during stretching and
the shape was retained. The point following a dramatically decrease in stress in the stress-

strain curve was taken as the fracture point. Young’s modulus was calculated from the slope
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of the tensile stress-strain curve of the first 1.5 mm. For the SPI-WG and PPI-WG products,
three samples were prepared per condition. For every sample, three parallel and three
perpendicular specimens were taken. Therefore, in total nine parallel and nine perpendicular
specimens per conditions were tested. The results of the three specimens for every sample
were averaged and the standard deviations were determined based on the variation between
the average values of those three samples. For the chicken, three different chicken breasts
were tested, and four parallel and four perpendicular samples (chicken strips) were taken. In
total 12 parallel and 12 perpendicular chicken strips were tested. The four chicken strips were
averaged and the standard deviations were determined based on the variation between the

three samples.

2.3.8 Statistics
The experiments were performed in duplicate unless stated otherwise. Duncan's test was

performed to evaluate the statistical significance between samples at a significant level of

95% (P<0.05) analysed using SPPS statistics Version 25.0 (IBM, Armonk, NY).
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2.4 Results and discussion
The morphologies of sheared and heated mixtures of pea protein-gluten were explored and

compared with the morphology obtained from mixtures of soy protein-gluten.

2.4.1  Macrostructure
First, the morphologies of sheared and heated mixtures of pea protein isolate (PPI) and wheat

gluten (WG) processed at different temperatures were analysed by manually deforming the
samples and then visually inspecting the fibrousness (Figure 2.1). It was observed the soy
protein isolate (SPI)-WG blends yielded stronger and more fibrous materials than the PPI-
WG blends for most process conditions. The PPI-WG blends were often darker in colour than

the SPI-WG blends.

Products Processing temperature (°C)

95 11 130 140
SPI-
WG '-~ -walm-*' ’ g
ﬂ - ' M
_““

PPI-
WG

— lcm
Sample \ )
Y
SPI Gl « " Ah
WG
¥ r,'l
120 125 135 140

Processing temperature (°C)

Figure 2.1. Visual observation of shear-induced structuring (15 min, 39 s™) of pea protein isolate (PPI)-
wheat gluten (WG) blends and soy protein isolate (SP1)-WG blends at different temperatures, which were
deformed manually. The surfaces of the SPI-WG products were depicting at a specific temperature range
(120-140°C), demonstrating holes at 130°C.

The processing temperature was much more critical for the PPI-WG blend than for the SPI-
WG blend. The PPI-WG blend gave a fragile and weak product when processed at 95°C. At
higher temperature, 110°C resulted in a weak gel with small fibers, while a fibrous product
was obtained at 120°C. A brittle product was formed upon processing at 130°C, and a layered

product at 140°C. Shearing of the SPI-WG blends yielded a distinct fibrous morphology at
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all temperatures, even though shearing at 130°C resulted in a more brittle product, in which

we observed larger holes (Figure 2.1).

2.4.2  Microstructure
The shape and orientation of protein domains in the direction of the shear flow was examined

with CLSM. The effect of shearing on those domains was revealed by comparing a sheared
and a non-sheared PPI-WG product heated at 120°C (Figure 2.2). Previous studies (Dekkers
etal., 2018; Peters et al., 2017) showed that WG typically takes up much less water than SPI.
Given the similar water holding properties of PPI, we may therefore assume that WG also
absorbs less water than PPI in PPI-WG blends (Peters et al., 2017). After staining with
Rhodamine B, both the SPI/PPI and WG showed fluorescence. The WG phase is expected to
exhibit higher fluorescence intensity due to its higher protein concentration. Indeed, we
observe high intensity red domains in the non-sheared PPI-WG blend. After shearing the PPI-
WG blend at 120°C, those high-intensity domains were aligned in the shear flow direction.

The latter observation coincides with the fibrous product observed visually.

PPI-WG (120°C, 0s™) PPI-WG (120°C, 39 s™)

e

100 pm
=i

-> Shear flow
Figure 2.2. CLSM images of the fluorescence channel of the 40 wt.% PPI-WG (50/50 by weight) product at
120°C at 0 and 39 s/ stained with Rhodamine B. High-intensity red - WG. Low-intensity red - PPI.

Shearing may deform and orient the dispersed domains in the materials, but the extent of the
effect depended on process temperature. CLSM images of the PPI-WG and SPI-WG product
at several processing temperatures are shown in Figure 2.3. As a reference, we also measured
non-heated and sheared PPI-WG and SPI-WG blends that showed no alignment of protein
domains. Shear-induced structuring at 120 and 140°C for SPI-WG mixtures and at 120°C for

PPI-WG mixture resulted in elongated protein domains along the direction of the shear flow,
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which as appeared as aligned fibers in the product. However, shearing at other processing
temperatures gave no alignment of the protein domains; instead these proteins domains (both
in PPI-WG and SPI-WG blends) were randomly oriented after processing at 95, 110 and
130°C. At higher processing temperatures (e.g. at 140°C for PPI-WQ), the PPI and WG
domains became less evident. Hardly any differences in intensities could be observed
anymore. A possible explanation is that the PPl and WG become more compatible or

associate due to interactions between both phases while shearing.

Product Processing temperature (°C)

95 110 120 130 140
PPI-
WG

N‘A. ...
SPI-
WG

Figure 2.3. CLSM images of the fluorescence channel of the 40 wt.% SPI-WG (50/50 by weight) and PPI-
WG (50/50 by weight) product at 25, 95, 110, 120, 130 and 140°C at 39 s stained with Rhodamine B.
High-intensity red - WG. Low-intensity red - SPI/PPI. N.A. - not available.

2.4.3  Entrapment of air
Previous research revealed the importance of air inclusion in those dense protein blend used

for making fibrous materials. X-ray microtomography (XRT) was therefore used to quantify

the air void fraction in the protein blends.

The reconstructed 3D X-ray tomography image showed that almost all blends contained air
to a certain extent, and the exact amount depended on the processing temperature (Figure
2.4). The reconstructed 3D images of both blends are used for the quantification of the voids
fraction as well as the void geometry in the blends after processing (Figure 2.5). As a
reference, we also measure non-heated and sheared SPI-WG and PPI-WG blends (25°C, 40
wt.%, 50/50 by weight, at 39 s™!), yielded a void fraction of 6 to 11 vol.%. In case of PPI, the
shearing process resulted in a decrease of air inclusion. The SPI-WG was able to keep air
inside up to a process temperature of 120°C. Nevertheless, the heating temperature was found
to be an important parameter in both the PPI-WG and SPI-WG products, and a higher

temperature during shearing resulted in a reduced void fraction of air (Figure 2.4 and Figure
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2.5). The use of a temperature of 110°C gave a void fraction of 6 to 7 vol.%, while processing
at 140°C led to an air fraction of only 0.2 to 0.1 vol.%, meaning that processing at 140°C did
leave hardly any air in the product. The coalescence of air bubbles to larger bubbles and even

holes is observed, which is probalby the first step in air escaping at higher processing

termperature.
Sample Processing temperature (°C)
25 110 120 130 140
PPI-WG
Solid

Air

Solid

Air

Solid block ~ 4x3x7 mm
-> Shear flow

Figure 2.4. X-ray microtomography images of a reconstructed trimetric image of the solid (in yellow) of SPI-
WG and PPI-WG products at 25, 110, 120, 130 and 140°C (where a structure without large fractures and
holes was chosen and the small line on top was formed by the curves of the cone in the shear cell and a
smaller reconstructed trimetric image was shown for 25°C since the weak products gave difficulties during
cutting) and a reconstructed trimeric image of the air (in blue) in SPI-WG and PPI-WG products at 25, 110,
120, 130 and 140°C.
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The SPI-WG blends specifically show extensive deformation of the air bubbles when sheared
and heated at 120 to 140°C; we do not see this with the PPI-WG blends, which does not show
any significantly different deformation of the air bubbles (Figure 2.5). Deformation of air
bubbles shows this with the average ratio of the longest (1) over the shortest (w) dimension
of the bubbles.

4 F
—~ 8% F bD
X an O e 4
£ A 5 .
5 % | : T
.§ (> bA . aB <> B
= = L A ﬁ
= 4% (] 210 aA i@ =
2 A,

2% F @ aC 1

O aB aB
0% : L D] 0 . .
90 110 130 150 90 110 130 150
Temperature (°C) Temperature (°C)

Figure 2.5. X-ray microtomography analysis of air cavities when heating the SPI-WG (*) and PPI-WG (m)
products at 110, 120, 130 and 140°C: void fraction, deformation of the air cavities (I/w = length of the
deformed air cavities in the shear flow direction (defined as 1) and the diameter of the deformed air cavity in
the velocity gradient direction (defined as w)). Please note: Means with the same lower-case letter within a
column (sample) were not significantly different (p<0.05). Means with the same capital letter within a row

(temperature) were not significantly different (p<0.05). The underlined letters are related to PPI-WG and
the others to SPI-WG.

2.4.4  Mechanical properties

On microscale, we observed alignment of the protein domains and air bubbles in the direction
of the shear flow for the SPI-WG blend when sheared at 120 and 140°C, and for PPI-WG
when sheared at 120°C. It is expected that this structure will influence the macroscopic
mechanical properties. Therefore, the resulting materials were subjected to a tensile strength
analysis parallel and perpendicular to the direction of shearing during processing. The ratio
between the tensile strengths (stress and strain) parallel and perpendicular to the direction of
shearing was used as a measure for the anisotropy of the product. Figure 2.6 shows the
Young’s modulus, the tensile stress and tensile strain of the SPI-WG and PPI-WG materials
sheared at different temperatures in parallel and perpendicular direction to the shear flow. As

a reference fibrous product, a cooked piece of chicken was taken.
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As Figure 2.6 shows, the Young’s modulus of the SPI-WG blend increased after processing
at 95°C (statistical analysis in Appendix Table A 2.1). It was observed that the Young’s
modulus was hardly affected by the shearing temperature, except for a brief, but reproducible
decrease at 130°C. In addition, it is found that Young’s moduli were hardly different when
measured in both directions. The tensile stress at 120 and 140°C shows stronger anisotropy.
The SPI-WG blends exhibit an increasing tensile stress (parallel to direction to shear flow)
after 95°C and a similar tensile stress and strain value irrespective of the shearing temperature

employed, and once more show a lower value at 130°C.

The Young’s modulus for PPI-WG blends increased with increasing temperature. A decrease
at 130°C can also be seen in the tensile strain (parallel to the direction of shear flow). The
PPI-WG blends also show increasing tensile stress- and strain values at a shearing
temperature of 140°C, indicative of the gradual solidification of the PPI-WG blend at higher
temperatures. At high shearing temperatures (i.e. 140°C) the PPI-WG products showed
similar strength to the SPI-WG products, except for the tensile stress perpendicular to the

shear flow direction

Young’s modulus (parallel to the shear flow direction) of the chicken strips was comparable
to the values of the SPI-WG blend at 110°C and to the values of PPI-WG blend at 120, 130,
140°C. Young’s modulus (perpendicular to the shear flow direction) of the chicken strips
was comparable to the values of PPI-WG blend at 110°C, and therefore lower than those for
the SPI-WG and PPI-WG blends measured at the other processing temperatures. The
anisotropy in Young’s moduli was limited in all materials, except the chicken meat.
Comparison to the chicken shows that especially the stress of the SPI-WG products at 110
and 120°C is higher than the chicken, while the PPI-WG products are in the same range.

We therefore hypothesize that the PPI gel forms a weaker phase during processing as well
compared with the SPI gel, which could impact the deformation and alignment of the protein
domains in the direction of the shear. Our earlier observation (Figure 2.5) that deformed air
bubbles can be retained in their anisotropic state in the SPI-WG system, but not in the weaker
PPI-WG system, appears to support this hypothesis. A low viscous PPI phase is less capable

of retaining the air bubbles.

The lower values for Young’s modulus and in the tensile stress and strain at 130°C is

remarkable. While the decrease is mostly visible for SPI-WG products, it can also be seen in
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the tensile strain for PPI-WG products. We speculate that this effect is caused by two effects.
We expect that shearing gluten at higher temperatures will lead to collapse and disintegration
of the gluten network (Emin & Schuchmann, 2017). This will lead to a decrease in the
strength of the material and a more brittle appearance (Figure 2.1). At the same time, the
increased temperature will also decrease the viscosity of both SPI and PPI. A lower viscosity
leads to faster coalescence and possible escape of the air bubbles. At 130°C, we observe
clearly the effect of coalescence leading big air holes that act a defect during tensile tests. At

130°C, the effect of those effects are more dominant than matrix properties.

A second observation is that the SPI-WG blends exhibit anisotropy irrespective of the
shearing temperature, while for PPI-WG, this is only observed when shearing at 120°C. We
attribute this to the similarity in the viscoelastic behaviour of SPT and WG when present in a
blend after equilibrium of the moisture distribution over the two phases according to water
distribution as determined with TD-NMR (Dekkers et al., 2018). The viscosity of WG was
expected to be comparable to the viscosity values of SPI. The similarity in viscosities allows
the deformation of the WG domains into long fibres, or perhaps even a bicontinuous
structure, as may be seen in Figure 2.3. Further study should focus on understanding how the
viscoelastic behavior of PPI-WG blend dependency is on temperature. The viscosity of WG
was expected to be comparable to the values of SPI, and lower than those for PPI. It is
expected that only in the temperature range where the PPI phase has sufficiently solidified,
while the WG phase still retains sufficient strength, is there a match between the viscosities

that allows strong deformation of the WG domains.
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Figure 2.6. A) Young’s modulus, B) tensile stress, C) tensile strain of SPI-WG product (¢) and PPI-WG
product (m) at different temperatures (15 min, 39 s) and chicken (®). (parallel (darker color, + m ®) and
perpendicular direction (lighter color, to the direction of shearing, mean value + absolute deviation).
Please note: Statistical analysis in appendix Table A 2.1.
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2.5 Conclusion

Pea protein isolate (PPI) blended with wheat gluten (WGQG) resulted in distinct fibrous
morphology, when sheared and heated at 120°C. Processing at a lower temperature resulted
in a weak product without fibers, while higher temperature gave a strong and layered product.
In contrast, soy protein isolate (SPI)-WG blends yield similar fibrous, anisotropic materials
at a broader range of shearing temperatures (i.e. 110-140°C). Mechanically, blends with SPI-
WG resulted in three times stronger materials than the PPI-WG blends at lower shearing
temperatures (i.e. 120°C). At higher shearing temperatures (i.e. 140°C) the SPI-WG and PPI-
WG products showed similar strength. There is a distinct decrease in strength in both the SPI-
WG and PPI-WG blends, when processed at 130°C.
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2.6  Appendix

Table A 2.1. Analysis of significantly differences of the tensile strength in Figure 2.6 of the Young's modulus,
tensile stress and tensile strain of pea protein isolate-wheat gluten (PPI-WG) blends, soy protein isolate-
wheat gluten (SPI-WG) blends and chicken processed at different temperatures. Please note: Means with the
same lower-case letter within a column (sample) were not significantly different (p<0.05). Means with the
same capital letter within a row (temperature) were not significantly different (p<0.05).

Parallel Perpendicular
Young’s Samples Processing temperature (°C) Samples Processing temperature (°C)
modulus 95 110 120 130 140 95 110 120 130 140
PPI-WG aA  aB aC aD PPI-WG aA aB aC  aD
SPI-WG A bB bB aC aB SPI-WG A bB bB bC bB
Chicken b a a a Chicken a c c c
Tensile Samples Processing temperature (°C) Samples Processing temperature (°C)
stress 95 110 120 130 140 95 110 120 130 140
PPI-WG aA aA aA aB PPI-WG aA aA aA aB
SPI-WG A bB bB abA aB SPI-WG A  bA DbA bB DbA
Chicken a a b b Chicken a a c c
Tensile Samples Processing temperature (°C) Samples Processing temperature (°C)
strain 95 110 120 130 140 95 110 120 130 140
PPI-WG aA aA aB aC PPI-WG aA aA aA aB
SPI-WG B aB aB  aA aB SPI-WG A bA bAB aC aB
Chicken b b a b Chicken a a a B
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Water redistribution determined by Time Domain NMR
explains rheological properties of dense fibrous protein

blends at high temperature

This chapter has been published as Schreuders, F. K. G., Bodnar, 1., Erni, P., Boom, R. M.,
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Chapter 3

3.1 Abstract

Blends of different plant proteins can form excellent basis for meat analogues by subjecting
those to shear and heating. We here want to obtain more information of the internal structure
of pea protein isolate (PPI)-wheat gluten (WGQG) and soy protein isolate (SPI)-WG blends, by
using the polymer blending law to explain rheological responses. For this polymer blending
law the water distribution over the two phases is the blend was obtained with time domain
'"H NMR measurements using the NMR measurements of individual protein phases and on
the blend. By matching the relaxation rate (R,) of the individual phases with those of the
blend, the water distribution over the two phases could be obtained. Water is preferentially
taken up by SPI or PPI phase leaving less water for WG, which effect strongly changes the
volume fractions of the phases. Rheological properties of the separate phases as function of
their hydration resulted in higher apparent modulus for the WG phase, and a lower one for
the PPI and SPI phase. From the results, it was concluded that both blends show signs of a
bi-continuous morphology. The SPI-WG blend showed an intermediate value between bi-
continuous and SPI continuous. PPI-WG at lower temperatures showed a bi-continuous

structure, while at higher processing temperatures and time was probably WG continuous.
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3.2 Introduction

Proteins used in meat replacing foods are mostly derived from dairy, soy and wheat gluten.
However, because of dietary restrictions, food allergies and vegetarianism alternative protein
sources (e.g. pulses) are also being explored (Adebiyi & Aluko, 2011; Akintayo et al., 1998;
Betancur-Ancona et al., 2004; Karaca et al., 2011; Sanchez-Vioque et al., 1999; Traina &
Breene, 1994). An important requirement for meat analogues is to mimic the fibrous structure
of meat. Such structures were successfully created from blends of concentrated solutions of
pea protein isolate (PPI)-wheat gluten (WQG) and soy protein isolate (SPI)-WG blends
(Chapter 2). This was achieved by subjecting the blends to shear at high temperature. These
blends basically are water-in-water emulsions, as a result of the thermodynamic

incompatibility of the proteins (Tolstoguzov, 1993).

The mechanical properties of these protein products depend on the rheology of the blend
during the process. The rheological properties of a blend depend on the distribution of water
over the phases and the properties of the polymer in each phase. When the rheological
properties of both phase are known, the response of the blend can be described with an
empirical polymer blending law (Morris, 1992). This polymer blending law assumes that
either the strain is equal over the two phases (isostrain), or that the stress is equal over the
two phases (isostress) (Takayanagi et al., 1963) or that the structure would divide over these

phases (Davies, 1971). The polymer blending law reads in its general form as:
Gxy" = dxGx" + dyGy™ 3.1

Where Gy, Gy and Gyy are the moduli of the two polymers X and Y and the blended material
XY, and ¢y and ¢y are the volume fractions of phase X and Y. The value of the parameter n
depends on the spatial distribution of the two components in the blended material and their
moduli, withn = 1 for isostrain, n = —1 for isostress, and n = 0.2 for bi-continuous. Blends
that obey isostrain behaviour generally consist of a stronger continuous phase and a weaker
discontinous phase. The behaviour of those blends can be described best using n =1 in a
polymer blending law as described above. The continuous and dispersed phases are deformed
to the same extent. Blends that obey isostress behaviour generally consist of a weaker
continuous phase and a stronger discontinuous phase. The behaviour of those blends can be
described best using n = —1 in a polymer blending law as described above. The strength of

the weaker phase limits the force that can be transmitted to the stronger phase, implying that
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both phases are subjected to the same stress. For products having phases that are both
continuous (a bi-continuous product), the overall modulus of products can be related to the
moduli of the individual phases (Gyx and Gy). A bi-continuous structure is described by using
n = 0.2. The polymer blending law developed by Davies (1971) for bi-continuous products
was initially used to describe the behaviour of composites of condensed materials. Also in
biopolymer products, bi-continuous structures are possible. Piculell et al. (1992) first applied
the polymer blending law to hydrated biopolymer networks, and found that the experimental
moduli of co-gels of a mixture of iota and kappa carrageenan gave good agreement with a

prediction for a bi-continuous product.

The rheological properties of blends in which both phases contain water and a biopolymer
depend on the distribution of the water in the blend. In case two proteins that do not have the
same interaction with water, there will be two phases with different individual protein
concentrations. In several studies (Clark et al., 1983; Fitzsimons et al., 2008; Kasapis & Tay,
2009; Shrinivas et al., 2009), the relative amount of water in each polymeric phase is
calculated with the “solvent avidity parameter”, p. This parameter is fitted based on the
rheological properties with a polymer blending law. Direct determination of the water
distribution by NMR relaxometry was proposed by Clark et al. (1983) to overcome the
difficulty of solvent avidity parameter between the polymeric phases. More recent, it was
shown that time domain nuclear magnetic resonance (TD-NMR) could be used to quantify
the water content in a concentrated protein blend (Dekkers, de Kort, et al., 2016). The proton
relaxation rate (R,) was determined for products with different protein concentrations of the
individual (protein) component similarly as described by (Peters et al., 2017) as well as the
individual (protein) components used in the blend as described by Dekkers, de Kort, et al.
(2016). Then, the R, of the individual phases were matched with those of the blend to obtain
the water distribution over the two phases. Further, Dekkers et al. (2018) measured the
rheological properties. Based on the outcome of the TD-NMR measurements and the
rheological responses at 95°C, they concluded that two phases of the SPI-WG blend have
similar rheological properties under process conditions in the high temperature shear cell (i.e.
95°C, 15 min, 39 s), which they hypothesized to be a requirement for the creation of a
fibrous product (Dekkers et al., 2018). This study applies this procedure to blends of PPI and
WG, subjected to higher temperatures (110-140°C). Those temperatures allow formation of

fibrous, anisotropic structure when subjected to shearing (Chapter 2).
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Here, we study the distribution of water in the PPI-WG blend with TD-NMR and the
rheological properties of both the individual components and the PPI-WG blends as function
of their hydration at high temperatures. Results are compared with those of SPI-WG blends.
A detailed analysis of the rheological properties of the individual biopolymer and biopolymer
blends made it possible to fit the exact n-value of the polymer blending law. The n-value of
the polymer blending law was used to obtain information on the internal structure of the
blends. The outcomes were mirrored against products structures formed upon shear

structuring (Chapter 2).
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3.3  Materials and methods

3.3.1 Materials
Pea protein isolate (PPI) NUTRALYS® F85G) and vital wheat gluten (WG) (VITENS ®

CWS) were both obtained from Roquette Freres S.A., (Lestrem, France). Soy protein isolate
(SPI) (SUPRO® EX 37 IP) was obtained from Solae (Europe S.A.). PPI was composed of
78.6 wt.% protein (N x 5.7), WG was composed of 72.4 wt.% protein (N x 5.7), SPI was
composed of 80.0 wt.% protein (N x 5.7) on a dry basis, according to Dumas measurements.
PPI, SPI and WG had an average dry matter content of 93.2 wt.%, 92.8 wt.%, and 92.3 wt.%,
respectively. Sodium chloride was obtained from Sigma-Aldrich (Zwijndrecht, the

Netherlands).

3.3.2  Preparation of protein blends
Protein blends (PPI, SPI, WG, PPI-WG and SPI-WG) were prepared with 20-55 wt.%

concentration. For the PPI-WG, blends different ratios of protein were mixed (20/80, 50/50,
80/20). First, 1 wt.% sodium chloride was dissolved in distilled water. Then PPI, SPI or WG
was added and mixed with a spatula. The protein blend was then hydrated for 30 min. For
the PPI-WG and SPI-WG blends, the WG was mixed with in with a spatula to the hydrated

PPI or SPI solution, directly before processing.

3.3.3  Proteinaceous product
Products were made with the protein blends (PPI, WG, PPI-WG) with and without applying

any shear in a high-temperature conical shear cell or in air-tight cylindrical vials,
respectively. A high-temperature conical shear cell (Wageningen University, the
Netherlands), developed in house (Grabowska et al., 2016), was used to process the protein
blends. This device is a cone-in-cone device, of which the bottom cone rotates. The cavity
between the two cones is sealed, preventing escape of steam during heating. The protein
blends were processed with a pre-heated shear cell at 95°C at 0 and 39 s”! (controlled by a
Haake Polylab QC drive, Germany). After 15 or 7.5 min shearing and heating at constant
shear rate (at 0 and 39 s*') and temperature (95°C), the HTSC was cooled down to 25°C
within 5 min. Furthermore, gels were made with the protein blends without applying any
shear. The proteins blends were placed in air-tight cylindrical vials with a diameter of 25 mm
and a height of 4 mm. These cylindrical vials were overfilled, to remove most of the air from

the blend. The surplus of the blend could escape from a hole on the top of the vial. After
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filling, the hole was sealed before heating. The vials were heated in a water bath at 95°C or
an oil bath at 110, 120, 130, 140°C for 15 min. The gels were cooled for 5 min in a cold water
bath. The products were left at room temperature in a closed and vacuum sealed plastic bag

for at least one hour before further measurements were performed.

3.3.4 TD-NMR
The proton relaxation time T, of the PPI, WG and PPI-WG products (see Table 3.1 for an

overview of the composition and processing conditions of the protein blends used) was
determined with TD-NMR according to the method that was described by Dekkers, de Kort,
et al. (2016). Components with significantly different T, represent populations of protons
(*H) with different rotational mobility, and can therefore be assigned to different classes of
proton-bearing moieties in the sample. A sample, taken from the gels or processed blends
were placed into 7 mm NMR-tubes. The tubes were closed with a cap to prevent moisture
loss. A Maran Ultra NMR spectrometer at a magnetic field at 0.72 T and a 'H resonance
frequency of 30.7 MHz was used. Data was interpreted using RINMR software (Resonance
Instruments Ltd., Witney, UK). T, values were measured with a Carr-Purcell-Meiboom-Gill
pulse train with 12288 echoes (five data points per echo). The sample time between the data
points in each echo was 10 ps resulting in a spectral width of 100 kHz. The time between
each echo was 407 ps. In total, 16 transients were recorded with phase cycling resulting in
no baseline offset, with a repetition time of 30 s. Each CPMG echo train was averaged to one
data point using the IDL package (ITT Visual Information Solutions, Boulder, CO, USA).
The experimental error (upper and lower bound) was measured by repeating all experiments

four times.

Transverse magnetization decay curves were analysed with the Levenberg-Marquardt non-

linear least squares algorithm implemented in SpIMod (Vogel, 1988), which fits a sum of

exponential curves (“components”) ZiAie_t/ T2i to the decay, resulting in an amplitude, A,
and a transverse relaxation time T, for each component i. The inverse of T, is the relaxation
rate, R,. The number of decay components needed to describe the data was estimated from
the decrease of the standard deviation when fitting an additional component. For all
experiments, we found that the data could be accurately described with four components.
Laplace inversion of the data (by CONTIN (Provencher, 1982)) predicts three separate T,
distributions shown by different authors (Dekkers, de Kort, et al., 2016; Hinrichs et al., 2003,
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2007; Peters et al., 2017). The longest relaxation time represents just a small proton
population in the sample. This relaxation time is shorter than that of pure water (which is
~2 s (Ruan, et al., 1999)), but still suggests presence of relatively mobile water, probably
within pores of the fibrous product (Grabowska et al., 2014). The fraction of “free” water is
small and negligible above ~20 wt.% protein, reflecting the strong water binding capacity of
PPI and SPI. The component with the shortest T, represents protein-bound protons: its
amplitude increases linearly with concentration, which is in line with the idea that it
represents the protein-bound proton population. The two middle components in a 4-
component fit together were used to describe the large and slightly dispersed middle
population. These two middle components were averaged, which represents the vast majority
(>90%) of the NMR relaxometry signal intensity and was therefore assigned to “absorbed”
water following previous studies (Dekkers, de Kort, et al., 2016; Hinrichs et al., 2003, 2007,
Peters et al., 2017). The concentration (C;) dependency of R, of “absorbed” water was fitted

with a stretched exponential
R2 =A- eB'CiC 32

in which A, B and C were fitting parameters.

3.3.5  Prediction of water distribution with TD-NMR
The R,-dependency on the dry matter content can be used to predict the water distribution

(and phase volume fraction) in the PPI-WG blends, similarly as described by Dekkers, de
Kort, et al. (2016) for SPT and WG. A mass balance (explained in Appendix C) was used to
calculate all the theoretical possible water redistribution after combining the two phases,
given the originally added amount of water. The R,-value of the two separated phases at
various theoretical water distributions in the blend were calculated. The R,-value of the two
separated phases were summed (based on their protein concentration) and were compared to
the experimentally determined R,-value of the PPI-WG blends. The water distribution in the
blend was taken at the point where the summed R,-values corresponded to the experimentally
determined R,-value of the PPI-WG blend. Here, it was assumed that PPI and WG form
separate phases with only PPI or WG present in each phase, since swollen WG will severely
hinder mixing molecular level with another biopolymer due to its densely crosslinked
network. Further, both phases do have a high viscosity, which also prevents molecular

mixing.
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3.3.6  Rheological properties
The rheological properties of the PPI, SPI, WG, PPI-WG and SPI-WG blends (see Table 3.1

for an overview of the composition and processing conditions of the protein blends used)
were measured at elevated temperature with a closed cavity rheometer (CCR) (RPA elite, TA
instruments, New Castle, Delaware, USA) (Emin & Schuchmann, 2017). The PPI-WG and
SPI-WG blends were measured at a ratio of 50/50. This ratio resulted a fibrous structure upon
shear cell processing (Chapter 2). Approximately 6 g of the hydrated blends was placed
between two plastic films in the cavity (disk geometry), which were sealed to each other to
allow a pressure of 4.5 bar to prevent water evaporation. The closed cavity rheometer has a
radius of 2.25 mm and maximum height of the inner cavity of 4 mm and biconical opening
with an angle of 3.35° for homogeneous transmission of the shear stress to the protein blends.
The grooves on the surface of the cones prevent slippage. Mechanical treatment is applied
through oscillatory movement of the lower cone. Three rheological tests were performed with
PPI, WG and PPI-WG blends at a ratio of 50/50. First, an isothermal measurement was
performed at a high temperature 110, 120, 130 and 140°C while applying a shear treatment
of 15 min using high strain (80%) and frequency (10 Hz). The response of these materials
was studied over longer times under these conditions to mimic the shearing process in the
high temperature shear cell. A frequency sweep (10-0.1 Hz, 1% strain) and an amplitude
sweep (1 Hz, 0.1-100%) were performed at 40°C to determine the linear viscoelastic (LVE)
regime. Since this test is done outside the LVE regime, the stress response is no longer a

single-harmonic sinusoid and therefore we refer to it as an apparent G*.

Table 3.1. An overview of the experimental design and the composition and processing conditions of the
samples (the underlined numbers are related to the mass fraction determined with TD-NMR).

Method Gelled Sheared

TD-NMR 20-45 wt.% PPI at 95°C 40 wt.% PPI at 95°C at 39 s™!

(replicate four  25-55 wt.% WG at 95°C 40 wt.% WG at 95°C at 39 s™!

times) 25-40 wt.% PPI-WG (20/80, 50/50, 80/20) at 40 wt.% PPI-WG (50/50) at 95°C at 39 s
95°C
40 wt.% PPI-WG (50/50) at 25, 110-140°C

Rheology 32 and 40 wt.% PPI at 110-140°C

with CCR 40, 48, 51 wt.% WG at 110-140°C

(duplicates) 40 wt.% PPI-WG (50/50) at 110-140°C

33,40 wt.% SPI at 110-140°C
40 wt.% SPI-WG (50/50) at 110-140°C
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3.4 Results and discussion

3.4.1 Water distribution with TD-NMR for PPI and WG products
Time domain nuclear magnetic resonance (TD-NMR) results of the single phases and the

blends are presented in Figure 3.1. These outcomes of the single phases and the blends are
used to predict the water distribution in the blends. For all systems, there was a clear relation
between the dry matter content and the relaxation rate (R, = 1/T,) of the protons of the
absorbed water (Figure 3.1 A). The R, of the component increased as function of the dry
matter content, reflecting the decreasing mobility of these fractions with increasing dry
matter content. Results were in agreement with results of Peters et al. (2017) for pea protein
isolate (PPI), soy protein isolate (SPI) and wheat gluten (WG) and Dekkers, de Kort, et al.
(2016) for SPI, WG and SPI-WG. It was observed that WG calibration curve of the R, versus
dry matter content increased more gradually than for SPI and PPI. The differences in
isoelectric point of WG (around 7.5) and the other proteins (around 4.5) are hypothesized to
be a cause for different responses of R, upon dry matter content. However, there is hardly
any difference in R, for heated PPI-WG products prepared under shear or without shear
(Figure 3.1 B), in agreement with the results reported by Dekkers et al. (2018) for SPI-WG
(50/50, 20-40 wt.% at 95°C for 15 min).

Figure 3.1 A shows R,-values for PPI, WG and PPI-WG as function of the dry matter content.
The R,-value for PPI was always larger than that for WG at similar dry matter content, but
close to R,-values for SPI. The measurements therefore suggest a lower mobility of water
within the PPI-phase than within the WG-phase at similar dry matter concentration. This
result aligns with results obtained with blends of SPI and WG. The R, of the PPI-WG blends
were in between those of pure PPI and pure WG. Blends with more PPI (i.e. 80/20) have R,-
values closer to PPI, and blends with more WG (i.e. 20/80) had R,-values closer to those of
only WG. A similar trend was observed for SPI-WG blends (Dekkers, de Kort, et al., 2016).
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Figure 3.1.Relaxation rate (R,) of A) PPI (¢), SPI ('), WG (%) and PPI-WG gels at various ratios: 20/80 (*),

50/50 (e), 80/20 (=) by weight of the PPI-WG blend as function of the dry matter content. The sheared PPI-

WG (50/50) (A), PPI(A), WG (A) at 39 s, and the gelled PPI-WG (50/50) (*), PPI (%), WG (*) at 0 s in

high temperature shear cell. The right hand Figure B) shows the Ryvalues for PPI-WG (50/50) as function of
the temperature used during processing or gelling.

3.4.2  Translation of TD-NMR values into volume fractions
The R,-dependency on the dry matter content was used to predict the water distribution and

phase volume fractions in the PPI-WG blends similarly as performed earlier for SPI-WG
blends by Dekkers, de Kort, et al. (2016). The experimentally determined R,-values of the
PPI-WG blend at different dry matter contents and ratios are shown in Table 3.2. The table
also reports the corresponding concentrations of PPI and WG in their phases and the phase
volumes of PPI and WG after water distribution in the PPI-WG blend. The R,-values of the
PPI-WG gels increased with increasing dry matter content in all ratios, indicating a lower
mobility of water by increasing dry matter content. The calculated volume fractions of
PPI/WG at different ratios and dry matter contents reveal that PPI absorbed more water. This
implies that the volume fraction of the individual phases was not similar to the mass fraction
anymore. Consequently, the volume of the PPI phase was larger and thus the concentration

of PPI in its phase was lower than the concentration of WG in its phase.

For the 25 wt.%, 30 wt.% and 35 wt.% PPI-WG products with a ratio of 20/80, there was no
match between the experimentally determined R,-value of the PPI-WG and the sum of the

predicted R, of PPI and predicted R, of WG. The experimentally R,-value was lower than
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the predicted R, indicating more mobile/free water than predicted. The fact that WG was not
available to absorb all the free water made determination of the volume fractions with this
method not possible, because the presence of free water was not considered in the mass
balances that was used to relate concentration of the proteins in both phases and their volume

fractions. That relation is explained in Appendix C .

Table 3.2. Overview of estimated concentration PPI in its phase and WG its phase and volume fractions of
the PPI and WG phases determined using TD-NMR.

