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In the context of sustainable and ethical 
food production, we find ourselves in a 
pressing race against time, where the stakes 
are high, and the consequences of failure 

could be severe.
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Chapter 1

General introduction
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CHAPTER 1

Protein-rich foods originating from animals are the major contributor to the 
environmental impact of food (Aiking, 2014; Aiking & de Boer, 2020). This impact 
explains the search for alternative food solutions. The research described in this thesis 
draws inspiration from the need to explore alternatives and focusses on the analysis of 
ingredients and texture of meat analogues.

This introduction starts with a deep dive into the history of meat analogues. Then, we 
discuss how the ingredients can be obtained that are required to produce today’s meat 
analogues and how these ingredients should be modified to fit specific applications. 
Last, we elaborate on the texture of meat analogues and how to quantify those textures.

1.1  The history of meat analogues – from the ‘first 
and finest vegetable entree’ to fibrous, meat-like 
products

The first commercial meat analogue was produced from a combination of peanut butter 
and wheat gluten. This innovative canned product, known as Protose, was the brainchild 
of John Harvey Kellogg, the man 
behind cornflakes (US Patent No. 
670283, 1901). The development 
of this first meat analogue in 
the 1890’s was driven by the 
prediction that the increasing 
world population would 
ultimately lead to an increase in 
the price of meat. Besides, Kellogg 
strongly believed that eating 
animals was wrong, which further 
drove his ambition to develop 
meat-replacing products. Protose 
gained popularity for its potential to serve as a nutritious alternative to meat, especially 
during times when meat was scarce or expensive. It is quite remarkable to note that 
well over a century ago, entrepreneurs like Kellogg were already trying to develop meat 
analogues driven by partly similar motivations to those we see today. While Kellogg 
called it “the first and finest vegetable entree ever developed”, the question remains 
whether a canned protein product would be considered tasty or in any way resembled 
meat following today’s standards. Nevertheless, Kellogg’s Protose marked an important 
milestone in the history of meat analogues, acting as a precursor to the development of 
a new industry of meat analogues.

“Combine equal parts peanut butter 
and wheat gluten, double the amount 
of water, and a dash of salt, yeast 
extract, and peanut oil. Steam this 
dough for approximately three hours 
and you will have produced the very 
first commercial meat analogue.”  
– Inspired by patent no 670283
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The history of meat analogues actually started earlier. The first documented reference 
to a meat analogue dates back to the year 965 (Shurtleff & Aoyagi, 2013) (Figure 1.1). 
This meat analogue consisted of tofu, which was proposed as a replacement for lamb 
in China. While this meat analogue was soy-based, the first documented mention of a 
wheat gluten-based meat analogue was in 1301 (Shurtleff & Aoyagi, 2013). Here, wheat 
gluten was recommended as the main ingredient to prepare mock lung sausage and 
mock eel. Additionally, Chinese culinary traditions included recipes for meat analogues 
using yuba, also known as tofu skin. While these products were referred to as meat 
analogues, they may not have mimicked animal meat in terms of texture. In this time 
period, protein intake was most likely more important than texture. These historical 
references show that meat analogues are not a recent invention, but have been created 
and consumed for centuries in Asia. 

FIGURE 1.1 Schematic illustration of the history of meat analogues
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1954 1960 1970 2000-2012 2012 >

Tofu as replace-
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from wheat gluten: 
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developed by 

Adenauer

Churchill predict-
ed lab grown meat

Robert Boyer patent-
ed fiber spinning of 

soy

ADM develops 
textured vegetable 
protein from soy

First meat 
analogues that 
mimic meat in 
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and nutritional 

profile

Major meat 
analogue compa-
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lished

New technologies 
are being devel-
oped: shear cell 

technology, 
extrusion, 3D 
printing, etc.

As the 20th century progressed, more individuals and institutions began to investigate 
the possibilities of meat analogues (Figure 1.1). Konrad Adenauer, who served as the 
first Chancellor of West Germany, developed the “Friedenswurst” to fight the shortage 
of food during and after the first World War when he was mayor in Cologne. The 
sausage was based on mixing minced meat and soy flour. In 1931, Winston Churchill 
predicted that chicken meat would be lab-grown in the future (Churchill, 1931). During 
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the second World War, many nations faced severe shortages of meat due to rationing 
efforts. The scarcity drove governments and food scientists to explore alternatives to 
meat as a protein source (Warhawk Air Museum, 2019). This time period was therefore 
crucial for the idea of meat analogues to gain significant attention and investment. 

However, it was in the post-war decades of the 1950s and 1960s that the development of 
meat analogues truly gained momentum (Figure 1.1). It was specifically this time period 
that texture started to become important and this was intertwined with technological 
innovations. In 1954, Robert Boyer issued a patent for texturizing soy proteins through 
fibre spinning, which process was inspired by the creation of textile fibres (US Patent 
No. 2682466, 1954). This period also saw the birth of textured vegetable protein (TVP) 
invented by the food processing company Archer Daniels Midland (ADM) in the 1960s 
(Shurtleff & Aoyagi, 2013). ADM extruded TVP from soy protein in the shape of rods 
or tubes. Production started in a small pilot plant and was sold to a small number of 
customers for use in chilli. The product only became successful when it was approved 
for use in the school lunch programme in 1971. In the 1970s, companies like Quorn and 
MorningStar Farms started to develop meat analogues that not only resembled meat in 
terms of taste and texture, but also offered improved nutritional profiles. Innovation 
in technology therefore opened up the possibility to produce meat analogues with a 
texture similar to real meat. 

Technology has bloomed ever since. Currently, new technologies are being developed 
to create meat analogues, such as high moisture extrusion cooking (with innovations 
in die designs (Snel, Bellwald, van der Goot, & Beyrer, 2022) and micro-foaming (Zink, 
Zeneli, & Windhab, 2023)), shear cell technology (Grabowska, Tekidou, Boom, & van 
der Goot, 2014), mixing & coagulation (Dobson, Stobbs, Laredo, & Marangoni, 2023), 
3D printing (Qiu et al., 2023), and even cell culture (Hubalek, Post, & Moutsatsou, 
2022). Technological innovation further bloomed due to Silicon Valley dynamics. 
Current major players in the meat analogue field, like Beyond Meat and Impossible 
Foods, were established in 2009 and 2011, respectively (Figure 1.1). 

The development of meat analogues from Kellogg’s early Protose to the modern plant-
based meat analogues demonstrates the drive and innovation in this field. It has not 
only led to the creation of convincing meat analogues, but has also sustained interest 
and innovations in the ingredients to produce those products. 
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1.2  Fractionation of meat analogue ingredients

The production of meat analogues requires ingredients, and those ingredients are 
sourced from plants mostly. Given the objective of producing meat analogues abundant 
in protein, plants that are relatively high in protein content are mostly considered. 
Examples of such plants are soy, pea, beans, and lentils. These crops consist of a 
multitude of valuable components next to protein, such as fats, fibre, and starch. To 
extract the protein from the other components, fractionation methods can be employed.

Traditionally, the protein is extracted from plants employing wet fractionation 
processes mostly and is then used in meat analogues as a highly refined protein isolate 
(>80 wt.% protein on dry matter basis) or a protein concentrate (>60 wt.% protein on 
dry matter basis). Examples of protein ingredients are soy protein isolate produced 
from soy and pea protein isolate produced from (yellow) pea. These protein isolates 
have excellent ingredient functionality for meat analogue applications (Chantanuson, 
Nagamine, Kobayashi, & Nakagawa, 2022; Dekkers, Nikiforidis, & van der Goot, 2016; 
Osen, Toelstede, Wild, Eisner, & Schweiggert-Weisz, 2014; Schreuders et al., 2019). 
Recently, more crops have been explored for their proteins. Mung beans are increasingly 
regarded as promising plant protein candidates, due to their high protein content and 
nutritional value. Mung bean protein isolate has already been successfully processed 
into a textured product through extrusion (Brishti et al., 2021). 

The use of highly refined protein isolates and concentrates may sound very promising, 
but there is a downside to the use of these ingredients. The process required to 
produce those isolates and concentrates, wet fractionation, can be both costly and 
environmentally burdening due to its heavy reliance on water, energy, and chemicals 
(Schutyser & van der Goot, 2011). The exact wet fractionation process depends on the 
type of raw material processed. Oil seeds are processed differently than starch-bearing 
crops. In the case of oilseeds, like soy bean, sunflower seed, and canola, the initial step 
involves removing oil through pressing and solvent extraction. This process yields a 
press cake containing approximately 30-50 wt.% protein. To further refine the protein 
in the press cake, an additional purification step using aqueous or alkaline extraction is 
often employed. This fractionation route typically yields protein isolates with protein 
contents exceeding 80 wt.% on dry matter basis (Rivera, Siliveru, & Li, 2022). Starch-
bearing crops, such as legumes and cereals, are processed following a different wet 
fractionation approach. After milling, the material is dispersed in water and the starch 
granules are separated using a hydrocyclone. Next, alkaline extraction and/or acid 
precipitation are used to purify the protein fraction by removing other components 
(Boye, Zare, & Pletch, 2010). For oilseed as well as starch-bearing crops, the extracted 
protein remains in dispersion, introducing the need for a drying step to yield a dry 
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powder. Usually spray drying is used for this purpose, despite being an energy-intensive 
process (Lie-Piang, Braconi, Boom, & van der Padt, 2021). Furthermore, the production 
of protein isolates not only demands significant energy and water consumption, but 
also generates by-product streams, making it resource-inefficient. Previous studies 
demonstrated that use of protein isolates leads to protein losses during fractionation 
of up to 40-50% protein (Tamayo Tenorio, Kyriakopoulou, Suarez-Garcia, van den 
Berg, & van der Goot, 2018). Thus, the use of protein isolates obtained through wet 
fractionation exerts a negative influence on the sustainability of meat analogues 
produced from those ingredients. Hence, there is a need for the development of novel 
fractionation methods for more effective use of raw materials. 

Fractionation tailored for specific end use is a key factor to make a next step in the 
development of meat analogues. Recent research revealed that complete isolation 
of protein is not always necessary (Grabowska et al., 2016; Jia, Curubeto, Rodríguez-
alonso, Keppler, & van der Goot, 2021; Saldanha do Carmo et al., 2021). The formation 
of a fibrous texture in meat analogues, for example, requires a multiphase mixture 
(van der Sman & van der Goot, 2023). Additionally, from a health perspective, meat 
analogues serve as a source of protein, but could also deliver fat and fibres. The latter 
are all naturally present in pulses and legumes. Thus, partial fractionation, through 
process combinations such as milling, sieving, and/or air classification, might be 
sufficient instead of full purification by wet fractionation. 

Protein in starch-bearing crops can be extracted through partial fractionation 
procedures, such as dry fractionation. Dry fractionation has been successfully applied to 
extract proteins from legumes (Assatory, Vitelli, Rajabzadeh, & Legge, 2019; de Angelis, 
2021; Rivera et al., 2022; Saldanha do Carmo et al., 2020; Schutyser, Pelgrom, van der 
Goot, & Boom, 2015; Xing et al., 2020) and cereals (Hernández-Álvarez, Mondor, & 
Nosworthy, 2023; Silventoinen, Rommi, Holopainen-Mantila, Poutanen, & Nordlund, 
2019; Silventoinen, Sipponen, Holopainen-Mantila, Poutanen, & Sozer, 2018). Dry 
fractionation is done in several ways, but the first step is always milling of the raw 
materials. During milling, the matrix is broken up into smaller fragments and starch 
granules are liberated from the matrix (Möller, van der Padt, & van der Goot, 2021). The 
milling step is then followed by a fractionation step, such as sieving, air classification, 
or electrostatic separation. Sieving is based on particle size separation only. In air 
classification, an air flow induces centrifugal and gravitational forces inside a classifier 
chamber, separating the feed flour into a fine and a coarse fraction (Assatory et al., 
2019). Air classification is thus based on a size and density difference between starch 
granules and protein bodies. In electrostatic separation, an electric field is applied to 
separate the feed material based on differences in dielectric properties. This technique 
is mostly used to separate protein-rich particles from fibre-rich particles (Assatory et 
al., 2019). 
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Dry fractionation leads to protein-rich fractions that still contain carbohydrates. The 
nutritional implications of incorporating carbohydrates into meat analogues remain 
debatable. On one hand, the inclusion of carbohydrates in the form of starch can 
increase blood sugar levels after a meal, which is generally regarded as an unhealthy 
outcome (Anderson et al., 2009). On the other hand, inclusion of carbohydrates, 
especially the dietary fibres, can contribute to more balanced diets and reduced caloric 
consumption for consumers with a non-vegetarian diet (Svihus & Hervik, 2016). 