Ratio Dry R, [PPI] in [WG] in R, R, Volume Volume
PPI/WG  matter PPI- its phase its phase PPI WG fraction PPI fraction WG
“) (Wt.%) WG (Wt.%) (wt.%) s 6 phase phase
(s ) )

80/20 25 22 21 37 23 22 0.88 0.12

30 29 28 45 29 29 0.88 0.12

35 36 30 50 35 37 0.87 0.13

40 46 35 55 43 48 0.87 0.13
50/50 25 20 21 32 23 19 0.59 0.41

30 23 25 35 27 21 0.60 0.40

35 30 27 45 30 29 0.65 0.35

40 34 32 48 37 33 0.63 0.37
20/80 25 16 17 33 18 20 0.34 0.66

30 19 20 36 21 21 0.33 0.67

35 23 23 40 25 24 0.32 0.68

40 28 29 41 32 25 0.27 0.73

3.4.3  Rheological properties of protein blends at similar dry matter content
The strain and frequency sweeps of PPI at 40°C are shown in Figure 3.2. The strain sweep

results of PPI (Figure 3.2 A) showed that a strain of 1% was within the linear viscoelastic
(LVE) regime and a strain of 80% was in the non-LVE regime. The stress response is no
longer a single-harmonic sinusoid and therefore we refer to it as an apparent G*. Similar
conclusions were drawn for WG, SPI, PPI-WG and SPI-WG blends at a ratio of 50/50
prepared at 40 wt.%. Therefore, a 1% strain was selected for frequency sweep tests, shown
in Figure 3.2 B. There is only minor dependency of the complex modulus on the oscillation
frequency, which was also observed earlier for WG, SPI, PPI-WG and SPI-WG blends at a
ratio of 50/50 prepared at 40 wt.% (Dekkers et al., 2018). Similar behaviour was observed at
different dry matter contents or processing temperature, even though the absolute values of

the apparent complex modulus differed.
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Figure 3.2. Complex shear moduli (G*) for PPI measured at 40°C after an isothermal experiment at 120°C
for 15 min at high strain (80%) and high frequency (10 Hz) with a A) strain sweep (1 Hz, 0.1-100%) and B)
frequency sweep (1%, 0.1-10 Hz).

In Figure 3.3, the complex moduli of PPI, WG, PPI-WG are depicted for a blend having a
dry matter content of 40 wt.% and measured under conditions relevant for structure formation
(i.e. at 120°C for 15 min at 80% and 10 Hz). The apparent Ggp; was comparable to the
apparent Gy, while the apparent Gpp; was much lower. The fast initial changes in the moduli
are attributed to sample heating from room temperature to the operating temperature of
120°C. After the initial heating period, the apparent Gpp; and Ggp; was almost constant, but
the Gy first increased, until after approximately 4 min, started to decrease. This effect was
previously explained as gluten polymerization (Pietsch et al., 2018), which became more

pronounced at higher temperature.

100

G* (kPa)

0,1

0 5 10 15
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Figure 3.3. Complex shear moduli (G*) measured during a time sweep at 120°C at high strain (80%) and
high frequency (10 Hz) for 40 wt.% PPI, 40 wt.% and 40 wt.% WG.
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3.4.4  Combination of TD-NMR and rheology
In Figure 3.4, the Gpp;_y¢ is between the values of the Gpp; and Gy at a dry matter content

of 40 wt.%. However, the TD-NMR measurements showed that the water does redistribute
between the PPI and WG; therefore the phases will have different volume fractions and local
protein concentrations. We combined the information on water distribution from TD-NMR
and rheology to determine the expected rheological properties of the phases present in the
PPI-WG blend. Our TD-NMR results show that the water distribution while processing at
different temperatures remains the same; so we used the water distribution that was obtained
by measuring at room temperature (after having heated to the processing temperature) for
determining the rheological properties of the blends at elevated temperatures. It is still unclear
how water distributes in a blend during heating at high temperatures, which would be relevant
for understanding shear-based structuring processes. A measurement of a protein-water
mixture at high temperature (above 100°C) would require a pressure cell inside the NMR
device. Measuring this is to our knowledge beyond the current possibilities. However, given
the high water activities in both phases (Peters et al., 2017), there is not a clear driving force
for water migration upon heating. Given the fact that water distribution was similar before
and after heating, and the lack of driving force for water migration justifies the assumption

that the water distribution does not change upon heating.

Figure 3.4 shows the apparent complex modulus of PPI and WG at a moisture content as
predicted by the TD-NMR measurements of the phases present in the PPI-WG blend. As
described above it means that PPI has a lower concentration of 0.32 g/g (but a larger volume
fraction of that phase), and WG has a correspondingly higher concentration of 0.48 g/g.
Lowering the concentration from 0.40 g/g to 0.32 g/g resulted in a lower modulus for PPL.
An opposite trend is visible for WG, in which the modulus increased. We see that the modulus

of PPI and WG now differ by almost two orders of magnitude (Figure 3.4).
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Figure 3.4.Complex shear moduli (G*) measured during a time sweep at 120°C at high strain (80%) and high
frequency (10 Hz) for 4) 40 wt.% PPI, 40 wt.% WG and 40 wt.% PPI-WG (50/50), B) 32 wt.% PP, 48 wt.%
WG and 40 wt.% PPI-WG (50/50).

Figure 3.5 shows the effect of temperature on the rheological properties. At higher
temperatures, the modulus of PPI slowly decreased. The exact reason for this decline is not
clear yet. WG still shows a similar maximum in its curve, albeit that the maximum is earlier
and more pronounced than at lower temperatures. This is probably caused by polymerization
as described by (Pietsch et al., 2018). In all cases, we see that the PPI phase is much weaker
than the WG phase. It would be expected that a continuous PPI phase would not be able to

deform a dispersed WG phase.
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Figure 3.5. Complex shear moduli (G*) measured during a time sweep at 110-140°C at high strain (80%)
and high frequency (10 Hz) for 32 wt.% PPI, 48 wt.% WG and 40 wt.% PPI-WG (50/50).

We can now compare this behaviour to that of a SPI-WG blends. Similarly as to the PPI-WG
blend, more water is absorbed by SPI than by WG, as observed with TD-NMR (Dekkers, de
Kort, et al., 2016). The mass fractions of SPI and WG are in this case 0.33 g/g and 0.51 g/g
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in their respective phases and the phase volumes of SPI and WG are 0.62 and 0.38 after
water redistribution, according to Dekkers et al. (2018). In Figure 3.6, the moduli using these
concentrations are followed at several temperatures. We see a similar trend as in the PPI-WG
system: the water redistribution implies a higher modulus for the WG phase, and a lower one
for the SPI phase. At lower temperatures the SPI modulus was almost constant over time, but
at 130 and 140°C a decreasing trend can be seen. At 95°C, the apparent modulus of the WG
phase is only slightly higher than that of the SPI phase, after water redistribution according
to Dekkers et al. (2018). At 110-140°C, the SPI modulus was always lower than the one of
the WG phase, but especially at lower temperatures the values were not too far apart. At
higher temperatures, the difference between the two phases becomes larger. At 140°C, the

WG modulus is again two orders of magnitude larger than the SPI modulus.
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Figure 3.6. Complex shear moduli (G*) measured during a time sweep at 110-140°C at high strain (80%)
and high frequency (10 Hz) for 33 wt.% 5/, 51 wt.% WG and 40 wt.% SPI-WG (50/50).

3.4.5  Analysis of rheological properties of PPI-WG and SPI-WG with a polymer

blending law
We used a polymer blending law to predict the moduli of the blends, using the values of the

individual phases, when assuming that the water redistributed based on the TD-NMR
measurements. Figure 3.7 and Figure 3.8 show the predictions accordingly when assuming
an isostrain (n = 1), isostress (n = —1) and bi-continuous (n = 0.2) model. To depict the
mean deviation of the calculated isostrain, isostress and bi-continuous model from the
experimentally measured moduli of the PPI-WG and SPI-WG blends, the root mean square
error (RMSE) is shown in Appendix Figure A 3.1. We see in Figure 3.7 that for PPI-WG, the
only model that predicts the values the best, is the bi-continuous model, even though the bi-

continuous model slightly underestimates the measured values at 120, 130 and 140°C. Thus,
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given the fact that it is a bi-continuous model, both the PPI and WG phase contribute equally
to the final product properties.
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Figure 3.7. Complex shear moduli (G*) measured during a time sweep at 110-140°C at high strain (80%)
outside of the linear viscoelastic (LVE) regime and high frequency (10 Hz) for 40 wt.% PPI-WG (50/50) and
calculated 40 wt.% PPI-WG (50/50) based on the volume fraction (0.63/0.37) with (—) isostrain, () bi-
continuous models, () isostress.
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Figure 3.8. Complex shear moduli (G*) measured during a time sweep at 110-140°C at high strain (80%)
outside of the linear viscoelastic (LVE) regime and high frequency (10 Hz) for 40 wt.% SPI-WG (50/50) and
calculated 40 wt.% SPI-WG (50/50) based on the volume fraction (0.62/0.38) with (—) isostrain, (—) bi-

continuous models, () isostress.

A previous study according to Dekkers et al. (2018) found that the moduli of the individual
SPI and WG phases could well predict the moduli of SPI-WG blends, using the isostrain
model. Figure 3.8 and in Appendix Figure A 3.1 show that the values as predicted by the
isostress and the isostrain models are quite close. In fact, also the bi-continuous model would

match well with the experimental moduli. Therefore we find that these measurements give
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no insight on which model is valid, and therefore on which type of morphology a SPI-WG
blend has. We see the same trend at 110 and 120°C: the isostress, isostrain and bi-continuous
models all yield similar predictions (Figure 3.8) and thus give no decisive insight into the

morphology.

Apart from the final morphology of the blends, it is interesting to understand how this
morphology develops. Therefore, we follow the development of the complex moduli over
time. This was done for the PPI-WG blend with 40 wt.% overall in the blend and the
corresponding concentration in the single phases of 32 wt.% PPI and 48 wt.% WG; and for
the SPI-WG blend again 40 wt.% overall, and in the corresponding single phases 33 wt.%
SPI and 51 wt.% WG. We then used a polymer blending law to fit the modulus of the blend,
by using the exponent n as fit parameter. For this fit parameter, n, the mean deviation of the
calculated fit parameter to the experimentally measured Gpp;_yy¢ and Gsp;_yy¢, the root mean
square error (RMSE) is minimalized (using ‘Solver’ function in Microsoft Excel) and shown
in Appendix Figure A 3.1. Figure 3.9 shows the parameter n for the PPI-WG and SPI-WG
blends after different times of processing at different temperatures. For the PPI-WG blend,
the n-value increases with increasing processing temperature from around 0.2 to 1. At 110°C,
the n-value of the blending law indicated a bi-continuous system (n = 0.2) as was discussed
before. At 120°C, the n-value of the blending law resulted in slightly higher n-values. At
increasing processing temperature, the n-value shifts to a higher n-value. This shift was more
pronounced over longer times of processing, indicative of a transition towards an isostrain
system (n = 1). With SPI-WG blends, we see a very different behaviour. Here the n-value
at 110°C is zero, indicative of a product with a strong internal phase. At higher temperatures
we see n-values around 0.4; an intermediate n-value between a bi-continuous network, and
an isostrain system; it is possible that this implies that there is some connection between the
domains of the dispersed phase, but it does not percolate fully. At 140°C, the system evolves
over time, with a n-value decreasing from decreasing from 0.3 to 0.1. This may well indicate
that the SPI-WG is an intermediate system between a bi-continuous structure and a system

with a stronger dispersed phase.
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Figure 3.9. Fit parameter, n, of a polymer blending law for PPI-WG and SPI-WG blends as function of
temperature and different times (® 5 min, ¢ 10 min, w15 min).

The behaviour of the two protein blends is markedly different at high temperature. The results
indicate that SPI-WG at 140°C for 15 min give the good fit between a bi-continuous structure
and a system with a stronger dispersed phase (n = 0.1), whereas PPI-WG at 140°C for 15
min give the good fit when using an isostrain approach (n = 1). This difference is probably
due to the difference in physical properties of these proteins: SPI tends to form strong gels,
while PPI is known to form weaker gels. This then explains the different processing
temperatures. The fit of the exact n-value of the polymer blending law indicated that the
morphology of the SPI-WG blend may in fact be more or less bi-continuous as well as it is
possible to create a SPI gel, interspersed with WG. With PPI-WG at 110 and 120°C it could
be possible that WG ultimately also interconnects, just like in kneaded wheat dough, to form
a more or less bi-continuous network, which also gives a fibrous structure upon shear cell
processing (Chapter 2). Rheological characterization of PPI-WG at 140°C for 15 min suggest
that the product structure could change to a dispersion with a weak dispersed phase, give the
good fit when using an isostrain approach (n = 1). Indeed, shear cell processing resulted in
a layered product rather than a fibrous product (Chapter 2). We expect that this effect of time
and temperature is because of partial polymerization of the WG phase as shown in the study
of Pietsch et al. (2018), becoming interconnected, probably forming the continuous phase at
some point (compare the gluten network formation in bread), and incorporating the PPI as
weaker internal phase. At 110°C, the n-value did not depend on the processing time, implying
stable behaviour. Remarkably, shorter processing at 140°C gave somewhat fibrous product
(in Appendix Figure A 3.2). The rheological measurements indicated a structure that was in

between bi-continuous and isostrain based on the best fit-value for n. It is therefore
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hypothesized that a bi-continuous structure is an indication of a blend to form fibrous

products upon shearing.
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3.5 Conclusion

The combination of TD-NMR and rheological characterization using CCR was successfully
applied to blends of pea protein isolate (PPI)-wheat gluten (WG) and soy protein isolate
(SPI)-WG blends, being processed at high temperature. The analysis of the rheological
properties of the blends and the separate phases as function of their hydration was extended
by fitting the exact n-value in the polymer blending law. The results revealed different
structuring behaviour of PPI-WG and SPI-WG blends. The SPI-WG blend showed that the
fitted n-values was hardly dependent on processing temperature. The n-value in case of PPI-
WG blend was more temperature dependent, indicating the presence of a bi-continuous
structure at 110-120°C, while a higher processing temperature resulted in a WG continuous
structure, analogous to the development of gluten dough. We therefore conclude that the fit
of the exact n-value allows indications in the morphology development over time and
temperature of plant protein blends. Potentially, it could be a factor that indicates the potential

of a protein blend to form fibrous products.
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3.6 Appendix A
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Appendix B

Processing time (min)
7.5 15

_  lcm
Figure A 3.2. Visual observation of shear-induced structuring (140°C, 39 s™') of pea protein isolate (PPI)-
wheat gluten (WG) blends at 7.5 and 15 min, which were deformed manually.
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Appendix C. Mass balances: Relation between the concentration and the

volume fraction

A blend (Figure A 3.3) consisting of biopolymer X with water (phase i) and Y with water
(phase j) is considered. Here, we assume a two phase system with complete de-mixing, which
means that no biopolymer X is present in phase j and no biopolymer Y in phase i. In this
study phase i with biopolymer X can be for example considered as a mixture of pea protein
isolate or soy protein isolate with water, while phase j with biopolymer Y can be for example

considered as a mixture of wheat gluten with water.

Biopolymer X (phase i)

Biopolymer
Y (phase j)

Figure A 3.3. Schematic picture of the blend of biopolymer X and Y.

The following equations are derived from mass balances to relate concentration and the

volume fraction:
Total mass , m;,;, of the blend (kg) is defined as

Mige = M + My 3.3
where, the mass of phase i is defined as m; (kg) and the mass of phase j is defined as m; (kg).

Total mass of phase i or j consisting of the mass of biopolymer X ,my ;, and water in phase i

m,,;, or the mass of biopolymer Y ,my ;, and water in phase j m,,,;.
m; = mX,L- + mwjl- m} = my']' + mw‘]’ 34
Concentration of each biopolymer X , Cx; (kg/kg) , or Y, Cy ; (kg/kg), in each phase i or j.

Co: = My i C, . =¥ 15
L= Y= .
T m, T omy

Concentration of each biopolymer X , Cy (kg/kg) , or Y , Cy (kg/kg), in the blend.

My i Mmy j
CY == J

CX =
Mot Mot

3.6

Volume fraction of phase i, ¢; (m?), and phase j , ¢; (m?), in the blend and the combination

with equation 3.4.
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m; my
b; = Pi b= Pj
LT S Myor
ptot Prot
Rewritten as: Rewritten as: 3.7
my; + my i my,j + mw,]-
b; = _ b _ Pj
t Mtor b = Meor
Ptot Ptot

where p; is the density of phase i (%), p;j being the density of phase j (%) and p¢,; being

the density of the blend (%).

The relation between the concentration and the volume fraction can be calculated. To do so,

we have to find an equation for m,,; and m,, ;. This needs rewriting of equation 3.4 and
equation 3.5
my,; = m;— My, my ;= m; — My;

Rewritten as: Rewritten as:

3.8

_ My, _ My,
My,i = C - My My,j=—7— — My
X,i j

Then equation 3.7 can be combined with equation 3.8, showing the relation between the
concentration and volume fraction.

my i mYJ'
My ; Z o My My ; + == — My ;
xit Cx.i X0 1 Gy 2
_ Pi - Pj
¢; = Myot d)] - Mot
Ptot Prot
. . 39
Rewritten as: Rewritten as:
My i My ;
Pi D
. = = 1 - i P— —] = - i
i Cyi Meor Z b, C, . Mot I=d
" Prot Y prot

Those equations can now be combined with a polymer blending law.
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Chapter 4

4.1 Abstract

A closed cavity rheometer was employed to assess the properties of concentrated protein
materials before, during and after thermal treatment, using conditions that are relevant to the
production of meat analogues. Pea protein isolate (PPI), soy protein isolate (SPI) and wheat
gluten (WGQG) were used as model matrices. The analysis was done using Lissajous curves,
both for small and large amplitude oscillatory shear deformation. The energy dissipation
ratios based on the enclosed area inside the Lissajous curves characterize the plasticity of the
materials. The results show that the modulus of WG increases during heating and remains
elevated after cooling. In contrast, the moduli of PPI and SPI decrease during heating.
Subsequent cooling leads to properties that are similar to the rheological properties of
unheated PPI and SPI. Lissajous curves and energy dissipation ratios provide insight in the
non-linear response. At 30°C, PPI and SPI have a higher dissipation ratio than WG. Upon a
heat treatment and even after cooling, the dissipation ratio was smaller at similar strain
amplitude compared with 30°C. This indicates that heating induced more elasticity. Upon
heating, PPI loses its elastic properties faster than SPI, while WG showed abrupt dissipation
after extensive deformation. The observed characteristics are consistent with the behaviour
during extrusion and shearing, in which WG forms extended filaments, while SPI and PPI
form a homogeneous matrix. Studying the large oscillatory shear behaviour during and after
thermal treatment provides a more detailed picture of the rheological changes during
processing, than one would obtain through classical rheology. The dissipation ratio
summarizes the information in the Lissajous curves. These insights help to better identify
material-structure-process relationships for concentrated plant protein materials during

thermomechanical conversions, such as extrusion.
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4.2  Introduction

The interest in using plant proteins as alternative for animal protein is strongly growing,
currently (Bashi et al., 2019; Jones, 2016; Lu et al., 2019; Mattice & Marangoni, 2020;
Thrane et al., 2017; Tulbek et al., 2016). Soy, pea and wheat gluten are most commonly used
ingredients in plant-based products. Wheat gluten is known for its characteristic viscoelastic
behaviour when mixed with water (Belton, 1999). It is often described as a polymeric
network (Belton, 1999; Ng & McKinley, 2008; Singh & MacRitchie, 2001). The rheological
behaviour of soy protein isolate (SPI) was previously explained by considering the protein
dispersion as a particle gel (Berghout et al., 2015). The protein particles are created in the
fractionation process, in which the final step is drying. Drying requires heating, which leads

to denaturation and partial insolubility of the protein particles.

Extrusion is widely used to transform these plant proteins into fibrous or layered products
such as meat analogues (Cheftel et al., 1992; Osen et al., 2014). During extrusion, the final
product properties (i.e. anisotropy, colour or strength of the material) are determined by
process parameters (i.e. temperature, rate of deformation and cooling temperatures), in
addition to the protein properties. Understanding of the rheological properties of the materials
processed inside the extruder is considered as an important step to further optimize the
extrusion process and to develop novel plant-based products. So far, most studies on
viscoelastic properties of foods and other materials use small amplitude oscillatory shear
(SAOS) analysis. SAOS measurements are characterized by the fact that the modulus is
independent of the applied strain and strain rate amplitude. The oscillating stress or strain
amplitude input results in a sinusoidal response that provides the properties in the linear
viscoelastic (LVE) regime. Often materials are studied in devices that measure very precisely,
but only at low torque value, which limits the materials that can be tested. Besides, regular
rheometers are mostly used to measure at room temperature or slightly elevated temperature.
Unfortunately, industrial extrusion processing is characterised by the use of high temperature,
stresses and strains when making texturized protein products. Recently, a closed cavity
rheometer (CCR) was suggested as a device which provides measurements on concentrated
plant materials at extrusion relevant conditions (Emin & Schuchmann, 2017). This device
allows oscillatory rheometry in a sealed environment with precise temperature control and
can be used to characterize the rheological properties while heating and cooling of dense

proteinaceous materials. Besides, it allows deformations outside the LVE regime. Nowadays,
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large amplitude oscillatory shear (LAOS) measurements are analysed in more detail through
using Lissajous curves. These provide insight in the non-linear response as the modulus
depends on the applied strain and strain rate amplitude. For a large amplitude sinusoidal strain
input, the shape of the resulting stress waveform often deviates from a sinusoidal wave, with
a significant contribution from higher-order harmonics. Information from LAOS experiments
is typically extracted either using Fourier-transform based methods, wherein Fourier-
transform analysis may be applied directly on the measured signals, or using a geometric
approach (Hyun et al., 2011). Only a few studies reported both the linear and non-linear
response for protein and/or polysaccharides (Chong-hao Bi et al., 2013, 2019; Duvarci et al.,
2017; Fuongfuchat et al., 2012; John et al., 2019; Klost, Giménez-Ribes, & Drusch, 2019;
Precha-Atsawanan et al., 2018; Yazar et al., 2016). Previous studies on pea protein isolate
(PPI), SPI and wheat gluten (WG) describe rheological measurements outside the LVE
regime, but only in terms of the apparent moduli (Dekkers et al., 2018 and Chapter 3).

Here, we considerably extend the characterization of PPI, SPI and WG, within and outside
the LVE regime, by using Lissajous curves. We compare the SAOS and LAOS behaviour of
these three proteins at conditions that are relevant (i.e. 40 wt.% and temperature between
100-140°C) for the production of meat analogues. The linear and non-linear behaviour is
studied under conditions approaching the large-shear conditions of interest during heating
and heating and cooled down again, the latter reveals the recovery of the material after a pre-
heating step. The LAOS parameter, dissipation ratio, as proposed by Ewoldt et al. (2008) and
Ewoldt et al. (2010) was used to quantitatively compare the observed dissipation to that of a
perfectly plastic material. The insight in the non-linear rheological properties of these
composite protein materials is essential for rational design of extrusion or other
thermomechanical processes for creating meat analogues, based on material-structure-

process relations.
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4.3  Materials and methods

4.3.1 Materials
Pea protein isolate (PPI) NUTRALYS® F85G) and vital wheat gluten (WG) (VITENS ®

CWS) were both obtained from Roquette Freres S.A., (Lestrem, France). Soy protein isolate
(SPI) (SUPRO® EX 37 IP) was obtained from Solae (St. Louis, MO, USA). PPI was
composed of 78.6 wt.% protein (N x 5.7), WG was composed of 72.4 wt.% protein (N x 5.7),
SPI was composed of 80.0 wt.% protein (N x 5.7) on a dry basis, according to Dumas
measurements. PPI, SPT and WG had an average dry matter content of 93.2 wt.%, 92.8 wt.%,
and 92.3 wt.%, respectively. Sodium chloride was obtained from Sigma-Aldrich

(Zwijndrecht, the Netherlands).

4.3.2  Preparation of proteinaceous materials
Proteinaceous materials (PPI, SPI and WG) were prepared with 30, 40, 50 and 60 wt.%

concentration (corrected for the dry matter content of the protein). First, 1 wt.% sodium
chloride was dissolved in distilled water. Then PPI, SPI or WG was added and mixed with a

spatula. The samples were then hydrated for 30 min.

4.3.3  Rheological properties
The rheological properties of the protein materials were measured at elevated temperature

with a closed cavity rheometer (CCR) (RPA elite, TA instruments, New Castle, Delaware,
USA) (Emin & Schuchmann, 2017). Approximately 6 g of the protein material was placed
between two plastic films in the cavity, which were sealed to each other to allow a pressure
of up to 4.5 bar to prevent water evaporation. The geometry of the closed cavity rheometer
has a radius of 2.25 mm and maximum height of the inner cavity of 4 mm and biconical
opening with an angle of 3.35° for homogeneous transmission of the shear stress to the
protein materials. The grooves on the surface of the cones prevent slip. In this setup the lower
cone oscillates in strain-controlled mode while the upper cone remains stationary. First the
materials (40 wt.%) were heated for 2 min at elevated temperatures (i.e. 30, 100, 120 and
140°C) without a shear treatment. Subsequently, strain sweep experiments were performed
at these elevated temperatures at a constant frequency (1 Hz). Next, the materials (40 wt.%)
were heated for 2 min at elevated temperatures (i.e. 30, 100, 120 and 140°C) and cooled to
30°C with a cooling rate of 5°C/min without a shear treatment. After that, strain sweep

experiments were performed at 30°C at a constant frequency (1 Hz). A frequency sweep of
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the protein materials (40 wt.%) was performed at constant strain amplitude of 1% (within the
linear viscoelastic regime). The frequency was varied from 0.1 - 20 Hz at 30°C. The dry
matter content dependence of G’ and G of 30, 40, 50 and 60 wt.% protein materials were

determined with a frequency sweep experiment at a constant strain amplitude (1%) at 30°C.

434 LAOS

The stress and strain data obtained from the LAOS measurements were analysed using the
MITlaos software (Version 2.1 beta, freeware distributed from MITlaos@mit.edu). The
strain amplitude was varied in the range of 0.01-1000% at a constant frequency of 1 Hz at
30°C. Lissajous curves were used to relate the response of the protein materials to the

imposed oscillatory strain.

The area enclosed in a Lissajous curve can be interpreted as the energy dissipated per unit
volume during one complete cycle of the oscillatory strain that is imposed. The energy
dissipated per unit volume in a single cycle is a function only of the first-order viscous Fourier

coefficient (Gj; calculated from the intensity and phase of the first-harmonic);

E, = jgody = 16,3 4.1
The energy dissipated by a perfect plastic material in a single cycle is equal to
(Ed)pp =4 YoOmax 4.2

for a given strain amplitude (y,) and a maximum stress (0;,4,). The Lissajous curve for a
perfectly plastic material has a rectangular shape (see Figure 4.1), and this shape corresponds
to a material that initially gives a perfectly rigid response, at the maximum deformation of
the cycle (lower left and upper right corners), and subsequently yields, and displays a constant
stress (+/—0max ), independent of the strain in the rest of the cycle (i.e. purely plastic

behaviour).

Comparing the actual dissipated energy to the perfect plastic dissipation, gives the energy

dissipation ratio (¢) as proposed by Ewoldt et al. (2010).

Eq mG1Yo 4.3

B (Ed)pp B 40max

¢

The physical meaning of the dissipation ratio is illustrated in Figure 4.1.
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Figure 4.1. Stress-strain Lissajous curve for linear viscoelastic, perfect elastic, perfect viscous, inverted
sigmoidal shape and perfect plastic behaviour. The energy dissipation coefficient (p) represents the enclosed

area of the Lissajous curve for the viscoelastic response divide by the enclosed area of the perfect plastic
response.
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4.4  Results and discussion

4.4.1  Strain-dependence of G’ and G’ as a function of the temperature profile

Figure 4.2 shows storage (G') and loss (") moduli as a function of the strain amplitude for
materials at 40 wt.% at 1 Hz frequency. Three different conditions were tested: (i) unheated
(i.e.30°C), (i1) elevated temperatures and (iii) cooled down after heating. Measurements were
performed to determine G’ and G and the extent of the linear viscoelastic (LVE) regime of
the protein materials with respect to the temperature, and the recovery after heating, using a
frequency of 1 Hz (Figure 4.2). In the linear viscoelastic regime, the moduli were independent
of the applied strain amplitude and G’ was always larger than G, indicating predominantly
solid-like behaviour. At 30°C, pea protein isolate (PPI) had a maximum linear strain
amplitude in the LVE regime of about ~10%, and a G’ of 95 kPa (tan delta of 0.25). For soy
protein isolate (SPI), the LVE regime extended slightly further up to strain amplitudes up to
14%, and it had a higher value for G' of 180 kPa (tan delta of 0.2). Those measurements show
that SPI leads to stronger material than PPI. Wheat gluten (WG), though had a lower modulus
at 30°C.

The effect of heating at 120°C on G’ and G is shown in Figure 4.2 B. For PPI and SPI, G’
and G decreased almost two orders of magnitude, while the LVE regime became larger. Both
materials remain predominantly elastic at 120°C. The modulus of PPI was lower, and its LVE
regime was narrower than that of SPI, which indicates a weaker and slightly more brittle
material compared with SPI. For WG, G' increased almost one order of magnitude when the
temperature was increased from 30°C to 120°C. In addition, the ratio of the storage (elastic)
to the loss (viscous) modulus representing tan delta decreased (30°C~ 0.6 while at 120°C
~0.15). Along with the slight decrease in absolute G, this change towards a much more
elastic material was previously explained as gluten polymerization (Pietsch et al., 2018;
Strecker et al., 1995). WG heated to 120°C had a slightly higher modulus than PPI and SPI.
The temperature dependence of G’ and G in the LVE regime (frequency of 1 Hz and strain
amplitude of 1%) for PPI, SPI and WG is summarized in Figure 4.3 A. The moduli of PPI
and SPI decreased with increasing temperature while the moduli of WG increased with
increasing temperature. This confirms that the response of WG to heating is significantly

different from that of PPI and SPI.
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Protein materials at 40 wt.%
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Figure 4.2. Storage (G') (e, , ®) and loss modulus (G") (+, , *) of 40 wt.% PPI, SPI and WG as function of
strain amplitude at a frequency of 1 Hz at 30°C, 120°C and heated to 120°C and subsequently cooled to
30°C.

The recovery of G' and G after heating and cooling of the protein materials is presented in
Figure 4.2 C. The heat pre-treatment at 120°C had little influence on PPI and SPI, and the
moduli of these materials after a heat pre-treatment recovered to a similar order of magnitude
as the untreated material at 30°C. The heat pre-treated PPI showed a narrower LVE regime,
while SPI gave a larger LVE regime compared with PPI or SPI at 30°C. Furthermore, the
heat pre-treated SPI showed a larger modulus and a larger LVE region than the same heat

pre-treatment compared with PPI. The heat treatment had a large influence on WG. Its G’

and G'-values increased by almost two orders of magnitude. Overall, PPI and SPI showed
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higher moduli that resulted in stronger material than WG. However, a larger LVE region was
observed for WG than for PPI and SPI. The network of WG could be stretched and aligned
at a higher strain amplitude than PPI and SPI. The larger LVE region for WG is probably due
to a larger density of crosslinks formed (Pietsch et al., 2018). The effect of the heat pre-
treatment on G’ and G in the LVE regime is summarized in Figure 4.3 B. The moduli of PPI
and SPI did not change with increasing temperature upon heating, while the modulus of WG

increased with increasing temperature for the heat pre-treatment.

Protein materials at 40 wt.%
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Figure 4.3. Temperature dependence of the storage (G') (e, », ®) and loss modulus (G') (+, , *) in the LVE
regime for 40 wt.% PPI, SPI and WG A) during heating at 30, 100, 120 and 140°C and B) during cooling
from a heat treatment from 100, 120 and 140°C to 30°C with strain amplitude of 1% and frequency of 1 Hz.
The strain amplitudes of PPI, SPI and WG when heated at 100 and 140°C are shown in Appendix Figure A
4.1 and heated at 100 and 140°C subsequently cooled to 30°C are shown in Appendix Figure A 4.2.

The effects of the dry matter content at 30°C on G’ and G in the LVE regime are shown in
Figure 4.4. As the dry matter content (DM) increased, the G’ and G for PPI, SPI increased
more than the modulus of WG increased. All responses were fitted with a power law
G'~DMF¢, in which c is a scaling exponent. The concentration dependence ¢ for PPI and SPI
was almost similar (¢ = 4.96 and 4.56, respectively), but different compared to WG (¢ =
1.59).
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Protein materials at 40 wt.% at 30°C
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Figure 4.4. Dependence on the dry matter content (wt.%) of the storage (G') (e, ©, ®) and loss modulus (G")
(4, . ) in the LVE regime for 40 wt.% PPI, SPI and WG at 30°C with strain amplitude of 1% and frequency
of 1 Hz, ), including the power law (G'~DM°®) value ¢ of the G' and G" for each material.

The frequency dependence of the storage and loss moduli is shown in Figure 4.5. As the
frequency increased, the G’ and G for PPI, SPI and WG showed a small increase. The
response could be fitted with a power law G'~w™, in which w is the frequency, and n is a
scaling exponent. The frequency dependence n for PPI and SPI moduli was similar (n = 0.14
and 0.13 respectively). This weak power law behaviour is often associated with materials that
behave as a soft glassy material. Here, the term “glass” refers to a condition of metastable
structural disorder, in which thermal motion is not enough for relaxation to take place. The
term “soft” is used to indicate the possibility for flow upon increasing strain amplitude
(Bandyopadhyay et al., 2006). Several soft glassy materials are characterized by a power law
value n ranging between 0.1 - 0.3 (Bandyopadhyay et al., 2006; Ketz et al., 1988; Khan et
al., 1988; Mackley et al., 1994). SPI and PPI are provided as granular material, which is only
partly soluble. In presence of limited water, we expect that the granular nature is (at least
partly) preserved (Berghout et al., 2015). Upon water addition, the particles will swell, and
become deformable. Particle interaction will strongly increase due to jamming, leading to
fast increasing moduli upon increased concentration. After heating, such protein dispersion
can form a particle gel (Berghout et al., 2015). This was also supported by the stronger
concentration dependence for PPI and SPI (c = 4.56 and 4.96 respectively) in Figure 4.4. The
frequency dependence of WG was with n = 0.28 much larger than that of PPI and SPI. Similar
frequency dependence for G’ (n = 0.3) was reported for WG at 41 wt.% (Georgopoulos et al.,
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2004). This value for n corresponds with a swollen polymer network behaviour, which is an
appropriate description for WG indeed (Ng & McKinley, 2008). Also the concertation
dependence for WG (c = 1.59) was significantly different compared with PPI and SPT as
observed in Figure 4.4. If these protein materials are indeed so different we would expect a
completely different response in the LAOS measurements, which we will investigate now in

the next section.

Protein materials at 40 wt.% at 30°C
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Figure 4.5. The storage (G') (, , ®) and loss modulus (G") (+, , *) of 40 wt.% PPI, SPI and WG as function
of frequency (frequency sweep at a strain amplitude of 1% at 30°C), including the power law (G' ~w") value
nof'the G' and G for each material.

4.4.2  Large amplitude oscillatory shear (LAOS): Intra-cycle rheology and
temperature-dependence
Upon increasing the strain amplitude beyond the LVE regime, all materials show a decrease

of G’ and G', implying shear-softening and shear-thinning behaviour. In the beginning of the
non-linear viscoelastic regime, G’ is larger than G  representing solid behaviour. At even
larger strains, both G’ and G decreased, and eventually G exceeded G’ (Figure 4.2). A more
detailed assessment of the non-LVE behaviour of protein materials was obtained through

Lissajous curves.

Figure 4.6 shows these curves at three different strain amplitudes for PPI at 30°C. The elastic
Lissajous curves (stress versus strain) had a line or narrow ellipse shape for small strain
amplitudes, implying that the response of this material was elastic at these strains. With a

further increase of the strain amplitude, the area encompassed by the curve became wider.
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This is an indicator of viscous dissipation, suggesting structure breakdown. In Figure 4.6 the
total stress was decomposed in an elastic and viscous contribution. In the plots of stress versus
strain, the red dashed lines indicate the elastic contributions to the total stress. In the plots of
stress versus shear rate, the red dashed lines indicate the contribution of the viscous stress to
the total stress. The large deviations from the dashed lines at larger strains indicate that the
elastic-dominated behaviour is changed into more viscous-dominated behaviour. At large
strains, the area encompassed by the curve increased and changed gradually into an almost

rectangular shape, indicating plastic behaviour eventually.

Figure 4.6 also shows the viscous Lissajous curves of the stress versus strain rate amplitude
for PPI at 30°C. At small strain amplitudes, the viscous Lissajous curve had a circle or ellipse
shape, with near zero contribution of the viscous stress (red dashed line). With the increase
of strain rate amplitude into the non-linear region, the Lissajous curve narrowed, indicating
more viscous dissipation. At the highest strain rate-value, the curve changed to a sigmoidal

curve, indicating a strong shear thinning behaviour in the viscous response.
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Figure 4.6. Lissajous curve of stress versus strain amplitude and stress versus strain rate amplitude at three
different amplitudes for 40 wt.% PPI at 30°C. (individual plots of normalized stress (solid lines) and elastic
stress (dashed lines) vs. strain, individual plots of normalized stress (solid lines) and viscous stress (dashed
lines) vs. strain rate.)