The functionality of dry fractionated proteins is different compared to that of protein 
isolates. Dry fractionated proteins can be preferred in case the other components 
enhance the functionality of the protein-rich ingredient. Besides composition, also 
the state of the protein will depend on the fractionation process applied. During wet 
fractionation, specifically during the drying step to remove water at the end of the 
process, the proteins are exposed to high temperatures, which can compromise their 
native protein structure (Schutyser & van der Goot, 2011). In dry fractionation no drying 
is necessary, completely avoiding the denaturation of the proteins. 

1.3  Improving the functionality of meat analogue 
ingredients

To overcome the possible functionality limitations of protein-rich fractions, several 
strategies exist to modify the properties of these fractions to better fit certain 
applications. One strategy to tune the properties of plant proteins is to employ heat 
treatment or toasting. For example, dry heating of faba bean protein fractionated 
through milling and air classification at temperatures from 75 to 175 °C resulted in 
higher water holding capacity and less soluble protein (Bühler, Dekkers, Bruins, & 
Goot, 2020). In this way, dry heating of the faba bean protein-rich fraction resulted in 
comparable properties to commercial soy protein concentrate recovered through wet 
fractionation. 

Another route is to modify the proteins through enzymatic treatment. Previously, it 
was already shown that enzymes like transglutaminase can be employed to crosslink 
different plant proteins, such as soy, yellow pea, and Bambara groundnut (Djoullah, 
Djemaoune, Husson, & Saurel, 2015; Djoullah, Husson, & Saurel, 2018; Liu et al., 2021; 
Ruzengwe, Amonsou, & Kudanga, 2020; Sun & Arntfield, 2011). The reactivity of such 
enzymes depends on protein structure, and is thus intertwined with fractionation 
pathways.

The introduction of dry fractionated proteins into meat analogues may potentially 
alter the texture of those products compared to the traditional protein isolates used 
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in meat analogues. But even outside of dry fractionated proteins, it is crucial to gain 
a deeper understanding of meat analogue texture to enhance their overall quality and 
organoleptic experience. To address this, we have to delve further into the comprehensive 
characterization of material textures. 

1.4  Texture characterization of meat analogues

Texture in meat analogues started to become important from the 1950s onwards, 
when technological innovation sky-rocketed. The creation of texture and the analysis 
of the obtained texture has been studied intensively ever since. An internal structure 
that mimics the structure animal meat is considered as a key success factor for those 
products (Michel, Hartmann, & Siegrist, 2021). The development of meat analogues 
with animal meat-like texture, however, highly requires the detailed characterization 
of texture.

Characterization of the texture of meat analogues can be done by sensory methods as 
well as instrumental methods (Schreuders, Schlangen, Kyriakopoulou, Boom, & van der 
Goot, 2021). Sensory methods are expensive, time-consuming, and often qualitative. 
Therefore, instrumental methods are regularly used for more objective information on 
the internal texture of meat analogues. These instrumental methods can be divided 
into mechanical, spectral, and imaging techniques (Schreuders et al., 2021).

Imaging techniques are primarily used to characterize macro- and microstructure of 
meat analogues. On a macroscale, the current practice is to rely on visual examinations 
of the fibrous structures of meat analogues by folding it manually to expose the inner 
structure. While presenting images of the internal structures serves as a straightforward 
and efficient method to compare fibrousness of meat analogues, it is a subjective 
analysis. Thus, a quantitative method for visual structure characterization of meat 
analogues at the macroscale is lacking. With regards to microstructure, microscopy 
methods (such as scanning electron microscopy, confocal laser scanning microscopy, 
and atomic force microscopy) have been employed to characterize fibrous regions in 
meat analogues (Schreuders et al., 2021). 

Mechanical techniques, such as tensile tests, compression tests, and Warner Bratzler 
tests, have been primarily used to characterize the macroscopic properties of meat and 
to analyse meat analogues also. Specifically tensile testing has been used frequently 
to describe anisotropy in high temperature shear cell products (Dekkers et al., 2016; 
Schreuders et al., 2019; Taghian Dinani, Charles Carrillo, Boom, & van der Goot, 2023; 
Taghian Dinani, van der Harst, Boom, & van der Goot, 2023). In the case of meat, the 
ratio between tensile parameters along the parallel and perpendicular directions to 
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the fibre orientation offers insight into the anisotropy of the structure (Barbut, 2015). 
This explains why soy protein isolate-pectin blends were previously shown to exhibit 
anisotropy indices higher than 1 (Dekkers et al., 2016). However, previous research 
showed that mechanical anisotropy does not always agree with visual observations of 
the products (Schreuders et al., 2019). 

Spectroscopy techniques can offer insight into the local composition, intermolecular 
interactions, and anisotropy of meat analogues (Schreuders et al., 2021). Fourier 
Transform Infrared, Near-Infrared, Mid-Infrared, Nuclear Magnetic Resonance, and 
Raman spectroscopy have been previously used to quantify composition and secondary 
protein conformation in meat and meat analogues. Fluorescence polarization and light 
reflectance are indirect spectroscopy techniques that have the capability to assess the 
visual fibrousness of meat analogues (Ranasinghesagara, Hsieh, Huff, & Yao, 2009; 
Ranasinghesagara, Hsieh, & Yao, 2005, 2006). The specific alignments of fibres lead to 
distinct patterns of light reflectance and fluorescence polarization. 

Most of these techniques focus on a single length scale and do not capture the texture 
of meat analogues across the full spectrum or in an objective manner. There is still a 
need for a clear characterization method for the internal structure and/or texture of 
meat analogues. 

1.5  Aim and outline of this thesis

The aim of this thesis was to investigate the potential of dry fractionation as a route to 
produce protein-rich ingredients for meat analogue product applications (Figure 1.2). 
The thesis aim can be divided into three objectives, which are:

1.	 To investigate dry fractionated ingredients from mung bean, yellow pea, and 
cowpea for meat analogue applications;

2.	 To investigate the potential of enzymatic crosslinking to enhance functional 
properties of mung bean and yellow pea protein;

3.	 To quantify textural and mechanical properties of fibrous products. 

To do so, protein-rich fractions are produced through dry fractionation and further 
modified by enzyme treatment. Additionally, visual and mechanical characterization 
of meat analogues is performed. 

In Chapter 2, dry fractionation of mung bean, yellow pea, and cowpea is investigated 
as a route to produce protein-rich fractions. The composition and functional properties 
of the different crops are compared. We know from literature that protein-rich 
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fractions exhibit a different functionality compared to protein isolates, which explains 
the further research towards tuning the properties of the fractions for application 
into meat analogues. Therefore, in Chapter 3, we study the effect of transglutaminase 
crosslinking on mechanical and rheological properties of protein isolate model 
systems. As enzyme kinetics are highly dependent on protein structure, we investigate 
and propose crosslinking mechanisms of transglutaminase in relation to the protein 
fractionation pathway applied in Chapter 4. 

Chapter 5 describes how the visual internal structure of meat analogues can be 
quantified through computer vision. In Chapter 6, a novel and optimized tensile 
testing method is proposed to unravel mechanical differences in fibrous structures of 
meat analogues. Chapter 7 gives a critical discussion and future outlook, additionally 
we speculate on what exactly is ‘fibrous’ in terms of meat analogues. 

FIGURE 1.2 Schematic illustration of the outline of the thesis.
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Chapter 2

Dry fractionation to produce functional 
fractions from mung bean, yellow pea, and 
cowpea flour

This chapter has been based on the publication: Schlangen, M., Taghian Dinani, S., 
Schutyser, M.A.I., van der Goot, A.J. (2022) Dry fractionation to produce functional 
fractions from mung bean, yellow pea, and cowpea flour. Innovative Food Science & 
Emerging Technologies, 78, 103018.
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Abstract

Dry fractionation of mung bean, yellow pea, and cowpea was performed to investigate 
the compositions and functional properties of the obtained fractions. Dry fractionation 
consisted of milling and subsequent air classification using three air classifier wheel 
speeds. Water holding capacity, gelation, and rheological properties of all fractions were 
studied. Separation between protein and starch granules was successfully performed by 
air classifying, as visualized with scanning electron microscopy images. Protein contents 
in fine fractions ranged from 42% to 58% (w/dw), which was dependent on classifier 
wheel speed and material source. The correlation between water holding capacity and 
protein content was dependent on material source. Gelation of fine fractions occurred 
at lower concentrations than flours and coarse fractions. Fine fractions of all materials 
formed gels with higher elastic modulus (G’) than the flour and coarse fractions, while 
the flour and coarse fractions formed more solid-like gels (lower tan δ).
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2.1  Introduction

The shift in the consumption of animal-based products to plant-based products requires 
the creation of high quality plant-based food products including meat analogues and 
dairy alternatives. These plant-based food products are most often produced from 
soy, because of its favourable functional properties (Day & Swanson, 2013; Schreuders 
et al., 2019). Recently, the potential of yellow pea was shown as an alternative to soy 
as a major component of plant-based products (Osen, Toelstede, Wild, Eisner, & 
Schweiggert-Weisz, 2014; Schreuders et al., 2019; Vogelsang-O’Dwyer, Zannini, & 
Arendt, 2021). The interest in yellow pea originates from the fact that it is less connected 
to genetically modified organism questions, less allergenic, high in nutritional value, 
highly available, and is cultivated in moderate climates compared to soy (Lam, Can 
Karaca, Tyler, & Nickerson, 2018). Yellow pea is used in different types of plant-based 
products commercially, such as dairy alternatives and meat analogues. Next to yellow 
pea, mung bean also gained interest as a source for proteinaceous ingredients. Mung 
bean is mainly used in Asia for its high starch content and quality, but recently mung 
beans are considered more sustainable and inexpensive to cultivate in comparison to 
soy (Brishti et al., 2017). Mung bean protein isolate is suggested to be applicable in 
multiple plant-based products such as egg replacers and meat analogues (Brishti et 
al., 2021; US 2017 / 0238590 A1, 2017). Cowpea is one of the most important legumes in 
African countries and also a nutritious and strategic candidate for incorporation into 
food products (Asif, Rooney, Ali, & Riaz, 2013; Carneiro da Silva et al., 2019; Kebede 
& Bekeko, 2020; Kethireddipalli, Hung, McWatters, & Philips, 2002; Prinyawiwatkul, 
McWatters, Beuchat, & Phillips, 1996). Cowpea is nowadays used as the main high-
protein ingredient to produce the deep-fried paste called Akara (McWatters, 1983; 
Mofoluke, Olusegun, Adeoye, Ramota, & Toyin, 2013). In this study, mung bean, yellow 
pea, and cowpea are compared on their functional properties. 

Protein ingredients from legumes, which are currently used in plant-based food 
products, are classified as protein isolates. Protein isolates are produced by wet 
fractionation, mainly with extraction under alkaline or acidic conditions, iso-electric 
precipitation, and spray drying (Boukid, Rosell, Rosene, Bover-Cid, & Castellari, 2021). 
While this method often yields isolates with high protein contents, the process requires 
large amounts of water and energy (Schutyser & van der Goot, 2011). Additionally, wet 
fractionation alters the protein functionality due to the processing conditions used, 
such as high temperature during drying and large shifts in pH (Vogelsang-O’Dwyer 
et al., 2021; Zhu, Tang, Cheng, Li, & Tong, 2021). Dry fractionation, as an alternative to 
wet fractionation, produces protein-rich fractions through milling and subsequent air 
classification of legumes. Milling fragments the cotyledon cells of legumes, thereby 
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liberating the starch granules from the surrounding matrix that contains smaller 
protein bodies and fibres (Möller, van der Padt, & van der Goot, 2021). Subsequently, 
air classification is used to separate the protein particles from the starch granules based 
on their density. Previous research showed that dry fractionation of mung bean, yellow 
pea, and cowpea can yield a protein content (dry based) of up to 55.6 w/dw%, 62.3 w/
dw%, and 51.3 w/dw% respectively, but did not analyse the functionality of the resulting 
ingredients (Pelgrom, Boom, & Schutyser, 2015; Tyler, Youngs, & Sosulski, 1981; Zhu, 
Wang, Cheng, Li, & Tong, 2020). 

Dry-enriched pulse protein ingredients have a different functionality than protein 
isolates due to their composition and processing history (Schutyser & van der Goot, 
2011; Vogelsang-O’Dwyer et al., 2021; Zhu et al., 2021). While there is relatively a lot of 
knowledge on the process of dry fractionation and the resulting composition of the 
materials, their functional properties are mostly unexplored. Previously, Funke, Boom, 
& Weiss (2022) showed that there were no noteworthy differences in emulsification 
behaviour in different fractions with similar protein content produced from lentil. 
However, they found that rheological properties of the formed emulsions were 
dependent on the protein content of the fractions. (Funke et al., 2022). Also for other 
food products, such as meat analogues, it is important to understand the functional 
properties of protein-rich fractions (Kyriakopoulou, Dekkers, & van der Goot, 2019). 
Therefore, the next step is to focus on the composition – functionality relationship of 
fractions produced by dry fractionation. 

In the present study, we first report on the particle size, morphological and compositional 
changes of mung bean, yellow pea, and cowpea throughout the dry fractionation 
process. We then aim to study the differences and similarities in functional and 
rheological properties of dry fractionated ingredients from mung bean, yellow pea, and 
cowpea. The research question to be answered in this paper is “How are composition 
and functionality related in fractions of mung bean, yellow pea, and cowpea produced 
by dry fractionation”. We hypothesize that dry fractionation of mung bean, yellow pea, 
and cowpea can yield protein-rich fractions with interesting functional properties for 
future application in plant-based food products. 
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2.2  Materials & methods

2.2.1  Materials

Dehulled mung beans (Vigna radiata) and dehulled yellow peas (Pisum sativum L.) 
were obtained from Vladex (Middelharnis, the Netherlands). Whole cowpeas (Vigna 
unguiculata) were obtained from African Food Products (Unidex B.V. Hillegom, the 
Netherlands). Flour from mung bean, yellow pea, and cowpea had an average dry 
matter content of 91.5 wt%, 90.8 wt%, and 90.3 wt%, respectively. 

2.2.2  Milling & air classification

The method for milling and air classification was adopted from Möller et al. (2021) 
& Pelgrom, Vissers, Boom, & Schutyser (2013). Specifically, for flour preparation, the 
legumes were pre-milled into grits with a pin mill (LV 15M, Condux-Werk, Wolfgang 
bei Hanau, Germany). Then, the grits were milled into flour with a ZPS50 impact mill 
(Hosokawa-Alpine, Augsburg, Germany). The ZPS50 mill speed was 8000 rpm and 
the classifier wheel speed of the mill was 4000 rpm. During milling, the air flow was 
52 m3/h and the feed rate was ~500 g/h. The minimum batch size used was 900 g. 

The legume flours were separated into fine (protein-rich) and coarse (starch-rich) 
fractions by air classification with an ATP50 classifier (Hosokawa-Alpine, Augsburg, 
Germany). In this step, the air flow was fixed at 47 m3/h and the feed rate was set at 
~0.25 kg/h. Moreover, three classifier wheel speeds of 8000, 10000, and 12000 rpm were 
applied for the production of fine and coarse fractions from mung bean, yellow pea, 
and cowpea with varying compositions. The loss in overall dry matter content during 
air classification was 20, 14, and 10% for mung bean, 27, 13, and 43% for yellow pea 
and 14, 13, and 25% for cowpea at classifier wheel speeds of 8000, 10000, and 12000, 
respectively. 

2.2.3  Compositional analyses of  flour, fine fractions, and coarse 
fractions

The dry matter content of the flour, fine fraction, and coarse fraction was determined 
by drying around 1 gram of sample overnight in an oven (Binder GmbH, Tuttlingen, 
Germany) at 105 °C. 

The protein content of the flour, fine fraction, and coarse fraction was measured 
using a Rapid N Exceed Dumas (Elementar, Langenselbold, Germany) in duplicate. 
Moreover, the nitrogen conversion factors of mung bean, yellow pea, and cowpea flour 
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and fine fractions were determined based on their amino acid composition patterns 
(Table 2.1). These amino acid patterns were determined by a validated method based 
on ISO-13903:2005. In this method, samples were oxidized with performic acid to 
stabilize cysteine and methionine, before overnight hydrolysis in 6 mol/L hydrochloric 
acid. Subsequently, the samples were separated by anion-exchange chromatography 
and detected after post-column derivatization with ninhydrin by an L-8900 amino 
acid analyser (Hitachi, Tokyo, Japan). Norvaline served as an internal standard 
for quantification. Tryptophane was determined by a validated method based on 
ISO-13904:2005. With 5-methyltryptophane as an internal standard, samples were 
hydrolysed in a saturated barium hydroxide solution under nitrogen in an autoclave. 
Tryptophane and the internal standard were determined by reversed-phase HPLC with 
fluorescence detection. The nitrogen conversion factors were calculated by dividing 
the combined weight of all amino acid residues by the combined nitrogen content of 
all amino acid residues. Table 2.1 shows the nitrogen conversion factors used for mung 
bean, yellow pea, and cowpea ingredients which were 5.7, 5.5, and 5.7, respectively. 

The starch content of the flour, fine fraction, and coarse fraction was analysed with the 
Megazyme Starch Assay Kit (Megazyme International Ireland Ltd, Bray, Ireland). 

Dimensionless protein and starch contents were calculated by Eq. 2.1 for an increase 
and Eq. 2.2 for a decrease:

where ĉ is the dimensionless protein or starch content, c is the concentration of protein 
or starch in the fraction, cflour is the concentratin of protein or starch in the initial flour.

2.2.4  Particle size analysis

The particle size distribution of mung bean, yellow pea, and cowpea flour and fractions 
was determined with a Mastersizer 3000 (Malvern Instrument Ltd., Worcestershire, 
UK) equipped with a dry dispersion unit (Aero S, UK). A dispersion pressure of 4 bar was 
applied and the volume-weighted particle size distribution was estimated using laser 
diffraction (Mie theory). The particle size distribution of each sample was measured 5 
times and was expressed as D [4,3], also known as volume moment mean. 
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2.2.5  Scanning electron microscopy

The mung bean, yellow pea, and cowpea flour and fractions were visualized using a 
scanning electron microscope with secondary electron detection (JCM-7000 NeoScope, 
JEOL Ltd., Tokyo, Japan). Powder samples were sputter-coated with a gold layer. Next, 
the coated samples were placed into the microscope chamber for observation. The 
acceleration voltage was set at 10.0 kV and the magnification used was between 450x 
and 750x. 

2.2.6  Water holding capacity (WHC)

A high water holding capacity of an ingredient is often desirable in food applications. 
Water holding capacity of all flours and fractions was determined following the method 
described by Geerts, Dekkers, van der Padt, & van der Goot (2018). For all flours and 
fractions, a 2% (w/v) dispersion in demineralised water was agitated overnight in a 
centrifuge tube at ambient temperature. The dispersion was then centrifuged (Syrvall 
Lynx 4000, Thermo Scientific, Waltham, United States) at 10,000 rpm and 25 °C for 
30  min to separate the pellet and the supernatant. The pellets were weighed and 
subsequently dried overnight at 105 °C to measure the dry matter content. The water 
holding capacity was determined according to Eq. 2.3. All the measurements were 
performed in triplicate. 

where M is the weight of the pellets or samples.

2.2.7  Least gelation concentration (LGC)

A low gelation concentration of an ingredient can be beneficial from both an economic 
and sustainability point of view. Therefore, the least gelation concentration (LGC) of 
the flour and fractions was measured based on a method by Adebowale & Lawal (2003). 
Dispersions of 2 w/w% to 20 w/w% were made with demineralized water in 15 mL tubes. 
The dispersions were heated in a water bath (TW8, Julabo GmbH, Seelbach, Germany) 
at a temperature of 90 °C for 1 hour, rapidly cooled in a bath of cold water and further 
cooled in a fridge at 4 °C for 2 hours. The LGC was determined as the concentration 
when the sample from the inverted tube did not slip or fall. All the measurements were 
performed in triplicate. 

(Eq. 2.3)
wet pellet dry pellet

dry sample

g waterWHC 
g dry sample

M M
M
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TABLE 2.1 Amino acid compositions and nitrogen conversion factors of flour and fine fraction from mung bean, 
yellow pea, and cowpea. In this table, data is shown as the mean ± standard deviation. Moreover, in each row, 
means with different lower case letters indicate significant differences, where * indicates a significant difference 
of p<0.05, ** indicates a significant difference of p<0.01 and *** indicates a significant difference of p<0.001. AA: 
amino acid.

Amino acids Mung bean 

(mg AA/g protein)

Yellow pea 

(mg AA/g protein)

Cowpea 

(mg AA/g protein)

Mung bean 

(mg AA/g protein)

Yellow pea 

(mg AA/g protein)

Cowpea  
(mg AA/g protein)

Flour Flour Flour Fine fraction Fine fraction Fine fraction

Hydrophilic Arginine *** 65.54±0.28c 83.62±0.29a 64.20±0.31c 67.83±0.79b 83.77±0.63a 68.10±1.40b

Asparagine & Aspartic acid* 108.91±0.00a 107.04±0.29ab 103.85±0.00c 107.14±0.70ab 103.25±0.12c 105.34±2.62bc

Glutamine & Glutamic acid ** 165.93±0.56a 161.42±0.58ab 160.16±0.31b 162.31±0.71ab 151.56±0.00c 161.59±4.45ab

Histidine *** 24.75±0.28d 20.96±0.00f 26.73±0.00c 27.64±0.29b 21.92±0.06e 29.56±0.65a

Lysine *** 67.72±0.56b 70.67±0.00a 63.32±0.31c 64.01±0.67c 66.64±0.16b 62.69±1.34c

Serine *** 49.31±0.28c 46.23±0.29d 47.11±0.31d 52.36±0.07a 46.88±0.31d 50.88±0.88b

Threonine *** 32.08±0.00d 35.13±0.29b 35.71±0.31ab 31.58±0.05d 34.26±0.10c 36.38±0.54a

Tyrosine *** 29.90±0.28d 33.69±0.00a 31.11±0.00c 30.36±0.65cd 32.46±0.38b 32.37±0.47b

SUM* 544.14±1.12bc 558.82±1.74a 532.18±0.93c 543.22±0.22bc 540.74±1.70bc 546.92±12.35ab

Hydrophobic Alanine ** 40.59±0.28a 40.47±0.29a 39.88±0.00ab 39.32±0.00b 38.50±0.03c 39.73±0.59b

Cysteine *** 6.14±0.28c 12.33±0.00a 9.20±0.62b 6.27±0.05c 11.81±0.04a 9.04±0.06b

Glycine *** 33.86±0.28d 40.28±0.00a 35.93±0.00c 34.10±0.24d 38.35±0.17b 35.41±0.35c

Isoleucine ** 41.58±0.00a 40.88±0.29a 39.66±0.31b 39.99±0.16b 38.60±0.10c 39.79±0.73b

Leucine *** 74.85±0.00ab 69.65±0.29c 70.99±0.00c 76.08±0.38a 68.00±0.12d 73.91±1.45b

Methionine *** 11.68±0.28b 7.40±0.00d 11.39±0.00b 11.73±0.05b 7.89±0.05c 13.20±0.17a

Phenylalanine *** 57.03±0.00b 47.05±0.29e 52.14±0.00d 59.80±1.20a 46.19±0.13e 55.20±1.21c

Proline ** 39.40±0.28ab 38.42±0.29c 36.81±0.00d 40.01±0.22a 38.06±0.12c 38.60±0.69bc

Tryptophan *** 9.50±0.00c 8.63±0.00d 9.86±0.31ab 9.76±0.03bc 8.39±0.10d 10.13±0.01a

Valine *** 49.11±0.00a 44.17±0.29d 46.01±0.00c 47.85±0.14b 41.51±0.11e 45.97±0.72c

SUM*** 363.75±0.84a 349.26±1.74b 351.87±1.24b 364.90±2.31a 337.30±0.96c 361.00±5.97a

Ratio hydrophobic : 
hydrophilic***

0.67:1a 0.63:1c 0.66:1b 0.67:1a 0.62:1c 0.66:1b

Nitrogen conversion 
factor***

5.70±0.00a 5.54±0.00e 5.68±0.00c 5.68±0.00b 5.52±0.00f 5.67±0.00d
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TABLE 2.1 Amino acid compositions and nitrogen conversion factors of flour and fine fraction from mung bean, 
yellow pea, and cowpea. In this table, data is shown as the mean ± standard deviation. Moreover, in each row, 
means with different lower case letters indicate significant differences, where * indicates a significant difference 
of p<0.05, ** indicates a significant difference of p<0.01 and *** indicates a significant difference of p<0.001. AA: 
amino acid.