Figure 4.7 shows Lissajous curves at different strain amplitudes for PPI, SPI and WG, after
a heat pre-treatment at various temperatures (100, 120 and 140°C), and measured at 30°C.
The elastic Lissajous curves of stress versus strain amplitude are shown in Figure 4.7 and in

Appendix Figure A 4.3, and the viscous Lissajous curves of stress versus strain rate amplitude
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are shown in Appendix Figure A 4.4. The behaviour of PPI, SPI and WG at high temperature
is provided in the Appendix Figure A 4.5 and 4.6. Lissajous curves of PPI, SPI and WG at
high temperature show a comparable trend to the Lissajous curves of PPI, SPI and WG when
heated and subsequently cooled as discussed below. At low strains, heating and subsequent
cooling hardly affected the properties of PPI compared to PPI at 30°C. At higher strain
amplitudes (i.e. 33.9% and 85.4%), heat pre-treatment affected the shape of the Lissajous
curves. PPI with a heat pre-treatment resulted in a more pronounced inverted sigmoidal curve
with a smaller enclosed area than PPI at 30°C. The area enclosed within the Lissajous curve
represents the dissipated energy in one cycle. The change in the curve shown in the figure
indicates that the heat pre-treatment reduces the dissipation in the material during
deformation. At high strains, the shape of the Lissajous curve changed to an almost
rectangular shape. It means that PPI showed plasticity: yielding at all processing
temperatures, followed by flow (the horizontal part of the loop), followed by recovery (as
explained in Figure 4.1).

The Lissajous curve of SPI after different heat pre-treatment showed a similar trend as for
PPI: pre-heating affected the shape of the Lissajous curve to lower viscous dissipation. At
the highest strain amplitude an “overshoot” was observed after yielding, where the elastic
contribution to the stress (the dashed red line) decreased after reaching a maximum value. At
high strains for SPI, self-intersections appear in the viscous Lissajous curve (shown in
Appendix Figure A 4.4), which leads to secondary loops (Ewoldt et al., 2010). This means
that the stress response remained similar at constant strain rate amplitude while the
corresponding strain amplitude values were different. This might be related to the strong non-
linearities in the elastic stress. These self-intersections may emerge when the time scale for
restructuring of the microstructure is shorter than the oscillatory deformation time scale.
These self-intersection in the Lissajous curve were also observed in soft wheat flour dough
(Yazar et al., 2017), foam prepared from egg white protein (Ptaszek, 2015) and tomato paste
(Duvareci et al., 2017).

The Lissajous curves of WG after heat pre-treatment show a different trend compared with
PPI and SPI. WG is not predominately elastic at low strains measured for the non-treated
sample at 30°C, and is primarily viscous. At increasing strain amplitude, the area enclosed
within the Lissajous curve increased, which indicates that the material dissipates more energy

with increasing strain amplitude, while no clear yielding behaviour was observed. Heat
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treatment rendered the WG predominantly elastic, as evident in the narrow ellipse shape at
low strains and the circular shape at low strain rate amplitude. Predominantly elastic
behaviour was observed at a strain of 157.9%. A further increase of the strain amplitude
resulted in an abrupt transition to non-linear behaviour, that was observed for WG pre-heated
at 120°C at strain amplitudes above 292.1% and for WG pre-heated at 140°C even at lower
strain amplitudes of 157.9% (shown in Appendix Figure A 4.3). At high strain amplitude for
WG, self-intersections appear in the viscous Lissajous curves (shown in Appendix Figure A
4.4) leading to secondary loops (Ewoldt et al., 2010). Again, this is indicative of the

reformation of crosslinks within timescale shorter than the oscillatory deformation
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Figure 4.7. Lissajous curve of stress versus strain amplitude for A) PPI, B) SPI, C) WG at 30°C and heated
to 120°C and subsequently cooled to 30°C, at several strain amplitudes. (normalized stress (solid lines) and
elastic stress (dashed lines)).

To better quantify the dissipation and the non-linear behaviour, we calculated the energy

dissipation ratio (¢) as defined in equation 4.3. The total energy dissipated per cycle is only
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a function of the first-order viscous Fourier coefficient. When (=0, the response is purely
elastic as no energy is dissipated, and when =1, material exhibits perfect plasticity (Ptaszek,

2014). A @ of /4 corresponds to a material that behaves as a Newtonian liquid.

The dissipation ratio as function of the strain amplitude is shown in Figure 4.8. At small
strain amplitudes, the ¢ is small for all materials indicating a predominantly elastic response.
A larger strain amplitude leads to a larger dissipation ratio. Eventually a maximum ratio of
around 0.8 was obtained implying viscous behaviour (Figure 4.8). At 30°C, the dissipation
ratio for WG is higher at low strain amplitude and lower at high strain amplitude as compared
with the dissipation ratio of PPI and SPI. This difference indicates elastic behaviour for PPI
and SPI at low strain amplitudes and viscous behaviour at high strain (since ¢ is close to
0.79). At 30°C, the dissipation ratio for PPI and SPI is similar. In contrast, once these two
materials are heated at high temperatures, a different behaviour for PPI and SPI emerged:
PPI was now more dissipative at low strain amplitudes than SPI. This suggests that PPI loses
its elastic properties faster upon heating and that viscous behaviour becomes more
predominant than for SPI. As the strain amplitude increases, the dissipation ratio of PPI first
increases more strongly than that of SPI, even though its maximum value is similar for both.
At high temperatures and low strain, WG and SPI both had a low dissipation ratio indicating
predominantly elastic behaviour, different from PPI. WG shows a sharp increase in the

dissipation ratio at ~100% strain amplitude.

The dissipation ratios of PPI and SPI were almost similar at 30°C. After heat pre-treatment,
there was generally a slight difference in the ratios of PPI and SPI, but this difference was
smaller than for the case of heated-only samples. This result indicates that PPI lost its elastic
properties at a lower strain amplitude than SPI after cooling. WG after a heat pre-treatment
followed by cooling showed a similar trend compared to when heated-only samples as
discussed above; at increasing strain amplitude the dissipation ratio of WG shows a sharp
increase at ~100% strain amplitude for heat pre-treatment at 100, 120 and 140°C. This
additional information on the dissipation behaviour of the materials related to high
temperatures and recovery supported the change in the enclosed area of the Lissajous curve.
This dissipation ratio reveals the main information in the Lissajous curves in a compact

manner.
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Figure 4.8. Dissipation ratio of PPI (¢), SPI () and WG () heated at 30, 100, 120 and 140°C and heated
at 30, 100, 120 and 140°C and subsequently cooled to 30°C. For PPI at 140°C the stress values were too
small to measure accurately and therefore the dissipation ratio is not shown.

4.4.3  Connection of SAOS and LAOS to structure formation
The rheological properties of protein materials at a high dry matter content (i.e. 40 wt.%) and

high temperature (i.e. 100-140°C) are relevant for understanding their behaviour in processes
that combine heating and deformation, such as extrusion. This paper discusses the rheological
behaviour of protein materials with SAOS and LAOS. LAOS is important to understand the
behaviour of the materials during industrial processing. Therefore, protein materials were
heated and simultaneously subjected to a shear treatment by applying a frequency of 1 Hz
and increasing strain amplitude in an oscillation experiment. In this section, we connect the
outcomes of the experiments to the observations made in structuring equipment like shear
devices and extruders, even though the oscillatory shear as occurring in the closed cavity
rheometer differs from the continuous shear inside a shear cell or extruder. However, we
believe that the study done here still offers the closest study to these processes that is currently

available.
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From the strain-dependence of G’ and G, we conclude that PPT and SPI behaved quite
differently from WG. The moduli of PPI and SPI in the LVE regime at 30°C were similar,
but that the extent of the LVE regime differed. Both the modulus and the extent of the LVE
regime of PPI and SPI were different compared with WG at 30°C. Both PPI and SPI had a
large modulus at 30°C in the LVE regime and after a heating and subsequent cooling the
moduli of PPI and SPI were almost similar to the original values. The rheological
measurements (low frequency dependence and large scaling exponent with dry matter)
indicated that both PPI and SPI could be considered a particle gel. Therefore we expect that
part of the interactions between the domains will be broken with increasing strain, allowing
them to flow past each other, resulting in viscous or plastic behaviour. Whether this structural
breakdown occurs homogeneously, or is accompanied by a complex local strain field with
different shearing zones within the sample, will need further clarification. The behaviour of
WG resembled more the rheological response of a crosslinked polymeric network. WG had
a low modulus at 30°C in the LVE regime, but heating and subsequent cooling resulted in a
much higher modulus. This difference is probably due to additional crosslink formation. With
increasing strain amplitude, crosslinks in the WG network break, allowing the strands of
protein to slide past each other, explaining a shift towards more viscous behaviour. If
crosslinks are indeed the determinant factor for extending the LVE regime, future research

should be focused on how to induce additional crosslinks in PPI.

Lissajous curves were constructed to evaluate the deformation in the linear and non-linear
viscoelastic regime. The shapes of these Lissajous curves for PPI and SPI were quite similar
but different from WG. This supported the SAOS data that these protein dispersion are
fundamentally different indeed. Energy dissipation ratios based on the analysis of the
integrated area inside the Lissajous curves were calculated and used to characterize plasticity
of the materials. Strain amplitude and heat treatment alter the ratio of elastic to viscous
behaviour. We conclude that the materials change from elastic to plastic upon increasing
strain amplitude. As the deformation increases, the strain amplitude on the network
eventually causes breakage and plasticity. At high temperature, the dissipation ratio was
smaller than at 30°C at similar strains. Even after cooling, the dissipation ratio remained
smaller. This indicates that heating induces irreversible changes, generating induced more
elasticity. This elasticity is most pronounced for WG as observed by the higher dissipation

ratio in Figure 4.8. This dissipation ratio of WG increased at a higher strains than SPI and
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PPI. Those observations are in line with confocal light microscopy images. Those reveal that
WG forms strongly elongated domains under continuous shear which appeared as aligned
fibres in SPI-WG and PPI-WG blends, while SPI and PPI both do not show this clear
elongated domains, even after extensive deformation (Chapter 2). We further observed that
PPI loses its elasticity quickly, which is probably connected to its low strength as a matrix
during processing. The SPI network is stronger, and retains its elasticity better during heating.
Indeed after structuring, SPI-containing products are stronger than PPI-based product at

similar dry matter content (Shand et al., 2007).

These insights of the rheological properties of three concentrated protein materials (PPI, SPI
and WGQ) at extrusion-like conditions were linked to the structure formation process observed
in other studies. Lissajous curves and dissipation ratios at different temperatures were used
as a rheological fingerprint of the protein dispersions. As a next step, this fingerprint will be
linked to structure formation process allowing a “design type of thinking” approach and
better selection of the optimal process condition. This could enable to develop new plant

protein-based matrices for meat analogues in the future.
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4.5 Conclusion

Small and large amplitude oscillatory shear deformation with a closed cavity rheometer was
successfully applied before, during and after thermal treatment, giving insight in the
structural changes during thermomechanical treatment, such as extrusion and shear cell
treatment. Pea protein isolate (PPI) and soy protein isolate (SPI) at 40 weight% behaved
similarly, but different from wheat gluten (WG). The modulus of WG increased with
increasing temperature, and did not recover after cooling. Heat pre-treatment did not
significantly change the modulus of PPI and SPI. The LAOS analysis reveals the rheological
changes occurring at large shear strains more clearly than one would obtain through classical
rheology. The energy dissipation ratio showed a simplified perspective to reveal the complex
information in the Lissajous curves in a compact manner. At 30°C, PPI and SPI show a higher
dissipation ratio than WG. At high temperature and even after cooling, the dissipation ratio
was smaller at similar strain amplitude compared with 30°C. This indicates that heating
induced more elasticity. Upon a thermal treatment, PPI lost its elastic properties more quickly
than SPI, while WG showed abrupt dissipation after extensive deformation. These
observations are consistent with observations from shear deformation processing, in which
WG is seen to deform into elongated structural domains, while SPI and PPI show less
extension. These insights are useful for the rational design of thermomechanical processes to
prepare structured plant protein matrices, based on mechanistic material-structure-process

relationships.
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4.6 Appendix
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Figure A 4.1. Storage (G') (e, , ®) and loss modulus (G") (¢, , *) of 40 wt.% PPI, SPI and WG as function
of strain amplitude at a frequency of 1 Hz at 100°C, 120°C and 140°C.
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Figure A 4.3. Lissajous curve of stress versus strain amplitude for A) PPI, B) SPI, C) WG at 30°C and heated
to 100, 120 and 140°C and subsequently cooled to 30°C, at several strain amplitudes. (normalized stress
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Figure A 4.4. Lissajous curve of stress versus strain rate amplitude for A) PPI, B) SPI, C) WG at 30°C and
heated to 100, 120 and 140°C and subsequently cooled to 30°C, at several strain amplitudes. (normalized
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Figure A 4.5. Lissajous curve of stress versus strain amplitude for A) PPI, B) SPI, C) WG at 30, 100, 120 and
140°C, at several strain amplitudes. (normalized stress (solid lines) and elastic stress (dashed lines)). The
curves in particular shape in the Lissajous curve indicated an overshoot in the stress, most likely due to a
coupling of the elasticity of the sample with instrument inertia effect. For PPI at 140°C the stress values were
too small to measure accurately and therefore the Lissajous curves are not shown (n.d. = not determined).
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Figure A 4.6. Lissajous curve of stress versus strain rate amplitude for A) PPI, B) SPI, C) WG at 30, 100,
120 and 140°C, at several strain amplitudes. (normalized stress (solid lines) and viscous stress (dashed lines)
vs. strain rate amplitude.) For PPI at 140°C the stress values were too small to measure accurately and
therefore the Lissajous curves are not shown (n.d. = not determined).
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Chapter 5

5.1 Abstract

The development of next-generation meat analogues can be accelerated by in-depth
knowledge of the rheological properties of dense biopolymer blends. Blends comprising
plant proteins such as pea protein isolate (PPI) or soy protein isolate (SPI) combined with
wheat gluten (WG) can be used to create a wide range of structures. The objective of this
study is to demonstrate the use of texture maps to systematically show the rheological
properties of plant proteins under conditions relevant to processing of meat analogue
products. The first texture map was constructed by plotting the stress and strain at the end of
the linear viscoelastic regime of the strain sweeps and a second map was based on the stress
and strain at the crossover point of those sweeps. Next, a colour scheme was used to visualize
the relative importance of the viscous and elastic contributions as a function of the strain
amplitude and different ratios of each protein in the blend. The maps and schemes showed
that heating induced elasticity. In PPI-WG blends, lower strain, stress and elasticity values
were obtained for PPI compared with WG. In SPI-WG blends, the texture properties were
almost similar for the two components. SPI-WG blends are tougher and more elastic than
PPI-WG blends.
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5.2 Introduction

Despite recent progress, meat analogues still differ from genuine meat in terms of mouthfeel,
texture, taste and flavour (Samard & Ryu, 2019b). Therefore, more insight is needed into the
functionalities of plant proteins to transform them into materials with even better meat-
resembling properties. Rheology can be used to characterize plant protein blends with regard
to their functionality for use in meat analogue applications. Meat analogues often contain
often ingredients derived from soy, wheat or pea, and blends comprising these plant proteins
can be used to create a wide range of structures (Bashi et al., 2019; Jones, 2016). Recent
research revealed that fibrous structures were successfully created from pea protein isolate
(PPI)-wheat gluten (WG) blends and soy protein isolate (SPI)-WG blends (Grabowska et al.,
2014 and Chapter 2). High moisture extrusion cooking of these ingredients is generally done
with a dry matter content between 30 and 50 wt.%, maximum temperatures between 100°C
and 170°C, and short residence times (2-5 min) (Cornet et al., 2021). Structure formation
processes of plant protein blends involve large deformations of the materials. Recently, it
was found that a closed-cavity rheometer used in the rubber industry allows accurate
determination of the rheological properties of concentrated plant-based protein materials
under extrusion relevant conditions (Emin & Schuchmann, 2017). In Chapter 4, single
ingredient dispersions (SPI, PPI and WG) were studied under conditions approaching the
large-shear conditions relevant for structuring during heating and cooling. Here, we extend
these analyses to blends of PPI-WG and SPI-WG with different protein ratios in the blends
(20/80, 50/50, 80/20). Measurements of these protein blends under different processing
conditions and ratios lead to a large amount of experimental data, but the data do not naturally
lead to straightforward insights. Therefore, we propose the use of texture maps and colour

schemes to provide overviews of a broad set of rheological measurements.

The starting point of the study is the use of large amplitude oscillatory shear (LAOS)
measurements to characterize viscous and elastic properties under conditions relevant for
structuring processes. LAOS provides insight into the non-linear response because the
modulus depends on the applied strain and strain rate amplitude. For a large amplitude
sinusoidal strain input, the shape of the resulting stress waveform often deviates from a
sinusoidal wave, with a significant contribution from higher-order harmonics. The LAOS
information is typically extracted using Fourier-transform based methods (Hyun et al., 2011).

Lissajous curves are used to facilitate the interpretation of a broad set of complex
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measurements. The so-called test space of the Lissajous curves is formed by two key
parameters of LAOS deformation: frequency and strain amplitude. This test space is often
shown in a Pipkin plot (Ewoldt & McKinley, 2017; Pipkin, 1972; Szopinski & Luinstra,
2016; Zhou et al., 2010). To better quantify the transitions in non-linear behaviour, the energy
dissipation ratio was calculated and presented by colour contours in the Pipkin plot (Ewoldt
et al., 2008; Tao et al., 2019). The energy dissipation ratio (¢) as proposed by Ewoldt et al.
(2008) and Ewoldt et al. (2010) is the ratio between the actual dissipated energy and the
dissipation of a material showing perfect plastic behaviour. When ¢ = 0, the rheological
response is purely elastic, while ¢ = 1 implies that the material displays perfect plastic
(Ptaszek, 2014). A ¢ of /4 corresponds to a material that behaves as a Newtonian liquid.
Texture maps provide a compact overview of the rheological properties for any material of
interest. They summarize non-linear rheological information into two-dimensional plots
involving only characteristic key parameters. This allows us to map the non-linear
rheological behaviour of a great number of samples in an intuitive way. Figure 5.1
exemplifies this approach and includes stress and strain values from previous studies.
Although different parameters can be chosen for these plots, most texture maps are based on
the stress and strain at the end of the linear viscoelastic (LVE) regime to classify products
into four quadrants (Figure 5.1) (Hamann & MacDonald, 1992). Materials in quadrant 1 on
the lower left, with low shear stress and shear strain, are classified as a soft, non-shaped
texture commonly referred to as “mushy” (such as for grits and similar food materials).
Materials in quadrant 2 on the lower right, with low shear stress and high shear strain, are
often described as “rubbery” (such as gelatin). Quadrant 3 on the top right, with strong
materials with high shear stress and shear strain that are not easily broken, indicates a “tough”
texture (for example, fruit leather and dried fruits). Quadrant 4 on the top left, with delicate
and easily broken materials with high shear stress and low shear strain, clusters products with
a “brittle” texture (such as many baked or confectionery food products; Tunick & Van
Hekken, 2010). Although the texture of food can be considered as a sensory property related
to the human response, it is also often measured instrumentally in terms of mechanical or
rheological proprieties (Altay & Gunasekaran, 2013). The latter studies relate “texture” and
used texture maps for instrumental responses such as the shear stress and strain at failure and
classify those responses as rubbery, mushy, brittle and tough. Good examples of this
approach are available for cheese (Truong & Daubert, 2001), soybean protein (tofu) and

gellan gum gels (Truong & Daubert, 2000), cross-linked waxy maize, tapioca, and Amioca
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starch dispersions (Genovese & Rao, 2003), mixed gelatine/SPI gels (Ersch et al., 2015) and
heat-induced PPI with microbial transglutaminase (Shand et al., 2008).

100 '\ /I

Brittle Tough 4 Gluten network
~ 10 F 4 Pre-cooked chicken strips
]
g MTGase Cheddar cheese
w 't 0, . ’ hirko
E 1t wt. 70 Chicken PPI at 20 wt.%
@ PPI © PPl at 23 wt.%

01 b Ch g (‘/”T"” e PPI 20 wt.% and 5 wt.% microbial transglutaminase (MTGase)
Mushy wx _ Rubbery Waxy (WX) starch
O
0.01 DB . . \g Debranched (DB) starch
0,1 1 10 100 1000

Strain (%)

Figure 5.1. A texture map plotting stress versus strain to classify food products into four quadrants. Texture
map of different literature values at the end of the LVE regime was analysed for a gluten network, pre-cooked
chicken strips and cheddar cheese at 50°C and 0.48 Hz (Mattice & Marangoni, 2020), PPI at 20 wt.%, 23
wt. % and 20 wt.% and 5 wt.% microbial transglutaminase (MTGase) at 20°C and 2 Hz (Moreno et al., 2020),
waxy (WX) and debranched (DB) starch at 15 wt.% at 20°C and 0.16 Hz (Precha-Atsawanan et al., 2018).

The objective of this study is to map the rheological properties of plant protein blends under
conditions relevant to meat analogue processing in a compact way using texture maps and
colour schemes. In this article, three rheological parameters are mapped: stress at the end of
the LVE regime and the stress-strain crossover point are captured in texture maps, and the
energy dissipation ratio is demonstrated with colour schemes. The dissipation ratio is

represented by colour contours in strain-protein ratio diagrams.
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5.3  Materials and methods

5.3.1 Materials
Pea protein isolate (PPI) (NUTRALYS® F85G) and vital wheat gluten (WG) (VITENS

CWS) were both purchased from Roquette Fréres S.A. (Lestrem, France). Soy protein isolate
(SPI) (SUPRO EX 37 IP) was purchased from Solae (St. Louis, MO, USA). PPI was
composed of 78.6 wt.% protein (N x 5.7), WG was composed of 72.4 wt.% protein (N x 5.7),
SPI was composed of 80.0 wt.% protein (N X 5.7) on a dry weight basis, according to Dumas
measurements. The manufacturer's specifications indicated that the PPI contained 1 wt.%
dietary fibre, 9 wt.% lipids, 4 wt.% ash; SPI contained <1 wt.% lipids, <5 wt.% ash; and WG
contained 10 wt.% starch, 0.5 wt.% cellulose fibre, 3 wt.% lipids and 1 wt.% ash. PPI, SPI
and WG had an average dry matter content of 93.2 wt.%, 92.8 wt.%, and 92.3 wt.%,
respectively. Sodium chloride was obtained from Sigma-Aldrich (Zwijndrecht, the

Netherlands).

5.3.2  Preparation of proteinaceous materials
Different ratios of protein were mixed (20/80, 50/50, 80/20) for the PPI-WG and SPI-WG

blends. The sample preparation procedure has been described in detail previously by
Grabowska et al. (2014). Protein blends (PPI, SPI, WG, PPI-WG and SPI-WG) were prepared
with a final dry matter content of 40 wt.% (Figure 5.2). First, 1 wt.% sodium chloride was
dissolved in distilled water. Then the PPI, SPI and WG materials were prepared by dispersing
PPI, SPI or WG powder in the saline solution (at room temperature), followed by mixing by
hand using a spatula until a homogeneous paste was obtained. The protein material was then
hydrated at room temperature for 30 min and the material was covered with Parafilm
(Pechiney Plastic Packaging, Chicago, IL, USA) to prevent water evaporation. For the PPI-
WG and SPI-WG blends, the WG was mixed into the hydrated PPI or SPI dispersion with a

spatula directly before the rheological measurement.

5.3.3  Rheological properties
The rheological properties of the protein materials were measured with a closed-cavity

rheometer (CCR) (RPA Elite, TA instruments, New Castle, DE, USA) (Emin &
Schuchmann, 2017). Approximately 6 g was placed in between two plastic films in the closed
cavity, which was sealed with a closing pressure of 4.5 bar to prevent water evaporation at

high temperature. The transformation of PPI dispersion into a solid mass can be observed in
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Figure 5.2 before and after measurement in the CCR, suggesting a kind of melting of the
particles during the measurement. The geometry of the CCR has a radius of 22.5 mm,
maximum height of the inner cavity of 4 mm and a biconical opening with an angle of 3.35°
for homogeneous transmission of the shear stress to the protein materials. The grooves on the
surface of the cones prevent slippage. In this setup, the lower cone oscillates in strain-
controlled mode while the upper cone remains stationary. First, the protein material was
heated for 2 min at constant temperatures (i.e. 30°C, 100°C, 120°C and 140°C) without a
shear treatment. Subsequently, strain sweep (0.01%-1000%) experiments were performed at
these temperatures at a constant frequency (1 Hz). In a second type of test, the protein
material was heated at constant temperatures (i.e. 30°C, 100°C, 120°C and 140°C) for 2 min
and cooled to 30°C at a cooling rate of 5°C/min without shear treatment. After that, strain

sweep experiments were performed at 30°C at a constant frequency (1 Hz).

SPI
- 5

Before CCR (PPI) After CCR (PPI)

PPI PPI-WG WG SPI-WG

Figure 5.2. Protein blends (PPI, SPI, WG, PPI-WG (50/50) and SPI-WG (50/50)) were prepared with a final
dry matter content of 40 wt.%. Pea protein isolate blend with a moisture content of 40 wt.% before (left) and
after (right) a rheological measurement in a closed cavity rheometer.

A strain sweep experiment is used to determine the yield stress and the flow stress of a
material. The yield stress is defined as the value of the shear stress at the end of the LVE
regime. Here, we define this stress as the point where G’ differs more than 5% from its strain-
independent value in the LVE regime (Figure 5.3). The flow stress is defined as the value of
shear stress at the crossover point where the storage modulus is equal to the loss modulus
(G' =G").
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End LVE  Crossover 14
Regime point
Figure 5.3 The storage modulus (G') and loss modulus (G") versus strain. Vertical lines indicate the crossover

point (G' = G") and the end of the linear viscoelastic (LVE) regime (Wereley et al., 2006).

5.3.4  Large amplitude oscillatory shear
The stress and strain data obtained from the LAOS measurements were analysed using the

MITlaos software (version 2.1 beta, freeware distributed from MITlaos@mit.edu). The strain
amplitude varied in the range of 0.01%-1000% at a constant frequency of 1 Hz at 30°C.
Lissajous curves were used to relate the response of the protein materials to the imposed

oscillatory strain.

The area enclosed in a Lissajous curve is equal to the energy dissipated per unit volume
during one complete cycle of the imposed oscillatory strain. The energy dissipated per unit
volume in a single cycle is a function only of the first-order viscous Fourier coefficient (G, ");

calculated from the intensity and phase of the first-harmonic):

Eq = jgddy = nGlY; >
The energy dissipated by a perfectly plastic material in a single cycle is equal to
(Ed)pp =4 YoO0max 5.2

for a given strain amplitude (y,) and a maximum stress (O ax)-

The ratio of the actual dissipated energy and the perfectly plastic dissipation gives the energy
dissipation ratio (¢) as proposed by Ewoldt et al. (2010).

E, _ mGly, 53

B (Ed)pp B 4‘O-max

©®
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5.4 Results and discussion

5.4.1 Texture maps at the end of the LVE regime
Figure 5.4 presents the texture map of the pea protein isolate (PPI)-wheat gluten (WG) blends

at ratios of 0/100, 20/80, 50/50, 80/20 and 100/0 at 30°C, at high temperature (100°C), and
heating at 100°C and cooling to 30°C. At 30°C, PPI materials generally became brittle,
whereas WG materials were rubbery. A blend of PPI and WG yielded products with
intermediate values in hardness and deformability. More PPI in a blend led to increased stress
and reduced strain making the product more brittle. Those values are compared with the stress
and strain values obtained from products depicted in Figure 5.1. PPI at 40 wt.% is tougher
than at 20 wt.% and 23 wt.% PPI (Moreno et al., 2020). The texture properties of PPI (20
wt.%) with 5 wt.% transglutaminase are tougher compared with only PPI (20 wt.%), which
have texture properties similar to pre-cooked chicken strips (Mattice & Marangoni, 2020).
Upon heating, PPI products changed to more mushy behaviour, whereas WG products
became tough (as indicated by the grey arrow in Figure 5.4). More PPI in a blend led to lower
stress and strain, making the product mushier. The addition of WG led to higher stress and
strain, making the product stronger, but also more stretchable. To summarize, upon heating,
a shift in the texture map is observed compared with that at 30°C from brittle to mushy for
PPI and from rubbery to tough for WG. A similar shift was observed for blends heated at
120°C and 140°C (Appendix Figure A 5.1). After heating and cooling, more PPI in a blend
led to reduced stress and strain, making the product more mushy. More WG, however,
resulted in an increase in the stress and strain, making the product tougher. A similar trend
from mushy to tough texture upon higher WG content in the blend was observed when blends
were heated at 120°C and 140°C and cooled to 30°C (Appendix Figure A 5.1). The
strengthening of WG and PPI-WG blends after heating and cooling compared with those at
30°C suggests the formation of additional physical interactions; for example, hydrogen
bonding. PPI-only dispersions gave a lower stress and strain after the complete measurement,
implying that the network is weakened; for example, a lower ability to form additional

physical interactions during cooling.
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PPI-WG SPI-WG PPI/SPI-WG
100 - 100 - - - e 100-0
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é Heating Heating é 30°C —100°C
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Figure 5.4. Texture map at the end of the LVE regime for PPI-WG and SPI-WG at 40 wt.%. Lines are drawn
Jfor visual guidance.

We compared the behaviour of PPI-WG blends with that of soy protein isolate (SPI)-WG
blends. Figure 5.4 presents a texture map of the SPI-WG blends at ratios of 0/100, 20/80,
50/50, 80/20, and 100/0. At 30°C, SPI products were commonly brittle. The combination of
SPI and WG yielded products with intermediate values in hardness and deformability. The
SPI-WG products showed slightly higher stress values compared with PPI-WG products.
Heating SPI to 100°C slightly transformed the material to rubbery behaviour (as indicated by
the grey arrow in Figure 5.4). The reduced stress observed in the texture maps of both PPI
and SPI compared with 30°C could be the effect of weakening of the physical interactions
that stabilize the protein material, because the protein materials can now be considered as a
melt. Heating WG resulted in tougher behaviour, whereas the SPI-WG blend gave slightly
smaller strain values with higher SPI content, making the product less stretchable. An
opposite trend was observed at higher temperatures (i.e. 120°C and 140°C) (Appendix Figure
A 5.1) and resulted in a higher strain for SPI and a lower strain for WG. The SPI-WG blend
showed products with minimum values for stress and strain. For the SPI-WG blends, small
differences were observed in the stress and strain values. This is on contrast to the outcomes
with PPI-WG blends, where larger differences were observed in the stress and strain values
between the components in the blend. After heating and cooling, both SPI and WG products
have higher stress and strain compared with those at 30°C and both show strengthening of
the network, suggesting the formation of additional physical interactions. This is most

pronounced for WG. After heating and cooling, the SPI-WG blend did not show products
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with intermediate values in hardness and deformability. This blend showed slightly higher
stress compared with at that at 30°C and higher stress values compared with the PPI-WG
blend.

The effect of temperature on both PPI-WG and SPI-WG blends at a 50/50 ratio is presented
in a texture map in Figure 5.5, at 30°C, at high temperature (100°C, 120°C, 140°C) and after
heating at 100°C, 120°C, 140°C and cooling to 30°C. The plant protein blends heated to
different temperatures covered a wide range of stresses and strains. Without heating, the
stresses and strains of the SPI-WG and PPI-WG blends were similar. For the PPI-WG blends,
heating at higher temperatures leads mainly to softer products, whereas, for the SPI-WG
blends, heating leads to a tougher/rubbery character. After heating and cooling, both PPI-WG
and SPI-WG products became tougher, meaning that heating resulted in a stronger material
for the blends. This increase after 140°C was also observed in a previous study in a tensile
test at room temperature on PPI-WG product, sheared (39 s™!) and heated (140°C) in the
shear cell (Chapter 2). In general, the SPI-WG blends are tougher than the PPI-WG blends.

100
Brittle Tough PPI-WG  SPI-WG
He"ﬁ‘efy ' at 30°C T s
<10 F at 100°C | at 100°C and cooled to 30°C e|o .|
=%
i:: at 120°C | at 120°C and cooled to 30°C | |
s Heated  SPIWG at 140°C | at 140°C and cooled to 30°C | |
wn 1 F
ol Mushy PPLWG Rubber),
1 10 100 1000

Strain (%)

Figure 5.5. Texture maps at the end of the LVE regime of 40 wt.%, 50/50 blend of PPI-WG and SPI-WG.
Lines are drawn for visual guidance.

5.4.2  Texture maps at the crossover point
The texture properties at the crossover point of both the PPI-WG and SPI-WG blends are

shown in Figure 5.6. At 30°C, PPI is characterized as brittle, whereas WG is characterized
as rubbery. Combining PPI and WG in a blend yielded a lower intermediate crossover point
in hardness and deformability. Heating made PPI products softer and WG products became

less deformable. More PPI in a blend led to reduced crossover stress, whereas more WG in
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the blend led to increased crossover stress. Heating to higher temperature resulted in a
decreased stress for PPI (Appendix Figure A 5.2). After heating and cooling, the PPI and WG
materials became comparable with those at 30°C, however, for WG a further increase in the
temperature (i.e. 120°C and 140°C) resulted in larger crossover stress and smaller crossover

strain (Appendix Figure A 5.2).

PPI-WG SPI-WG PPI/SPI-WG
100 100 e 100-0
Brittle 30°C —100°C —30°C Tough Brittle 30°C —100°C =30°C Tough| 4 80-20
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2 10 2 10
§ Heating § e at 30°C
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30°C —100°C & Heating
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30°C —100°C
and cooled to 30°C
| Mushy Rubbery . Mushy Rubbery
10 100 1000 10 100 1000
Strain (%) Strain (%)

Figure 5.6. Texture map at the crossover point for PPI-WG and SPI-WG at 40 wt.%. Note that the scales of
the x-axis and y-axis are different from those in Figures. 5.4 and 5.5. Lines are drawn for visual guidance.

SPI-based products were commonly brittle, whereas WG products were rubbery at 30°C.
With both SPT and WG, intermediate values in hardness and deformability were obtained in
those products. Heating SPI shifted the crossover point to higher strain values and slightly
lower stress values, whereas WG products became less deformable upon heating. Higher
temperatures resulted in decreased stress for SPI. By combining SPI and WG in a blend,
products with intermediate values in hardness and deformability were obtained. A further
increase in the heating temperature (i.e. 140°C) gave a smaller difference between the stress
and strain values of SPI and WG (Appendix Figure A 5.2). After heating and cooling, the
SPI and WG products became comparable to those at 30°C, however, increasing the
temperature (i.e. 120°C and 140°C) resulted in increased stress of the crossover point for SPI
and increased stress and decreased strain of the crossover point of WG (Appendix Figure A

5.2).

A texture map for the crossover points is presented in Figure 5.7 for both PPI-WG and SPI-
WG blends at a 50/50 ratio at 30°C, at high temperature (100°C, 120°C, 140°C) and after
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heating at 100°C, 120°C, 140°C and cooling down to 30°C. At 30°C, the crossover stress and
strain values indicated that the SPI-WG blend became tough, whereas the PPI-WG blend
became mushy. For both PPI-WG and SPI-WG blends, heating at higher temperatures led to
reduced crossover stress, making the product softer. After heating and cooling, both PPI-WG
and SPI-WG products had higher stress compared with those at 30°C, meaning that heating
resulted in a stronger material. After heating and cooling, the PPI-WG and SPI-WG blends
at high temperatures resulted in higher stress, making both materials stronger. The results

presented here confirm that the SPI-WG blends are tougher than the PPI-WG blends.
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Figure 5.7. Texture maps at the crossover point of PPI-WG and SPI-WG at 40 wt.%. Note that the scales of
the x-axis and y-axis are different from those in Figures. 5.4 and 5.5. Lines are drawn for visual guidance.