Amino acids Mung bean 

(mg AA/g protein)

Yellow pea 

(mg AA/g protein)

Cowpea 

(mg AA/g protein)

Mung bean 

(mg AA/g protein)

Yellow pea 

(mg AA/g protein)

Cowpea  
(mg AA/g protein)

Flour Flour Flour Fine fraction Fine fraction Fine fraction

Hydrophilic Arginine *** 65.54±0.28c 83.62±0.29a 64.20±0.31c 67.83±0.79b 83.77±0.63a 68.10±1.40b

Asparagine & Aspartic acid* 108.91±0.00a 107.04±0.29ab 103.85±0.00c 107.14±0.70ab 103.25±0.12c 105.34±2.62bc

Glutamine & Glutamic acid ** 165.93±0.56a 161.42±0.58ab 160.16±0.31b 162.31±0.71ab 151.56±0.00c 161.59±4.45ab

Histidine *** 24.75±0.28d 20.96±0.00f 26.73±0.00c 27.64±0.29b 21.92±0.06e 29.56±0.65a

Lysine *** 67.72±0.56b 70.67±0.00a 63.32±0.31c 64.01±0.67c 66.64±0.16b 62.69±1.34c

Serine *** 49.31±0.28c 46.23±0.29d 47.11±0.31d 52.36±0.07a 46.88±0.31d 50.88±0.88b

Threonine *** 32.08±0.00d 35.13±0.29b 35.71±0.31ab 31.58±0.05d 34.26±0.10c 36.38±0.54a

Tyrosine *** 29.90±0.28d 33.69±0.00a 31.11±0.00c 30.36±0.65cd 32.46±0.38b 32.37±0.47b

SUM* 544.14±1.12bc 558.82±1.74a 532.18±0.93c 543.22±0.22bc 540.74±1.70bc 546.92±12.35ab

Hydrophobic Alanine ** 40.59±0.28a 40.47±0.29a 39.88±0.00ab 39.32±0.00b 38.50±0.03c 39.73±0.59b

Cysteine *** 6.14±0.28c 12.33±0.00a 9.20±0.62b 6.27±0.05c 11.81±0.04a 9.04±0.06b

Glycine *** 33.86±0.28d 40.28±0.00a 35.93±0.00c 34.10±0.24d 38.35±0.17b 35.41±0.35c

Isoleucine ** 41.58±0.00a 40.88±0.29a 39.66±0.31b 39.99±0.16b 38.60±0.10c 39.79±0.73b

Leucine *** 74.85±0.00ab 69.65±0.29c 70.99±0.00c 76.08±0.38a 68.00±0.12d 73.91±1.45b

Methionine *** 11.68±0.28b 7.40±0.00d 11.39±0.00b 11.73±0.05b 7.89±0.05c 13.20±0.17a

Phenylalanine *** 57.03±0.00b 47.05±0.29e 52.14±0.00d 59.80±1.20a 46.19±0.13e 55.20±1.21c

Proline ** 39.40±0.28ab 38.42±0.29c 36.81±0.00d 40.01±0.22a 38.06±0.12c 38.60±0.69bc

Tryptophan *** 9.50±0.00c 8.63±0.00d 9.86±0.31ab 9.76±0.03bc 8.39±0.10d 10.13±0.01a

Valine *** 49.11±0.00a 44.17±0.29d 46.01±0.00c 47.85±0.14b 41.51±0.11e 45.97±0.72c

SUM*** 363.75±0.84a 349.26±1.74b 351.87±1.24b 364.90±2.31a 337.30±0.96c 361.00±5.97a

Ratio hydrophobic : 
hydrophilic***

0.67:1a 0.63:1c 0.66:1b 0.67:1a 0.62:1c 0.66:1b

Nitrogen conversion 
factor***

5.70±0.00a 5.54±0.00e 5.68±0.00c 5.68±0.00b 5.52±0.00f 5.67±0.00d
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2.2.8  Rheological properties 

The rheological properties of the dry fractionated materials were studied according to 
a method previously described by Kornet et al. (2021). The flour and fractions were 
dissolved in demineralised water at a concentration of 15 wt% and agitated with a 
magnetic stirrer at room temperature for 1 hour until all material was dissolved. The 
rheological properties of samples were measured with a MCR301 rheometer (Anton 
Paar, Graz, Austria) combined with a CC-17 concentric cylinder geometry. Two small 
angle oscillatory shear (SAOS) measurements were performed: a temperature sweep 
and a frequency sweep. A temperature sweep was performed by increasing the 
temperature from 20 to 95 °C at a rate of 3 °C/min. Subsequently, the samples were kept 
at 95 °C for 10 minutes and cooled back to 20 °C at a rate of 3 °C/min. Next, the formed 
gels were subjected to a frequency sweep from 0.01 to 10 Hz (at a strain of 1%). The 
storage modulus (G’) and loss modulus (G”) were recorded during both measurements. 
The individual G’ values reported in this study correspond to the last data point of the 
temperature sweep. The loss factor (tan δ) was calculated according to Eq. 2.4. 

Straight after the SAOS measurements, the analysis was continued with a large 
amplitude oscillatory shear (LAOS) measurement. A strain sweep from 0.1-1000% in 
80 logarithmic steps (at a frequency of 1 Hz) was performed while recording the G’ and 
G”. The end of the linear viscoelastic regime (LVE) was expressed as the critical strain 
(γc). The crossover strain (γG’=G”) was determined as the point where G’ and G” overlap. 
Rheological measurements were performed in triplicate. 

2.2.9  Statistical analysis

In this study, significant differences between measured values were determined by 
ANOVA analysis using a Duncan post hoc test (p≤0.05) in SPSS software (version 25). It 
is worth mentioning that all measurements were performed at least in triplicate unless 
stated otherwise. Then, the mean values and standard deviations (as a measure of 
error) were calculated and reported.

(Eq. 2.4)
'tan
"

G
G
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2.3  Results & discussion

2.3.1  Milling of  starch-containing legumes

During milling, the cotyledons of legumes are broken up into starch granules and 
protein particles. Figure 2.1 shows the scanning electron microscopy (SEM) images 
of mung bean, yellow pea, and cowpea flours obtained after milling. In this figure, 
the starch granules from mung bean, yellow pea, and cowpea can be recognized as 
elongated, round particles and are shown by the S letter in these SEM images. The 
smaller, asymmetrical particles are most probably protein and fibre particles (indicated 
as P/F in Figure 2.1). Larger clusters of combined starch granules and protein and/or fibre 
particles are visible as cellular material and are shown by CM letters in the SEM images. 
Previous research by Möller et al. (2021) showed similar results for milling of yellow pea 
and identified the small round particles adhering to the surface of the starch granules 
as protein bodies. In mung bean flour, the smaller protein and/or fibre particles seem 
to be more associated with the starch granules than for yellow pea and cowpea flour. 
SEM images of previous research by Zhu et al. (2020) also showed a strong association 
of protein/fibre particles to starch granules in mung bean flour. It is possible, therefore, 
that separation of protein and starch through air classification is harder for mung bean 
than for yellow pea and cowpea. The use of a higher milling speed can lead to a change 
in the degree of association between protein particles and starch granules. However, at 
increasingly high milling speeds, the starch granules can be damaged, hindering again 
size-based separation by air classification (Zhu et al., 2020). 

FIGURE 2.1 Scanning el
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milled at 4000 rpm. S: starch granule. CM: cellular material. P/F: protein and/or fibre particles. Scale bars 
always represent 50 µm.
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2.3.2  Air classification of  legume flours

After milling of mung bean, yellow pea, and cowpea into flours, the materials were air 
classified at three different classifier wheel speeds: 8000, 10000, and 12000 rpm. SEM 
images in Figure 2.2 show that all air classifier wheel speeds yield a good separation into 
a fine fraction (protein-rich) and a coarse fraction (starch-rich) for all tested materials. 
Small and irregularly shaped protein particles are visible in all fine fractions, while the 
coarse fractions mostly contain oval-formed starch granules. Furthermore, relatively 
fewer impurities are observed in the mung bean coarse fractions than in the yellow 
pea and cowpea coarse fractions (Figure 2.2). Perhaps, mechanical characteristics 
during milling lead to relatively more non-starch particles that have a similar size as 
starch granules in the yellow pea and cowpea coarse fractions. For all materials, the 
fine fraction at 8000 rpm shows some small starch granules, which become fewer when 
the classifier wheel speed is further increased. This implies that upon increasing the 
classifier wheel speed, the fine, protein-rich fraction is further enriched and the protein 
content increases. In fact, increasing the classifier wheel speed decreases the size of the 
particles that are selected to pass the classifier wheel. Theoretically, this implies that 
smaller particles, such as protein, can pass the classifier wheel, while larger particles, 
such as starch granules, cannot pass. The air classification process can be characterised 
by a cut point, which is the diameter of the particle that has an equal chance to end up 
either in the fine or the coarse fraction (Pelgrom et al., 2013). 
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FIGURE 2.2 Scanning Electron Microscope (SEM) images of fine fractions and co
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This result is complemented by the particle size distribution as measured with the 
Mastersizer (Figure 2.3). Figure 2.3 shows that upon increasing the classifier wheel 
speed, the D[4,3] of the fine fraction decreases significantly for all materials. Similar 
results were also reported by Pelgrom et al. (2013) for the average particle size of air 
classified yellow pea at increasing classifier wheel speeds. Interestingly, the D[4,3] of 
the flour is highly dependent on raw material, with cowpea showing a significantly 
higher D[4,3] than mung bean and yellow pea. This suggests that cowpea flour has 
larger particles on average than mung bean and yellow pea flour. The SEM images of 
cowpea flour (Figure 2.1C) and cowpea coarse fractions (Figure 2.2) do not contain 
larger particles than those of mung bean and yellow pea. 

FIGURE 2.3 D[4,3] of flour, fine fraction, and coarse fraction of mung be
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2.3.3  Composition of  flour, fine fraction, and coarse fraction

The protein content of mung bean, yellow pea, and cowpea flour significantly 
increased upon dry fractionation into fine fractions and significantly decreased upon 
dry fractionation into coarse fractions (Figure 2.4A). The protein content of the fine 
fractions of mung bean, yellow pea, and cowpea was dependent on the air classifier 
wheel speed, with a higher speed increasing their protein content. The differences 
were significant between 8000, 10000, and 12000 rpm for yellow pea and cowpea, while 
the difference was not significant between 10000 and 12000 for mung bean (p>0.05). 
Pelgrom et al. (2013) reported similar results about dry fractionation of yellow pea and 
they attributed these results to fewer particles passing the classifier wheel at higher 
speeds. 

FIGURE 2.4 A) Protein content of the flour, fine, and coarse fractions of mung be
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at various air classifier wheel speeds. B) Protein content of fine fraction and coarse fraction of mung bean, 
yellow pea, and cowpea at various air classifier speeds expressed as a dimensionless number: fine fraction is 
reported as an increase, while coarse fraction is reported as a decrease. Different letters represent significant 
differences (p≤0.001).

Figure 2.4 also shows that mung bean had the highest protein content in the flour 
and the fine fractions, whereas cowpea had the lowest protein content in the flour 
and the fine fractions. Therefore, the initial differences in protein content between the 
flour of the different materials are reflected in the protein content of the fine fractions 
(Figure 2.4A). A dimensionless protein content was calculated according to Eq. 2.1 and 
Eq. 2.2 and reported in Figure 2.4B. Reporting the protein content as a dimensionless 
value helps us to understand the effect of the composition of the raw material on the 
potential of dry fractionation. The maximum protein content of protein bodies was 
previously reported to be between 70 and 80% for legumes, indicating that a value 
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of 1 cannot be reached in practice (Plant & Moore, 1983; Tombs, 1967). Figure 2.4B 
shows significant differences between almost all fractions, indicating that the increase 
or decrease in protein content differs between material sources. This proves that there 
is more than solely the raw material composition that determines the final composition 
of the fractions after air classification. As the starch granule morphologies of mung 
bean, yellow pea, and cowpea were found to be similar in SEM images, different starch 
morphologies could not be used to explain the difference in protein content either 
(Figure 2.2). Previous research by Möller et al. (2021) showed that protein particles 
were still associated with starch granules after milling of yellow pea. The attachment 
or detachment of protein particles to starch granules could influence the separation 
ability in air classification. Mung bean, yellow pea, and cowpea probably have different 
associations between protein particles and starch granules, which might affect the final 
composition of the fractions after air classification. 

Now diving deeper into the proteins themselves, the amino acid compositions of the 
flours and fine fractions were analysed (Table 2.1). Here, the fine fractions have a 
different amino acid composition than the flours. Therefore, it becomes clear that dry 
fractionation changes the amino acid composition. However, the differences are subtle, 
to a level where they do not significantly affect the ratio of hydrophilic and hydrophobic 
amino acids for example. Differences between mung bean, yellow pea, and cowpea in 
the ratio of hydrophilic and hydrophobic amino acids are of importance to mention. 
Yellow pea had a lower ratio of hydrophobic:hydrophilic amino acid compared to mung 
bean and cowpea, which could change the functional properties, such as water holding 
capacity and gelation.

Next to the protein content, the starch content of the dry fractionated materials was 
measured (Figure 2.5A). Air classification of all three materials led to significant 
depletion of starch in the fine fraction and a significant enrichment of starch in the 
coarse fraction. Initial differences in starch content between materials in the flour were 
reflected in the fine fraction, and to a lesser extent in the coarse fraction. The starch 
content of cowpea is significantly higher than the starch content of mung bean and 
yellow pea in the flour, fine fraction, and coarse fraction. As starch granules are larger 
than protein particles, this result also explains the higher D[4,3] values for cowpea in 
comparison to the other raw materials (Figure 2.3). Figure 2.5A furthermore suggests the 
presence of starch granules in the cowpea fine fractions at all speeds. SEM images did 
not show additional (whole) starch granules in the cowpea fine fractions in comparison 
to the mung bean and yellow pea fine fractions. This suggests the presence of broken 
starch granules in the cowpea fine fraction. Broken starch granules in the initial flour 
make separation by air classification harder, as previously reported by (Zhu et al., 2020). 
Figure 2.5B shows that, similar to protein content, starch content of the fine and coarse 
fraction is dependent on more than solely flour composition. The high starch content 
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in cowpea fractions could not be related to the fact that cowpeas were whole, whereas 
mung bean and yellow pea were dehulled. Previous research by (Saldanha do Carmo 
et al., 2020) showed that dehulling had no significant impact on protein-enrichment 
and functional properties, but did increase the starch-enrichment in coarse fractions. 
The starch-enrichment in the coarse fractions of cowpea in this study was not related 
to dehulling, as the cowpeas were whole.

FIGURE 2.5 A) Starch content of the flour, fine fraction, and, coarse fraction of 
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Furthermore, it is noticeable that the protein content in both the fine and the coarse 
fraction increases upon increasing the air classifier wheel speed, whereas the opposite is 
true for the coarse fraction. Pelgrom et al. (2013) also observed this trend and attributed 
it to the fact that fewer particles pass the classifier wheel into the fine fraction, and 
thus, more protein particles end up in the coarse fraction. Therefore, the overall protein 
content in the coarse fraction increases, which consequently leads to a decrease in 
overall starch content. 

As the protein content increases upon increasing classifier wheel speed, the protein 
yield is known to decrease (Pelgrom et al., 2013; Xing et al., 2020). The theoretical 
protein yield in the fine fraction decreases from 0.66 to 0.62 to 0.59 g/g for mung bean 
air classified at 8000, 10000, and 12000 rpm, respectively. For yellow pea (0.63, 0.56, 
0.47 g/g) and cowpea (0.55, 0.46, 0.44 g/g), lower protein yields of the fine fraction were 
found when increasing the air classifier wheel speed from 8000 to 10000 to 12000 rpm, 
respectively. A balance between protein content and protein yield is important for 
future application of dry fractionation in industry, as well as for environmental reasons. 
Figure 2.4A shows that the protein contents of the mung bean fine fractions produced 
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at 10000 and 12000 rpm are similar and there is not a significant difference (p>0.05) 
between them. Because of this, combined with the decreasing yield, we chose to 
continue with the fine and coarse fractions produced at an air classifier wheel speed of 
10000 rpm for all materials. 

2.3.4  Functional properties of  fine and coarse fractions

The functionality of the flours, fine fractions, and coarse fractions of all materials was 
evaluated based on their water holding capacity (WHC) and least gelation concentration 
(LGC). Figure 2.6 shows that WHC depends on the material as well as the type of 
fraction. The fine fractions produced from mung bean, yellow pea, and cowpea had a 
higher WHC (2.14 ± 0.13 , 1.53 ± 0.05 and 2.06 ± 0.04 g/g, respectively) in comparison 
to literature values reported for faba bean concentrate and pea fine fractions (1.25 and 
0.97 g/g, respectively) (Bühler et al., 2020; Saldanha do Carmo et al., 2020). 

FIGURE 2.6 Water holding capacity (g/g) in relation to protein conte

10 20 30 40 50 60
1.2

1.4

1.6

1.8

2.0

2.2

2.4

W
at

er
ho

ld
in

g
ca

pa
ci

ty
(g

/g
)

Protein content (g/100 g dry matter)

Mung bean Flour
Yellow pea Coarse fraction
Cowpea Fine fraction Aa

Dbc

Id

R2=0.994

R2=0.7484

R2=0.9683

BdEcd

Hb

Ca

FbGb

nt (g/100 g dry matter) for flour 
(square), fine fraction (circle) and coarse fraction (triangle) of mung bean, yellow pea, and cowpea. Capital 
letters indicate significant differences in protein content (p≤0.001), small letters indicate significant 
differences in water holding capacity (p≤0.001).

For mung bean and cowpea, the WHC of the flour and fractions increased with 
increasing protein content, showing positive linear correlations of 0.9940 and 0.9683, 
respectively. This result suggests that protein might be the dominant component 
that binds water in mung bean and cowpea. Contradictory, yellow pea flour and 
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fractions decreased in WHC with increasing protein content, with a negative linear 
correlation of 0.7484. Saldanha do Carmo et al. (2020) also reported that WHC of the 
coarse fraction from yellow pea and faba bean is richer than that of the fine fraction. 
The WHC results of this study show that at least for mung bean and cowpea, starch 
does not play a large role in water holding. This was expected because native starch 
granules are considered hard particles with limited water absorption ability (BeMiller 
& Whistler, 2009). The observation that the mung bean and cowpea fine fraction have a 
higher WHC than the yellow pea fine fraction may be accounted for by their difference 
in the number of hydrophobic amino acids (Table 2.1). The yellow pea fine fraction 
has a significantly lower amount of hydrophobic amino acids compared to the fine 
fractions from mung bean and cowpea (Table 2.1). However, other factors, like amongst 
others conformation of proteins, could also play a role (Ahmed, Al-Ruwaih, Mulla, & 
Rahman, 2018; Keivaninahr, Gadkari, Zoroufchi Benis, Tulbek, & Ghosh, 2021; Paredes-
Lopez, Ordorica-Falomir, & Olivarez-Vazquez, 1991; Zayas, 1997). Previous research 
by (Saldanha do Carmo et al., 2020) showed that WHC of coarse fractions from peas 
and faba beans slightly improved when whole instead of dehulled materials were used. 
They attributed this difference due to a higher fibre content in the whole materials. As 
cowpeas were whole instead of dehulled, an increased WHC of the coarse fraction is 
expected.

Similar to WHC, LGC was dependent on both the material as well as the type of fraction 
(Figure 2.7). A lower LGC is equivalent to less material (in %) necessary to form a gel 
and this could thus be advantageous from a sustainability as well as cost point of view. 
Figure 2.7 shows that mung bean has the lowest LGC for the flour, fine fraction, and 
coarse fraction. 

FIGURE 2.7 Least gelation concentration (%) of mung bean, yellow 
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Brishti et al. (2017) previously also showed superiority of LGC of mung bean protein 
isolate over soy protein isolate. The flour of each material has an identical LGC to 
the coarse fraction of that corresponding material. Furthermore, Figure 2.7 clearly 
shows that the fine fraction has a lower LGC in comparison to the flour and the coarse 
fraction. Given the higher protein content in the fine fraction, it can be hypothesized 
that protein is superior in gel formation in comparison to other components such as 
starch. Previous research by Chinma, Ariahu, & Abu (2013) showed that a combination 
of protein and starch led to a lower LGC than starch alone. They suggested that the 
composition, as well as the interaction between the components, influenced the gelling 
properties.

2.3.5  Gelation behaviour

The gelation behaviour of the flour, fine fraction, and coarse fraction of all materials 
was studied during and after thermal treatment using rheology. Figure 2.8 shows an 
abrupt increase in the G’ and G” of the flour and coarse fractions around 70 °C and the 
fine fractions at around a range of 75-95 °C. The steep increase in G’ and G” observed 
in the flour and the coarse fraction of all materials is expected to emerge from water 
absorption and swelling of the starch granules, as the flour and coarse fraction are high 
in starch. Similar conclusions were reported by (Kornet et al., 2021). Onset gelatinization 
temperature of legume starches is on average between 58 and 72 °C (Hoover, Li, Hynes, 
& Senanayake, 1997; Huang et al., 2007; Ratnayake, Hoover, & Warkentin, 2002; Singh, 
Nakaura, Inouchi, & Nishinari, 2008). 

The increase in G’ and G” observed in the fine fraction is most likely caused by 
protein denaturation, since protein is the major constituent in the fine fractions. 
This is supported by previous studies on the denaturation temperature of mung bean 
globulins and pea globulins and the transition temperature of cowpea flour that all 
fall within the range of 78 – 83 °C (Henshaw, Mcwatters, Akingbala, & Chinnan, 2003; 
Mession, Sok, Assifaoui, & Saurel, 2013; Tang & Sun, 2010). Table 2.2 shows that the 
final G’ values of the fine fraction of mung bean, yellow pea, and cowpea after thermal 
treatment (12248 ± 1138, 3988 ± 547, and 9729 ± 1419 Pa, respectively) are found to be 
significantly higher than the G’ values of pea protein concentrate produced by aqueous 
fractionation (G’=1174 ± 185 Pa) (Kornet et al., 2021). This shows the rich functionality of 
protein-rich fractions produced by dry fractionation in comparison to more traditional 
methods of fractionation such as aqueous fractionation. The G’ values of the fine 
fractions of mung bean, yellow pea, and cowpea are significantly higher than the flour 
and coarse fractions. This is in line with previous research by Aguilera & Rojas (1996) 
who found that gels containing higher levels of protein developed a higher G’ than gels 
containing higher levels of starch. Even though the composition of the fine fractions 
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from mung bean, yellow pea, and cowpea is relatively similar, the G’ values after thermal 
treatment differ greatly. This implies that gelation behaviour is not only related to the 
composition of the material, but also to protein characteristics, amongst others amino 
acid composition (Table 2.1) (Paredes-Lopez et al., 1991; Zayas, 1997). Proteins that 
contain more hydrophobic amino acids, for example, tend to establish a stronger gel 
network (Zayas, 1997). This might suggest that the materials with a higher G’ value 
after thermal treatment, such as the mung bean fine fraction, fit applications where 
a strong gel network is preferred, such as meat analogues or gelled dairy alternatives 
(Kyriakopoulou, Keppler, van der Goot, & Boom, 2021). Materials with a lower G’ value 
after thermal treatment, such as the yellow pea fine fraction, might be more suitable for 
applications where gel network formation is less important, such as plant-based milks 
(Kyriakopoulou et al., 2021). 