5.4.3  Colour scheme to describe the dissipation ratio
A more detailed assessment of the non-linear viscoelastic behaviour of protein materials was

obtained with Lissajous curves. The dissipation ratio was then calculated to summarize the
essential non-linear behaviour (Ewoldt et al., 2008, 2010; Klost et al., 2020; Tao et al., 2019).
The values are presented in a colour scheme to facilitate comparison. The left-hand panel of
Figure 5.8 shows these colour schemes for PPI-WG and SPI-WG. In the right-hand panel of
Figure 5.8, the corresponding elastic Lissajous curves are shown for the grid values of
imposed strain amplitude and protein ratios marked by the crosses in the left-hand panel
(colour scheme of the dissipation ratio). In the following, the dissipation ratios with
increasing strain amplitudes of the PPI-WG and SPI-WG blends at ratios of 0/100, 20/80,
50/50, 80/20, and 100/0 (Figure 5.8) are discussed. At 30°C, PPI showed an increasing

dissipation ratio for increasing strain amplitude. The elastic Lissajous curves had a line or
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narrow ellipse shape for small strain amplitudes, implying that the response of this material
was mostly elastic at these strains. With a further increase in the strain amplitude, the area
encompassed by the curve became wider. This is an indicator of increased viscous dissipation
that allows the protein particles in the matrix to flow past each other, and eventually structure
breakdown. The red dashed lines indicate the elastic contributions to the total stress. The
dissipation ratio for increasing strain amplitudes remained constant for WG. The PPI-WG
blend yielded products with intermediate dissipation ratios. At equal strain amplitude, more
PPI in a blend gave a larger dissipation ratio. Heating WG lowered the dissipation ratios for
almost all strain amplitudes and a more sudden transition to viscous behaviour. For WG,
narrow ellipses were observed at low strain amplitude, indicating the predominant elastic
behaviour. The dissipation ratio of PPI did not change upon heating, as indicated by only
minor changes in the Lissajous curves of PPI. More PPI in the blend resulted in a gradual
increase in the dissipation ratio for increasing strain amplitudes. Most PPI-WG blends
yielded intermediate dissipation ratios. After heating and cooling, both PPI and WG became
more elastic for a longer strain amplitude compared with the unheated materials. Again this
abrupt transition in dissipation ratio for increasing strain amplitude was most pronounced for

WG and also present in the blend containing a higher WG content.
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PPI-WG heated at 120°C and cooled to 30°C
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SPI-WG at 120°C
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Chapter 5

We now compare the dissipation behaviour of PPI-WG blends with that of SPI-WG blends
at different temperatures. The dissipation ratios of unheated SPI-WG and PPI-WG blends at
ratios of 20/80, 50/50 and 80/20 were comparable. SPI only showed a larger dissipation ratio
for increasing strain amplitudes. Both SPI-WG and PPI-WG blends resulted in products with
intermediate dissipation ratios. Heating led to lower dissipation ratios for SPI, WG and SPI-
WG blend and resulted in similar elastic behaviour in the case of the SPI-WG blend for
different protein ratios. In the Lissajous curves, narrow ellipses were observed at low strain
amplitude, indicating the predominant elastic behaviour. Extensive deformation led to a
sudden onset of viscous/plastic behaviour. After heating and cooling, both SPI and WG
became more elastic across a wider range of strain amplitudes compared with untreated
materials. The SPI-WG blend (50/50) showed lower dissipation ratios (~36% strain
amplitude) compared with SPI and WG at similar strain amplitude, indicating increased
elasticity. That could indicate synergetic effects between SPI and WG, indicative of specific

interactions.

5.4.4  Combining texture maps and colour schemes to describe the dissipation
ratio
Texture maps give an efficient and quantitative summary that give food product development

teams and process engineers insight into the effects of ingredients and processing conditions
on the material properties relevant to product texture. Table 5.1 gives an overview of all the
results presented in the texture maps and colour schemes. Both maps revealed that SPI-WG
is tougher than PPI-WG and that an increase in WG in the blend resulted in a more rubbery
material. Similar differences between the protein materials were described in previous studies
even though a much lower protein concentration (~10 wt.%) was investigated than the
concentration commonly used in high moisture extrusion cooking (>30 wt.%). As observed
in previous studies, PPI forms weaker and less elastic gels compared with SPI (Batista et al.,
2005; Lam et al., 2018; O’Kane et al., 2004). Batista et al. (2005) established a relationship
between a stronger gel and more protein unfolding during and after thermal treatment. After
protein unfolding, protein aggregates are formed through hydrophobic interactions and
strengthened further due to the formation of disulphide bridges. The total number of cysteine
residues differs between types of protein and the number of potential disulphide bonds that

can be formed. The accessibility of free thiol groups and disulphide bonds are both important
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to network formation. Gluten contains relatively large amounts of cysteine (Shewry &

Tatham, 1997), whereas pea protein contains relatively low amounts.

Table 5.1. Summary of the texture maps and colour schemes presented in this paper (marked with an asterisk)
after heating and cooling.

Texture map Colour scheme

End of the LVE Crossover point Dissipation ratio
regime
Difference between products*
SPI-WG compared to PPI-WG ~ Tougher Tougher More elastic
Effect of heating*
WG Tougher Slightly more More elastic
brittle
SPI Slightly tougher Slightly tougher More elastic
PPI Mushy Slightly tougher Slightly more
elastic
SPI-WG Stronger/tougher Stronger/tougher More elastic
PPI-WG Stronger Stronger/tougher Slightly more
elastic
Increased ratio the WG in blend
SPI-WG Rubbery Rubbery =¥
Rubbery/more Rubbery*
deformable*
PPI-WG Rubbery Rubbery More elastic*
Tougher* Rubbery*

Also, differences between the texture maps were observed. The effect of heating was
observed differently in both maps. When comparing the texture map at the end of the LVE
regime with the texture map at the crossover point, we actually compare the effect of small
strain in the LVE regime and larger strain in the non-linear regime. At small strains, the
material is deformed more after heating and cooling, making the material mushier for PPL
However, WG became a tougher material. This could be related to weakening of the physical
interaction for PPI and the formation of additional physical interactions for WG upon heating.
At larger strains, at the crossover point in the texture map, both the temperature and strain
amplitude will influence the material. At larger strain, the protein aggregates in the matrix
start to flow past each other. Heating and cooling transformed PPI into a slightly tougher

product and WG into a more brittle product. This texture map in the non-linear region is
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especially interesting for shear-induced structuring where the material is sheared beyond the
linear regime. The linear and non-linear regimes also explain the different response of the
protein materials after heating. Therefore, we conclude that analysing the combination of the

two texture maps is important.

The texture of plant-based protein products is influenced by both composition and process
conditions. The main question is the mechanisms underlying the differences in stresses and

strains of the blends. Two different situations can be observed in the texture maps:

1) A blend gives intermediate hardness and deformability, and intermediate values in
stress and strain values. Heating PPI makes the blend weaker and less deformable,
whereas WG increases the strain and stress making the gels tougher. For PPI-WG
blends, the end of the LVE regime was observed in the blend with intermediate
values in hardness and deformability of PPI and WG. Similarly for non-linear
rheology, intermediate dissipation ratio values were observed.

2) Blends yield intermediate values in hardness and deformability but minimum stress
and strain values. For SPI-WG, this behaviour was observed in the texture maps.
We hypothesize that this could be due to phase inversion, the point in the texture
map where blend components exchange their discontinuity. The blend with low WG
content is SPI continuous. As the WG content increases in the blend, a continuous
WG network is formed or a bi-continuous WG network that is entrapping the SPI
network. In the dissipation ratio maps, a lower dissipation ratio was observed in the
blend compared with the single components, which indicated increased elasticity in
the blend. Furthermore, the stress and strain values of SPI and WG in the SPI-WG
blend are closer together in the texture and dissipation maps, whereas the PPI and

WG phases in the PPI-WG blend show a distinct difference.
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5.5 Conclusion

The rheological properties of SPI, PPI and blends of these with WG were quantified using
texture maps and dissipation ratios obtained from large-deformation Lissajous curves.
Different composition and processing conditions were investigated. We showed that the three
rheological parameters, (1) stress at the end of the LVE regime, (2) the stress-strain crossover
point and (3) the dissipation ratio, provide a useful rheological fingerprint of these food

products and materials.

As observed in the maps and schemes, heating induced more elasticity. In PPI-WG blends,
PPI has lower strain, stress, and elasticity compared with WG. In SPI-WG blends, the texture
properties are almost similar for the two components. SPI-WG blends are tougher and more
elastic compared with PPI-WG blends. Mapping the rheological properties at the end of the
LVE regime, the crossover point as well as the dissipation ratio as a function of small and

large strain amplitudes, is useful for further understanding and use of dense protein blends.
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5.6 Appendix
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Figure A 5.1. Texture map at the end of the LVE regime for PPI-WG and SPI-WG at 40 wt.% at 120°C and
140°C and heated at 120°C and 140°C and cooled to 30°C. Lines are drawn for visual guidance.
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Figure A 5.2. Texture map at the crossover point of PPI-WG and SPI-WG at 40 wt.% at 120°C and 140°C
and heated at 120°C and 140°C and cooled to 30°C. Note that the scales of the x-axis and y-axis are different
from those in Figures A. 5.4 and 5.5. Lines are drawn for visual guidance.
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Structure formation and non-linear rheology of blends of

plant proteins with pectin and cellulose

This chapter is submitted as Structure formation and non-linear rheology of blends of plant
proteins with pectin and cellulose, Schreuders, F. K. G., Schlangen M., Bodnar, 1., Erni, P.,
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Chapter 6

6.1 Abstract

Blends of proteins and carbohydrates are of interest because of their ability to form fibrous
products that resemble meat products. Here the structuring potential of pea protein isolate
(PPI), soy protein isolate (SPI) and blends of these with pectin/and or cellulose is
investigated. A pronounced fibrous structure was formed withs blends of SPI/pectin, and
PPI/pectin (95:5 and 93:7). In the case of SPI blends, a fibrous product was also anisotropic
in terms of mechanical properties (directional tensile strength analysis). For PPI blends, a

fibrous morphology did not always lead to mechanical anisotropy.

Differences in structuring potential of the various blends were studied using oscillatory
rheological experiments It was shown that PPI products were mushier than products
containing SPI. Also, the addition of carbohydrates to the blend resulted in mushier products.
This was most pronounced for blends with pectin, which was attributed to the combined
effects of a decrease in pH and/or water redistribution between the two phases. After heating,
all blends gained elasticity, which was most pronounced for blends with pectin. This
increased elasticity is now likely to be an important factor in the ability of the blends to form

fibrous products.
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6.2 Introduction

Meat analogues that mimic the sensorial properties of meat have recently emerged as a route
to help consumers reduce their intake of animal-based products by replacing them with
analogous plant-based products (Elzerman, Hoek, van Boekel, etal., 2011; Hoek et al., 2011).
High moisture extrusion cooking is often applied to create fibrous meat analogues. Previous
research revealed that a fibrous texture could also be created by applying well-defined shear
flow on soy protein isolate (SPI)-wheat gluten (WG) blends, SPI/pectin blends, and pea
protein isolate (PPI)-WG blends (Dekkers et al., 2018; Dekkers, Nikiforidis, et al., 2016;
Grabowska et al., 2014 and Chapter 2). As PPI has a lower environmental impact and it is
relatively less allergenic in comparison with SPI (Lam et al., 2018; Stone et al., 2015), it is
of interest to study whether PPI can yield anisotropy without using WG, for example, in

combination with other components.

PPI/pectin blends have been studied by Lan et al. (2018), at low protein/pectin concentrations
to study complex formation. At higher protein/carbohydrate concentrations, mixing of the
protein/carbohydrate is less likely to occur as described in a previous study for SPI/pectin
blends (Dekkers et al., 2018). It is more appropriate to consider this biopolymer blend as a
two-phase product that can be considered as a capillary filled gel. Both phases absorb part of
the water, and the blend can be considered as a water-in-water emulsion. Upon shearing a
SPI/pectin blend at high temperatures, the pectin domains deform and algin in the shear flow

direction and after cooling this SPI/pectin blend shows a fibrous product.

Characterizing the rheological properties of the materials during thermomechanical
processing is as an important step to further understand the structure formation process. Most
studies use small amplitude oscillatory shear (SAOS) analysis to describe the rheological
properties of foods. In SAOS, the modulus is independent of the applied strain and strain rate
amplitude and provides the properties in the linear viscoelastic (LVE) regime. Large
amplitude oscillatory shear (LAOS) measurements can be used to provide insight in the non-
LVE regime to gain insight into the structure formation and break down of solid foods as
well as the resulting sensorial properties of food products (Alghooneh et al., 2019; Anvari &
Joyner (Melito), 2017; Melito et al., 2013). The latter study on cheeses showed that structural
differences result in different non-linear behaviour and different texture. Recently, LAOS
measurements performed at high temperature provided information relevant for the structure

formation processes by quantifying the changes in the properties of the various components

113



Chapter 6

(Chapter 4). A closed-cavity rheometer (CCR) allows accurate determination of the
rheological properties of concentrated plant-based protein materials at elevated temperatures
(varied from 25°C to 230°C), defined frequency (up to 50 Hz), shear strain (up to 5000%)
and pressures (up to 8500 kPa) (Dekkers et al., 2018; Emin & Schuchmann, 2017 and Chapter
3). The CCR was found to mimic the process conditions inside a shear cell or an extruder
(Dekkers et al., 2018; Emin & Schuchmann, 2017). In a previous study of single-ingredient
systems (SPI, PPI, and WQ) as well as blends (PPI/WG and SPI/WGQG), conditions were used
that approach the large-shear deformations responsible for structuring during heating and
cooling (Chapter 4 and 5). Here, we extend this analysis to blends containing a protein phase
(SPI or PPI), a soluble carbohydrate phase (pectin), and an insoluble carbohydrate phase

(cellulose).

In this study, we used LAOS testing to provide information on structure formation as well as
physical and chemical changes. The latter are important because a previous study on
SPI/pectin blends (Dekkers et al., 2018) revealed that the rheological properties of the blend
during processing were not only determined by physical factors. Additional factors were (1)
a decrease in the pH due to p-elimination and/or demethoxylation of the pectin, (2) release
of galacturonic acid, and (3) water redistribution between the two phases. Both the chemical

and physical instabilities can affect the interactions between the two phase in a blend.

Our first question is whether PPI and SPI in combination with carbohydrates (pectin and/or
cellulose) can yield a fibrous morphology in a similar manner as reported for SPI/pectin
blends previously (Dekkers, Nikiforidis, et al., 2016)? In this article, we relate the shear-
induced structures observed on a micro- (~5-300 pum) and macro- (~1-30 mm) scale and the
mechanical properties of the resulting fibrous materials with the non-linear rheology using a
closed-cavity rtheometer to gain insight into the structure formation as well as physical and

chemical changes.
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6.3  Materials and methods

6.3.1 Materials
Pea protein isolate (PPI) NUTRALYS® F85G) was purchased from Roquette Fréres S.A.

(Lestrem, France). Soy protein isolate (SPI) (SUPRO EX 37 IP) was purchased from Solae
(St. Louis, MO, USA). PPI consisted of 78.6 wt.% protein (N x 5.7 (Breese Jones, 1931)),
and SPI contained 80.0 wt.% protein (N x 5.7 (Breese Jones, 1931) on a dry weight basis,
according to Dumas measurements (Nitrogen analyzer, FlashEA 1112 series, Thermo
Scientific, The Netherlands). The manufacturer's specifications indicated that the PPI
contained 1 wt.% dietary fibre, 9 wt.% lipids, 4 wt.% ash; and SPI contained <1 wt.% lipids
and <5 wt.% ash. PPI and SPI had an average dry matter content of 93.2 wt.% and 92.8 wt.%,
respectively. Pectin from citrus peel (SLBQ6929V) (high methylated, 92.2 wt.% dry matter
content), cellulose (S3504, Type 20, 20 um) (97.1 wt.% dry matter content) and all chemicals
used were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands).

6.3.2  Preparation of proteinaceous materials
PPI/carbohydrate and SPI/carbohydrate blends (pectin, cellulose and a combination of pectin

and cellulose (1:1)) were studied using a total dry matter content of 45 wt.% for all blends.
The total dry matter weight was 1 wt.% sodium chloride, 44 wt.% protein and carbohydrates,
implying a fixed moisture content of 55 wt.% added via demi water. The mass ratio of PPI
or SPI to carbohydrate was varied by replacing part of the PPI or SPI with the carbohydrate
(Table 6.1). The PPI or SPI were prepared by dispersing 44 wt.% PPI or SPI powder in the
sodium chloride solution (at room temperature), followed by mixing using a spatula until a
homogeneous paste was obtained. The protein material was then covered with Parafilm
(Pechiney Plastic Packaging, Chicago, IL, USA) to prevent water evaporation and left to
hydrate at room temperature for 30 min. For the blends, the carbohydrate was mixed into the
hydrated PPI and SPI dispersion with a spatula directly before processing in the shear cell or
the closed cavity theometer. To change the pH of the blend, a 0.1 M solution of HCI was

used instead of water.
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Table 6.1. Mass fraction of protein to carbohydrate. * For PPl/pectin and SPl/pectin only the mass ratio 93:7
was used for SEM and LAOS analysis. ** For PPl/pectin/cellulose and SPl/pectin/cellulose, pectin and
cellulose were added in a mass ratio 1:1 in the blend.

PPI/carbohydrate blends Mass ratio SPI/carbohydrate blends ~ Mass ratio
Protein:Carbohydrate Protein:Carbohydrate
PPI 100:0 SPI 100:0
PPI/pectin 97:3 SPI/pectin 97:3
95:5 95:5
93 :7* 93:7*
91:9 91:9
PPI/cellulose 93:7 SPI/cellulose 93:7
PPI/pectin/cellulose** 93:7 SPI/pectin/cellulose** 93:7

6.3.3  High temperature shear cell
A high temperature shear cell (Wageningen University, The Netherlands) was used to

structure the PPI/carbohydrate and SPI/carbohydrate blends into fibrous products. The shear
cell consists of a rotating bottom cone and a stationary cone which allows defined
deformation of the materials at high temperature. The prepared protein blends (90 gram) were
processed in a pre-heated shear cell at 140°C and 39 s™' (controlled by a Haake Polylab QC
drive, Germany). After 15 min shearing and heating at constant shear rate and temperature,
the shear cell was cooled to 25°C within 5 min. Products were released from the shear cell
after which those were kept at room temperature in a vacuum-sealed plastic bag for at least

1 h prior to further measurements.

6.3.4  Reflective light microscopy
A shear cell product was bended by hand in the parallel direction to the shear flow direction.

The resulting deformed material was then observed with a digital microscope (Smartzoom 5)

with 10x magnification.

6.3.5 Tensile strength analyses
The mechanical properties and the mechanical anisotropy of the products after shear-induced

deformation were determined with a tensile strength analyses. Tensile strength analyses were
performed with a Texture Analyzer (Instron Corp. 5564, USA) using a static load cell of 100
N. Dog-bone shaped samples (length 25 mm, width 4.4 mm) were cut in two directions in
the shear cell product with a dog bone-shaped mould: (1) parallel and (2) perpendicular to

the direction of the shear flow. The dimensions (thickness and width) of the tensile bar were
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measured and accounted for in the normalized tensile strength determination. The ends of the
tensile bars were placed in two clamps, resulting in a sample height of 15.5 mm. A uniaxial
tensile test was performed at room temperature with a displacement rate of 1 mm/s. The
stress-strain map was created using the tensile stress (o, kPa) and tensile strain (y, -) at
fracture (Figure 6.1), based on previously reported material resistance equations (Chapter 2).
Three parallel and three perpendicular specimens were taken for each sample. This procedure
led to nine parallel and nine perpendicular specimens per PPI/carbohydrate or
SPI/carbohydrate combination. The results were averaged and the standard deviations were

determined based on the variation between the average values of those three samples.

6.3.6  Scanning electron microscopy
Scanning electron microscopy (SEM) was performed to provide information on the

microstructure (~5-300 um) of PPI/carbohydrate and SPI/carbohydrate blends. Rectangular
samples (length, 13 mm; width, +5 mm) were placed in 2.5 % (v/v) glutaraldehyde, while
gently rotating for 8 h. Next, the samples were soaked in demineralized water overnight and
then immersed in a series of solutions of ethanol for at least 1 h per solution (10, 30, 50, 70,
96, and 100 % (v/v)). The materials were dried using critical point drying (CPD 300, Leica,
Vienna, Austria) and fractured parallel to the shearing direction. The fractured samples were
glued onto sample holders and sputter coated with 15 nm of tungsten (SCD 500, Leica,
Vienna, Austria). The surfaces of the products were analysed with a field emission scanning
electron microscope (Magellan 400, FEI, Eindhoven, the Netherlands) at magnifications of

250% up to 10,000% and secondary electron detection of 2.00 kV and 13 pA.

6.3.7  Rheological properties
The rheological properties of the PPI/carbohydrate and SPI/carbohydrate blends were

measured using a closed-cavity rheometer (CCR) (RPA Elite, TA instruments, New Castle,
DE, USA) (Emin & Schuchmann, 2017). Approximately 6 g of the blend was placed between
two plastic foils in the closed cavity, which was sealed with a closing pressure of 4.5 bar to
prevent water evaporation at high temperature. The CCR cavity has a radius of 22.5 mm,
maximum height of the inner cavity of 4 mm and a biconical opening with an opening half
angle of 3.35° for homogeneous transmission of the shear stress to the protein materials. The
surfaces of the cones are grooved to prevent slippage. The lower cone oscillates in a strain-
controlled mode while the upper cone remains stationary. The material was loaded into a pre-

heated CCR either set at a temperature of 30°C and 140°C. The latter temperature was chosen
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to mimic the shear cell conditions often used to create fibrous materials (Dekkers, Nikiforidis,
et al., 2016). The material was set to either 30°C or140°C for 2 min without shear treatment
and cooled to 30°C using a cooling rate of 5°C/min without shear treatment. After that, strain-
sweep experiments were performed at 30°C at a constant frequency (1 Hz). The product was
cooled to room temperature in plastic bags, and the pH of these products were then measured.
The products were ground and mixed with distilled water to allow good measurement of the

pH.

A strain-sweep experiment was used to determine the yield stress and the flow stress of a
material. The yield stress is defined as the value of the shear stress at the end of the linear
viscoelastic (LVE) regime. We define the yield stress as the point at which G’ differs more
than 5% from its strain-independent value in the LVE regime (Figure 6.1). The flow stress is
defined as the value of the shear stress at the crossover point where the storage modulus is

equal to the loss modulus (G’ = G").

6.3.8 Large amplitude oscillatory shear (LAOS)
The results of the strain-sweep experiment performed in the CCR were analysed using the

MITlaos software (version 2.1 beta, freeware distributed from MITlaos@mit.edu). The strain
amplitude varied between 0.01% and 1000% at a constant frequency of 1 Hz at 30°C. The
torque is plotted against the deformation in so-called Lissajous curves. Lissajous curves were

created to relate the response of the protein materials to the oscillatory strain imposed.

The area enclosed in a Lissajous curve is equal to the energy dissipated per unit volume
during one complete cycle of the oscillatory strain imposed. The energy dissipated per unit
volume in a single cycle (Ey) is a function of the first-order viscous Fourier coefficient (G, "),

which can be calculated from the intensity and phase of the first harmonic:

E; = jgady = mG,Y3 6.1

for a given strain amplitude (y,).

The energy dissipated by a perfectly plastic material in a single cycle ((Eq)pp) is equal to

(Ed)pp = 4 Y(Omax 6.2

for a maximum stress (Opax)-
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The ratio of the actual dissipated energy and the perfectly plastic dissipation gives the energy
dissipation ratio (¢) as proposed by Ewoldt et al. (2010a):

Eq  mGiyo 6.3

B (Ed)pp B 40max

¢

6.3.9  Texture maps and colour schemes of the dissipation ratio

Texture maps summarize rheological information into two-dimensional plots involving only
characteristic key parameters (Chapter 4). Although different parameters can be chosen for
these plots, here we used a texture map based on the stress and strain at the end of the LVE
regime and another map based on the stress and strain at the crossover point to classify
products into four quadrants in each texture map as presented in Figure 6.1 (Hamann &
MacDonald, 1992). Materials in the lower left quadrant 1 with low shear stress and shear
strain are classified as having a soft, non-shaped texture commonly referred to as “mushy”
(e.g. grits and similar food materials). Materials in the lower right quadrant 2 with low shear
stress and high shear strain, are often described as “rubbery” (e.g. gelatin). The top right
quadrant 3 with high shear stress and shear strain, indicates a “tough” texture (e.g. fruit
leather and dried fruits). The top left quadrant 4 with high shear stress and low shear strain,
clusters products with a “brittle” texture (e.g. many baked or confectionery food products)

(Tunick & Van Hekken, 2010).

The energy dissipation ratio is plotted using colour schemes (Chapter 5), in which values of
the dissipation ratio are represented by colours in strain/protein ratio diagrams. When ¢ = 0
(blue), the rheological response is purely elastic; ¢ = 1 (yellow) implies that the material
displays perfect plastic (Ptaszek, 2014). A ¢ of m/4 corresponds to a material that behaves as

a Newtonian liquid.

119



Chapter 6

Fracture
stress/strain

exture map

Force/
deformation

Parallel
mm

Tensile strength analysis

o| Brittle  Tough

Fracture
D ———_—

a Parallel

]
Mushy  Rubbery)
14

LAOS

Texture map

Stress/strain

. o| Brittle  Tough
Strain sweep End LVE regime o

R —
Mushy — Rubber;
Y
Cross over point
———

exture map

Tandelta=1

(i"
Gl

ol Brittle  Tough

Intra-cycle rheology
A

Mushy  Rubber)]
14

=1

MITlaos

P,

Dissipationratid, @ =0 [l Elastic Dissipation map
@ =T1/4 | Newtonian liquid [ ¥
=1 Plastic

Lissajous curves
o

Figure 6.1. Systematic overview of the results of the texture maps and colour schemes that show the
dissipation ratio as obtained in Chapter 5. The storage modulus (G) and loss modulus (G”) versus strain to
define the crossover point (¢’ = ") and the end of the linear viscoelastic (LVE) regime. The energy
dissipation ratio is demonstrated using colour schemes: @ = 0, elastic; ¢ = n/4, Newtonian liquid; ¢ = 1,
perfect plastic.

6.3.10 Prediction of the water distribution with rheology
The volume fractions of protein and carbohydrate in a blend were calculated, and the

response of the blend can be described with an empirical polymer blending law (Morris,
1992). In several studies (Clark et al., 1983; Fitzsimons et al., 2008; Kasapis & Tay, 2009;
Shrinivas et al., 2009), the relative amount of water in each polymeric phase is calculated
with the “solvent avidity parameter”, p. The relative amount of water in each phase is fitted
based on the rheological properties with a polymer blending law. The polymer blending law

reads in its general form as

Gy = dxGx" + by Gy" 6.4
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where Gy, Gy and Gyy are the moduli of the protein phase X, the carbohydrate phase Y and
the protein/carbohydrate blend X7, and ¢y and ¢y are the volume fractions of phases X and
Y. The value of the parameter n depends on the spatial distribution of the two components in
the blended material and their moduli. Here, it is assumed that the protein/carbohydrate
blends obey isostrain behaviour, meaning n = 1. To simplify the calculation for the water
distribution, we assume that the contribution of the carbohydrate phase in this equation is low
and has therefore a negligible influence on the overall modulus of the blend. This assumption
is true when the G value of the carbohydrate phase is much lower than the G value of the
protein phase, or the volume fraction of the carbohydrate phase is small ¢. Now, the
measured modulus of the PPI/carbohydrate or SPI/carbohydrate blend corresponds to the
modulus of the PPI or SPI concentration only. The elastic modulus dependency on the dry
matter content can be used to predict the water distribution (and phase volume fraction) in
PPI/carbohydrate and SPI/carbohydrate blends, as described by Dekkers, Boom, et al.
(2018b) for SPI/pectin blends, using data on how the modulus of PPI and SPI depends on the
water content (Chapter 4). Once the moisture content in the protein phase is calculated, a
mass balance (explained in Appendix C of Chapter 2, where the ppyorein=1330 kg/m? and
Pcarbondyrate=1000 kg/m®) was used to calculate the dry matter fraction in the carbohydrate

phase.
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6.4 Results and discussion

6.4.1  Shear-induced structuring
Structured materials were inspected visually by deforming until tear. Figure 6.2 shows the

different morphologies of products containing pea protein isolate (PPI) or soy protein isolate
(SPI) with pectin and/or cellulose. Without any carbohydrates added, PPI and SPI both
resulted in gel-like morphologies (Appendix Figure A 6.2). Those outcomes differ from
previous studies on high moisture extrusion cooking with PPI and SPI, where a somewhat
fibrous morphology was reported (Osen et al., 2014; Patrick Wittek et al., 2021). The
mechanism that could be responsible for anisotropic structure formation is still under debate
and may well be different for high moisture extrusion cooking and shear cell deformation
(Cornet et al., 2021). In high moisture extrusion cooking, the cooling zone is considered as
the area where structure formation takes place. Mechanisms that assume shear during cooling
are temperature-induced viscosity gradients and spinodal decomposition and deformation.
Those mechanisms cannot be applied in the shear cell, since the lack of shear during the

cooling step in the shear cell.

PPI PPI/pectin PPI/cellulose PPI/pectin/cellulose

508gm 200 pm 500 500 pm
— — (=)

SPI SPI/pectin SPI/cellulose SPI/pectin/cellulose

50Q um

—>
Shear flow direction

Figure 6.2. Macrostructures after shear-induced structuring of samples consisting of PPI or SPI with pectin,
cellulose and pectin/cellulose (ratio 1:1).

Homogeneous gels were also obtained with a mass fraction of both PPI or SPI to pectin of
97:3 (Appendix Figure A 6.1). The mass fraction 95:5 and 93:7 resulted in a fibrous
morphology for both PPI/pectin and SPI/pectin blends (Figure 6.2, blends with a mass
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fraction of 95:5 were not visualized). The mass fraction PPI/pectin blends of 91:9 resulted in
weaker products without any discernible fibrousness. This is different compared with
SPI/pectin with the same mass fraction that resulted a fibrous morphology (Appendix Figure
A 6.1). SEM images of PPI/pectin blends showed slightly elongated and porous areas parallel
to the shear flow direction (Figure 6.3), but the occurrence and elongation of these areas were

not as pronounced as in SPI/pectin blends (Dekkers, Nikiforidis, et al., 2016).

PPI PPI/pectin/cellulose

PPI/pectin PPI/cellulose

300
pum

30
pm

—>
Shear flow direction

Figure 6.3. Morphology after shear-induced structuring of samples consisting of PPI, PPl/pectin,
PPl/cellulose and PPl/pectin/cellulose at magnifications of the images were 1) 250 times, 2) 2500 times, and
3) 10,000 times.

The SPI/cellulose blend resulted in macroscopic phase separation, with white cellulose spots
in the matrix and large domains at the rim of the product. The SPI/pectin/cellulose blend
showed a fibrous macrostructure. Pectin apparently prevented the macroseparation of
cellulose out of the SPI matrix. PPI/cellulose blend did not give macroscale separation and
only gave limited fibrous morphology, just like PPI/pectin/cellulose blend. PPI/cellulose
blend yielded a visually homogeneous product but with rectangular or parallelepipedal
particles included, presumably reflecting the non-deformed cellulose crystals (Appendix
Figure A 6.2). The PPI/pectin/cellulose blend also contained non-deformed cellulose rods as

well as a few porous areas.

A possible explanation for the different morphologies between PPI and SPI can be found in

the rheological properties. As previously shown, PPI is less elastic and weaker compared
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with SPI (Chapter 4) and therefore forms a less elastic matrix. Lower elasticity could be a
valid reason for absence of macroscopic phase separation of cellulose (Dill, 1979;
Peighambardoust et al., 2008; van der Zalm et al., 2012). In addition, a weaker protein phase
might induce less orientation of the dispersed phase. This is investigated in more detail in

next sections.

6.4.2  Mapping of the mechanical behaviour
The materials were subjected to tensile strength analysis parallel and perpendicular to the

shear flow direction. The ratio of these two is the anisotropy index. Figure 6.4 presents a
texture map with the tensile stress and strain at fracture as well as a map of the anisotropy
indexes of PPI and SPI and blends with a mass fraction of protein to carbohydrates of 93:7.
The tensile stress and strain at fracture of PPI were 2 to 3 times lower than for SPI (Dekkers,
Nikiforidis, et al., 2016). The tensile stress and strain at fracture of PPI were slightly higher
than for cooked chicken strips (Chapter 2). SPI behaved as relatively tough, whereas PPI was
mushy (soft) (Figure 6.4). PPI had an anisotropy index of ~1.5 for both tensile stress and
strain, whereas SPI showed an anisotropy index of ~1. Remarkably, the anisotropy for PPI
as measured with this tensile strength analysis was not accompanied by a fibrous morphology

(Figure 6.5).
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Figure 6.4. Tensile strength analysis including anisotropy of shear-induced structuring of samples consisting
of PPI, PPl/pectin, PPl/cellulose and PPl/pectin/cellulose or SPI, SPl/pectin (Dekkers, Nikiforidis, et al.,
2016) and SPl/pectin/cellulose at mass fraction protein to carbohydrate 93:7 in parallel and perpendicular
direction to the shear flow. The ratio of PPI or SPI and carbohydrate was varied by replacing part of the PPI

or SPI with the carbohydrate.
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Figure 6.5. Overview of the fibrous morphology observed visually versus the mechanical anisotropy index
(A1) measured with a tensile strength analysis.

The addition of carbohydrates to both PPI and SPI resulted in softer materials (Figure 6.4).
PPI/cellulose and PPI/pectin/cellulose blends led to lower fracture stress and strain but not
as much as with just pectin. An increase in the mass fraction in the PPI/cellulose and
PPI/pectin/cellulose blends (91:9) had only a limited effect on the tensile stress and strain as
shown in Appendix Figure A 6.2. Pectin added to PPI led to products with a lower tensile
stress and strain, just as with SPI (Figure 6.4). Figure 6.6 presents a texture map with the
tensile stress and strain at fracture as well as a map of the anisotropy index of blends with
different mass fraction of PPI and SPI to pectin. The addition of more pectin resulted in a
mushier consistency. With the addition of more pectin, the total volume and surface area of
the pectin phase increased and this weakened the matrix both parallel and perpendicular to
the shear flow direction. Low mechanical anisotropy indices were found for all PPI/pectin
products, whereas for SPI/pectin products at a mass fraction of 95:5 and 93:7, a high
anisotropy index was observed. For PPI/pectin blends, no mechanical anisotropy was
measured with this tensile strength analysis (parallel/perpendicular tensile stress or strain).
However a fibrous morphology was observed for PPl/pectin blends (Figure 6.5). For
PPI/pectin blends a fibrous morphology was not always related to mechanical anisotropy. In

the case of SPI, a fibrous morphology was related to mechanical anisotropy generally. Similar
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mechanical properties in parallel and perpendicular direction (lack of mechanical anisotropy)
could indicate fibres in both directions or a less elongated dispersed phase. A higher degree
of mechanical anisotropy was related to larger differences in mechanical strength between
the continuous and dispersed phase in case of SPI/pectin blends that could be related to the

degree of elongation of the dispersed domains.
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Figure 6.6. Tensile strength analysis including anisotropy of shear-induced structuring of samples consisting
of PPI or SPI (Dekkers, Nikiforidis, et al., 2016) with increasing mass fraction of pectin in the blend in
parallel and perpendicular direction to the shear flow. Note that the scales of the x-axis and y-axis are
different from those shown in Figure 6.4.

6.4.3  Mapping of the rheological behaviour
Figure 6.7 presents a texture map with the stress and strain values at the end of the LVE

regime for PPI or SPI/carbohydrate blends (93:7) at 30°C and blends heated at 140°C and
subsequently cooled to 30°C. It can be seen that SPI is tougher than PPI at 30°C. The addition
of carbohydrates leads to lower stress and strain. Pectin gives the biggest shift in the texture
map. PPI/pectin/cellulose and SPI/pectin/cellulose blends yielded intermediate toughness

and deformability compared with the blends with only pectin or cellulose.
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After heating and cooling, the PPI materials became less deformable, whereas SPI became
tougher and more deformable. Heating PPI, PPI/pectin and PPI/cellulose led to slightly lower
strains compared with the unheated materials. However, for PPI/pectin/cellulose, an increase
in stress was observed after heating. The SPI, SPI/pectin, SPI/cellulose and
SPI/pectin/cellulose blends all showed higher strain and stress after heating. The results
presented here confirm that the SPI/carbohydrate blends are tougher compared with the
PPI/carbohydrate blends, and this became more pronounced after heating and cooling.
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Figure 6.7. Texture map end of the LVE regime of PPI and SPl/carbohydrate blends (93:7) at 30°C and
heated at 140°C and cooled to 30°C.
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Figure 6.8 presents a texture map with the stress and strain values at the crossover point (G’ =
G") for PPI or SPI/carbohydrate blends (93:7) at 30°C and after heating to 140°C and
subsequently cooling to 30°C. In this texture map weakening has proceeded further compared
with the texture map at the end of the LVE regime and thus shows the effect of larger strains
in the non-linear regime, which may give more information relevant for the shear-based
structuring process. The crossover point with just PPI occurs at a similar strain as with SPI
but at lower stress. The addition of cellulose to PPI leads to lower crossover stress. The
addition of pectin and pectin/cellulose to PPI and SPI leads to both lower crossover stress
and strain, making both products mushier. After heating and cooling, the PPI, PPI/cellulose,
SPI and SPI/cellulose products became comparable with the unheated products. Heating and
cooling PPI/pectin or SPI/pectin and PPI/pectin/cellulose or SPI/pectin/cellulose resulted in
a more deformable product. Those changes in rheological response cannot be explained by
considering physical effects only. As explained by Dekkers, Boom, et al. (2018b), factors
such as a decrease in the pH due to B-elimination and/or demethoxylation of the pectin could
play a role. In addition, further degradation of pectin could lead to the concurrent release of
galacturonic acid and altered water redistribution between the two phases. The latter

influences the rheological response of the blend.
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Figure 6.8. Texture map crossover point of PPI and SPI/carbohydrate blends (93:7) at 30°C and heated at
140°C and cooled to 30°C.