FIGURE 2.8 Temperature sweeps (20-95 °C, f = 1 Hz, γ̇ = 1%) of mung bean, ye
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TABLE 2.2 Average storage modulus (G’), loss factors (tan δ), critical strains (γc) and crossover strains (γG’=G”) of the 
gelled flour, fine fraction and coarse fractions from mung bean, yellow pea, and cowpea. The storage modulus 
and loss factor correspond with the values of the last data point from the temperature sweeps and the critical and 
crossover strains are determined from the strain sweeps. Different letters represent significant differences within 
rows (p≤0.001).

Rheological parameters
Mung bean Yellow pea Cowpea

Flour Fine fraction Coarse fraction Flour Fine fraction Coarse fraction Flour Fine fraction Coarse fraction

G’ (Pa) 727 ± 292e 12248 ± 1138a 467 ± 243e 338 ± 24e 3988 ± 547c 277 ± 95e 2386 ± 865d 9729 ± 1419b 901 ± 204e

Tan δ 0.10 ± 0.01c 0.17 ± 0.00a 0.08 ± 0.00c 0.14 ± 0.01b 0.17 ± 0.00a 0.10 ± 0.03c 0.13 ± 0.01b 0.15 ± 0.00ab 0.13 ± 0.00b

γc (%) 3.65 ± 0.85bcd 3.16 ± 0.00cd 7.87 ± 1.84a 4.87 ± 1.84bc 2.15 ± 0.00d 5.36 ± 1.25b 3.16 ± 0.00cd 2.15 ± 0.00d 2.82 ± 0.58d

γG’=G” (%) 215 ± 0bcd 215 ± 0bcd 332 ± 126bc 248 ± 58bcd 192 ± 39cd 316 ± 0bc 365 ± 85ab 100 ± 0d 487 ± 184a

After thermal treatment, the flour, fine fraction, and coarse fraction from mung bean, 
yellow pea, and cowpea display solid-like behaviour, as it was found that G’>G”. The 
ratio between G’ and G”, also called the loss factor tan δ, indicates the strength of the 
solid. As previously described by (Steffe, 1992), tan δ < 1 indicates a material that is a 
solid, where a strong solid is considered when tan δ << 1. As the tan δ values of the flour 
and coarse fractions are smaller than the tan δ value of the fine fraction, we can say that 
the flour and coarse fractions form more solid-like gels than the fine fractions for mung 
bean, yellow pea, and cowpea (Table 2.2). 

Differences between material sources are also visible (Figure 2.8 and Table 2.2). The 
fine fraction of mung bean has a significantly higher G’ value than those of yellow 
pea and cowpea. This might be related to the protein content of mung bean which 
is also significantly higher in comparison to yellow pea and cowpea (Figure 2.4). This 
explanation does not hold for the G’ difference between the fine fraction of yellow 
pea and cowpea, where cowpea has a significantly higher G’ value than yellow pea 
even though its protein content is significantly lower (Figure 2.4). Therefore, protein 
characteristics, such as degree of hydrophobicity, could play a role. The ratio of 
hydrophobic:hydrophilic amino acids is lower for the yellow pea fine fraction than for 
the cowpea fine fraction for example (Table 2.1). During heating, proteins denature and 
hydrophobic patches are exposed, which on its turn improves the gel network structure 
formation and G’ values (Lamsal, Jung, & Johnson, 2007; Malik & Saini, 2017; Zayas, 
1997). 

After thermal treatment, the linear viscoelastic regime (LVR) was studied by a strain 
sweep at constant frequency and constant temperature (Figure 2.9). Within the LVR, 
G’ was always higher than G”, indicating solid-like behaviour. The end of the linear 
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TABLE 2.2 Average storage modulus (G’), loss factors (tan δ), critical strains (γc) and crossover strains (γG’=G”) of the 
gelled flour, fine fraction and coarse fractions from mung bean, yellow pea, and cowpea. The storage modulus 
and loss factor correspond with the values of the last data point from the temperature sweeps and the critical and 
crossover strains are determined from the strain sweeps. Different letters represent significant differences within 
rows (p≤0.001).

Rheological parameters
Mung bean Yellow pea Cowpea

Flour Fine fraction Coarse fraction Flour Fine fraction Coarse fraction Flour Fine fraction Coarse fraction

G’ (Pa) 727 ± 292e 12248 ± 1138a 467 ± 243e 338 ± 24e 3988 ± 547c 277 ± 95e 2386 ± 865d 9729 ± 1419b 901 ± 204e

Tan δ 0.10 ± 0.01c 0.17 ± 0.00a 0.08 ± 0.00c 0.14 ± 0.01b 0.17 ± 0.00a 0.10 ± 0.03c 0.13 ± 0.01b 0.15 ± 0.00ab 0.13 ± 0.00b

γc (%) 3.65 ± 0.85bcd 3.16 ± 0.00cd 7.87 ± 1.84a 4.87 ± 1.84bc 2.15 ± 0.00d 5.36 ± 1.25b 3.16 ± 0.00cd 2.15 ± 0.00d 2.82 ± 0.58d

γG’=G” (%) 215 ± 0bcd 215 ± 0bcd 332 ± 126bc 248 ± 58bcd 192 ± 39cd 316 ± 0bc 365 ± 85ab 100 ± 0d 487 ± 184a

After thermal treatment, the flour, fine fraction, and coarse fraction from mung bean, 
yellow pea, and cowpea display solid-like behaviour, as it was found that G’>G”. The 
ratio between G’ and G”, also called the loss factor tan δ, indicates the strength of the 
solid. As previously described by (Steffe, 1992), tan δ < 1 indicates a material that is a 
solid, where a strong solid is considered when tan δ << 1. As the tan δ values of the flour 
and coarse fractions are smaller than the tan δ value of the fine fraction, we can say that 
the flour and coarse fractions form more solid-like gels than the fine fractions for mung 
bean, yellow pea, and cowpea (Table 2.2). 

Differences between material sources are also visible (Figure 2.8 and Table 2.2). The 
fine fraction of mung bean has a significantly higher G’ value than those of yellow 
pea and cowpea. This might be related to the protein content of mung bean which 
is also significantly higher in comparison to yellow pea and cowpea (Figure 2.4). This 
explanation does not hold for the G’ difference between the fine fraction of yellow 
pea and cowpea, where cowpea has a significantly higher G’ value than yellow pea 
even though its protein content is significantly lower (Figure 2.4). Therefore, protein 
characteristics, such as degree of hydrophobicity, could play a role. The ratio of 
hydrophobic:hydrophilic amino acids is lower for the yellow pea fine fraction than for 
the cowpea fine fraction for example (Table 2.1). During heating, proteins denature and 
hydrophobic patches are exposed, which on its turn improves the gel network structure 
formation and G’ values (Lamsal, Jung, & Johnson, 2007; Malik & Saini, 2017; Zayas, 
1997). 

After thermal treatment, the linear viscoelastic regime (LVR) was studied by a strain 
sweep at constant frequency and constant temperature (Figure 2.9). Within the LVR, 
G’ was always higher than G”, indicating solid-like behaviour. The end of the linear 

viscoelastic regime was defined as the strain at the first data point that deviated 5% 
or more from the linear part, or γc. After the critical strain, the material becomes 
progressively more fluid-like, disrupting the initial structured network. A longer LVR, 
and, therefore, a higher critical strain (γc), indicates a network that is better able to 
withstand deformation. Overall, the fine fraction of each source had a shorter LVR than 
the flour and the coarse fraction (Table 2.2). Thus, starch-rich materials form a network 
that is better able to withstand deformation in comparison to protein-rich materials. 
The mung bean coarse fraction had the longest LVR with a critical strain value of 7.87%. 

Figure 2.9 shows that the G’ and G” in the linear part of the fine fractions in the strain 
sweeps were around one magnitude higher than the G’ and G” in the linear part of 
the flour and coarse fractions for mung bean, yellow pea, and cowpea. Furthermore, 
all fractions from all materials showed a crossover point from solid-like behaviour to 
liquid-like behaviour during the strain sweep, also expressed as γG’=G” (Figure 2.9, Table 
2.2). Coarse fractions showed crossover points at higher strain levels in comparison to 
the flours and fine fractions (Table 2.2). One could interpret this as the flour and fine 
fractions starting to flow at smaller deformations in comparison to the coarse fractions.
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FIGURE 2.9 Strain sweeps (20 °C, f = 1 Hz) of mung bean (green), yellow p
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2.4  Conclusion

Fine (protein-rich) fractions and coarse (starch-rich) fractions were produced by air 
classification from mung bean, yellow pea, and cowpea flours. Air classifier wheel 
speed could be used to tailor the composition of the fine and coarse fractions. Mung 
bean yielded fine fractions with significantly higher protein contents than yellow 
pea and cowpea. Water holding capacity correlated positively with protein content 
for mung bean and cowpea, whereas it correlated negatively with protein content for 
yellow pea. As the composition of the material sources is more or less comparable, this 
result suggests that the difference might be related to protein characteristics. The fine 
fractions of each source formed gels with the highest G’ value after thermal treatment, 
whereas the flour and coarse fractions formed more solid-like gels that were able to 
withstand larger deformations (<tan δ and >critical strain). To conclude, differences in 
functionality between flours, fine fractions, and coarse fractions are most likely related 
to differences in composition. Functional differences between fine fractions from mung 
bean, yellow pea, and cowpea can be explained by differences in protein characteristics 
rather than protein content. Dry fractionation of mung bean, yellow pea, and cowpea 
was shown to be a successful method to obtain protein-rich ingredients with functional 
properties that match those necessary for incorporation in plant-based food products.
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 Abstract

Pea protein isolate (PPI) and mung bean protein isolate (MBPI) are rising alternatives 
for soy protein isolate in producing meat analogues. Transforming these isolates into 
full products is challenging due to their differences in functional properties compared 
with soy. Here, we report on the use of transglutaminase to improve the mechanical 
and rheological properties of dense MBPI and PPI dispersions. Gels from PPI and MBPI 
(40 wt.% dry matter) were produced with 0, 0.1, 0.3, 0.5, and 0.7 wt.% transglutaminase 
and incubation temperatures of 30, 40, 50, and 60 °C. Their mechanical and rheological 
properties were determined by tensile and closed cavity rheometer tests. The degree 
of crosslinking was determined by the OPA assay. Transglutaminase significantly 
increased fracture stress and strain of PPI gels, and to a lesser extent those of MBPI 
gels. The amount of free amino groups confirmed that this increase in PPI was due to 
formation of additional crosslinks. Amplitude sweeps identified that the rheological 
properties of PPI gels and MBPI gels were affected by the addition of transglutaminase, 
but in an opposite manner. Stress relaxation experiments showed that transglutaminase 
increased the elasticity of PPI gels and formed mainly small aggregates in MBPI gels. This 
work showed that the fibrous structure diminished when >0.1 wt.% transglutaminase 
was added to PPI / MBPI - wheat gluten blends. To conclude, transglutaminase can 
be used to create intermolecular crosslinks in PPI gels, creating a full network, while 
mostly intramolecular crosslinks are formed in MBPI gels, leading to a cluster structure. 
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3.1  Introduction

Plant-based meat analogues that aim to mimic whole cut meats need to have a fibrous 
texture to meet consumers’ demands. Such texture is achieved by using plant proteins 
with good gel properties combined with a structuring method, such as extrusion or 
shear cell technology. Soy protein and wheat gluten are well-known protein ingredients 
for the production of meat analogues due to their favourable gelation properties and 
their ability to form fibres (Schreuders et al., 2019). Recently, other plant proteins, 
such as mung bean protein and yellow pea protein, have been shown to be promising 
alternatives to soy. Pea protein is less allergenic, high in nutritional value, and cultivated 
in moderate climates (Lam, Paulsen, & Corredig, 2008). Mung beans are considered 
more sustainable and inexpensive to cultivate in comparison to soy (Brishti et al., 2017). 
However, mung bean and pea have less optimal gelling properties to produce meat 
analogues than soy (Bildstein, Lohmann, Hennigs, Krause, & Hilz, 2008; Brishti et al., 
2021).

To improve the gelling properties, transglutaminase can be used. Transglutaminase 
catalyses inter- and/or intra- molecular ε(γ-glutamyl)-lysine crosslinking between 
glutamine and lysine residues. The crosslinking forms high molecular weight proteins 
that can modify functional properties such as viscosity, gelation, solubility, and water 
holding capacity (Gharst, Clare, Davis, & Sanders, 2007). Several studies have proven 
that transglutaminase can increase gelation of different plant proteins, such as soy, pea, 
and Bambara groundnut protein (Forghani, Eskandari, Aminlari, & Shekarforoush, 
2017; Ruzengwe, Amonsou, & Kudanga, 2020; Schäfer, Zacherl, Engel, Neidhart, & 
Carle, 2007; Shand, Ya, Pietrasik, & Wanasundara, 2008; Sun & Arntfield, 2011), thereby 
affecting the techno-functional properties of these protein isolate gels (Moreno et al., 
2020). However, an extensive exploration is missing of the mechanical and rheological 
properties of transglutaminase treated dense plant protein gels. Additionally, the effect 
of transglutaminase on mung bean protein has not been reported at all. 

Other than gelling properties, the use of transglutaminase is also described as a route to 
improve fibrousness of extruded plant protein by crosslinking and affecting the speed 
of structure formation. Zhang et al. (2021) showed that increasing the concentration 
of transglutaminase (0 – 0.2 wt.%, dry basis ratio) improved the orientation of fibre 
formation as well as the tensile properties of high moisture extruded peanut protein. 
Excessive addition of transglutaminase (>0.3 wt.%, dry basis ratio), however, negatively 
influenced the protein rearrangement and fibrous structure (Zhang et al., 2021). It has 
to be noted that structure formation in high moisture extrusion cooking is different 
from structure formation in the high temperature shear cell (Cornet et al., 2022). The 
effect of transglutaminase on fibrousness and structure of meat analogues produced in 
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the high temperature shear cell has not been investigated before. 

This study explores the effect of transglutaminase treatment on mechanical and 
rheological properties and fibrousness of gelled and sheared dense plant protein gels. 
Fibrous structures were formed with the shear cell. We hypothesize that an increasing 
concentration of transglutaminase improves the mechanical and rheological 
properties of pea protein isolate gels and mung bean protein isolate gels. Furthermore, 
based on the study of Zhang et al. (2021), we predict that fibrousness will increase 
at low transglutaminase concentrations, and decrease at higher transglutaminase 
concentrations. 
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3.2  Materials & Methods

3.2.1  Materials

Pea protein isolate (PPI) (NUTRALYS ® F85M) and vital wheat gluten (WG) (VITENS ® 
CWS) were obtained from Roquette Frères S.A. (St. Louis, Missouri, USA). Mung bean 
protein isolate (MBPI) (UNIMUNG M70) was obtained from Barentz (Hoofddorp, the 
Netherlands). The protein contents of PPI, MBPI, and WG, as measured with Dumas, 
were 74.5 wt.% (N x 5.4), 68.9 wt.% (N x 5.7), and 75.2 wt.% (N x 5.6) on a dry basis, 
respectively. PPI, MBPI, and WG had an average dry matter content of 92.6 wt.%, 
94.3 wt.%, and 92.6 wt.%, respectively. The suppliers reported maximum fat contents 
of 9 wt.% and 6 wt.% and maximum ash contents of 4 wt.% and 7 wt.% for PPI and 
MBPI, respectively. The amino acid compositions of PPI and MBPI are reported in 
Table 3.1, where glutamine and lysine are highlighted because these amino acids are 
required to allow the crosslinking reaction of transglutaminase. Transglutaminase 
(ACTIVA wm) was obtained from Ajinomoto Co. (Ajinomoto, Tokyo, Japan). The 
composition of the enzyme preparation is 1% transglutaminase (activity of 100 U/g) 
and 99% maltodextrin. We use the term transglutaminase in this study to refer to 
the enzyme preparation that includes both transglutaminase and maltodextrin. 
O-Phtaladiadehyde, 2-Mercaptoethanol, sodium dodecyl sulphate, and L-lysine were 
obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands). 

TABLE 3.1 Amino acid composition of PPI and MBPI.

Amino acids PPI

(mg AA/g protein)

MBPI

(mg AA/g protein)

Alanine 43.7 42.5

Arginine 90.1 72.8

Asparagine + Aspartic acid 116.9 122.4

Cysteine 9.9 3.9

Glutamine + Glutamic acid 183.1 181.3

Glycine 40.8 35.8

Histidine 21.1 24.6

Isoleucine 49.3 48.4

Leucine 83.1 88.1

Lysine 73.2 70.3

Methionine 9.9 12.3

Phenylalanine 54.9 68.4

Proline 40.8 44.1
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Amino acids PPI

(mg AA/g protein)

MBPI

(mg AA/g protein)

Serine 49.3 55.3

Threonine 36.6 31.4

Tryptophan 9.9 8.6

Tyrosine 33.8 33.1

Valine 53.5 56.9

3.2.2  Preparation of  pea protein isolate and mung bean protein iso-
late dispersions

Transglutaminase (TGase) at enzyme concentrations of 0, 0.1, 0.3, 0.5, and 0.7 wt.% 
(of the total weight) was dissolved in demi water. Protein isolate (pea protein isolate 
or mung bean protein isolate) was added to obtain an overall dry matter content of 
40 wt.%. The dispersion was mixed with a spatula. The effect of TGase on fibrousness 
was studied with a second set of dispersions, where protein isolates were blended with 
wheat gluten (WG) simultaneously in a 1:1 ratio to the final dry matter content of 40%. 
Both sets of dispersions were incubated for 30 minutes in the high temperature shear 
cell (HTSC) to allow crosslinking by TGase at 30, 40, 50, or 60 °C. After incubation, the 
temperature in the HTSC, with the sample inside, was further heated to 120 °C within 
5 minutes.

3.2.3  Gelation and shearing of  protein dispersions

The dispersions described in section 3.2.2 were further processed into gels and sheared 
gels in the HTSC (Grabowska et al., 2016). Both gels and sheared gels received a heat 
treatment. The protein dispersions were heated in the pre-heated HTSC at 120 °C and 
at a shear rate of 0 s-1 (for gels) or at a shear rate of 39 s-1 (for sheared gels) (controlled 
by a Haake Polylab QC drive, Germany) for 15 min. Next, the HTSC was cooled down 
to 25 °C in 5 min. The final products were transferred to sealed plastic bags to prevent 
moisture loss. 

3.2.4  Determination of  the amount of  free amino groups

The degree of crosslinking of gels and sheared samples was determined as a reduction 
in the amount of free amino groups. This amount was determined by a modified 
O-Phtladiadehyde (OPA) assay (Goodno, Swaisgood, & Catignani, 1981; Schäfer et al., 
2007). The OPA reagent was prepared by diluting 80 mg OPA (dissolved in 2 mL 96% 
ethanol), 50 mL sodium tetraborate buffer solution (0.1 M, pH 9.5), 50 mL 20% sodium 
dodecyl sulphate (SDS) and 0.2 mL of 2-mercaptoethanol to 100 mL with MilliQ. The 
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OPA reagent was stored in a glass bottle wrapped in aluminium foil until use. 

Gelled and sheared samples were freeze-dried using an Epsilon 2-6D LSCplus freeze 
dryer (Martin Christ GmbH, Osterode am Harz, Germany). The lyophilized samples 
were diluted to a concentration of 10 mg sample in one mL phosphate buffer (0.1 M, 
pH  8) including 2 w/v% SDS reagent. Proteins were hydrolyzed during a 1-hour 
incubation step, followed by centrifugation at 4000 x g for 10 min (Sorvall Legend 
XFR, Thermo Scientific, Massachusetts, United States). After centrifugation, 50 μL 
of the supernatant was added to 2 mL of OPA reagent and vortexed. After two min 
of incubation at room temperature, the absorbance of the mixture was measured at 
340 nm with a spectrophotometer (Hach DR6000 UV/VIS, Colorado, United States) 
against a blank of phosphate buffer with OPA reagent. A calibration curve was 
made with L-lysine standards of 0, 0.2, 0.4, 0.8, 1.6, 3.2, 4.8, and 6 mM, where 6 mM 
corresponded to 3.0 ×10-8 moles of free NH2 groups. Based on the calibration curve, the 
contents of free amino groups were expressed as moles of lysine-NH2 and the moles of 
free amino groups were calculated. Duplicates were made and the absorbance of each 
solution was measured three times. 

3.2.5  Amplitude sweeps

Amplitude sweeps were performed at elevated temperature with a closed cavity 
rheometer (CCR) (RPA elite, TA instruments, New Castle, Delaware, USA). The 
samples were prepared by mixing the ingredients in ratios as previously described 
in section 3.2.2 and incubating the material for 30 minutes at 50 °C in a water bath. 
Next, the samples were placed between two plastic films in the CCR cavity that was 
sealed to allow a pressure up to 4.5 bar. The amplitude sweep consisted of two steps. 
First, the sample was heated at 120 °C for 2 minutes without shear treatment. Second, 
amplitude sweeps were performed at a constant frequency of 1 Hz and a temperature 
of 120 °C. The linear viscoelastic regime (LVR) was calculated for all curves and was 
defined as the maximum strain before a 5% G’ deviation from linear. The G’ and G” 
values corresponding to the maximum strain before a 5% G’ deviation were recorded. 
The crossover point was determined as the first measured strain value after . The loss 
factor, tanδ, was calculated by dividing the G” value at the last point within the LVR 
over the G’ value at the last point within the LVR. To study the transition behaviour 
from the LVR to the crossover point, the flow transition index was calculated with Eq 
3.1. strain at crossover pointFlow transition index = 

strain at the end of LVR
(Eq. 3.1)
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3.2.6  Stress relaxation tests

Stress relaxation tests were used to investigate the rheological properties of the 
materials. The stress relaxation tests were performed with a closed cavity rheometer 
(CCR) (RPA elite, TA instruments, New Castle, Delaware, USA) in two steps. In the first 
step, the material was heated at 120 °C and deformed at 0.98% strain and 1 Hz for 1 min 
and cooled to 30 °C afterward. In the second step, a pre-step strain of 0.1% was applied 
for 15 s, after which a step strain of 80% was maintained for 105 s. The stress exerted by 
the material was recorded during the second step. Stress relaxation curves were fitted 
with a multi-mode standard solid model, which in terms of spring-dashpot models 
consists of three Maxwell elements (k=3) and a single spring in parallel (Eq 3.2). The 
model is described with the following equation:

where σ(t) is the stress at time (t), γ0 is the step-strain, Gk and λk are the spring coefficient 
and relaxation time of the kth Maxwell mode, and γ0G∞ is the residual elasticity (Marques 
& Creus, 2012). The relaxation time is defined as λk=hk/Gk, where hk is the viscosity of 
the dashpot of the kth mode. A viscosity-weighted average relaxation time (λ) was 
calculated from the λk of the 3 elements (Eq 3.3):

3.2.7  Tensile strength analysis

Tensile strength of the gelled and sheared HTSC products was analysed using a Texture 
Analyser (TA.XTPlusC, Stable Micro Systems, Surrey, United Kingdom) equipped 
with a 5 kg load cell (Schreuders et al. 2019). Specimens were cut from the gelled and 
sheared products in parallel and perpendicular directions to the shear direction with a 
dog-bone-shaped mould (Figure 3.1). The dimensions (thickness and width) of the cut 
specimens were measured and accounted for when determining tensile strength. The 
ends of the specimens were placed into the tensile grips with a gap width of 15.5 mm. 
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FIGURE 3.1 Illustration of the dog-bone-shaped mould used for tensile strength analysis and its dimensions.