We observed similar trends in texture maps of the tensile strength analysis and the CCR: (1)
PPI has lower stress and strain at the end of the LVE regime and at fracture compared with
SPI, (2) the addition of carbohydrates results in lower yield, flow and fracture stress and

strain for both PPI and SPI. This was most pronounced with the addition of pectin.
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6.4.4  Large amplitude oscillatory shear: intra-cycle rheology
The dissipation ratio (¢) was calculated to describe the viscous contribution in the response

relative to pure plastic behaviour (Ewoldt et al., 2008, 2010; Klost et al., 2020; Tao et al.,
2019). Figure 6.9 shows a colour scheme of the dissipation ratio for PPI and SPI/carbohydrate
blends with a mass ratio protein to carbohydrate 93:7 at 30°C and at 140°C and cooling to
30°C. At 30°C, PPI and SPI both show a higher dissipation ratio with the strain amplitude.
The addition of cellulose to PPI and SPI resulted in a slightly higher dissipation ratio. At
equal strain amplitude, the addition of pectin and pectin and cellulose to both PPI and SPI
resulted in a higher dissipation ratio, suggesting a less elastic material. Both PPI and SPI
showed lower dissipation ratios after heating and cooling, and the products became more
elastic at a wider range of strain amplitudes compared with unheated materials. Large
deformation led to a sudden onset of viscous/plastic behaviour, which was most pronounced
for SPI. The addition of cellulose to PPI and SPI resulted in similar dissipation ratios as with
heated and cooled PPI and SPI. PPl/pectin, SPIl/pectin, PPl/pectin/cellulose and
SPI/pectin/cellulose had a distinct lower dissipation ratio at similar strain amplitudes after
heating, indicating induced elasticity. After heating, all blends gained elasticity, which was
most pronounced for blends with pectin. Those changes in rheological response cannot be
explained by considering physical effects but also the release of galacturonic acid and the

altered water redistribution between the two phases.

131



Chapter 6

30°C 140°C & 30°C
PPI/carbohydrate blends 0]

683.60 683.60 1 --- Perfect plastic
242 0.8--- Newtonian liquid
156.86
0.6
87.23
36.13 04
15.00
0.2
8.33
4.67 0 == Elastic
1.46
PPI PPIC PPIPC PPIF
®
1 --- Perfect plastic
0.8--- Newtonian liquid
0.6
0.4
0.2
0 == Elastic
SPI SPIC SP]P(‘ SPIP
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in Appendix Figure A 6.3.
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6.4.5 Connecting non-linear rheology of protein/carbohydrate blends and their
link to structure formation
In this study, we analysed blends PPI and SPI mixed with combinations of pectin and

cellulose. Concerning the proteins, we found that PPI products were softer than SPI products
(Figures 6.4, 6.7 and 6.8), due to relatively lower amounts of cysteines that contributes to the
formation of disulphide bonds (O’Kane et al., 2004). Similar differences were described in
previous studies albeit at much lower protein concentrations (~10 wt.%) (Batista et al., 2005;
Lam et al., 2018; O’Kane et al., 2004). This difference in strength remained after addition of
the carbohydrates. The addition of carbohydrates to PPI and SPI always resulted in softer
materials as illustrated in all the texture maps for both SPI and PPI (Figures 6.4, 6.7 and 6.8).
This decrease was most pronounced with pectin. In the PPI/pectin or SPI pectin blends at

neutral pH, B-elimination leads to a lower molecular weight and thus a lower viscosity of the
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dispersed phase (Chen et al., 2015; Diaz et al, 2007). Both p-elimination and
demethoxylation result in the creation of carboxyl groups, resulting in lowering of the pH
(Axelos & Branger, 1993; Renard et al., 2006). Dekkers, Boom, et al. (2018b) showed that a
mass fraction of 95:5 SPI/pectin (previously reported as the addition of 2.2 wt.% pectin to
SPI) after a time-sweep measurement at 140°C indeed resulted in a decrease in the pH.
Therefore, we determined the pH of PPI and SPI materials (7.1 and 6.9, respectively) and of
the blends after performing a strain-sweep experiment (Table 6.2). The pH of SPI/pectin and
PPI/pectin products was 5.9 and 6.1, respectively, closer to the isoelectric point of both
proteins (around 4.5). This decrease of the pH in the products will affect the aggregation of
the protein phase. To check this, we dispersed PPI and SPI in 0.1 M HCI, which resulted in
a pH of 6.3 for PPI and 6.2 for SPI (Table 6.2). For PPI, this had a limited effect on the stress
and strain at the end of the LVE regime; whereas for SPI, the reduction in strength was
greater. A previous study of pea protein gels pre-treated at different pHs showed a similar

trend (Klost et al., 2020), albeit at a lower protein concentration (~10 wt.%).

Table 6.2. pH of PPI and SPI/carbohydrate blends. The pH was adjusted using 0.1 M HCI. The corresponding
texture properties (end of the LVE regime) are for SPI* 13.5 % and 47.2 kPa and for PPI** 5.1% and 15.9
kPa.

Protein/- Protein (0.1 M HCI)/- Protein/pectin Protein/pectin/cellulose
SPI/carbohydrate 6.9 6.2% 5.9 6.3
PPI/carbohydrate 7.1 6.3%* 6.1 6.4

Lower tensile stress and strain values due to the addition of pectin to SPI were previously
related to two possible mechanisms (Dekkers, Nikiforidis, et al., 2016). (1) Pectin, when
added in small amounts may partially hydrolyse and dissolve in the continuous phase during
heating, hindering the crosslinking of SPI and leading to lower tensile stress. (2) Pectin forms
a weaker carbohydrate phase or the adhesion between the pectin and SPI is poor. With PPL.
the same two mechanisms may occur. Dekkers, Nikiforidis, et al. (2016) found that the
strength and volume fraction of the weak phase is important for the formation of a fibrous
morphology in a material based on SPI, and that the size of the pectin domains increases due
to shear-induced coalescence. Figure 6.3 shows that PPI/pectin product contains smaller and
less elongated porous domains than in a SPI/pectin product (Dekkers, Nikiforidis, et al.,
2016). In addition to shear-induced coalescence, water redistribution to the pectin phase may
increase the size of the dispersed domains. More water in the pectin domain increases the

effective protein concentration of the PPI and SPI phases (after Dekkers et al. (2018)). The

133



Chapter 6

modulus of the PPI and SPI-carbohydrate blends were thus matched to the viscoelastic
properties at the dry matter content of the single proteins (Chapter 4). Based on the mass
balance, the volume fractions of PPI/pectin and SPI/pectin blends are 91%/9% and 89%/11%,
respectively (Table 6.3), which implies strong water migration from the protein into the
pectin phase. For PPI/pectin and SPI/pectin products, the mass fraction water in the pectin

phase increased from 0.55 g/g to 0.71 g/g and 0.55 g/g to 0.65 g/g, respectively.

This leads to two effects: (1) a stronger protein phase and (2) a larger volume fraction of the
dispersed pectin phase, which was considered weaker. In a previous study, it was
hypothesized that the cohesiveness of the pectin phase or the adhesion between the pectin
and SPI phase is weaker than the cohesiveness of the SPI phase itself (Dekkers, Nikiforidis,
et al., 2016). The addition of more pectin would result in even more water redistribution,
consequently even larger dispersed, weak domains, and thus even weaker materials. Indeed,
we saw that the tensile stress and strain values decreased as the pectin concentration increased

(Figure 6.6).

Cellulose in a PPI and SPI matrix can be seen as rods with SEM (Figure 6.2). The first
expectation is that those cellulose rods would increase the strength of the blend, among others
because the water content remained similar in all blends. Cellulose replaced protein.
However, a slight weakening was observed after the addition of cellulose, for which several
phenomena may be responsible. The mass balance shows that the volume fraction of
PPI/cellulose is 97%/3% and SPI/cellulose is 95%/5% (Table 6.3), which is lower than the
percentage of protein being replaced by cellulose. This implies that the protein phase (PPI
and SPI phase) absorbed more water than cellulose. The protein concentration in the protein

phase becomes lower, which can explain the slightly lower stress and strain values.
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Table 6.3. Water distribution in PPI and SPl/carbohydrate blends.

Mass fraction Volume fraction (%/%)
(%/%) Protein/cellulose Protein/pectin Protein/pectin/cellulose
SPI/carbohydrate 93/7 95/5 89/11 95/5
PPI/carbohydrate 93/7 97/3 91/9 97/3

However, we saw more complex behaviour for the SPI/cellulose products (Figure 6.2.).
Macroscopic phase separation was observed, where cellulose was aggregated into white
domains at the rim of the product. For the PPIl/cellulose product macroscopic phase
separation was not observed. These differences could indicate that PPI is less elastic than SPI
(Figure 6.9). Separation of particles to the outer part of a curvilinear shear field as present in
the shear cell was also observed when shearing DNA and wheat dough in such flow field
(Dill, 1979; Peighambardoust et al., 2008; van der Zalm et al., 2012). There, the elasticity of
the material was thought to be responsible for the fact that the application of shear flow led
to a net inward force on the large DNA and gluten respectively. In the latter case, starch was
expelled from the wheat dough to the rim of the material as a result of inward migration of
gluten,. In the SPI/pectin/cellulose product macroscopic phase separation was not observed,
implying that pectin prevented or hindered the macroscopic separation of cellulose out of the

SPI matrix, possibly due to lower elasticity due to pectin addition.

PPI and SPI are known to be shear thinning and exhibit viscoelasticity. A dispersed phase in
a viscoelastic matrix is not only subjected to the viscous stresses but also to the elastic
stresses. The latter reduce break up under deformation, and thus form larger domains that are
deformed more strongly (Elmendorp & Maalcke, 1985). Mighri et al. (1988) also showed
that matrix elasticity increases the deformation of a droplet indirectly by reducing droplet
break up, even though some studies show that a Newtonian droplet of the same size deforms
less in a viscoelastic matrix (Guido et al., 2002; Sibillo et al., 2004; Verhulst et al., 2007,
2009). Moreover, elasticity also plays an important role in suppressing the relaxation of
elongated domains after cessation of flow (Liu et al., 2014; Pawar & Bose, 2015). SPI is
slightly more elastic than PPI (Figure 6.9). In Figure 6.5, PPI/pectin shows smaller dispersed
phase domains that are less elongated compared with SPI/pectin (Dekkers, Nikiforidis, et al.,
2016). Therefore, it was hypothesized that the dispersed phase in PPI weakens the structure
isotropically, whereas the more strongly elongated areas in SPI weaken the structure mainly

in the perpendicular direction and less in the parallel direction. This results in a fibrous
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morphology and larger tensile stress in the parallel direction. The elongated domains can also

form fibrousness when they are long enough.

Therefore, although previous studies mostly focus on viscosity (Dekkers et al., 2018;
Dekkers, Boom, et al., 2018b; Dekkers, de Kort, et al., 2016), this study reveals the
importance of the role of elasticity. Elasticity is hypothesized as important factor in the ability
of the blends to form fibrous products, since it promotes deformation and suppress relaxation.
This role of matrix elasticity has mostly been studied for non-food extrudates, for example,
poly(L-lactide)/poly(amide) blends. A more elastic matrix promotes deformation and
extension of the nodules into fibrils (Yousfi et al., 2018); elasticity also suppresses relaxation

to isotropic (spherical shape) (Liu et al., 2014; Pawar & Bose, 2015).
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6.5 Conclusion

In this work, the differences in morphology of shear-induced structures formed with blends
of pea protein isolate (PPI) and carbohydrate blends, and soy protein isolate (SPI) and
carbohydrates were quantified. Those differences can be connected to differences in
rheological properties of both proteins at processing conditions using a closed cavity
rheometer. It was found that PPI products were mushier than SPI products and that the
addition of carbohydrates to PPI or SPI resulted in mushier products. This was most
pronounced for blends with pectin. This was attributed to the combined effects of a decrease
in pH and/or water redistribution between the two phases. After heating, all
protein/carbohydrate blends showed an increase in elasticity. This was most pronounced for
PPI/pectin and SPI/pectin blends. Elasticity was found to be an important factor in the ability
of the blends to form fibrous products. These morphology findings and their behaviour during
large deformation provide a rheological fingerprint of the protein/carbohydrate blends to
guide product design and investigate process/structure relationships. These are important

steps towards the design of protein blends suitable for industrial meat analogues applications.
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6.6 Appendix A

The following are the Supplementary data to this article:
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Figure A 6.1. Macrostructures after shear-induced structuring of SPIl/carbohydrate and PPIl/carbohydrate
blends with increasing mass fraction of carbohydrate in the blend.
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Table A 6.1. Tensile stress and strain at fracture of PPI and SPIl/carbohydrate blends at a mass fraction of
protein to carbohydrate of 93:7 (Figure 6.4).

Stress (kPa) Strain (-)
Parallel Perpendicular Parallel Perpendicular
PPI 324.44 +53.82 201.46 +20.18 0.76 +0.06 0.51 +0.04
PPI/pectin 177.59  +55.88  169.15  +25.83 028  +0.09 028  +0.07
PPI/cellulose 263.00 £59.21 262.35  £14.86 0.55 +0.11 0.56 +0.04
PPI/pectin/cellulose 287.03  +20.02  252.12  +£17.10 0.48 +0.03 0.49 +0.05
SPI 573.07  £66.55 545.08  +£31.77 1.15 +0.32 1.02 +0.11
SPI/pectin 32520  +35.16 17299  +41.11 0.56 +0.16 0.24 +0.04
SPI/pectin/cellulose 752.86  +303.40 473.44 £173.46 0.59 +0.17 0.43 +0.09
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Table A 6.2. Tensile stress and strain at fracture of PPl/pectin and SPl/pectin blends (Figure 6.6).

Stress (kPa) Strain (-)

Parallel Perpendicular Parallel Perpendicular
PPl 32444 5382 20146  +20.18 076 006 051  +0.04
PPUpectin (97:3) 247.15 #5588 27774  +25.83 050  £0.06 059  +0.07
PPUpectin (95:5) 21770 +5921  196.16  +14.86 040  +0.09 039  +0.04
PPUpectin (93:7) 177.59  +55.88  169.15 +25.83 028 009 028  +0.07
PPUpectin (91:9) 90.91 2312 12677 +16.17 016 003 019  0.03
SPl 573.07 6655 54508  +31.77 115 =032 102 +0.11
SPUpectin (97:3) 41848  £1491  441.10 42224 115 4032 124 +0.06
SPUpectin (95:5) 45708  +48.08  242.19  +37.26 134 £0.10 053 0.5
SPlpectin (93:7) 32520 +3516 17299 +41.11 056  +0.16 024  +0.04
SPUpectin (91:9) 11252 4973 7237 £10.72 025 +0.16 024 =0.04

140









Chapter 7

Non-linear rheology reveals the importance of elasticity

in meat and meat analogues

This chapter has been submitted as Non-linear rheology reveals the importance of elasticity

in meat and meat analogues Schreuders, F. K. G., Sagis, L. M. C., Bodnar, 1., Boom, R. M.,
& van der Goot, A. J.



Chapter 7

7.1  Abstract

The interest in plant-based meat analogues as an alternative to meat is currently growing. We
use texture maps and colour schemes to quantify and compare the non-linear rheological
behaviour of meat and plant-based meat analogues. Both in texture maps and colour schemes,
similarities and differences between rheological responses of meat and meat analogues are
apparent. Meat analogues differ in terms of their lower elasticity compared with heated meat,
which is likely noticeable for consumers. The changes caused by heating on meat and meat
analogues are different as well. Heating of meat resulted in a tougher and more elastic

material, while meat analogues only exhibited small effects by heating.
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7.2 Introduction

Meat analogues are designed to have sensory properties similar to meat but are made from
plant proteins (Malav et al., 2015). The unique textural properties of meat are a result of the
muscle tissue structure consisting of repeating sarcomere structures that are grouped into
muscle fibres and surrounded by connective tissue, the cell membrane, and, depending on
the meat type, stored intramuscular fat tissue (Pearson, 2012; Pette & Staron, 1990). Fish
muscle is mostly composed of myotomes, which are muscular sheets connected to one
another by connective tissues, called myocomnata. Myotomes are composed of myosin and

actin mainly that form large numbers of muscle fibers (Kazir & Livney, 2021).

Food scientists have mimicked these fibrous structures with plant-based proteins through
high moisture extrusion cooking and shear cell technology (Dekkers, Boom, et al., 2018a).
Meat analogues often contain blends of textured and non-textured proteins from soy, wheat
or pea, as these blends can result in a range of morphologies (Bashi et al., 2019; Jones, 2016).
We can roughly distinguish ground meat, and whole-meat products. Some meat analogue
products aim at mimicking whole-cut meats, like chicken meat, pork and beef steak, which
are characterized by the presence of long fibres or layers. The meat analogues resembling
ground and bound meats, like in a hamburger, are first transformed into a meat-like fibre
structure that resembles small pieces of meat (e.g. TVP) which is then mixed with other
ingredients. These include water (50-70 wt.%), flavourings, oil or fat, binding agents
(methylcellulose) and colouring agents (Kyriakopoulou et al., 2021). The structure
characteristics of meat have been widely studied. However, methods that quantitatively
compare meat and meat analogues are not widely available (Chapter 8). It was recently found
that a closed-cavity rheometer developed for the rubber industry allows accurate
determination of the rheological properties of concentrated plant-based protein materials
(Dekkers, Emin, et al., 2018; Emin & Schuchmann, 2017 and Chapter 3). In a recent study,
single ingredient dispersions of soy protein isolate (SPI), pea protein isolate (PPI) and wheat
gluten (WG) as well as PPI-WG and SPI-WG blends were studied with this device (Chapter
4 and 5). A combination of texture maps and colour schemes was used to map the properties
of the ingredients and the blends. The dissipation ratio as a function of small and large strain
amplitudes was useful for understanding the differences in elasticity. Heating of these plant

protein blends showed an increase in the elasticity. Here we extend those measurements to
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commercial meat and meat analogue products, and especially those that can be considered as

whole cut products.

The objective of the current study is therefore to quantify the similarities and differences
between meat and meat analogues. The stresses at the ends of the LVE regime and the stress-
strain crossover points are captured in texture maps. The energy dissipation ratio is
represented by colour contours in strain-temperature diagrams. For the design of plant-based
meat analogues, these diagrams may guide the design and selection of plant-based materials

to be as similar as possible to meat.
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7.3  Materials and methods

7.3.1  Materials
Meat and meat analogues were bought from a local supermarket (Albert Heijn) in

Wageningen, The Netherlands, which were then stored at 4°C before further analysis within
two days. Meat and fish samples used include chicken (more specifically the breast of a
chicken), beef, pork, codfish and salmon. The meat analogues used are “Kipstuckjes”
(Vegetarian Butcher), “Chick free pea based” (Nutrali Foods), “Stukjes als van Kip” (AH),
“Vegetarische basis wokstukjes (AH)” and “Vivera plant stukjes als kip” (Vivera). The
manufacturers’ specifications of the composition of meat and meat analogues are presented
in Tables 7.1 and 7.2. The specific signatures product of meat analogues and ingredients

according to the packaging are presented in Table 7.3.

Table 7.1. Composition of meat and fish.

Chicken Beef Pork Codfish filet Salmon
Water 74.7 73.2 72.9 83.1 63.9
Protein 23.6 213 23.0 16.0 20.0
Fiber
Carbohydrate
Fat 1.6 5.3 4.0 0.7 16.0
Salt 0.1 0.2 0.1 0.2 0.1

Table 7.2. Composition of meat analogues.

Chick free pea Stukjes als van ~ Vegetarische basis ~ Vivera plant

Kipstuckjes based Kip wokstukjes stukjes als kip
Water 61.1 67.6 61.97 63.6 66.5
Protein 20.0 21.0 23.0 21.0 19.0
Fiber 7.6 2.8 0.2 5.5 5.6
Carbohydrate 5.0 5.8 6.5 4.0 6.7
Fat 4.4 1.7 7.0 4.5 0.5
Salt 1.9 1.1 1.3 1.4 1.7
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Table 7.3 Description of meat analogues and ingredients according to the packaging.

Signature product Company Ingredients according to packaging Website

Kipstuckjes The 88% soy structure (soy protein, water), spice- thevegetarian
vegetarian extract, sunflower oil, natural flavoring butcher.co.uk
Bucher

Chick free pea based Naturli Water, texturized pea protein concentrate (31%), naturli-
Foods vegetable bouillon (salt, dextrose, yeast extract, foods.com

dried vegetables, natural flavouring), fermented

dextrose.
Stukjes als van Kip Albert rehydrated vegetable protein (soy, wheat), ah.nl
Heijn sunflower oil, free-run egg protein, wheat starch,

vinegar, natural flavors, aroma, water, sea salt, salt,

maltodextrin, iron, vitamin B12.
Vegetarische basis Albert rehydrated vegetable protein (40% soy, 40% ah.nl
wokstukjes Heijn wheat), sunflower oil, free-run egg protein powder,

wheat fiber, flavorings, wheat starch, natural flavor,

thickener (carrageenan [E407]), diet salt (potassium

chloride), dextrose, spices, maltodextrin, yeast

extract, onion, salt, iron, vitamin B12.
Vivera Plantaardige Vivera 93% rehydrated soy protein, onion extract, natural vivera.com

kipstuckjes flavors (contains wheat), pea fiber, salt

7.3.2  Rheological properties
The rheological properties were measured with a closed cavity rheometer (CCR) (RPA elite,

TA instruments, New Castle, Delaware, USA) (Emin & Schuchmann, 2017). Approximately
6 g of product was placed in between two plastic films in the cavity, which was sealed with
a closing pressure of 4.5 bar to prevent water evaporation during heating. The closed cavity
rheometer has a radius of 22.5 mm and the maximum height of the inner cavity is 4 mm
having a biconical opening with an angle of 3.35° for ensuring a homogeneous shear field.
Grooves on the surface of the cones prevent slip. The lower cone oscillates in strain-
controlled mode while the upper cone remains stationary. First, the meat and meat analogues
were heated for 2 min at 30°C and 65°C without shear shearing. The latter temperature is
often considered to be the core temperature of red meat during cooking. Then, strain sweep
(0.01-1000%) experiments were performed at these elevated temperatures at a constant
frequency (1 Hz). In a second test, the meat and meat analogues were heated at 30°C and
65°C for 2 min and then cooling to 30°C with a cooling rate of 5°C/min without a shear

treatment.
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Strain sweep experiments were used to determine the yield stress and the flow stress of a
material. The yield stress is defined here as the value of the shear stress at the end of the LVE
regime. Here we define this stress as the point where G’ differs more than 5% from its strain-
independent value in the LVE regime. The flow stress is defined here as the value of the shear
stress at the crossover point, where the storage modulus is equal to the loss modulus (G’ =

¢".

7.3.3  Large amplitude oscillatory shear (LAOS)
The stress and strain data obtained from the LAOS measurements were analysed using the

MITlaos software (Version 2.1 beta, freeware distributed from MITlaos@mit.edu). The
strain amplitude was varied in the range of 0.01-1000% at a constant frequency of 1 Hz at
30°C. Lissajous curves were used to relate the response of the protein materials to the

imposed oscillatory strain.

The area enclosed by a Lissajous curve can be interpreted as the energy dissipated per unit
volume during one complete cycle of the imposed oscillatory strain. The energy dissipated
per unit volume in a single cycle (E;) is a function of the first-order viscous Fourier

coefficient (Gy; calculated from the intensity and phase of the first-harmonic) only (equation

7.1):

E; = jgad]/ = nG,y2 71

The energy dissipated by a perfectly plastic material in a single cycle ((E;)p,p) is equal to

equation 7.2
(Ed)pp =4 YoOmax 7.2

for a given strain amplitude (y,) and maximum stress (0,,4,). The ratio of the actual
dissipated energy and the perfectly plastic dissipation gives the energy dissipation ratio (¢)
as proposed by Ewoldt et al. (2010) (equation 7.3).

E; w6y, 73

B (Ed)pp B 4'O-max

)
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7.3.4  Texture maps and dissipation colour schemes
Texture maps summarize rheological information into two-dimensional plots. Here the

texture maps are based on the stress and strain at the end of the linear viscoelastic (LVE)
regime and the stress and strain at the crossover point, to classify products into four quadrants
(Figure 7.1) (Hamann & MacDonald, 1992). Materials in quadrant 1 (Figure 7.1 lower left),
with low shear stress and low shear strain, were classified as a soft, non-shaped texture
commonly referred to as “mushy” (such as for grits and similar food materials). Materials in
quadrant 2 (Figure 7.1 lower right), with low shear stress and high shear strain, are often
described as “rubbery” (such as gelatin). Quadrant 3 (Figure 7.1 top right), indicating strong
materials with high shear stress and shear strain, indicates a “tough” texture (for example,
fruit leather and dried fruits). Quadrant 4 (Figure 7.1 top left), with high shear stress and low
shear strain, characterises products with a “brittle” texture (such as many baked or

confectionery food products) (Tunick & Van Hekken, 2010).

The energy dissipation ratio is depicted by colour contours in strain-temperature diagrams.
When ¢ = 0 (blue), the rheological response is purely elastic, while ¢ = 1 (yellow) implies
that the material is a perfect plastic (Ptaszek, 2014). A ¢ of m/4 corresponds to a material that

behaves as a Newtonian liquid.

Texture map

Stress/strain

o| Brittle Tough

o

End LVE regime
Mushy

Rubber)
14

Strain sweep

exture map

Cross over point
—_—

ol Brittle  Tough

A
Mushy  Rubber:

Y

Intra-cycle rheology

MIThos |

Lissajous curvey Dissipationratio, ¢ =0 [l Elastic Dissipation map
@ =1/4 Newtonian liquid [ ¥

=1 Plastic

Figure 7.1. The storage modulus (G') and loss modulus (G") versus strain to define the crossover point (G' =
G") and the end of the linear viscoelastic (LVE) regime.
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7.4  Results and discussion

7.4.1  Texture maps of meat and meat analogues
Figure 7.2 presents a texture map using the stress and strain values at the end of the LVE

regime of meat and meat analogues at 30°C, and samples heated at 65°C and subsequently
cooled to 30°C. At 30°C, meat products behave “mushy” whereas meat analogues are
“tough”. Heating and subsequent cooling (i.e. at 65°C and cooled to 30°C) of meat products
leads to a shift in the texture map from mushy to tough. This behaviour was most pronounced
for chicken and salmon. This is in line with a previous study on chicken meat (Harris &
Shorthose, 1988). After heating, the meat products are in the same area of the map as the
meat analogues. For meat analogues there was only a small effect by a heat treatment
observed in the texture maps, meaning that stress and strain values at the end of the LVE are
hardly influenced by heating. Some meat analogues slightly shift into the opposite direction
(“tough” to “mushy”), as compared with meat. The limited effect of heating on meat
analogues is not unexpected since the commercial meat analogues tested were most likely

heated during processing and any denaturation or crosslinking had already been completed.
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Figure 7.2. Texture map at the end of the LVE regime for meat (a) and meat analogues (b) heated at 30°C
and heating to 65°C, and cooling to 30°C. Lines are drawn to guide the eye and shows the outline. The grey
area in the texture map of meat analogues shows the outline of meat products, shown also in the Figure 7.2

(a).

Figure 7.3 shows the behaviour at the crossover point (G’ = G"), where the destructuring has
proceeded further. Heating and cooling (i.e. at 65°C and cooled to 30°C) meat products gave
a shift in the texture map from mushy to tough. The crossover stresses of different meat

analogues at 30°C and pre-heated at 65°C and cooled to 30°C are comparable but the
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Figure 7.3. Texture map at the crossover point for meat (a) and meat analogues (b) heated at 30°C and
heating to 65°C, and cooling to 30°C. Note that the scales of the x-axis and y-axis are different from those
in Fig 2. Lines are drawn to guide the eye and shows the outline, the grey area in the texture map of meat
analogues shows the outline of meat products shown in Figure 7.3 (b).

7.4.2  Colour scheme to describe the dissipation ratio
A more detailed assessment of the non-linear viscoelastic behaviour of meat and meat

analogues was obtained using Lissajous curves. The dissipation ratio was calculated to
extract the essence of the non-linear behaviour (Ewoldt et al., 2008, 2010; Klost et al., 2020;
Tao et al., 2019). The dissipation values are presented in a colour scheme to facilitate
comparison. The upper panel of Figures 7.4 and 7.5 show these colour schemes for meat and
meat analogues. The lower panel of Figures 7.4 and 7.5 present the corresponding elastic

Lissajous curves for the grid values of imposed strain amplitude and temperature marked by
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the crosses in the left-hand panel (colour scheme of the dissipation ratio). As expected, both
meat and meat analogues show an increase in the dissipation ratio for increasing strain
amplitudes, shown by an enlargement of the area encompassed by the Lissajous curves.
Heating made the meat more elastic for all strain amplitudes, but a more sudden transition to

viscous/plastic behaviour was observed as well.

For meat, at 30°C, narrow ellipses were observed at low strain amplitude indicating a
predominantly elastic behaviour. At higher strain amplitudes these curves showed a gradual
transition to a more rhomboidal shape, indicating a transition to plastic behaviour. After
heating to 65°C, and cooling, the plots become more narrow than those of the unheated meat
samples, indicating an increase of the elasticity in the sample. Compared with the unheated
samples we now see a much stronger strain stiffening effect in the intermediate strain range,
shown by an inverted sigmoidal shape of the plots. At the highest strains the sigmoidal shape
significantly widens, indicating a gradual transition to plastic behaviour. For codfish and
salmon similar colour maps and Lissajous curves were found as for meat, including the

observation that after heating, the curves attain an inverted sigmoidal shape.

Meat analogues hardly gained elasticity upon heating. Heating did not significantly change
the Lissajous curves of meat analogues. Instead, the dissipation ratio for meat analogues
transitioned gradually from elastic to plastic as a function of increasing strain amplitudes, in

a similar manner as unheated meat analogues.
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Non-linear rheology reveals the importance of elasticity in meat and meat analogues

To describe the local changes of the material inside one strain cycle, the stiffening ratio or S-
factor, is introduced in equation (7.4):

G| — G} (7.4)

S:
GL

where G is the large strain (or secant) modulus, which describes the slope of a line between
the origin and the stress at maximum strain in the Lissajous curve. The modulus Gy, is the
slope of the Lissajous curve at zero strain. In the linear regime, G;=Gy,, and therefore S = 0
by definition. In Figure 7.6, the S-factor is plotted as a function of the strain amplitude. For
small strain amplitudes, the S-factor is indeed close to zero. With increasing strain amplitude,
the S-factor increases indicating intra-cycle strain stiffening. After heating to 65°C and
cooling, the meat products (i.e. chicken, pork, beef, salmon and codfish) exhibit a larger S-
factor and thus a stronger strain stiffening effect in the intermediate strain range compared to
the unheated samples. The meat analogues products clearly showed less strain stiffening upon

deformation.
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Figure 7.6. Stiffening ratio (S-factor) as a function of strain amplitude for meat and meat analogues. Dashed
lines are drawn to guide the eye and show the outlines for the highest and lowest values of meat and fish from

the meat analogues graphs.

All materials show apparent stiffening; showing decreasing curves for the G;, and Gy,. For
meat and fish, the G,, decreases faster than the G; indicating a positive S-factor and stronger
apparent strain stiffening in the intermediate strain range (Appendix Figure A 7.1). The meat
analogues products show less differences between the G;, and G, upon deformation,

exhibiting more mild apparent strain stiffening (Appendix Figure A 7.2).

We conclude that meat products have a lower dissipation ratio and a higher S-factor than
current meat analogues, especially after heating. It can be expected that the observed
differences in elastic properties and stiffness will be lead to differences in sensory

characteristics. For example, a previous study showed that the non-linear rheology of whey
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protein isolate/k-carrageenan gels correlated to sensory and oral processing. The ratio G;/Gy,
positively and negatively correlated with oral processing data that including aspects after
several chews as well as the first bite (Melito et al., 2013). In other words, the non-linear
rheological properties of meat and meat analogues can identify and quantify differences

between meat and meat analogues.

Non-linear elasticity, and specifically strain-stiffening, is generic to filament/fibrous
networks. The strain at which stiffening becomes significant depends strongly on the
persistence length of the filament in a protein-based network. Stiffer filaments, like F-actin
or collagen, stiffen at low strains whereas more flexible filaments stiffen only at larger strains
(Schofield et al., 1983). The higher stiffening for meat products could be related to its unique
hierarchical structure on small length scales. Future developments on meat analogues should
therefore focus on routes how to create more stiffness and elasticity, for example through
creating more physical and chemical interactions at mesoscopic length scale, thereby to some

degree creating a hierarchical structure as well.
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7.5 Conclusion

We quantified the non-linear rheology resemblance of animal meat to their plant-based
analogues by using a combination of texture maps and colour schemes. Meat analogues have
similar stress and strain values at the end of the LVE regime and crossover point compared
with heated meat, but their analogues are less elastic than heated (prepared) meat. In addition,
the effect of heating on meat and meat analogues is different. Heating meat results in a
tougher and more elastic material. For meat analogues there was only a small effect of a heat

treatment observed, which is probably related to their processing history.
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7.6  Appendix
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Figure A 7.1. The large strain modulus G| and zero strain modulus Gy as function of strain for meat and fish

at 30°C, and heated at 65°C and cooled to 30°C.
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Chapter 8

8.1 Abstract

Meat analogue products are considered to help consumers reducing their meat consumption.
Their key success factor is their high similarity in sensory properties compared to meat. Even
though the structure and texture characteristics of meat are well documented, dedicated
methods used to analyse meat analogues are limited still. This review summarises texture and
structure analysis methods of meat and meat analogues: mechanical testing; for example
Texture Profile Analysis, spectroscopy; for example NMR and imaging techniques; for
example hyperspectral imaging. Furthermore, the advantages and limitations of each texture
and structure method are described. Finally, characterizations aspects specific to meat
analogues are discussed. Promising methods for future research are described that have
potential to get more insight into the fibers of meat analogues and the structure development

during thermomechanical processing of meat analogues.
Industrial relevance

To be commercially successful for large groups of consumers, alternatives for meat should
be highly similar to meat. That is why meat analogues should resemble existing meat in their
texture. It is thus important to understand the texture properties with the help of relevant
techniques, such as mechanical, spectroscopy and imaging techniques. In this manuscript, we
describe promising texture methods for characterization of properties specific to meat
analogues. The development of novel techniques to quantify meat analogue properties will

stimulate the development of meat analogues that satisfy the values and wishes of consumers.
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8.2 Introduction

Plant protein-based meat analogues that mimic the sensory properties of meat could be a
route to help consumers to reduce their meat consumption (Elzerman, Hoek, van Boekel, et
al., 2011; Hoek et al., 2011; Michel et al., 2021). A reduction of meat consumption might
lead to a lower environmental footprint of the diet because meat production leads to intensive
use of land, water and energy (Tilman & Clark, 2014; Weinrich, 2019). However, the
different nature of plant materials compared to those of meat, renders the imitation of meat
texture a challenge. For example, plant proteins do not naturally occur in fibrillar orientation
(Fuhrmeister & Meuser, 2003; Sun & Arntfield, 2010; Taherian et al., 2011). Although meat
products are widely different in their properties, they do share many characteristics that they
do not share with plant proteins. For example, the very small length scale of meat muscle
structure consists of myofibrillar protein and myoglobin positioned into a hierarchical
fibrillar structure that is not easily replicated in plant-based meat analogues. The unique
juiciness of meat is also a result of this hierarchical structure (Frank et al., 2017). Besides,
many of the unique meat properties are strongly dependent on the internal structure of the

meat, which ranges from 100 nm and 100 um.

To be commercially successful in the short term, and for large groups of consumers,
alternatives should not deviate too much from their current meal and thus resemble existing
meat in their texture (Elzerman, Hoek, van Boekel, et al., 2011; Hoek et al., 2011; Michel et
al.,2021). As described by Dekkers, Boom, et al. (2018a), two approaches exist to make meat
analogues: top-down and bottom-up. The latter approach aims at mimicking the full
hierarchical structure of meat, but these methods are laborious and require more resources
than the top-down approach. Examples of the top-down approach are the shear cell
technology and extrusion. Extrusion is widely used industrially to make currently available
meat analogues. However, the fibrousness of meat analogues from plant proteins created via
a top-down approach is typically less hierarchical. An important question though is whether
similarities on a larger length scale are sufficient for similarities in sensory properties already.
The first step towards insights is a characterisation of the structures at different length scales

for both meat and meat analogues.

The texture of meat has been widely studied. Many analytical techniques and methods are
established for meat and fish, including sensory evaluation and mechanical methods.

Therefore, while the existing methods are quite adequate for meat, it is not clear whether
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these would also be sufficient to characterize the differences between meat and the plant-
based matrices. The objective of this paper is therefore to understand the potential of those
analytical methods developed for meat to be used for meat analogues as well. To investigate
this, we will review the available methods on their suitability for analysing plant-based meat
analogues. We will then assess whether they cover the complete parameter space and describe
the need for new techniques specifically for those properties of plant materials that are

different from meat products.
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8.3  Instrumental techniques for texture of meat and meat analogues

Although texture is ‘the combination of the rheological and structure (geometrical and
surface) attributes of a food product perceptible by means of mechanical, tactile, and where
appropriate, visual and auditory receptors’ as defined in 2008 by the International Standards
Organization (ISO, 2008), most techniques are focused on instrumental testing. Instrumental
techniques to measure the texture of meat and meat analogues are often used instead of
sensory experiments, as the latter is expensive, time-consuming and difficult to make
quantitative. Instrumental techniques provide objective information on different structural
parameters. Meat texture is characterized by different methods. Each method analyses meat
products at a certain length scale. Typical approaches to study the texture and structure of
meat and meat analogues include mechanical, spectroscopy and imaging characterization
methods. This paper summarizes the basic technologies and the most recent advances of those
technologies for processing different types of meat (i.e. beef, pork, and poultry) and meat

analogues (i.e. shear cell structures and extruded products) (Figure 8.1).
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Figure 8.1. Destructive () and non-destructive (0) texture and structure methods used for meat (M, ») and
meat analogues (MA, = ). Abbreviations: WB, Warner-Bratzler; TPA, Texture Profile Analysis; NIR, Near-
infrared; MIR, Mid-infrared; SA(X)S, Small-angle (X-ray) scattering; (SE)SANS, (Spin-echo) Small-angle
neutron scattering; CLSM, Confocal laser scanning microscopy; SEM, Scanning electron microscopy, TEM,
Transmission electron microscopy; AFM, Atomic force microscopy; MRI, Magnetic resonance imaging;
XRT, X-ray tomography.
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8.3.1 Mechanical techniques
Traditionally, texture is evaluated with mechanical methods. Such methods are used to

analyse the mechanical properties of a product through compressing, shearing and/or pulling.
Mechanical methods are applied to all kinds of food products, such as cheese, candy, pasta,
but also meat and meat analogues. A limitation of the mechanical methods is that they are
destructive, hence tested products cannot be used for other applications. A folding test is
often performed as the first mechanical test. The test assesses the structural failure of both
meat and meat analogue products based on a five-point grading system (Herrero et al., 2008;
Kamani et al., 2019). It is an easy and fast method to obtain basic information about the

texture of a product, but it is not fully quantitative.

After performing the folding test, one or more of the following tests are done. The Warner-
Bratzler test measures the maximum shear force as a function of knife cutting movement
through a meat product (Novakovi & TomaSevi, 2017). It is difficult to give a precise physical
meaning to the Warner-Bratzler shear force because it measures a combination of shearing,
compression and tensile stress, making it more a measurement of overall quality attributes
(Voisey, 1976). Nevertheless, the Warner-Bratzler test is used to analyse the texture of
different types of meat products, in particular whole muscle products and sausages (Table
8.1). The probe of the Warner-Bratzler test consists of a single blade with a V-shaped notch
(Morey & Owens, 2017). This blade is used to cut through the meat product, usually
perpendicular to the longitudinal positioning of the muscle fibers, but some studies
additionally measure the parallel direction (Cierach & Majewska, 1997). Furthermore,
previous studies suggested that differences in the device, blade, product diameter, or settings
used, influence the results (Novakovi & Tomasevi, 2017; Pool & Klose, 1969; Voisey &
Larmond, 1974; Wheeler et al., 1996). Thus, standardization will be important to obtain

results with the Warner-Bratzler method that allows comparison between studies.

A few studies use the Kramer Shear Cell test to measure meat texture in addition to the
Warner-Bratzler test (Table 8.1). This test simulates a single bite into a piece of food. The
principle is similar to the Warner-Bratzler test, but it has multiple, blunt blades arranged in
parallel that correspond to specific slots in the base of the cell (Barbut, 2015; Morey &
Owens, 2017). Products, often multiple at once, are placed in the cell; the products are
compressed and sheared when the blades push the products through the slots. The resulting

parameters are averages of the forces required to shear the full product (Morey & Owens,
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2017). This makes it possible to measure products with an uneven surface for example.
Similar to the Warner-Bratzler test, the Kramer Shear Cell test does not evaluate a single
mechanical property. Instead, it measures a combination of the effects of compression and
shear, which could be seen as a limitation of the method. Xiong et al. (2006) compared the
potential of the Kramer Shear Cell and the Warner-Bratzler method for the prediction of
sensory tenderness of chicken breast, and found that the shear values correlated well with
descriptive sensory attributes as well as consumer sensory attributes. Another study also
indicated that both methods were successful in evaluating rabbit meat tenderness and
presented similar levels of correlation with sensory scores (Bianchi et al., 2007). For both
methods, the products need to have a specific thickness. This means that these methods can
only be used on meat and meat analogues (extruded products, sheared, patties, sausages, etc.)
that fulfil these requirements. While the methods are therefore suitable within a pre-defined
range of similar products with a limited variation of parameter values, it is not clear yet
whether these methods would also allow the comparison with plant-based meat analogues,
which can have quite different properties. The Kramer Shear Cell is not yet used to measure

textural properties of meat analogues as far as the authors are aware.

Another mechanical test is the tensile test, which measures the resistance of a product against
tearing. A product is mounted between two grips and extended in the tensile direction at a
fixed speed until failure. Tensile parameters such as maximum rupture force, breaking
strength and energy to fracture can be calculated from obtained stress and strain values. In
general, tensile products have a dumbbell or dogbone shape to conduct the stress towards the
middle of the product and induce failure at the intended location. Tensile tests are used with
a wide product range such as sausages, frankfurters, ham, whole muscle products (Table 8.1)
and in the past also meat patties (Beilken et al., 1991; Spadaro & Keeton, 1996). Tensile tests
have also been applied to meat analogues (Dekkers, Nikiforidis, et al., 2016 and Chapter 2).
The ratio between the tensile strengths parallel and perpendicular to the (muscle-) fiber
orientation provides insight into the anisotropy of the product (Barbut, 2015; Dekkers,
Nikiforidis, et al., 2016). For both meat and meat analogues a few studies calculate the
anisotropic index (Dekkers, Hamoen, et al., 2018; Krintiras et al., 2015 and Chapter 2).
Christensen et al. (2000) studied the tensile properties of whole beef meat as well as single
muscle fibers and perimysial connective tissue. The use of a mechanical testing method for

single muscle fibers is unique and is not realistic with other mechanical testing methods.
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Therefore, the tensile test might be able to study the texture of products at a smaller length
scale than other mentioned mechanical testing methods. This would allow for measuring the
tensile strength of single meat analogue fibers from for example calcium-caseinate materials

(Wang et al., 2018).

Another mechanical method to quantify food texture is a single compression test. The single
compression test is often performed as an axial compression test between two flat plates
(Barbut, 2015). The products have to be smaller than the contact area of the probe in use.
Products can be compressed until failure, or to a certain level of deformation. Single
compression tests are not used often (Table 8.1) as a double compression test, often called
Texture Profile Analysis (TPA), can provide more information within a single experiment.
Similar considerations regarding reliability for single compression tests have to be taken as
for TPA tests (Lepetit & Culioli, 1994). TPA is a compression technique that combines
multiple textural parameters such as hardness, chewiness, adhesiveness, cohesiveness and
springiness in a single measurement. The TPA parameters can be divided into primary
parameters (hardness, springiness, adhesiveness and cohesiveness) and secondary parameters
(gumminess, chewiness, resilience) (Novakovi & Tomasevi, 2017). Primary parameters can
be directly determined from the obtained force/time graph, while secondary parameters are
derived from the primary parameters. The test is based on simulating the biting action of the
mouth by a two-cycle compression series (Barbut, 2015). TPA tests are widely applied on
meat analogues and meat products ranging from whole muscle products to emulsified sausage
products (Table 8.1). A puncture test is similar to a compression test, but the probe contact
area is now much smaller than the size of the product, for example through use of a needle-
shaped probe. During a puncture test, the material is compressed to a certain strain by a probe
to quantify properties such as maximum force, breaking strength, and the penetration depth.
According to Barbut, (2015), it is commonly used for restructured products and emulsified
meat products. However, literature only showed the use of a puncture test on chicken breast,
meat patties and meat analogue sausages (Table 8.1). Penetration force, as measured with the
puncture test, was found to be lower in sausages based on plant proteins than those based on
poultry (Kamani et al., 2019). This indicated that the breaking force required to penetrate the
outer skin of plant protein sausages is lower than in chicken sausages. In addition, penetration
depth of plant-based sausages was used as a measure for the strength of binding agents (Arora

et al., 2017). As meat and meat analogues are often heterogenous in structure, it can be hard
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to obtain compression type measurements that is representative for the whole product. A
recent technique of multi-point indentation characterizes the local mechanical texture of meat
and meat analogues by mapping the elastic modules as measured with a spherical probe of

radius 1 mm (Boots et al., 2021).

Dolores Romero de Avila et al. (2014) studied the mechanical properties of commercial
cooked meat products by both TPA and tensile tests. They showed that the parameters from
the TPA could be used to construct models to predict tensile test parameters such as breaking
strength and energy to fracture, removing the need for tensile tests. Furthermore, Ruiz De
Huidobro et al. (2005) recommended the TPA method over the Warner-Bratzler method to
predict meat texture on basis of a better correlation with sensory data and a higher accuracy.
Similar conclusions were drawn by Caine et al. (2003) who showed that TPA parameters
correlated better with variations in sensory results of beef tenderness than the Warner-
Bratzler test. Similar to the Warner-Bratzler test, the TPA test requires standardized testing
methods for trustworthy comparison between studies, and they can probably only make

reliable correlations in limited parameter space.

For both meat and meat analogues textural elements can be studied with the Warner-Bratzler
test, the tensile test, the TPA test and other compression techniques. The Kramer Shear Cell
has only been used to quantify the texture of meat products but offers several benefits, such
as the possibility to measure uneven products. Therefore, it might be a future direction for
texture analysis of meat analogues. Furthermore, the recently developed multi-point
indentation technique shows high potential to characterize heterogeneous meat and meat
analogue structures. All described mechanical techniques analyse texture at a macroscale,
except for the tensile test which can be used to analyse single muscle fibers at a smaller length
scale. Therefore, we believe that the tensile test may also be used to analyse single fibers
from meat analogues in the future. Furthermore, there is great importance for standardized
testing methods of all mechanical tests described in this review to be able to compare
different products (meat and meat analogues) and translate the quantitative analysis in

sensory properties.
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Table 8.1. Overview of mechanical techniques used in studies on meat and meat analogues from 2005
onwards. The colours in red and green indicate that the method is used for meat and meat analogues,

respectively.
Technique Properties Product (m/ma) Reference
Warner- Warner-Bratzler shear force, Steak (m) (Destefanis et al., 2008; Pefia-Gonzalez
Bratzler slope at yield, shear energy et al., 2019; Ruiz De Huidobro et al.,

OO

Chicken breast
(m)
Ham (m)

Meat patty (m)
Sausage (m)

High moisture

2005)

(Cavitt, Xiong, et al., 2005; U-Chupaj
et al., 2017; Xiong et al., 2006)
(Bermudez et al., 2014; Rizo et al.,
2019)

(Naveena et al., 2006)

(Barbut et al., 2016; Caceres et al.,
2006; Del Nobile et al., 2009; Purohit
et al., 2016; Szerman et al., 2015)
(Caporgno et al., 2020; Osen et al.,

extruded product ~ 2014; Palanisamy et al., 2018)

(ma)

Low moisture (Samard & Ryu, 2019b)

extruded product

(ma)

Patty (ma) (Forghani et al., 2017)

Sausage (ma) (Kamani et al., 2019)
Kramer Shear force, maximum slope, Chicken breast (Cavitt, Meullenet, et al., 2005; Del
Shear Cell total energy (m) Olmo et al., 2010; Xiong et al., 2006)
|:| D Rabbit meat (m) (Bianchi et al., 2007)

Meat patty (m) (Holliday et al., 2011)
Texture Hardness, chewiness, Steak (m) (Pefia-Gonzalez et al., 2019; Ruiz De
Profile springiness, adhesiveness, Huidobro et al., 2005)
Analysis gumminess, resilience, etc. Chicken breast (Dolores Romero de Avila et al., 2014;
ol (m) U-Chupaj et al., 2017)

Ham (m) (Dolores Romero de Avila et al., 2014;

Meat patty (m)
Sausage (m)

Sausage (ma)

Patty (ma)

High moisture
extruded product
(ma)

Low moisture
extruded product
(ma)

Rizo et al., 2019)

(Das et al., 2015)

(Herrero, Ordéiiez, et al., 2007,
Herrero et al., 2008; Laranjo et al.,
2015; Purohit et al., 2016)

(Arora et al., 2017; Kamani et al.,
2019; Majzoobi et al., 2017; Stephan et
al., 2018)

(Forghani et al., 2017; Kim et al., 2011;
Lee & Hong, 2019)

(Hong et al., 2019)

(De Angelis et al., 2020; Samard et al.,
2019; Samard & Ryu, 2019b, 2019a)

Single
compression

O

Stress, maximum compression
load

Steak (m)

Sausage (m)

(Christensen et al., 2011; Panea et al.,
2018)
(Alirezalu et al., 2017)
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Puncture Puncture force, puncture shear Chicken breast (Cavitt, Meullenet, et al., 2005)
test force (m)
l:l D Meat patty (m) (Braeckman et al., 2009; Naveena et
al., 2006)
Sausage (ma) (Arora et al., 2017; Kamani et al.,
2019)
Tensile test Tensile force, breaking Steak (m) (Zhang et al., 2019)
D I:l strength Chicken breast (Dolores Romero de Avila et al., 2014)
(m) )
Ham (m) (Dolores Romero de Avila et al., 2014)
Sausage (m) (Daros et al., 2005; Herrero, Ordoiez,
et al., 2007; Herrero et al., 2008)
Shear cell (Dekkers, Nikiforidis, et al., 2016;
structures (ma) Krintiras et al., 2015; Wang et al.,
2018)
High moisture (Pietsch et al., 2019)
extruded product
(ma)

8.3.2  Spectroscopy
Spectroscopy (infrared, Raman, fluorescence polarization, NMR and light scattering)

provides insight into the local composition (mostly surface of the product), intermolecular
interaction as well as anisotropy of meat and meat analogues (Table 8.2). Proteins, lipids,
water and other substances may be localised and quantified simultaneously. Spectroscopy is

direct and non-invasive and requires only small products usually.

Infrared (IR) spectroscopy provides information on the chemical composition by measuring
infrared absorption spectra. The spectrum can be used to characterize specific chemical bonds
in products and can yield information about the composition, but also about the state of
individual substances. In meat products, Fourier Transform IR spectroscopy (FTIR) was used
to monitor conformational changes of myofibrillar proteins and connective tissue (Kohler et
al., 2007; Perisic et al., 2011). In meat analogues, FTIR was used to identify structural
changes after processing in zein, pea and spirulina/lupin protein (like a-helix and B-sheet)
(Beck et al., 2017; Mattice & Marangoni, 2020; Palanisamy et al., 2019).

A near-infrared (NIR) spectrum is often divided into two sections, namely, short wave near-
infrared spectral region (SW-NIR) of 780-1100 nm and long wave near-infrared spectral
region (LW-NIR) of 1100 - 2526 nm (Cheng et al., 2013). The spectrum shows broad
overlapping peaks and large baseline variations, which requires mathematical processing to
extract compositional information (Subramanian & Rodriguez-Saona, 2009). In meat

products, NIR-spectra were used to subsequently predict the chemical composition (such as
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crude protein, intramuscular fat, moisture/dry matter, ash, gross energy, myoglobin and
collagen), technological parameters (water holding capacity, Warner-Bratzler and slice shear
force) and sensory attributes (juiciness, tenderness or firmness) (Prieto et al., 2009). This
would fully eliminate the use of destructive analysis methods like mechanical measurements.
However, its prediction is limited to a small range of products and was further hindered by

the heterogeneity of intact meat products, and inconsistent product preparation.

The mid-infrared (MIR) spectrum is divided into four sections, namely, the X-H stretching
region (4000-2500 cm™), the triple bond region (2500-2000 cm™), the double bond region
(2000-1500 cm™), and the fingerprint region (1500-400 cm™') (Cheng et al., 2013). MIR
spectroscopy was used to obtain information on the conformation of proteins (such as a-helix
or B-sheet) (Carbonaro & Nucara, 2010). Another study showed the analysis of food raw
materials (such as skimmed milk powder, chicken meat powder, soy protein isolate (SPI),
pea protein isolate (PPI) and wheat flour) on the presence of several potential food adulterants

(nitrogen-rich compounds, foreign protein and bulking agent) (da Costa Filho et al., 2020).

Raman spectroscopy provides information on secondary protein conformation (i.e. o-helix
and B-sheets) as well as on the amino acid composition (Overman & Thomas, 1999). In meat
products, Raman spectroscopy has been successfully correlated with quality parameters such
as protein solubility, apparent viscosity, water holding capacity, instrumental texture
methods, and fatty acid composition (Herrero et al., 2008). Furthermore, Raman spectra
could be correlated with sensory attributes (i.e. juiciness and chewiness) of pork loins (Wang
et al., 2012) and identify structural changes of muscle food components (proteins, lipids and

water) due to handling, processing and storage (Pérez-Santaescoléstica et al., 2019).

Fluorescence polarization spectroscopy analyses the natural fluorescence from a product. In
meat, tryptophan is the major intrinsic fluorophore. It is a constituent of the proteins that have
two preferential directions of alignment both parallel and perpendicular to the muscle fiber
direction. Fluorescence polarization was used to characterize the structural organization and
modifications related to sarcomere length in meat caused by processing (Luc et al., 2008) and
in-line detecting of cold shortening in the bovine muscle (Luc et al., 2008). In meat
analogues, fluorescence polarization can be used to characterize the anisotropy in high
moisture extruded soy protein (Yao et al., 2004). This method is based on the theory that

polarization states of fluorescence light are affected by the structure of a product. It was found
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that products with a higher degree of fiber formation showed a higher polarization degree

(Ranasinghesagara et al., 2005).

Nuclear magnetic resonance spectroscopy (NMR) provides insights into the interaction
between molecules (for example water-protein interactions) and thus provides insight into
the structural features of meat and meat analogues. Several studies reviewed the application
of ("H, ¥C and *'P) NMR in meat (Bertram & Ersten, 2004; Renou et al., 2003). NMR is also
used to study water-protein interaction and correlate this with macroscopic properties such
as water holding capacity, cooking loss, water and fat content and distribution, and changes
associated during processing and storage (such as slaughtering, salting, frozen storage)
(Marcone et al., 2013; Micklander et al., 2002). In plant-based materials, Time Domain (TD)-
NMR gives an indication of the water-binding capacity of different proteins (wheat gluten
(WQG), SPI, PPI and lupin protein concentrate) (Peters et al., 2017). In addition, the water
distribution was studied in a SPI-WG blend (Dekkers, de Kort, et al., 2016) and PPI-WG
blend (Chapter 2).

Small-angle scattering (SAS) methods provide structural information over a size range from
nanometer-to-micron length scale, being 0.2-100 mm using light, 1-100 nm using X-rays and
1-20 nm using neutrons (Larson, 1999). In small-angle X-ray scattering (SAXS), an X-ray
beam passes through a product and encounters structural obstructions (like collagen or
myofibrils). SAXS provides insight into the repetitive structure in a product, such as the
structure of the fibrils of actin, myosin and collagen, and potentially provides estimates of
the intramuscular fat (Goh et al., 2005; Hoban et al., 2016; Hughes et al., 2019). Small-angle
neutron scattering (SANS) is used to investigate the structure on smaller scales and was used
to study the internal structure of a fibrous calcium caseinate material (Tian et al., 2020). Spin-
echo small-angle neutron scattering (SESANS) based on neutron diffraction can distinguish
structures over three orders of magnitude from 10 nm up to 10 um. SESANS quantified the
thickness (138 um) and the number of fiber layers (£36) and the orientation of fibers in SPI-
WG blends that were subjected to heat and shear deformation in a Couette Cell (Krintiras et
al., 2014). SESANS was also used to study the size and shape of the air bubbles in meat

analogues of calcium caseinate (Tian et al., 2018).

The continuous-time random walk (CTRW) theory of light transport has been used to study
the spatial distribution of light reflectance on the surface of a (fibrous) product (Weiss et al.,

1998). According to this theory, optical scattering depends on the transitional properties of
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scattering. The pattern of the scatter recorded by transmission or backscatter contains
information on the internal structure of a material, such as meat (Ranasinghesagara & Yao,
2007) and meat analogues (Ranasinghesagara, Hsieh, Huff, & Yao, 2009; Ranasinghesagara,
Hsieh, & Yao, 2006). In meat analogues, this method visualizes the degree of fiber formation
and fiber orientation which shows potential as a fast, non-destructive method to monitor fiber
formation in meat analogues (Ranasinghesagara et al., 2006, 2009). An extension of light
scattering is diffusing wave spectroscopy (DWS), in which products with strong multiple
scattering can be measured. In this novel DWS technique, the transport of photons through
turbid products is treated as a diffusion process (Niu et al., 2019). In meat, DWS has been
used to study the gelation process of myofibrillar protein extracted from squid (Niu et al.,
2019).

In summary, spectroscopy can yield important information about the overall resolved
composition of both meat and meat analogue, as well as intermolecular interactions and even
about conformational changes of substances like proteins. It can be expected that the spectra
of meat and meat analogues will be quite different because the spectra contain information
about molecular properties. This limits its use for the actual comparison of the two types of
materials. However, prediction models could be built from the correlation between the
spectra and mechanical properties to make indirect comparisons between the materials.
Spectroscopy can also give some information on the anisotropy. Light reflectance and SAS
are promising methods to explore further for meat analogues to quantify fiber formation as it
is relatively simple and easily incorporated into processing equipment, which will help to
investigate the formation of the mesoscopic structure. SAXS and (SE)SANS methods
typically yield information on smaller scales, but can also help in understanding the way the
anisotropy is created from smaller-scale associations. These techniques require however very

large infrastructure, and will thus be limited to research purposes.
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Table 8.2. Overview of spectroscopy techniques used in studies on meat and meat analogues from 2005
onwards. The colours in red and green indicate that the method is used for meat and meat analogues,

respectively.

Technique

Properties

Product (m/ ma)

Reference

FTIR

OO

Composition and
secondary protein

Beef muscle (m)
High moisture

(Kohler et al., 2007; Perisic et al., 2011)
(Beck et al., 2017; Mattice & Marangoni,

conformation extruded product ~ 2020; Palanisamy et al., 2019)
(ma)
NIR Composition Pork (m) (Balage et al., 2013; Fulladosa et al., 2010;
0] Gou et al., 2013; Mabood et al., 2020;
Rady & Adedeji, 2018)
Chicken (m) (Jia et al., 2018; Krepper et al., 2018;
Nolasco Perez et al., 2018; Jens Petter
Wold et al., 2019)
Beef (m) (Bonin et al., 2020; Cafferky et al., 2020;
Cozzolino & Murray, 2004; Rady &
Adedeji, 2018; Ripoll et al., 2008; Weng et
al., 2020)
MIR Composition and Beef (m) (Carbonaro & Nucara, 2010)
|:| D secondary protein
conformation
Raman Secondary protein Pork (m) (Chen & Han, 2011; Olsen et al., 2007;
D D conformation & amino Pérez-Santaescolastica et al., 2019; Scheier
acid composition etal, 2015; Wang et al., 2012)
Beef (m) (Chen et al., 2020)
Chicken (m) (Phongpa-Ngan et al., 2014)
Sheep (m) (Schmidt et al., 2013)
Fluorescence Muscle fiber direction Beef (m) (Luc et al., 2008)
polarization High moisture (Ranasinghesagara et al., 2005)
Spectroscopy extruded product
D D (ma)
NMR Intermolecular Pork (m) (Garcia-Garcia et al., 2019)
l:l D interaction
Beef (m) (Graham et al., 2010; Jung et al., 2010)
Chicken (m) (Shaarani et al., 2006)
Shear cell (Dekkers et al., 2016 and Chapter 3)
structures (ma)
Low and high (Chen et al., 2010)
moisture
extruded product
(ma)
SA(X)S Insight into repetitive Sheep (m) (Goh et al., 2005; Hoban et al., 2016)
O structure Goat (m) (Hoban et al., 2016)
Beef (m) (Goh et al., 2005; Hoban et al., 2016;

Hughes et al., 2019; Wells et al., 2013)
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(SE)SANS Fiber orientation Shear cell (Krintiras et al., 2014; Tian et al., 2018,
D |:| structures (ma) 2020)
Light Internal structure and Beef (m) (Ranasinghesagara & Yao, 2007)
reflectance fiber orientation High moisture (Ranasinghesagara et al., 2006, 2009)
|:| D extruded product

(ma)

8.3.3 Imaging
Imaging techniques can be used to reveal the structure of meat and meat analogues (Table

8.3). Visual inspection through splitting a meat or meat analogue is commonly used by
product developers (Ranasinghesagara, 2008). Visual inspection is fast but destructive, not
quantitative and prone to subjectivity. Microscopic (SEM, TEM, CLSM, AFM)
characterization is used to construct images on different length scales ranging from macro to
nano structure. The main drawback of those techniques is that they are destructive. Imaging
using spectroscopic methods, such as MRI, ultrasound, hyperspectral and X-ray imaging
does not require sample destruction. Image processing can be used to quantify the colour,
shape, size, porosity and surface texture features of meat (Chmiel et al., 2011; Du & Sun,
2006b, 2006a; Li et al., 2016; Li et al., 2001; Ruedt et al., 2020; Taheri-Garavand et al.,
2019). In meat analogues, edge detection, Hough transformation and region of interest
analysis are used to quantify the fiber index value, which is shown to be strongly correlated

with the polarization index (Ranasinghesagara et al., 2005).

Confocal laser scanning microscopy (CLSM) is a fluorescence technique to acquire 2D and
limited 3D images of meat and meat analogue products. In meat, CLSM was used to visualize
the connective tissue, myofibers and myofilaments and to monitor differences in structure
between fresh and cooked meat of pork muscle, comminuted meat gels and beef (Du & Sun,
2009; Liu & Lanier, 2015; Straadt et al., 2007). A combination of CLSM and NMR yielded
information about microstructural changes and water distribution in meat (Straadt et al.,
2007). In meat analogues, CLSM has been used to visualize the effect of deformation on
proteinaceous domains by comparing a sheared and a non-sheared PPI-WG blend (Chapter

2). The domains were aligned along the shear direction in these blends

(Chapter 2), in soy protein concentrate (Grabowska et al., 2016) and SPI-WG (Dekkers,
Emin, et al., 2018) after staining with Rhodamine B. Both the SPI, PPI and WG showed
fluorescence; the difference in intensity was used to indicate differences in protein

concentration in different parts of the products.
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Scanning electron microscopy (SEM) produces a surface image with resolution down to ~0.5
nm. In meat products, SEM has been used to reveal process-related changes in meat structure
(Cheng & Parrish, 1976; Hearne et al., 1978; Wu et al., 1985). However, extensive sample
preparation is needed for materials containing water or fat. These preparations can
significantly change the original structure and may cause artefacts. Several techniques have
been developed to overcome the disadvantages of high-vacuum SEM, in most cases at the
cost of resolution. In cryo-SEM, water is frozen and may remain in that state in the product.
Cryofixation is used to observe changes in the microstructure of beef steaks versus several
cooking methods like temperature, time and treatments (Garcia-Segovia et al., 2007) and of
pork versus freezing rate and frozen storage time (Ngapo et al., 1999). Variable pressure
scanning electron microscopy (VP-SEM) is used to examine the microstructure of meat
products like the distribution of protein and fat phases in meat products (Liu & Lanier, 2015).
Environmental scanning electron microscopy (ESEM) observes wet products at normal
vapour pressures. This technique has been successfully used to investigate the
microstructural changes of muscle meat in various meat types by heat treatment (Yarmand
& Baumgartner, 2000; Yarmand & Homayouni, 2010). The shrinkage of pressure-treated and
cooked pork meat structure was observed by ESEM. These ESEM observations were used to
provide evidence for a higher shear force as measured with the Warner-Bratzler test
(Duranton et al., 2012). SEM analysis combined with Energy-Dispersive X-ray spectroscopy
(EDX) may identify the spatially resolved elemental composition of a surface and therefore
identify the distribution of different components over the material surface (Ozuna et al.,

2013).

SEM has been used to study the microstructure of meat analogues. High moisture extruded
SPI-wheat starch revealed a fine and tightly connected network structure (Lin et al., 2002).
In SPI/pectin blends, alignment along the shear direction was observed (Dekkers, Nikiforidis,
et al., 2016). Soy protein with increasing levels of iota carrageenan showed a more compact
network correlated with changes in cooking yield and expressible moisture (Palanisamy et
al., 2018). SEM of high moisture extruded lupin protein concentrate and isolate showed that
a denser microstructure and higher number of fibrous layers were created by increasing

temperature and screw speed along with decreasing water feed (Palanisamy et al., 2019).

Like SEM, transmission electron microscopy (TEM) requires extensive sample preparation.

As samples are created by microtoming, TEM provides information about the inner structure
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of meat, such as changes in the myofibrillar structure of beef upon cooking (Zhu et al., 2018),
the degradation of myofibrillar structure of lean meat by proteolytic action (Gerelt et al.,

2000) and calcium chloride addition (Gerelt et al., 2002).

Atomic force microscopy (AFM) explores the local 3D structure of a surface on a nanometer
scale. AFM has been widely used to analyse the morphology and mechanical properties of
meat proteins for understanding the structure and tenderness/toughness (Soltanizadeh &
Kadivar, 2014) and investigates the effects of processing and preservation conditions
(ultrasound, CaCl, and sodium tripolyphosphate) on meat proteins (goat muscle fiber) (Gao
et al., 2016). AFM-based infrared spectroscopy (AFM-IR) combines the spatial resolution of
atomic force microscopy (AFM) with chemical analysis using infrared (IR) spectroscopy
(Dazzi & Prater, 2017). For meat analogues, AFM-IR was used to determine the phase
distribution of protein and lipids during high moisture extrusion of peanut protein at a

nanoscale resolution (10 nm) (Zhang et al., 2019).

Magnetic resonance imaging (MRI) is a non-invasive and non-destructive imaging technique
that produces a spatial map of the concentration and relaxation times to give insight into the
structural features of meat and meat analogues (Duce et al., 1994; Mitchell et al., 2001).
Several studies on meat employed MRI to study the chemical composition, muscle structure
as well as carcass compositions, adipose tissue distribution, connective tissue, and muscle
fiber type (Marcone et al., 2013). MRI can also visualize the water distribution in meat
products and the effect of processing such as freeze-thawing (Guiheneuf et al., 1997) or
drying (Fantazzini et al., 2009; Ruiz-Cabrera et al., 2004), moisture loss during processing
(Antequera et al., 2007), to quantify changes in the moisture and structure of cooked chicken
meat (Shaarani et al., 2006) and allows imaging of the connective network during the cooking
of meat (Bouhrara et al., 2011). Magnetic resonance elastography (MRE) is a phase-contrast-
based MRI imaging technique that can directly visualize and quantitatively measure localized
viscoelastic properties like elasticity and stiffness (Gruwel et al., 2010; Manduca et al., 2001).
MRE provides estimates of the mechanical properties such as shear modulus or Young’s
modulus of tissues (Gruwel et al., 2010; Sapin-De Brosses et al., 2010). The analysis of
strongly anisotropic beef muscle shows that MRE can distinguish between isotropic (viscous

properties) and anisotropic (elastic properties) materials (Sinkus et al., 2005).

Ultrasound imaging can be divided into low power ultrasound (LPU) and high power

ultrasound (HPU) (Awad et al., 2012). The latter uses frequencies that are disruptive for the
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physical, mechanical, or chemical properties of food products and are therefore promising in
food preservation. LPU has been used as a non-invasive analysis method for monitoring food
materials during processing or storage. In LPU, sound waves propagate through food
materials, which leads to absorption and/or scattering of the waves. Different components
will have specific local, acoustic impedance, which is the basis for image production. In the
meat industry, LPU is used most often for compositional analysis as quality control of
carcasses or live animals (Awad et al., 2012; Silva & Cadavez, 2012). Ultrasound imaging
has also been successfully used for measuring the composition of chicken meat (Chanamai
& McClements, 1999), carcass composition of pigs (Ayuso et al., 2013) and dry-cured meat
products (Corona et al., 2013). Ultrasound imaging of meat and meat products has even been
mentioned to provide estimates of localized viscoelastic properties of meat tissues (Biswas
& Mandal, 2020). Ultrasound imaging has been used to follow the ripening kinetics of tofu
(Ting et al., 2009).

Hyperspectral imaging (HSI) is the combination of multiple wavelengths together with other
localised information. Infrared spectroscopy can be combined with microscopy providing
spatially resolved compositional analysis (Dazzi & Prater, 2017; Zhang et al., 2019). NIR
combined with HSI provides both spectral (NIR spectrum) and localised (for each pixel)
details together in the scanned region. This was reviewed for meat and fish to predict
quantitively and qualitative chemical, textural and structural characteristics of meat such as
tenderness, water, water holding capacity, fat and protein content (Reis et al., 2018; Wu &
Sun, 2013). By combining direct identification of different components and their spatial
distribution in the tested product, hyperspectral imaging has the potential for objective quality
evaluation of both meat and meat analogues. NIR HSI is already used for the detection and
quantification of plant (texturized vegetable protein and gluten) and animal (chicken) based

adulterants in minced beef and pork (Rady & Adedeji, 2018, 2020).

Scattering techniques such as X-ray tomography, SAS, or light reflectance provide 3D
structural insight. X-ray tomography (XRT) is based on variations in the attenuation of
penetrating X-rays. The difference in the degree of X-ray attenuation is determined by the
local density and compositional differences, which provides the locally resolved density with
a spatial resolution down to 1 um and at a time scale of minutes. Micro-computed
tomography (LCT) is used to study the structure of small products with a resolution from mm

to pm. In meat products, XRT is used for microstructural characterization, prediction of salt,
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water, (intramuscular) fat content and distribution, and the relationship with hardness
(Schoeman et al., 2016). Micro-computed tomography (Mathanker et al., 2013) was used to
characterize microstructure, as well as the quantification and prediction of the composition
in meat and fish hardness (Schoeman et al., 2016), intramuscular fat level and distribution in
beef muscles (Frisullo et al., 2010). In meat analogue products, XRT reveals the porosity in
the structure. Air pockets that could be elongated and entrapped were studied in SPI/pectin
blends (Dekkers, Hamoen, et al., 2018), SPI-WG and PPI-WG blends (Chapter 2). In
extrusion products, expansion (due to water evaporation) of the materials was visualized in
extruded rice starch-pea protein in two directions (Philipp et al., 2017). Air bubbles in a
composite meat analogue made of calcium caseinate may contribute to fibrous properties
(Tian et al., 2018; Zhaojun Wang et al., 2019). In general, XRT depends on differences in
density and therefore is not well suited for finding information on the distribution of
components that have similar densities. Advanced contrast modalities such as phase-contrast
X-ray tomography describes both the meat structure and the different meat components (i.e.
water, fat, connective tissue and myofibrils) qualitatively and quantitatively (Miklos et al.,
2015). Dual X-ray absorptiometry shows a moderate good correlation with meat tenderness
and fat content in pork and beef meat (Brienne et al., 2001; Kroger et al., 2006). The grating-
based multimodal X-ray tomography method (including absorption, phase contrast and dark-
field tomograms) was used to quantify the composition (i.e. meat matrix, fat, salt, oil
droplets) and visualizes the microstructural changes of meat emulsion induced by heat

treatment (Einarsdottir et al., 2014).

As can be concluded from the information described above, imaging reveals important
information about the intermolecular interaction, anisotropy and nano to macro structure of
meat and meat analogues. While SEM and CLSM are used to reveal the structure of both
meat and meat analogues, TEM and AFM have only been used to analyse meat, but not yet
meat analogues. The fibrousness of meat analogues from plant proteins created via a top-
down approach is typically less hierarchical than meat (Dekkers, Boom, et al., 2018a). This
implies that the meat analogues are structured on larger scales than is explored with TEM
and AFM. Nevertheless, fibrous proteinaceous materials, such as those based on calcium
caseinate may have a finer structure, which could justify further analysis. Given the ubiquity
of water in meat analogues, we expect that ESEM and CLSM will be major methods for

further structural analysis. CLSM can lead to 3D information through combining a stack of
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2D pictures and also yields information on differences in composition, which could provide
better insight into the orientation and the length of the structural elements in meat analogues.
An important limitation of the microscopy methods is that they require extensive sample
preparation, making them less suitable for further analysis. Non-destructive imaging methods
like MRI and HSI used for meat provide information on the intermolecular interaction and
spatially resolved compositional analysis for meat analogues simultaneously. For both meat
and meat analogue products, structural changes have been analysed with XRT. For meat
analogue products, XRT was used to quantify and visualize air, while for meat more
structural aspects were studied with different types of XRT (like phase-contrast X-ray
tomography or grating-based multimodal X-ray tomography).

Table 8.3 Overview of imaging techniques used in studies on meat and meat analogues from 2005 onwards.
The colours in red and green indicate that the method is used for meat and meat analogues, respectively.

Technique Properties Product Reference
(m/ ma)
CLSM 2D and 3D Beef (m) (Du & Sun, 2009)
Ol visualization Chicken (m) (Liu & Lanier, 2015)
Pork (m) (Liu & Lanier, 2015; Straadt et al., 2007)
Shear cell (Dekkers, Emin, et al., 2018; Grabowska et
structures (ma)  al., 2016 and Chapter 2)
SEM Surface image Beef (m) (Garcia-Segovia et al., 2007; Mulot et al.,
Ol 2019)
Pork (m) (Duranton et al., 2012; Garcia-Garcia et al.,
2019; Larrea et al., 2007; Ozuna et al., 2013)
Chicken (m) (Liu & Lanier, 2015)
Goat (m) (Yarmand & Homayouni, 2010)
Shear cell (Dekkers, Nikiforidis, et al., 2016)

structures (ma)
High moisture (Palanisamy et al., 2018, 2019)

extruded
product (ma)
TEM Inner structure Beef (m) (Lin et al., 2009; Listrat et al., 2015; Zhu et
O] al., 2018)
Pork (m) (Larrea et al., 2007)
AFM Local 3D structure of Goat (m) (Gao et al., 2016)
|:| D a surface on Beef (m) (Wan et al., 2018)
nanometric scale Chicken (m) (Chen et al., 2016)
High moisture (Zhang et al., 2019)
extruded
product (ma)
MRI Spatial map of the Chicken (m) (Shaarani et al., 2006)
|:| |:| concentration and Pork (m) (Antequera et al., 2007; Fantazzini et al.,
relaxation times 2009; Herrero et al., 2007)
Beef (m) (Bouhrara et al., 2011)
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Ultrasound Composition, Pork (m) (Ayuso et al., 2013)
imaging viscoelastic properties ~ Dry cured meat  (Corona et al., 2013)
|:| D products (m)
Hyperspectral Spatially Beef (m) (Cluff et al., 2008; EIMasry et al., 2011; Rady
imaging compositional & Adedeji, 2018, 2020; van Beers et al.,
0] analysis, 2017)
fiber orientation Pork (m) (Barbin et al., 2012, 2013; Cheng et al., 2018;
Huang et al., 2017; Kucha et al., 2018; Rady
& Adedeji, 2018, 2020; Yang et al., 2017)
Lamb (m) (Kamruzzaman et al., 2012)
Chicken (m) (Jia et al., 2018; Rady & Adedeji, 2018, 2020)
X-ray Structure with a Beef (m) (Einarsdéttir et al., 2014; Frisullo et al., 2010;
Tomography resolution from mm to Kroger et al., 2006, Mathanker et al., 2013;
um Miklos et al., 2015; Schoeman et al., 2016)
Pork (m) (Brienne et al., 2001; Einarsdottir et al., 2014;
Frisullo et al., 2010; Kroger et al., 2006,
Mathanker et al., 2013; Miklos et al., 2015;
Schoeman et al., 2016)
Chicken (m) (Adedeji & Ngadi, 2011)
High moisture (Philipp et al., 2017)
extruded
product (ma)
Shear cell (Dekkers, Hamoen, et al., 2018; Tian et al.,
structures (ma)  2018; Zhaojun Wang et al., 2019 and
Chapter 2)
8.3.4  Characterization aspects specific to meat analogues

This review focused on the texture and structure of meat and meat analogues as finished
products (Figure 8.2). But contradictory to meat, the fibrous structure of meat analogues has
to be created in a production process. Therefore we are not just interested in the final structure
of meat analogues, but also in the mechanism behind the creation of the fibrous structure. As
the fibrous structure of meat analogues is often created during thermomechanical processing,
it is important to understand the behaviour of different components during processing. The
high temperature and pressure, often used during the production of meat analogues, limit the
methods of analysis. However, a combination of different methods could be a route to gain
information about the structure formation process. Mechanical methods cannot be used
during processing, but spectroscopy and imaging techniques show potential. ESEM and XRT
could be promising to study the changes in the structural elements during thermomechanical
processing of meat analogues. The application of in-line light reflectance, SAS, NIR, or
Raman spectroscopy during the processing of meat analogues could provide insight into

structural elements. In-line ultrasound imaging is expected to be a promising method for
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studying air bubbles and mechanical properties of meat analogues during processing, as this

was previously used for the analysis of dough (Koksel et al., 2016).

Another challenge to characterize meat analogues is the fibrous structure itself. To
understand how to create a fibrous structure, knowledge of the fibers in meat analogues is
required. So far, it is not completely clear what the geometry, size, binding pattern and
adhesion or cohesion of the fibers in meat analogues will look like. The simultaneous use of
different mechanical and imaging methods can provide a more holistic view on the fiber
properties in meat analogues products. It can also be interesting to refer to meat and also non-
food products containing fibers. Meat from different origin such a poultry or beef, consists
of fibers with very different shapes and physical characteristics as was revealed with multi-
point indentation, which is was used to spatially measure the local elastic modulus (Boots et
al., 2021). In non-food products, such as thermoplastic, adhesion and cohesion of fibers in a
matrix is studied. A combination of fiber-matrix wetting analysis and interfacial adhesion
analysis was found to give a good understanding of the fiber-matrix interface (Tran et al.,
2015). Such methods could also be promising in understanding the fibrous structure of meat

analogues.
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8.4 Conclusion

An important step towards the development of next-generation meat analogues is a better
insight into the texture properties of those products. To quantify those, analytical techniques
are necessary. This review summarizes and discusses methods typically used to characterize
the properties and quality of meat products and discusses the feasibility to apply those for
meat analogues. At this moment the range of methods used for meat analogues is smaller
compared to the methods available for meat. However, we conclude that a broad range of
methods could be readily employed to analyse meat analogues or slightly modified to make

those methods suitable to analyse meat analogues.

Several techniques elucidate structural features. Mechanical methods allow a direct
comparison of the texture attributes between meat and meat analogues, tensile analysis,
Warner-Bratzler test and compression techniques provide information about the strength of
the product and can be applied to both meat and meat analogue products. Spectroscopy
methods are non-destructive and fast but more expensive. Most imaging techniques are
interesting to compare the structure of both meat and meat analogues. CLSM and XRT reveal
3D information. NIR, MIR, NMR and MIR provide both quantitative information about the
structural elements and information of the composition. Tensile analysis, image analysis,
fluorescence spectroscopy, SAS and light reflectance, showed to be promising methods to
quantify properties of the individual fibers and their formation process. TEM and AFM are

interesting for nanoscale structure analysis, but have been applied to meat only so far.

Specifically for meat analogues there is a need to study the texture and structure at processing
conditions as well. In-line NIR or ultrasound imaging could be promising to study the
changes in the structural elements during thermomechanical processing of meat analogues.
Furthermore, future research should focus on characterizing the fibers present in meat
analogues with regards to geometry, size and adhesion and cohesion. This approach could
optimize the conditions used during the processing of meat analogues process with the final

purpose of resembling meat products in terms of texture and structure.
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Chapter 9

9.1 Abstract

The addition of fat to a meat analogue is important for its juiciness, texture and mouthfeel.
Various organic solvent extraction methods have been used to analyse the fat content in meat
products. However, these techniques are laborious and environmentally harmful. In the
present work, near infrared (NIR) spectroscopy was used for non-destructive, rapid
quantification of fats in meat analogue mixes. Two modes of spectroscopy were explored:
point spectroscopy and hyperspectral imaging (HSI). Calibration was performed with partial
least-square regression (PLSR) analysis to predict the fat and to predict the spatial
distribution of fats while processing the HSI data. Models based on 1% and 2" CH overtones
of the NIR regions were separately developed. Further, variable selection with covariate
selection (CovSel) was performed to find the wavelengths that predict the local fat
concentration. The results showed that NIR spectroscopy can accurately predict (R? = 0.99
and RMSEP = 0.37 %) the total amount of fat in a mixture of fat, proteins and water, which
is a composition often used for meat analogues. The 2" CH bond overtone NIR region
showed better predictive performance compared to the 1 CH bond overtone NIR region.
Prediction models based on point spectroscopy performed better in terms of higher R? and
lower RMSEP compared with HSI. Point spectroscopy could be therefore used as a good
alternative to more laborious analytical methods. HIS has potential to map the spatial
distribution of the fat in the sample and give insight in the mixing process. Variable selection

with CovSel improved the model performance.
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9.2  Introduction

The addition of fat to meat analogues can enhance the juiciness, texture and mouthfeel of the
food, and can be used as carrier for oil soluble flavours and nutrients like vitamin A (Belloque
et al., 2002; Egberts & Borders, 2006). A previous study reported that the addition of more
than 5 wt.% oil before the extrusion processing results in oil being expelled from the protein
matrix (Cheftel et al., 1992) and that this negatively impacts the alignment of proteins

because of slippage.

The relevance of the presence and distribution of sufficient fat makes an efficient analysis
necessary. The analysis of the fat content in meat and meat analogues is traditionally
performed with organic solvent extraction. The official Soxhlet extraction method
recommended by the AOAC (1990) is most widely used for determining fat content in food
products. For quantification of fat in several meat products, Pérez-Palacios et al. (2008)
evaluated the efficiency of several lipid extraction methods. However, these methods are
laborious, require many samples, and are hazardous and environmentally harmful (Prevolnik
etal., 2011; Togersen et al., 2003). In addition, we found earlier that it is not always possible
to extract all the oil, as some oil remains encapsulated at the end of the extraction process

(Berghout et al., 2014).

As alternative to the organic solvent extraction methods, near infrared (NIR) spectroscopy
has potential to quantify fat in meat products (Mishra, Nordon, & Roger, 2021; Wold et al.,
2011). NIR spectroscopy is a rapid, low-cost, non-destructive, accurate and reliable analysis
method, requires minimal or no sample preparation prior to analysis, and can be used to
analyse multiple attributes simultaneously (Klaypradit et al., 2011; Stubbs et al., 2010; Wu
et al., 2008). NIR spectroscopy can detect the presence of components such as protein,
moisture and fats through the overtones and combinations related to OH, CH and NH bonds
captured in the near-infrared range of the electromagnetic spectrum (Osborne, 2000).
Furthermore, NIR spectroscopy can provide both spectral and spatial information supported
by chemometric modelling when combined with imaging modality as hyperspectral imaging

(HSI) (Barbin et al., 2013; Kamruzzaman et al., 2012).

Chemometric modelling is used to resolve overlapping and broad peaks in spectra (Pasquini,
2018). NIR spectroscopy data is multivariate with several peaks overlapping (Pasquini,
2018). Such overlapping peaks pose a multi-collinearity problem in which classical multi-

linear techniques do not work well (Mehmood et al., 2012, 2020; Jean Michel Roger &
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Boulet, 2018; Saeys et al., 2019). Latent variables (L'Vs) extraction methods are often used
for extracting the relevant chemical components to perform tasks such as regression and
classification. Partial least square regression (PLSR) is a common method used for this (Wold
etal., 2001). PLSR extracts the LVs by maximizing the covariance between the predictor and
response variable. After extraction of each latent variable, the predictor and response variable
are orthogonalized with respect to the already explained variance by the previous LV.
Subsequently, the process proceeds until no further LVs can be found that bring
improvements on the variance in the response variables. The selection of the optimal number
of LVs is performed with cross-validation approaches. This has already been shown for the

prediction of chemical components in true meat products (Mishra et al., 2021).

In the present work, two modes of NIR spectroscopy i.e. point/area spectroscopy and
hyperspectral imaging (HSI) are evaluated for quantification of both the overall fat content
and its spatial distribution. Models based on the 1% and 2" CH overtones NIR regions are
separately developed. To do so, data are analysed by PLSR. Variable selection with the
CovSel approach is used to identify the most significant wavelength that explains the fat
predication in meat analogues. Finally, image processing was used to obtain images depicting

the fat distribution.
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9.3  Material and methods

9.3.1 Materials
Pea protein isolate (PPI) (NUTRALYS® F85G) was obtained from Roquette Fréres S.A.,

(Lestrem, France). PPI was composed of 78.6 wt.% protein (N x 5.7), WG was composed of
72.4 wt.% protein (N x 5.7) on a dry basis, according to Dumas measurements. PPI had an
average dry matter content of 93.2 wt.%. Sunflower oil was purchased from a local

supermarket.

9.3.2  Sample preparation
Dispersions of PPI (40 wt.%) and sunflower oil (0-10 wt.%) in water (50-60%) were prepared

(Table 9.1). Water was replaced by oil in steps of 1 wt.%. Then PPI was added and thoroughly
mixed in with a spatula. The samples were then hydrated for 30 min. Eleven samples with
different oil concentrations were prepared in triplicate. All samples were placed in cups with

an internal diameter of 2.7 cm and a height of 1.5 cm (Figure 9.1).

Figure. 9.1. Prepared samples with known fat content as used for NIRS measurements.

Table 9.1. A description of samples matrix used in the experiment. The protein content was kept constant, but
the water and the oil content were varied.

Material Composition in each sample (wt.%)

Protein 40 40 40 40 40 40 40 40 40 40 40
Water 60 59 58 57 56 55 54 53 52 51 50
Oil 0 1 2 3 4 5 6 7 8 9 10
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9.3.3  NIR spectroscopy measurements
NIR spectroscopy measurements were performed with point spectroscopy and in imaging

modality using HSI.

9.3.4  Point/area spectroscopy measurements
Point spectral measurements were performed by a Hi-Res, LabSpec spectrometer, ASD,

USA. The measurements were performed using the area scan probe (Hi-Brite probe) with the
spot size of 10 mm. The probe has an inbuilt 6.5 W halogen light source for illumination and
using optical fibers to capture the reflected light. The instrument was controlled using the
Indico Pro software, ASD, USA. The integration time was automatically optimized by the
Indico Pro software and was defined as 15 ms. Each measurement was an average of ~5
consecutive measurements automatically performed by the Indico Pro software. The white
reference was used for the spectral on white standards. The radiometric calibration with white

and dark reference was performed automatically by the Indico Pro software.

9.3.5  Hyperspectral imaging (HSI)
HSI was performed with Specim’s Fx10 spectral camera, Oulu, Finland. Two halogen light

sources of 15 W each were used to illuminate the samples. The camera was mounted to an
X-Y table and operated using in-house developed software. The camera acquired the images
in the spectral wavelength range of 900-1723 nm with the spectral samples of nm. Each
sample was analysed at 112 different wavelengths. The imaging was done by placing the
samples in the field of view (FOV) of the camera and then moving the camera over the
samples to perform the line scan. At the end of the imaging of the samples the white and dark
reference were acquired. The images were normalised with equation 9.1:

X — Dark 9.1

Reflectance = White — Dark

9.3.6  Data analysis
All data analysis was performed using MATLAB 2018b, Natick, WA, USA. The analysis

was a combination of in-built functions from MATLAB’s toolboxes and in-house codes. In
the meat analogues mixes, the fat content ranged from 0 - 10 wt.%. The data were partitioned
systematically into a calibration set (22 samples) and a validation set (11 samples). Both data
sets have comparable ranges of protein, water and fat. The calibration and prediction results

were analysed in terms of root mean stand error of calibration (RMSEC), root mean stand
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error of prediction (RMSEP), regression coefficient of calibration and regression coefficient

of prediction.

9.3.7  Spectral pre-processing
Prior to regression modelling, the spectra were smoothened using the Savitzky-Golay

(SAVGOL) algorithm and the 2™ derivative was estimated. This 2" derivative has the benefit
of revealing the underlying peaks in the NIRS data to ease the regression modelling (Roger
et al., 2020). A window size of 51 was used for the point spectroscopy data and a window
size of 15 was used for the HSI data as the spectral resolution of the point spectrometer was
larger than the HSI data. The CovSel approach (see section 9.3.9) could be directly based on

the raw data.

9.3.8  Partial least-square regression (PLSR )modelling for point spectroscopy
data
PLSR is a commonly used chemometric technique for the interpretation of NIR spectroscopy

data (Wold et al., 2001). Particularly, PLSR deals with the multi-co-linearity in the
multivariate signal by extracting the underlying peaks to find the inherent latent variables
(LVs). The LVs having maximum covariance with the response variables were extracted.
PLSR starts by extracting a set of new variables (known as scores) which are based on the
projection of the data into the direction of LVs. In the present work, PLSR was implemented
with the MATLAB’s default ‘plsregress’ function. A default 10-fold cross validation
approach was integrated for optimising the LVs. The LVs were then selected by identifying

the inflection point.

9.3.9  Variable selection with CovSel
CovSel is a popular chemometric technique for filtering important wavelengths (Roger et al.,

2011). The CovSel algorithm performs the wavelength selection by iterating two steps. The
first step is a search for the variable index that is closest to the response variables. As a second
step, the selected wavelength is removed from the predictor and response matrix using the
orthogonal projection. The process is then repeated for a specified number of wavelengths.
The resulting explained variation plot as the function of wavelengths extracted can be used
to decide on the optimal number of variables. Our CovSel implementation was performed

using in-house developed code as presented by Roger et al. (2011). Once the wavelengths
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were selected, multiple linear regression (MLR) was run to achieve the final calibration

model. MLR was implemented using the ‘fitlm’ function in MATLAB.

9.3.10 Hyperspectral image processing
The images were recorded in the ENVI format and were automatically radiometrically

corrected by the software used for the data acquisition. The images were converted into
MATLAB format using a combination of ENVT libraries and in-house developed codes. The
spectra were extracted using the ‘roipoly’ function in MATLAB to interactively define
bounded regions from which the spectra were extracted. In total, 33 regions were defined to
extract spectra from the samples. The means were calculated for spectra from each sample to
represent the average profile of each sample. The PLS calibration and CovSel variable
selection was performed using 22 samples and the testing was performed with the remaining
11 samples. The spectral cube was unfolded and for all pixels the fat content was predicted.

The predictions were then refolded to explain the spatial distribution of the fats.

202



NIR and chemometrics for non-destructive quantification of fats in dense protein mixes

9.4 Results

9.4.1 Mean spectra of mixes
Figure 9.2 shows the mean spectral profiles of the meat analogue mixes in the complete

Visible and NIR spectroscopy (350-2500 nm) (Figure 9.2 A), the 1* fat overtone (Figure 9.2
B) and the 2™ fat overtones (Figure 9.2 C) range. The differing initial fat contents can be
observed. All meat analogues mixes exhibited similar spectral reflectance patterns with
differences in the magnitude of reflection throughout the NIR range (350-2500 nm). The
differences observed in spectral reflectance mixes were related to the changes in the
composition (0-10 wt.% oil and 60-50 wt.% water in meat analogues mixes). The reflectance
decreased in the fat overtones region, as the fat content increased. This decrease in reflectance

indicates an increase in the absorption of NIR light by the fat.
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Figure 9.2. Spectral profiles of the meat analogue mixes. The initial fat content in the mixes is indicated
with colours ranged from red to green. (4). Complete spectra, (B). First overtones region for CH bonds,
and (C), second overtones region for CH bonds.

9.4.2  PLSR calibration of point spectroscopy data
A PLSR model was constructed for the three spectral ranges shown in Figure 9.2 i.e. the

complete visible and NIR range (350-2500 nm) (Figure 9.2 A), 1% fat overtone (Figure 9.2
B) and 2™ fat overtones (Figure 9.2 C) range. The results of PLSR modelling are shown in
Figure 9.3. In all the cases, the R?> was 0.98; however, the RMSEP and the prediction bias
was higher when the complete spectral range was used. PLSR modelling on 1* overtones part
of the spectra lowered the RMSEP and the prediction bias by 34 % and 58 % respectively.
Further, the modelling on 2™ overtones part of the spectra lowered the RMSEP and the
prediction bias by 37 % and 54 % respectively. The number of LVs in the case of modelling
with 2™ overtones part of the spectra was 3 instead of 2 in the case of modelling with full

spectral range and the 1% overtone part of the spectra.
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Figure 9.3. PLSR calibration for different spectral ranges. (4) Complete Visible and NIR spectroscopy (350-
2500 nm) spectra, (B). first overtones regions, and (C). second overtones region. The samples in green star
are the calibration set and the red circle are the test set.

9.4.3  CovSel variable selection and MLR
The results from the variable selection with the CovSel are shown in Figure 9.4. In the case

of the full spectral range, the CovSel selected 3 wavelengths (1211 nm, 953 nm, 813 nm). In
the case of the 1% and 2" overtones, the CovSel selected 2 (1646 nm, 1715 nm) and 3 (1099
nm, 1211 nm, 1249 nm) wavelengths, respectively. A summary of selected wavelengths is
provided in Table 9.2. The modelling with selected bands was more robust compared with
wavelength selection presented in Figure 9.3. The performance for the 2™ overtones spectral
region with the 3 selected band was the highest with a R? of 0.99. The RMSEP and prediction
bias were also the lowest at 0.37 % fat and 0.05 % fat respectively. In summary, the variable
selection improved the model performance in terms of lowering error and bias and improving
the prediction (R?) and gives a clear indication of the wavelengths that are responsible for

predicting the fat content in meat analogue mixes.

Table 9.2. A summary of variable selected by CovSel approach for point spectroscopy data.

Spectral range (nm) Number of bands selected Selected bands (nm)
350-2500 3 1211, 953, 813
1599-1799 2 1646, 1715
1099-1249 3 1099, 1211, 1249
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Figure 9.4. CovSel variable selection and calibration models with the selected variables. CovSel on: (A)
complete spectra selected 3 bands, (B) first overtone region selected 2 bands, (C) second overtones region
selected 3 bands, (D) calibration with 3 bands obtained in (4), (E) calibration with 2 bands obtained in (B),
and (F) calibration with 3 bands obtained in (C). The calibration plots with selected wavelengths obtained
in (G), (H) and (1). The green star and red circles represent the calibration and test set. The variable selection
was performed in the calibration set.

9.4.4  Hyperspectral image analysis
The results discussed in the previous sections were based on using point spectroscopy. The

main advantage of HSI is that it contains spectral information in every pixel which can be
used for estimating the spatial distribution of the properties. To do this a new PLSR
calibration was performed using the mean spectral profiles of the samples. The model
performance and the calibration with PLSR on the mean spectral profiles are shown in Figure
9.5. A prediction R? of 0.90 was obtained with a RMSEP of 1.20 % and prediction bias of -
0.61 %. The PLSR model was used for predicting the concentration in each pixel of the
images and the prediction map is shown in Figure 9.5 B. A concentration change (from blue

to red) from left to right was expected as the samples from left to right represented a linear
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increase in fat content (0-10 %). The top row shows the test set of which no pixels were used

in the calibration and tuning step.

3LVs

RMSEC = 0.61
RMSEP =1.20
Pred Bias =-0.61
R?C=0.96

R? P =0.90

Predicted fat %

-
Fat content %

Figure 9.5. PLSR calibration for hyperspectral image. (4) PLSR on mean spectra, and (B) prediction map
generated with the PLSR modelling on mean spectra and later using if it for predicting concentration of each
pixel. The red region at the periphery of the samples are because of the shadow from the sample containers.
The colour scale bar is presented from 0-12 % instead of 0-10 % to compensate for the RMSEP.

9.4.5  CovSel wavelength selection on hyperspectral data
The results from the CovSel wavelength selection on hyperspectral data are shown in Figure

9.6. The CovSel selected 2 wavelengths (1215 nm and 1313 nm, Figure 9.6 A) as optimal. A
summary of selected wavelengths is shown in Table 9.3. The calibration has similar R? =
0.90 compared to obtained with PLSR on complete spectral range of hyperspectral data.
However, the model with selected wavelengths reduced the RMSEP and prediction bias by
6 % and 22 % respectively. The developed MLR model with selected two wavelengths was
used for predicting the concentration for each pixel of the images and the prediction map is
shown in Figure 9.6 D. The prediction maps show a change in colour (from blue to red) from
left to right which was expected as the samples from left to right represented a linear increase

in fat content (0-10 %).
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Figure 9.6. CovSel variable selection on hyperspectral images. (4) explained variance plot with green line
showing optimal number of wavelengths, (B) selected wavelength highlighted in green, (C) MLR calibration
and test on the mean pixels, and (D) prediction maps by using the MLR calibration made on the mean pixels.
The red region at the periphery of the samples are because of the shadow from the sample containers.

Fat content %

Table 9.3. A summary of variables selected with CovSel for hyperspectral data.

Spectral range (nm) Number of bands selected Selected bands (nm)

942-1723 2 1215, 1313 n

9.5 Discussion

NIRS was used for non-destructive rapid quantification of total fats in meat analogue mixes.
Two modes of spectroscopy i.e. point spectroscopy and HSI were explored. The calibrations
were developed using PLSR and the variable selection was performed using the CovSel
approach. Both point spectroscopy and HSI showed a good correlation (>0.90) to predict the
total fat in the meat analogue mixes. However, the point/area spectroscopy had much better
performance (R? up to 0.99) compared to the HSI data. The high accuracy of the point
spectroscopy mode is probably due to the high sensitivity of the detector in the point

spectrometer compared to the HSI camera.

Fats have multiple C-H bonds and their overtones and stretching can be captured in the NIRS
range (Brendum et al., 2000; Cozzolino & Murray, 2004; Ding & Xu, 2000; Hoving-Bolink
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et al., 2005; Skibsted et al., 2005). The most prominent modes in NIRS due to differences in
fat content are the C-H stretching overtone associated with fat. The spectral features from
fats were dominant in both the 1% overtone as well as the 2" overtones regions. In the case
of the HSI, due to the limited spectral range only the 2™ overtones region was captured.
Modelling using different (1% and 2"¢) overtones regions showed comparable performance in
terms of R, RMSEP and prediction bias. The wavelength selection with the CovSel approach
also identified the 1% and the 2™ overtones spectral wavelengths correlating with the fat

content in the meat analogue mixes.

Wavelength selection with the CovSel approach resulted in improved model prediction and
selection of the key wavelengths related to the prediction of fat in meat analogue mixes. This
improvement was noticed for both the point spectroscopy as well as with the HSI data. The
better performance can be linked to the simpler models that were made on a selected subset
of wavelengths compared to the PLSR that was performed on a complete spectral range. In
the case of point spectroscopy, the wavelength selection resulted in the selection of just 2
wavelengths compared to the 2151 wavelengths implying a complexity reduction of nearly
1000 times. In the case of HSI, 2 wavelengths were selected out of 112 wavelengths resulting
in a reduction of more than 50 times. In the 2" overtones range, the point spectrometer and
the HSI identified a common band i.e. ~1211 nm, which is directly related to the C-H bond
in fat. Wavelength selection can support the development of inexpensive multi-spectral

methods dedicated to the quantification of fat content in the meat analogue mixes.

The concentration maps of the fat in the mixes obtained by HSI demonstrate how this
technique may be used to visualise the location of the fat before the structuring process. The
maps showed an inhomogeneous distribution of the fat over the surface of the mixes. It was
previously impossible to quantify the fat content and especially the distribution of the fat over
the mixes with a non-destructive method. Even though the materials were not yet processed,
we expect that the technique can be extended to mixes that have been processed by either
extrusion or shear cell treatment. A second step would be to extend the method towards
different matrices, for example with different types of plant protein. And finally, it is not

unreasonable to expect that the method may be used for more than only the fat content.
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9.6 Conclusions

NIRS offers a rapid and non-destructive prediction of the fat content in meat analogue mixes.
We conclude that the higher prediction R? and lower error and prediction bias of point
spectroscopy compared with HSI offers the possibility of reliably prediction of oil in meat
analogues mixes. NIR point spectroscopy can therefore be considered as an alternative to
more laborious analytical methods. HIS could be as a non-destructive method to visualize

the distribution of fats over the mixes.

Partial least squares regression (PLSR) analyses showed strong performance in predicting fat
content. Wavelengths selection further improved the model in terms of higher prediction R?
and lower RMSEP and prediction bias. The 2™ overtones region contained the most valuable
information to allow prediction compared to the modelling performed on complete spectra
and the 1% overtone part of the spectra. The key wavelengths for predicting fat content in
meat analogues mixes in the 1% overtones region are 1646 and 1715 nm. The key wavelengths
for predicting fat content in analogues mixes in the 2" overtones region are 1211 and 1313
nm. The selected wavelengths can be used to develop cheap multi-spectral point/area

spectrometer or camera for rapid analysis of fat content in meat analogues mixes.

We expect that the method can be well extended to materials before and after processing, to
different types of matrices, and ultimately to be useful not just for the fat content, but also

the content of other constituents.
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10.1 Introduction

Plant-based meat analogues facilitate the transition from diets based on animal protein
towards diets that rely more on plant proteins. Plant protein based foods that can be prepared
and enjoyed in the same way as traditional, animal-based foods like meat can help consumer
to transition towards plant-based protein foods. This holds especially for consumers who do
not yet feel the motivation to explore and to learn how to prepare completely plant-based
foods. A fibrous microstructure that is similar to that of meat is therefore essential for meat-

replacing products (Hoek et al., 2011; Michel et al., 2021).

Until now, research and development of meat analogues have been mostly limited to soy
protein, gluten and dairy proteins. However, both soy and gluten have serious disadvantages.
Soy is generally grown in tropical climates and is therefore associated with unsustainable
agriculture and deforestation. Both soy and gluten are associated with intolerances or
allergies and are increasingly rejected by consumers. This explains why alternative protein
sources are being explored. However, the translation to other materials is not trivial, since we
do not yet fully understand how the properties of the materials relate to the microstructures
obtained during and after thermomechanical treatment, and how this microstructure then

relates to the macroscopic characteristics of the meat analogues.

This thesis focuses on the difference in structuring obtained with pea protein, relative to other
materials, such as soy. Pea protein is considered a promising alternative, because of its lower
allergenic potential, good functionality and lower environmental impact, since it can be
grown in temperate climates like our own (Lam et al., 2018; Stone et al., 2015). However,
pea protein has different properties than soy protein, and the use of pea protein for preparation
of well-structured, fibrous meat analogues is relatively underexplored. This thesis therefore
investigates the structuring potential of blends of pea protein isolates (PPI) with selected
other biopolymers relevant to the preparation of meat analogues, and compares it to other
materials. Shear cell technology was used to study the structuring potential, because this
device provides a well-defined thermomechanical preparation method that can yield

scientific insights in the structure formation process.
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10.2 Main findings and conclusions

Chapter 2 discusses the structuring potential of PPI when using shear cell technology. A
fibrous structure could be formed with PPI-wheat gluten (WG) blends but only within a
narrower window of operating conditions than for soy protein isolate (SPI)-WG blends. The
mechanical properties of the PPI-WG blends were in the same range as chicken meat, while
SPI-WG blends were tougher. Remarkably, the anisotropy under small deformation (Young's

modulus) of chicken meat was larger than the plant protein blends.

In Chapter 3, insight into the internal structure of the PPI-WG and SPI-WG blends was
obtained by a combination of Time-Domain Nuclear Magnetic Resonance (TD-NMR) and
rheological characterization using the polymer blending law. The TD-NMR measurements
revealed that water is preferentially taken up by the SPI / PPI phase, leaving less water for
WG. Quantification of the rheological properties of the separate phases as a function of the
water content showed that the WG inside the blend has a higher apparent modulus than the
moduli of the PPI and SPI in a temperature range of 110-140°C. The difference between the
moduli of WG and PPI was larger than differences between the moduli of WG and SPI. The
dependence of the properties on the real volume fractions revealed that both PPI-WG and
SPI-WG blends probably have a bi-continuous morphology when being structured into

fibrous products.

Chapter 4 describes additional rheological characterization of the materials used in this
thesis. Small and large amplitude oscillatory shear deformation with a closed cavity
rheometer was applied before, during and after thermal treatment, to provide a detailed
picture of the rheological changes during thermomechanical treatment, such as extrusion and
shear cell treatment. The measurements were visualized with Lissajous curves and the energy
dissipation ratio that characterizes the plasticity of the materials. It was found that heating of
all proteins induced more elasticity, but the extent of the effect depends on the protein source.
Upon heating, PPI loses its elastic properties more than SPI, while WG shows abrupt
dissipation after extensive deformation. In addition to these individual proteins, the
rheological behaviour of the blends was investigated as well (Chapter 5). The rheological
properties were visualized using texture maps and colour schemes to summarize the
differences between the blends. In PPI-WG blends, PPI has a lower stress and is less elastic

compared to WG. In SPI-WG blends, the properties were almost similar.
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Chapter 6 combines the approaches used in Chapters 2 and 4 to better understand the
structuring potential of PPI, SPI and blends of these with pectin/and or cellulose. The most
pronounced fibrous morphology was formed with PPI/pectin and SPI/pectin at a mass
fraction 0f 93:7 and 95:5. Blends of SPI/pectin/cellulose also showed a fibrous structure. SPI
and PPI alone and SPI/cellulose, PPI/cellulose and PPI/pectin/cellulose blends formed
products with no visible fibrous morphology. For SPI products, a fibrous morphology also
yielded mechanical anisotropy, whereas this relationship was not observed for PPI products.
The CCR measurements showed that the PPI products are softer (‘mushier’) than the SPI
products and that pectin addition resulted in mushier products than cellulose in a protein
blend. The results suggest that the elasticity of the protein phase is an important factor in the

ability of the blends to form fibrous products.

In Chapter 7, the methodology developed in Chapter 5 was applied to quantify the non-
linear rheological properties of animal meat and meat analogues, especially chicken
analogues. This gives both a benchmark for the plant-based materials, and an indication of
which properties describe differences between meat and meat analogues best. Meat analogues
differ from heated meat by their lower elasticity. In addition, heating of meat resulted in a
tougher and more elastic material, while for meat analogues tested there was only a small
effect of a heat treatment observed. Future developments on meat analogues should therefore

focus on routes to create more elasticity.

Chapter 8 reviews methods that are typically used to characterize the structure of meat and
meat analogue products. The number of available methods used for meat analogues is smaller
than for meat, but a range of methods for meat can also be used to analyze meat analogues,
albeit after some modification. This could help extend the availability of methods to
understand and quantify the structuring and final texture of current and future meat

analogues.

Chapter 9 describes the potential of near-infrared (NIR) and hyperspectral imaging (HSI) to
quantify of the composition of blends on their protein and oil content. The methods are non-
destructive and allow rapid quantification of the composition and the spatial distribution of

the blend using chemometric modelling.
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10.3 Critical reflection on methods and results

PPI and SPI both can lead to fibrous materials, when blended with WG or pectin. PPI and
SPI alone were not able to form fibrous structures upon shear-induced structuring. This
suggests that for both proteins a two-phase (or multiphase) blend is a prerequisite for fibrous
structure formation. A way to characterise the macroscopic anisotropy in these materials, is
to measure the tensile strength parallel and perpendicular to the shear flow direction. PPI can
exhibit mechanical anisotropy but this was not always related to a fibrous structure. New

methods are needed to elucidate the underlying mechanisms, as was highlighted in Chapter 8.

The material behaviour under simple shear flow in a shear cell might differ from that during
complex flow conditions in an extruder. It is also possible that formation of fibrous structures
follows a different path, which is for example evidenced by the fact that PPI and SPI could
be transformed into a fibrous or layered product with high moisture extrusion cooking (Osen
et al., 2014; Patrick Wittek et al., 2021). Possibly, protein isolates may still be considered as
a two-phase system (Aréas, 1992), for example through the presence of insoluble and non-
melting components or aggregates in a protein isolate. In addition, a melt of PPI or SPI and
water can decompose into water-rich and protein-rich domains upon entering the cooling die.
Third, the material may form regions with different viscosity due to the temperature gradient
in the cooling die (Sandoval Murillo et al., 2019; Wittek et al., 2021). For high moisture
extrusion cooking, laminar flow (velocity gradient which induces fiber formation parallel to
deformation) and elongational flow in the breaker plate (while passing through the breaker
plate the dispersed phase is deformed in the flow direction) were also considered structuring
mechanisms (Cornet et al., 2021), even though obviously this cannot be the case in a shear

cell.

The effect of thermo-mechanical treatment on proteins has been studied extensively on an
empirical basis. Many studies just consider the product before and after processing. The TD-
NMR method was used to perform measurements at room temperature, while outcomes were
applied to plant protein blends that were heated and sheared, and had been cooled and rested
again. This was done, because equipment limitations hindered measurement of these protein-
water mixture at a high temperature (above 100°C). Also protein-protein interaction of a
material is only studied after a thermomechanical treatment. While this may provide insight
into final product properties, it does not provide conclusive information on how the structural

elements interact during processing, leading to the macroscopic characteristics.
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All results and explanations above strongly depend on the results obtained with the ‘closed
cavity rheometer’ or CCR. We assumed that the CCR can be used to partly mimic the process
conditions in the shear cell. In the CCR, the material is simultaneously subjected to a heat
and shear treatment by applying a high frequency and high strain in an oscillation experiment.
However, the material behaviour under oscillatory shear in the CCR differs from that during
continuous rotational shear as applied in the shear cell or continuous flow in an extruder or
cooling die. The large deformations that will truly give rise to structuring, such as the
aggregation of a disperse phase such as gluten, cannot be attained when applying oscillation.
Nevertheless, we believe that knowledge of the rheological properties at processing
conditions does facilitate understanding of the rheological properties and their dependency
on the type and amount of proteins, the water content/distribution, temperature and shear

applied.

10.4  New insights in structure formation in protein blends

Soy protein concentrate and the combination of gluten or pectin and SPI result in mechanical
anisotropy with a pronounced fibrous microstructure upon shear cell processing (Dekkers,
Nikiforidis, et al., 2016; Grabowska et al., 2016). The design guidelines for fibrous structure
formation as described by Dekkers, Hamoen, et al. (2018) were used to study PPI or SPI
blends with gluten and pectin, which led to additional insights and an update of the design
rules as a consequence. First, insights for blends with wheat gluten are discussed and
thereafter blends with pectin since formation of a fibrous structure probably has another

origin.

Previous research based on SPI and WG suggested that a fibrous structure requires similar
rheological properties between the two phases in a blend during processing, to allow strong
deformation of the dispersed phase (Dekkers, Emin, et al., 2018). This was inspired on the
well-known principle of the Grace curve, originally meant for purely viscous emulsions, but
also applied to viscoelastic systems (Grace, 1982). The Grace curve predicts that a dispersed
phase breaks up in smallest domains when the viscosities of the two phases match more or
less. It can be assumed that similarities in viscosity will therefore also lead to most elongation
of the dispersed phase in case it does not break up. The effect of viscosity of the dispersed
and continuous phase on the break-up of the dispersed phase is captured in the graph of
critical capillary number versus the viscosity ratio (k), which gives a ‘U-shaped’ curve

(Figure 10.1). The viscosity ratio (k) represents the ratio of the viscosities of the dispersed
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Figure 10.1. Grace curve after Wu, (1987) for a Newtonian liquids in steady uniform shear with those for
viscoelastic materials in co-rotating twin screw extruder. The constant k represents the ratio of the viscosities
of the dispersed and the continuous phases (k = 14/n.). The capillary number is the ratio of the shear stress
to the interfacial tension, given by Ca = n.yR/T, with 1. the viscosity of the continuous phase, y the shear

rate, R the droplet radius and I the interfacial tension.

Dekkers, de Kort, et al. (2016) could indeed show that for SPI and WG, the viscosities
matched well enough to expect deformation of the droplets of WG in the SPI matrix into long
fiber-like structures. PPI and WG differ in their rheological properties but the blend still
resulted in fibrous structures in a narrow temperature interval around 120°C (Chapter 2
and 3). Insight into the internal structure of the blends was obtained by analysis of the
polymer blending law. For this polymer blending law, prediction in water distribution of the
phases in the blend is obtained with TD-NMR. Similarly to SPI, PPI absorbed more water
than WG in a blend. However, this effect led to a large difference in rheological behaviour,
contrary to the SPI-WG blend, which makes the deformation of individual droplets less
likely. In other words, while a blend of SPI and WG might lead to a protein dispersion close
to the minimum value of the U-shaped curved, the blend of PPI and WG will be in a different

part of the graph.
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Wu (1987) suggested that for viscoelastic materials, the deformation and elongation will be
also dependent on the ratio of the elasticities of the two phases (k'). This will render the ‘U-
shaped’ curve of the Grace curve sharper, ‘V-shaped’ as the elasticity of the system increases.
This is because the overall time of the stresses should be larger than the typical relaxation

time of the materials (Yousfi et al., 2018). The viscoelastic drops will continue to deform and

eventually these drops can break-up even for k = 22 > 4. This is presented as the Grace

Nc

curve becoming more V-shaped if the elasticity increases. Therefore, it seems logical that the
dispersed phase will be more elongated as result of elasticity with a viscosity ratio that would
not lead to breakage. A droplet-to-fiber transition will be controlled by the viscosity ratio (k)
between the dispersed and continuous phase (a more viscous continuous phase promotes the
breakdown of dispersed phase) and the elasticity ratio (k') between the dispersed and
continuous phase (a more elastic continuous phase promotes deformation and extension of
the nodules into fibers) and a balance between the relaxation and the deformation (shear or

elongation) must be achieved in order to obtain a fibrous morphology (Yousfi et al., 2018).

Since PPI is less elastic than SPI, it is expected that the properties of PPI match less with
those of WG than SPI and WG to allow direct deformation of a dispersed phase. Instead, we
found that in case of PPI-WG blend, a bi-continuous structure was formed, which might have
been the case for SPI-WG blend as well. Therefore, it is expected that the protein domains
are largely elongated and interconnect to form a continuous phase; more precisely a bi-
continuous network of the two incompatible proteins exists next to each other. A SPI-WG
blend could indeed form fibrous materials at a broader processing window. The PPI-WG
blend was more critically temperature dependent. We propose based on the polymer blending
law results obtained in Chapter 3, that a bi-continuous structure can be formed in a narrow
process window. Whether a bi-continuous structure is formed depends on the rheological
properties and it may be easier to form a bi-continuous structure if the rheological properties

are similar.

We hypothesize that this bi-continuous structure is created through an orthokinetic
mechanism, in which the shear flow causes the individual gluten domains to ‘collide’. It is
expected that gluten will be dispersed initially based on how the protein blend is prepared
(gluten is added to the blend of water and SPI and PPI after full hydration). Since the gluten
is reactive (sticky), the domains will stick and form a larger elongated aggregate. The more

domains collide, the larger and more elongated this structure will become. In the end, this
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will result in a continuous, elongated network of aggregated WG domains in a continuous
matrix of PPI. It is clear that this will only happen in a relatively narrow range of conditions,
and this agrees with the narrow range of conditions found. For SPI, the elastic properties of
the SPI match better with those of WG and therefore a broader range of conditions may give

rise to a similar structure.

The non-linear rheology analyses that were reported in Chapters 4 and 5, especially the
dissipation ratio, showed the importance of the elasticity. Heating at high temperatures is
necessary to induce or enhance the elasticity. Upon thermal treatment, PPI lost its elastic
properties more quickly than SPI, while WG showed abrupt viscous dissipation after
extensive deformation. This rheological fingerprint is consistent with observations from
shear deformation processing, in which WG is seen part of an elongated, bi-continuous
network. In PPI-WG blends, lower strain, stress and elasticity values were obtained for PPI
compared to WG. In SPI-WG blends, the texture properties were almost similar for the two

components (Chapter 5).

For blends with WG, we hypothesize that a bi-continuous structure is a prerequisite for a
blend to form fibrous products upon shearing, and that orthokinetic aggregation may be the
basis of the formation mechanism of such a bi-continuous structure. When a protein is
blended with a carbohydrate, the formation of a fibrous structure probably has another origin.
In blends with pectin, earlier researchers hypothesized that pectin acts as a weak phase and
is the dispersed phase that deforms and aligns in the shear flow direction. Dekkers,
Nikiforidis, et al. (2016) found that the pectin phase changes significantly during the
thermomechanical structuring process, which will facilitate this alignment. Solidification of
the deformed phases after deformation is important to entrap the fibrous structure that is
formed; failure to solidify may lead to back relaxation and loss of the structure. The
development of elasticity during cooling is indicative of solidification and at some point will
suppress the relaxation of deformed domains after flow (Liu et al., 2014; Pawar & Bose,
2015). SPI is more elastic than PPI so therefore it is expected that it suppresses the relaxation
pectin domains more effectively. We therefore hypothesize that the formation of a fibrous
morphology and the mechanical anisotropy are probably related to the elasticity of the
material. Indeed, matching of both the viscous and the elastic behaviour was found by Yousfi
et al. (2018) to lead to a fibrillar matrix after extrusion of the viscoelastic blend of polylactide

and polyamide.
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10.5  Guidelines for protein structuring

While the creation of a fibrous structure and some degree of anisotropy in the mechanical
properties are probably important for the bite and mouthfeel of meat analogues, also other
properties are important. In this thesis, meat and meat analogues were found to be quite
similar with respect to their textural properties. Nevertheless, two distinct differences were
observed: meat shows a stronger anisotropy in the Young modulus and has higher levels of

elasticity.

In Chapter 2, it was shown that chicken has similar tensile stress and strain compared to PPI-
WG blends, but the high anisotropy index in Young’s modulus in chicken meat is missing in
plant-based products. So far calcium caseinate is the only material to our knowledge that
shows anisotropy in Young’s modulus (Tian et al., 2020) and it was indicated that this could
be protein alignment at micro-scale. Calcium caseinate products contains micro-fibers with
a diameter of ~100 nm and length of ~300 nm that assemble into a macrostructure and show
a hierarchical structure of bundled fibres, up to larger scales (Manski et al., 2007; Tian et al.,
2020). The top-down strategy for structuring plant-based materials that was followed in this
thesis by using shear cell technology creates structure on relatively large length scales. Even
though it is a robust and scalable approach and generally is more resource efficient than a
bottom-up strategy (Dekkers, Boom, et al., 2018a), its potential might be limited for creating
structure on very small scales and subsequently micro-scale anisotropy. Future research on
plant proteins for meat analogues could focus on creating a plant protein network on a nano-
and mesoscopic length scale and re-arranging them into fibre bundles giving the required
properties on a macroscale. Possibly, a pre-processing step could be introduced to create
interacting protein aggregates or even micellar-type domains, similar to the calcium caseinate

dispersions that we referred to earlier.

In addition to differences in Youngs’ modulus, the use of non-linear rheology also revealed
differences in the elasticity and strain stiffening between plant-based blends, meat analogues
and meat (Chapter 5 and 7). In Figure 10.2, strain stiffening for chicken meat is observed in
Lissajous curves whereas this was not observed for the plant protein-based products. The
higher strain stiffening and elasticity for meat products could be related to its unique
hierarchical structure on small length scales. Meat products have stiffer filaments, like F-
actin or collagen that stiffen at low strains whereas more flexible filaments stiffen only at

larger strains (Schofield et al., 1983).
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Figure 10.2. Lissajous curve of stress versus strain amplitude at 156.86% strain amplitudes of left to right:
Chicken and vegetarian chicken pieces at 65°C and cooled to 30°C and PPI-WG and SPI-WG at 1:1 ratio in
the blend at 120°C and cooled to 30°C.

To enhance strain stiffening and elasticity, several options for the design of a structuring
process could be considered. For these strategies, it is important to first find the right method
and the degree of adapting the interaction between the proteins to enhance elasticity. The
second step is then to find the best method to solidify the structure that is created under shear.

This could be done by heating or the use of food-grade crosslinkers.
Several strategies can be used to enhance the elasticity and strain stiffening:

1) Modified pH-shifting; a strong pH shift could result in a high level of protein unfolding,
which makes the protein chain flexible and create more active sites to promote molecular
interactions including hydrogen bonds and hydrophobic interactions when the protein is
neutralized and heated. Strong and elastic pea protein hydrogels formed through pH-shifting
method (Zhu et al., 2021). However, the method is necessarily associated with the use of

chemicals, which compromises the potential gain in sustainability.

2) Food-grade crosslinkers (transglutaminase);, Improved toughness and elasticity were
reported for pea protein gels made with 19.5% protein and crosslinked by 0.35%
transglutaminase with incubation temperatures were between 50-60°C (Shand et al., 2008).
The application of transglutaminase during thermomechanical processing is not trivial,
because the enzyme is inactivated at high temperatures, which could result in inadequate

crosslinking of the proteins.

3) Addition of a highly elastic biopolymer, The elasticity could be further improved by the
addition of highly elastic biopolymers, such as carbohydrates. As an example, a previous
study showed that the addition of methylcellulose to SPI led to an increase of the strain

stiffening (Wittek et al., 2020).
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The above-proposed strategies for developing elasticity in meat analogues are speculative
but could form the basis of further developments in the coming years. Major advances will
depend on a full understanding of how the chemical and physical interaction of protein

particles is affected during processing.

10.6  Future research and product development of meat analogues

The scientific goal of this work is to gain in-depth understanding of the structure formation
process of plant-based proteins. The societal goal is to contribute to the development of even
better plant-based meat analogues to help consumers transition at least partially towards
plant-based protein foods. This of course involves more than only the fibrous structure that
we could obtain with PPI or SPI using shear-induced structuring during heating in the shear
cell, and/or during cooling. Other components have to be added to create an edible, palatable
food, such as lipids and flavours, and these influence the formation and properties of the
morphology as well. New ingredients and novel fractions will also be used. More
characterization methods are needed that can be employed during processing to understand
the behaviour of these even more complex systems. Future research, development and
innovation on meat analogue formulation and production should address these aspects, which

can then be the basis for developing even better meat analogues in the future.

10.6.1 Shear-induced structuring during cooling: link shear cell to high moisture
extrusion cooking
Shear cells can be used to mimic extrusion-relevant conditions and were initially intended

for understanding the phenomena occurring during extrusion under well-defined flow
(Peighambardoust et al., 2005; van den Einde et al., 2004). In the shear cell, only shear is
applied during heating. Structure formation is expected to be completed as soon as the shear
stops (Cornet et al., 2021). During HMEC, the cooling die is considered as the “structuring
zone” where the formation of the fibrous structure takes place (Akdogan, 1999; Cheftel et
al., 1992; Sandoval Murillo et al., 2019; Tolstoguzov, 1993). Therefore it is interesting to
investigate the effect of cooling after heat treatment on the structure formation of PPI-based
blends for meat analogues. During cooling, the viscosity of the protein phases increases
(Chapter 4), and this could influence the alignment and deformation of the protein phases.
Research on structure formation during the cooling process with the shear cell could develop
new insights into the structuring process during HMEC cooling, which could lead to the

development of better fibrous structures (Figure 10.1).
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Figure 10.3. Macrostructures of PPI-WG blends heated for 15 min at 120°C and sheared at 13 s”during
cooling for 8 min.

10.6.2 Addition of lipids to improve juiciness in meat analogues
The incorporation of lipids is desired since it contributes to the juiciness, tenderness and

flavour of the product (Egberts & Borders, 2006), but it also influences the formation of the
microstructure. A combination of liquid and solid fats (such as sunflower and coconut oil) is
typically used to mimic the behavior of animal fat. Dependent on the formulation, oil or fat
can be added during the structuring process or later in the process through marination. The
addition of more than 5 wt.% oil before the extrusion processing results in lubrication of the
material (Cheftel et al., 1992) and this negatively impacts the alignment of the
macromolecules because of slippage. In extrusion processes with wheat and almond flour,
the oil loss was reduced by the use of emulsifiers such as soy lecithin, sucrose esters, mono-
glycerides and mono- and di-glycerides of fatty acids (De Pilli et al., 2007). Emulsification
of the oil prior to the processing of meat analogues was reported as well (Joshi & Kumar,
2015; Malav et al., 2015a). Additional binders such as methylcellulose, carrageenan and
modified starches in emulsion-type meat analogues can help reduce the oil loss further

(Kyriakopoulou et al., 2021).

We investigated the influence of oil on the formation of the microstructure. PPI with 10 wt.%
oil in an emulsion stabilized with soluble pea protein resulted in a fibrous morphology (Figure
10.3). This is in agreement with the literature, where extrusion of meat analogues on a gluten
basis gave a fibrous morphology with the addition of 4 wt.% oil at the end of the extruder,
but resulted in a more rubbery product (Kendler et al., 2021) (Figure 10.3).
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Figure 10.4 A) Macrostructures of 45 wt.% PPI and 10 wt.% oil emulsified with soluble pea protein heated
Sor 15 min at 120°C and sheared at 39 s™'. B) Texture map of addition of 0, 2 and 4 wt.% oil to vital wheat
gluten in a high moisture extruder (Kendler et al., 2021).

10.6.3 Methods to follow structuring during processing
More direct and indirect measurements of material properties inside the cooling die and shear

cell are necessary to confirm the mechanism underlying structure formation. Until now, the
development of fibrous structures mainly proceeded along a trial-and-error approach with the

main focus to study the product before and after thermomechanical processing.

The conditions during processing (like high temperatures) are difficult to duplicate using
current analytical methods. This thesis provided a more systematic study of the materials
during and after thermomechanical processing. Rheological analysis using a CCR provide
the first insight into the functionality of plant protein ingredients at thermomechanical
conditions. However, CCR is not able to apply very large deformations, and therefore at best
can only partly mimic the process conditions in the shear cell and cooling die. Other
characterization methods should be developed that more closely resemble the process
conditions. The CCR should be further developed to use continuous rotational instead of

oscillatory deformation.

Instead of mimicking the process in an analytical device, one could also insert analytical tools
inside the real process. Incorporation of sensors can be incorporated in the extruder to
measure the properties inline and to obtain direct measurements of material properties during
processing. Inline rheometers, such as capillary or slit die rheometers are considered the most
accurate way to offer information during processing (Della Valle et al., 1996; Padmanabhan
& Bhattacharya, 1991; Senouci & Smith, 1988; van Lengerich, 1990; Vergnes et al., 1993).

However, inline-rheometers are limited in their flexibility, and offer no spatial resolution.
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The use of inline spectroscopic methods such as NIR and Raman spectroscopy as well as
ultrasound imaging could provide understanding on a molecular level during processing

(Chapter 8).

When the results from these inline measurements to the results obtained with offline
measurements obtained by devices like a CCR are related, it will be possible to provide
researchers and product developers with better understanding of the process and control the
product properties to a greater extend. Accurate rheological data at process conditions is
necessary for input data for analysis of flow characteristic such as computational fluid
dynamics (CFD) (Emin et al., 2020). This provides researchers and product developers tools

to develop predictive product responses and could potential limit the number of experiments.

10.6.4 Structure formation of other plant protein
PPI, SPI and WG are the main ingredients studied for meat analogues. These ingredients are

widely available, originally being by-products of already available production lines such as
starch or oil. In addition to PPI, SPI and WG, other proteins like potato, peanut, zein, mung
bean or faba bean as well as oil-rich seeds as rapeseed, canola and sunflower seed have gained
interest (Kyriakopoulou et al., 2021). The comparison of the behaviour of all these different
proteins, and correlating this with their individual rheological and (thermo)mechanical

properties may well help to further elucidate the different ways that structure is created.

Meat analogues have been mainly based on protein isolates. The isolation process is intensive
and is typically done using alkaline dissolution, isoelectric precipitation, neutralization and
drying. This process was designed to achieve a high protein purity, not to create the best
possible structured meat analogue with the protein. Milder fractionation processes that do
take the desired functionality in consideration (Geerts et al., 2018) may be able to provide
ingredients that are better suited to create the next-generation plant-based protein ingredients
with superior properties, but at the same time a lower ecological footprint due to ingredient
processing. New plant proteins as well as novel protein fractions from bacterial, fungal or
other single-cell sources could be used to create a variety in products, however these have
different functional properties. The translation of the process from PPI or SPI and WG
towards these other plant proteins and milder fractions for the creation is the next step. The
new insights in structure formation (as described in this chapter) as well as the rheological

methodology (described in this thesis) are intended as a starting point to further
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systematically identify the determining properties of new plant proteins and novel fractions
to the microscopic structures obtained during and after thermomechanical treatment. Those

provide then information on the macroscopic characteristics of the matrices created.

10.7 Concluding remarks

Pea protein is a promising protein for meat-replacing products, it can be used to form fibrous
structures in a blend with components like gluten or pectin, yielding similar textural
properties as chicken; even though the elasticity is not yet the same. The potential of pea is
even enhanced by other aspects that are not studied in this thesis like low allergenicity and

recourse efficiency.

This thesis provided new insights into structure formation, especially by investigating the
non-linear rheology at conditions that are directly relevant to thermomechanical processing,
and compare the properties obtained with PPI, to other materials, such as SPI-based blends
and meat. New insight was created in how the specific microstructure is created in blends of
PPI with other biopolymers. This insight will be important for further development of even
better plant-based meat analogues, using more advanced formulations that will give the best

possible consumer experience.
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Summary

Proteins used for meat analogues are at this moment mostly derived from dairy, soy and
wheat gluten. Pea protein is considered to be a promising alternative, because of its lower
allergenic potential, good functionality and lower environmental impact. The scientific goal
of this work was therefore is to gain in-depth understanding in the structure formation process
of plant-based proteins and to connect those to the functional properties of pea proteins. To
do so, pea protein isolate (PPI) and blends of PPI with other components that are relevant for
next generation meat analogues were processed in the shear cell, characterised using non-
linear (large deformation) rheological measurements and benchmarked to meat, commercial
meat analogues and products based on soy protein isolate (SPI). It was concluded that a
common requirement of the fibrous structures that can be obtained by using blends with
gluten, is the ability to form a bi-continuous network. The research in this thesis showed the
importance of elastic properties of both components in the blend. Heating at high temperature
induces elasticity in the proteins during structuring, but the extent of this effect depended on
the actual protein source. The mechanical and rheological benchmarking against real meat
indicate that the plant-based materials have similar textural properties as chicken, but that
their elasticity is not yet the same and therefore an important parameter for future research to

the creation of good-quality meat analogues.

In Chapter 2, the structuring potential of PPI-wheat gluten (WG) and SPI-WG blends was
explored using the shear cell technology. A fibrous structure was formed with PPI-WG
blends but only in a narrower processing window than the operating window for SPI-WG
blends. Blends with PPI had similar mechanical properties as chicken meat, while SPI-based
blends were tougher. Remarkably, the anisotropy in the small deformation (Young's
modulus) of chicken meat was larger compared with the plant-based products. In Chapter 3,
insight into the internal structure of the PPI-WG and SPI-WG blends was obtained by using
a combination of Time-Domain Nuclear Magnetic Resonance (TD-NMR) and rheological
characterization. Rheological results were interpreted using the polymer blending law. The
water distribution of the phases in a blend measured with TD-NMR revealed that water is
preferentially taken up by the SPI / PPI phases, leaving less water for WG. A closed cavity
rheometer (CCR) was used to quantify the rheological properties of the separate phases as a
function of the water content. From that, it was concluded that WG inside the blend has a
higher apparent modulus than PPI or SPI at a temperature range 110-140°C. The analysis of
the polymer blending is extended by fitting the polymer blending law to the experimental
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data. The outcomes of the fitting suggests that both PPI-WG and SPI-WG blends have a bi-

continuous morphology when being transformed into fibrous products.

A next step in rheological characterisation was the evaluation of the non-linear properties of
the proteinaceous materials used in this thesis at high temperatures, which is described in
Chapter 4. Large amplitude oscillatory shear (LAOS) measurements were used to provide a
detailed picture of the rheological changes that occur during processing (high temperatures
and large deformations). The measurements are summarized using Lissajous curves and the
energy dissipation ratio that characterizes the plasticity of the materials. Large amplitude
oscillatory shear deformation with a closed cavity rheometer was successfully applied before,
during and after thermal treatment, giving insight in the rheological changes during
processing. It was found that heating induces elasticity in the proteins during structuring, but
that the extent of this effect depended on the protein source. PPI lost its elastic properties
more quickly than SPI, while WG showed abrupt dissipation after extensive deformation. In
addition to these individual proteins, Chapter 5 describes the rheological behaviour of PPI-
WG and SPI-WG blends. The rheological properties were visualized using texture maps and
colour schemes to summarize the differences between the blends. In PPI-WG blends, PPI
had a lower stress and was less elastic compared with WG. In SPI-WG, the properties were

almost similar.

In previous chapters, PPI-WG and SPI-WG blends were investigated for their ability to form
fibrous structures. It is of interest to study whether PPI can form these structures with other
ingredients than WG as well, such as carbohydrates. Therefore, blends of PPI, SPI with
carbohydrates pectin and cellulose were investigated for their structuring potential and the
results are presented in Chapter 6. A fibrous morphology was formed with PPI/pectin and
SPI/pectin at a mass fraction of 93:7 and 95:5. Blends of SPI/pectin/cellulose could also be
transformed into a fibrous structure. For SPI-blends, a fibrous morphology was always
correlated to mechanical anisotropy, whereas this relationship was not observed for PPI-
blends. The linear and non-linear rheological properties of the blends were studied with a
closed-cavity rheometer at structuring conditions to gain insight into the structure formation
as well as physical and chemical changes. The results indicate that PPI/pectin and SPI/pectin
blends formed a mushier softer texture due to water re-distribution and a reduction of pH.
Furthermore, the importance of the elasticity of the protein phase was demonstrated as an

important factor for predicting the ability of blends to form fibrous products.
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In Chapter 7, non-linear rheological differences and similarities between various meat and
meat analogues (especially chicken analogues) were quantified before and after heating. Meat
analogues differed from heated meat in terms of lower elasticity. In addition, heating of meat
resulted in a tougher and more elastic product. In contrast, heating hardly altered the
properties of meat analogues. Future developments on meat analogues should therefore focus

on the creation of more elasticity and possibly allow heating effects on texture.

Literature was reviewed to summarize the texture methods typically used to characterize the
structure of meat and meat analogue products (Chapter 8). An overview is presented of the
available texture methods. Fewer methods are available for meat analogues than for meat,
but a range of methods for meat can be used to analyze meat analogues after some
modification. The need for new methods to study the structuring and final texture of current

and future meat analogues is described.

Chapter 9 described the potential of Near-infrared (NIR) point spectroscopy and
hyperspectral imaging (HSI) to quantify of the composition of blends on their protein and oil
content. The methods are non-destructive and allow rapid quantification of the composition
using chemometric modelling. NIR point spectroscopy showed good predictions of the

composition in the blend and HIS visualized the spatial distribution of the blend.

Chapter 10 concludes this thesis with a general discussion of the main findings. Those
findings are first summarized, after which a critical reflection on the methods and results is
given. All insights are integrated into the design rules to create fibrous products. Current
developments on new protein structuring are critically discussed and we provide suggestions

for future research for meat analogues.
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Om de groeiende wereld bevolking op een duurzame manier van voedsel te voorzien is het
noodzakelijk dat mensen meer plantaardige producten gaan consumeren. Vleesproductie
vereist namelijk intensief gebruik van land, water en energie. Minder vlees en op zijn minst
gedeeltelijke overgang naar plantaardige producten zal positief zijn voor het milieu. De
consumenten stappen echter nog niet massaal over op deze producten, wat erop wijst dat deze
producten nog niet volledig aan hun behoeften en verwachtingen voldoen. Gelukkig zijn er
veel ontwikkelingen rondom nieuwe plantaardige producten. Er is vooral veel gaande
rondom producten, vaak vleesvervangers genoemd, die vlees benaderen in textuur
(vezelachtigheid, beet en mondgevoel). Grote gelijkenis met vlees wordt als een belangrijke
factor beschouwd voor consumenten om over te willen stappen naar plantaardig eiwitrijk
voedsel. Eiwitten die worden gebruikt voor vleesvervangers zijn op het moment meestal
afkomstig van zuivel-, soja- en tarwe. Eiwitten uit erwten wordt beschouwd als een
veelbelovend alternatief, vanwege de lagere allergene potentieel, goede functionaliteit en

lagere milieu-impact.

Het wetenschappelijke doel van dit werk is dan ook om het structuurvormingsproces van
plantaardige eiwitten beter te gerijpen en deze te relateren aan de functionele eigenschappen
van erwten eiwitten. Erwteneiwitisolaat (pea protein isolate, PPI) en mengsels van PPI met
andere componenten die relevant zijn voor vleesvervangers zijn daarom bewerkt in de shear
cell, gekarakteriseerd met behulp van niet-lineaire (grote vervorming) reologische metingen
en vergeleken met vlees, commercieel beschikbare vleesvervangers en producten op basis
van soja-eiwitisolaat (soy protein isolate, SPI). Een conclusie is dat de vorming van een
vezelachtige structuur in een mengsel met gluten (eiwit uit tarwe) hoogstwaarschijnlijk gaat
via een bi-continue morfologie. Het onderzoek in dit proefschrift benadrukt ook het belang
van elastische eigenschappen van beide componenten in het mengsel. Gebruik van hoge
temperaturen induceert elasticiteit in de producten tijdens het structureren, maar de mate van
dit effect hangt af van het type eiwit. De uitgevoerde mechanische en reologische
benchmarking laat zien dat de plantaardige materialen vergelijkbare textuureigenschappen
kunnen hebben als kip, maar dat de elasticiteit nog niet dezelfde is. Het ligt daarom in de lijn
der verwachting dat elasticiteit een belangrijke parameter zal zijn in toekomstig onderzoek

naar het creéren van kwalitatief goede vleesanalogen.

In Hoofdstuk 2 zijn de structuurvormende eigenschappen van PPI-tarwegluten (WG) en SPI-

WG-mengsels onderzocht met behulp van de shear cell technologie. Met behulp van deze
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technologie worden eiwitten in een stromingsveld uitgelijnd in de draairichting. Door dit
uitlijnen konden vezelachtige structuren met PPI-WG-blends gevormd worden, maar komt
nauwer qua temperatuur dan met SPI-WG-blends. Mengsels met PPI lieten vergelijkbare
mechanische eigenschappen zien als kippenvlees, terwijl mengsels die op SPI waren
gebaseerd, taaier waren. Interessant is dat de anisotropie bij kleine vervorming (Young's
modulus) van kippenvlees groter is dan die van plantaardige producten. Hoofdstuk 3
beschrijft nieuwe inzichten in de interne structuur van de PPI-WG- en SPI-WG-blends door
een combinatie van Time-Domain Nuclear Magnetic Resonance (TD-NMR) en reologische
karakterisering met behulp van de polymere meng-wet. De waterverdeling tussen de fasen in
een mengsel gemeten met TD-NMR liet zien dat water bij voorkeur wordt opgenomen door
de SPI / PPI-fase, waardoor er minder water overblijft voor de WG-fase. Een gesloten
reometer (‘closed-cavity theometer’; CCR) werd gebruikt om de reologische eigenschappen
van de afzonderlijke fasen te kwantificeren als functie van het watergehalte. Daaruit bleek
dat WG in het mengsel een hogere modulus heeft dan PPI of SPI bij een temperatuurbereik
van 110-140°C. Verdere analyse van de metingen met behulp van de polymere mengregel
liet zien dat zowel PPI-WG- als SPI-WG-mengsels hoogstwaarschijnlijk een bi-continue

morfologie hebben.

Een volgende stap in de reologische karakterisering is de evaluatie van de niet-lineaire
eigenschappen van de eiwitachtige materialen. Omdat het structureren met een thermo-
mechanische methode per definitie verhitting omvat, wordt dit expliciet meegenomen en
beschreven in Hoofdstuk 4. Door de reologie ook te bekijken bij grotere afschuivingen via
‘large scale oscillatory flow” (LAOS) kan beter zicht worden gekregen op de veranderingen
die optreden tijdens het structuurvorming proces, bij hoge temperaturen en simultane grotere
vervorming. Lissajous-curven en de energie dissipatie verhouding die de plasticiteit van de
materialen kenmerkt, zijn gebruikt om de resultaten samen te vatten. Dergelijke oscillerende
afschuiving werd toegepast voor, tijdens en na verhitting, wat inzicht gaf in de reologische
veranderingen tijdens structuurvorming. De verhitting induceert elasticiteit tijdens het
structureren, maar de mate van dit effect hangt af van het type eiwit. PPI verloor zijn
elastische eigenschappen sneller dan SPI, terwijl WG abrupte viskeuze dissipatie liet zien bij
grote vervorming. Naast deze individuele eiwitten beschrijft Hoofdstuk 5 het reologische

gedrag van PPI-WG en SPI-WG mengsels. Alle uitkomsten werden samengevat met behulp
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van textuurkaarten en kleurenschema's. In PPI-WG-mengsels was PPI zachter en minder

elastisch in vergelijking met WG. In SPI-WG waren de eigenschappen vergelijkbaar.

In voorgaande hoofdstukken zijn PPI-WG en SPI-WG mengsels onderzocht op hun
vermogen om vezelachtige structuren te vormen. Het is interessant om te onderzoeken of PPI
met andere ingrediénten, zoals koolhydraten, ook vezelachtige structuren vormt. De
structuurvormende eigenschappen van PPI, SPI en hun mengsels met pectine en/of cellulose
werden onderzocht in Hoofdstuk 6. PPI/pectine en SPI/pectine leiden tot een vezelachtige
structuur bij een massafractie verhouding van 93:7 en 95:5. Mengsels van
SPI/pectine/cellulose vertoonden ook een vezelachtige structuur, die bovendien ook
mechanische anisotropie gaven. Deze relatie werd niet waargenomen bij PPI-mengels. Hier
werden vezelachtige structuren gevonden die geen mechanische anisotropie gaven. De
lineaire en niet-lineaire reologische eigenschappen van de mengsels werden bestudeerd om
verder inzicht te krijgen in de structuurvorming. Geconcludeerd werd dat de elasticiteit van
de eiwitfase een belangrijke factor is in het vermogen van de mengsels om vezelachtige

producten te vormen.

In Hoofdstuk 7 werden niet-lineaire reologische verschillen en overeenkomsten tussen
verschillende vlees- en vleesvervangers (vooral kippenanalogen) voor en na verhitting
gekwantificeerd. De vleesvervangers verschilden van verhit (bereid) vlees vooral wat betreft
hun lagere elasticiteit. Waar verhitting van vlees de eigenschappen behoorlijk veranderde,
veranderden de eigenschappen van vleesvervangers nauwelijks door verhitting. Toekomstige
ontwikkelingen op het gebied van vleesvervangers kunnen daarom gericht zijn op het creéren
van meer elasticiteit en mogelijk ook de verandering van de eigenschappen door verhitting

simuleren.

De in de literatuur bekende textuurmethoden die worden gebruikt om de structuur van vlees
en vleesvervangers te karakteriseren worden samengevat en vergeleken in Hoofdstuk 8. Het
aantal beschikbare methoden voor vleesvervangers is kleiner dan het aantal voor vlees, maar
na enige aanpassing is een scala aan methoden voor vlees ook geschikt om vleesvervangers

te analyseren.

Hoofdstuk 9 beschrijft de het gebruik van nabij-infraroodspectroscopie (NIRS) en
hyperspectrale beeldvorming (HSI) om de samenstelling van mengsels op hun oliegehalte te

kwantificeren. De methoden zijn niet-destructief en maken een snelle kwantificering van de
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samenstelling mogelijk. NIRS gaf een goede voorspelling van de samenstelling in het

mengsel en HSI visualiseerde de ruimtelijke verdeling van de olie in de mengsels.

Hoofdstuk 10 vat de belangrijkste bevindingen samen, en reflecteert op de methoden en
resultaten. De verkregen inzichten zijn in ontwerpregels voor structureringsprocessen voor
vleesvervangers samengevoegd. De huidige ontwikkelingen op het gebied van nieuwe
eiwitstructurering worden besproken en suggesties worden gegeven voor toekomstig

onderzoek naar vleesvervangers.
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