A uni-axial tensile test was performed at room temperature with a displacement rate of 
1 mm/s. The force required to keep this displacement rate was recorded by Exponent 
Connect software (Stable Micro Systems, Surrey, United Kingdom). The true stress (σ 
[Pa]) and strain (ε [-]) were defined as:

where h0 is defined as the gap width (15.5 mm), h(t) is defined as the length at time t, 
A(t) is defined as the cross-sectional area A of the specimen at time t, A0 is the initial 
cross-sectional area of the specimen calculated by multiplying the thickness and width 
of the specimen and F(t) is the force per unit of area A(t). Here, we assume that the 
specimen’s volume did not change during measurement (i.e. that the material’s Poisson 
ratio is equal to 0.5). The fracture point was defined as the point following a dramatic 
decrease in stress in the stress-strain curve. The Young’s Modulus was calculated from 
the slope of the stress-strain curve of the first 1.5 mm of displacement. The transition 
point from elastic to plastic behaviour was defined as the last data point in the linear 
regime of the stress-strain curve and was calculated with a 2% offset line. The transition 
stress and transition strain were determined for each specimen. The anisotropic index 
was calculated by dividing the fracture stress in the parallel direction by the fracture 
stress in the perpendicular direction. The anisotropic index was only calculated for 
sheared samples. Three specimens parallel and three specimens perpendicular to 
the shear direction were analysed for each HTSC sample. The average of the three 
specimens of each HTSC sample was calculated, after which an overall average and 
standard deviation were determined from the three sample averages. 
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3.2.8  Statistical analysis

All measurements were performed in triplicate unless stated otherwise. The mean 
values and standard deviations were calculated and used as a measure of error. 
Significant differences of the measured values were determined by ANOVA analysis 
followed by a Duncan post hoc test. Significance was defined as p<0.05.
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3.3  Results 

3.3.1  Free amino groups

Transglutaminase (TGase) catalyses the reaction between lysine ε-amino group 
residues and γ-carboxamide amino group residues to covalently crosslink the amino 
acids. Because the amino groups are involved in the crosslinking reaction, a decrease 
in the number of free amino groups confirms the activity of TGase (Huang et al., 2010; 
Ruzengwe et al., 2020). An OPA assay was used to quantify a possible decrease of the 
free amino groups of gelled PPI and gelled MBPI with different TGase concentrations 
(0, 0.1, 0.3, 0.5, and 0.7 wt.%) and different incubation temperatures (30, 40, 50, and 
60 °C) (Figure 3.2). 

FIGURE 3.2 Change in free amino groups in gelled PPI 
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and gelled MBPI at different TGase concentrations 
(0-0.7 wt.%) and different incubation temperatures (30, 40, 50, and 60 °C). The values of 0 wt.% TGase were 
subtracted from all other values within each row. Different letters indicate significant differences (p<0.05).

The number of free amino groups at 0 wt.% TGase was subtracted from all other 
values at each incubation temperature to calculate the change in free amino groups. 
This presents us with the changes in free amino groups induced by TGase for each 
incubation temperature. Non-normalized data can be found in the Supplementary 
Material. From Figure 3.2, it became clear that TGase had a more pronounced effect 
on PPI than MBPI. Further, the number of free amino groups in PPI gels and MBPI gels 
were affected by both incubation temperature and TGase concentration. More TGase 
led to a decrease in the number of free amino groups, indicating additional crosslinking 
by TGase. With higher incubation temperature, the number of free amino groups also 
decreased. The most noticeable decrease in the number of free amino groups was 
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observed when the TGase concentration increased in the range of 0 to 0.7 wt.% at an 
incubation temperature of 50 °C for PPI gels and MBPI gels (Figure 3.2). This result 
may be explained by the optimal activity of TGase at this temperature (Gaspar & De 
Góes-Favoni, 2015). The use of an incubation temperature of 50 °C for MBPI gels led to a 
decrease in free amino groups up to 0.5 wt.% TGase, while for PPI gels a decrease in free 
amino groups up to 0.7 wt.% TGase was found (Figure 3.2). A concentration of more 
than 0.5 wt.% TGase in MBPI gels did not give additional crosslinking, which effect was 
previously reported by Ruzengwe et al. (2020). The decrease with 0 – 0.7 wt.% TGase 
addition in PPI gels is almost 4 times larger than in MBPI gels at 50 °C (Figure 3.2), 
suggesting more crosslinking in PPI. 

The free amino groups of gelled PPI-WG and gelled MBPI-WG were studied as well 
(Figure 3.3). These gelled samples were incubated at 50 °C with different TGase 
concentrations (0-0.7 wt.%). A significant decrease in the number of free amino groups 
was found when TGase was added to PPI-WG and MBPI-WG gels (Figure 3.3). MBPI-
WG gels decreased similarly in free amino groups upon addition of 0.5 wt.% TGase 
(-236 ± 37 nanomoles / g sample) (Figure 3.3) as gels composed of solely MBPI (-243 ± 
25 nanomoles / g sample) (Figure 3.2). 

FIGURE 3.3 Change in free amino groups in gelled PPI-WG and MB
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WG at different TGase concentrations (0-0.7 wt.%) at an incubation temperature of 50 °C. The values of 
0 wt.% TGase were subtracted from all other values within each row. Different letters indicate significant 
differences (p<0.05).

Theoretically, if we assume that WG does not react with TGase, we would expect only 
half the decrease (-122 nanomoles / g sample) in free amino groups upon addition of 
WG (because MBPI is present in half the amount in MBPI-WG blends). As this is not 
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the case, we conclude that WG in MBPI-WG gels also participates in the crosslinking 
reaction initiated by TGase. WG contains small amounts of lysine and is rich in 
glutamine, which are both substrates for TGase (Žilić, 2013). PPI-WG gels decrease -435 
± 2 nanomoles / g sample upon the addition of 0.5 wt.% TGase (Figure 3.3), whereas PPI 
gels decrease -998 ± 20 nanomoles / g sample (Figure 3.2). Theoretically, the decrease in 
free amino groups in PPI-WG gels would be -499 nanomoles / g sample, and this value 
is quite close to the value measured in this study. Therefore, we have to consider the fact 
that TGase influences crosslinking of both MBPI and WG in MBPI-WG gels, whereas 
the presence of WG seems to affect the crosslinking of PPI negatively. Additionally, 
significant differences in free amino groups were visible between gelled and sheared 
samples in PPI-WG with 0.5 wt.% TGase. This suggests that during shearing, additional 
crosslinks were formed. Most likely, these crosslinks are not due to TGase, as enzymes 
are deactivated at high temperatures such as 120 °C. It is more likely that the decrease 
in free amino groups might be caused by the additional mixing effect of shearing. By 
mixing, more opportunities might be created for proteins to meet and crosslink.

3.3.2  Shear rheology: amplitude sweeps

Amplitude sweeps were performed to determine G’, G”, the linear viscoelastic regime 
(LVR), the flow transition index, and the crossover point (G’= G”) for PPI and MBPI 
doughs with no (0 wt.%), small amounts (0.1 wt.%) and large amounts (0.5 wt.%) of 
TGase. In the LVR, all samples indicated solid-like and elastic behaviour as G’ > G” 
(Figure 3.4). Furthermore, all samples show a crossover point from solid-like behaviour 
to liquid-like behaviour at increasing strain values. Without TGase (0 wt.%), MBPI 
gels have a longer LVR and a higher G’ modulus than PPI gels (Table 3.2). Those 
measurements show that MBPI is a stronger material than PPI. Upon increasing the 
TGase concentration, the LVR of both PPI gels and MBPI gels changed. In PPI gels, 
the LVR increased from 7.36% to 9.96%, and to 13.54% with increasing the TGase 
concentration from 0 to 0.1 to 0.5 wt.%, respectively. Herz et al. (2021) & Moreno et 
al. (2020) also previously showed the extension of the LVR of PPI and SPI gels upon 
TGase addition. In contrast, the LVR of MBPI gels became shorter with increasing 
TGase concentration from 13.55% to 9.97% and to 7.36% strain for 0, 0.1, and 0.5 wt.% 
TGase, respectively. A shorter LVR generally corresponds to a material that is less able 
to withstand deformation, which could be expected when additional crosslinks are 
formed. Both PPI and MBPI gels show an increase in G’ values at increasing TGase 
concentrations (Table 3.2). This trend was also seen in previous research by Sun & 
Arntfield (2011) who added TGase to salt-extracted PPI. 
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FIGURE 3.4 Storage (G’, square) and loss modulus (G”, triangle) o
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The loss factor (tanδ) provides information about the elastic nature of the material 
and was calculated within the LVR for all samples (Table 3.2). The loss factor of PPI 
gels decreased with increasing TGase concentration, indicating a shift to more elastic 
behaviour. This supports previous research that also showed a decrease in loss factor 
upon the addition of TGase to Bambara groundnut protein isolate and soy protein 
isolate gels (Herz et al., 2021; Ruzengwe et al., 2020). The loss factor of MBPI gels also 
decreased with increasing TGase concentration, but to a lesser extent than in case of 
PPI gels. 

The crossover point of MBPI gels was found at higher strains upon the addition of TGase 
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from 0 to 0.1 wt.% and remained stable at a higher TGase concentration. In PPI gels, the 
crossover point at 0.1 wt.% TGase is at a higher strain than for TGase concentrations of 
0 and 0.5 wt.%. As the crossover point in PPI and MBPI remains relatively stable upon 
addition of TGase, a change in LVR also leads to a change in flow transition index. The 
flow transition index was calculated to evaluate the behaviour from the LVR to the 
crossover point, which can also be described as the breaking behaviour of the structure. 
A lower value of the flow transition index means more brittle behaviour (Anton Paar, 
2022; Corker, Ng, Poole, & García-Tuñón, 2019). Here, we found that the flow transition 
index for PPI gels decreased for increasing TGase concentration, whereas the opposite 
effect was found for MBPI gels. Thus, in the flow transition, PPI gels became more 
brittle, while MBPI gels became more ductile upon TGase addition.

TABLE 3.2 Linear viscoelastic regime (LVR), crossover point (G’=G”), and flow transition index as calculated from 
the amplitude sweeps. The strain (%) and flow transition index do not contain standard deviations, as these were 
discrete data. All replications performed showed similar results for the strain (%) and flow transition index though.

LVR Crossover point
Flow 

transition 
index

Material TGase (wt.%) Strain (%) G’ (kPa) Tanδ Strain (%)

PPI

0 7.36 2.32 ± 0.28 0.29 ± 0.02 158.29 21.50

0.1 9.96 4.85 ± 0.65 0.17 ± 0.01 215.23 21.60

0.5 13.54 20.01 ± 1.58 0.09 ± 0.00 158.22 11.68

MBPI

0 13.55 15.29 ± 0.68 0.27 ± 0.02 116.58 8.60

0.1 9.97 19.60 ± 0.51 0.25 ± 0.01 158.52 15.89

0.5 7.36 30.34 ± 0.59 0.21 ± 0.00 158.56 21.54

3.3.3  Shear rheology: stress relaxation

Stress relaxation tests were performed to understand the influence of TGase on the 
elasticity and relaxation behaviour of the materials. Wittek, Zeiler, Karbstein, & 
Emin (2020) previously suggested that the maximum shear stress can be interpreted 
as a measure of elasticity. Elasticity, here, refers to the elastic part of the viscoelastic 
behaviour of PPI and MBPI. MBPI gels had a higher maximum stress than PPI gels and 
were, therefore, more elastic (Figure 3.5A). In PPI gels and MBPI gels, the addition of 
0.5 wt.% TGase increased the maximum stress, and thus the elasticity. Shand et al. 
(2008) previously showed enhanced elasticity of PPI gels that were treated with TGase 
as well. In a stress relaxation test, a viscoelastic material shows a gradual decrease in 
stress, whereas an ideal viscous material relaxes instantly, and an ideal elastic material 
does not relax at all (Wittek et al., 2020). Figure 3.5A shows that both MBPI and PPI gels 
show a monotonic decrease with time, which indicates viscoelastic behaviour. 
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FIGURE 3.5 A) Stress relaxation curves of MBPI gels and PPI gels at 80% strain, heated to 1
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To further study the relaxation behaviour of the PPI and MBPI gels, the stress 
relaxation curves of Figure 3.5A were fitted with a multi-mode standard solid model 
with 3 parallel Maxwell elements (Eq. 3.2). The fitting parameter γ0Gk was summed 
and a viscosity-weighted average of the relaxation time (λ) was calculated (Eq. 3.3) and 
plotted in Figure 3.5B. The full fit data of the 3 separate model elements can be found 
in the Supplementary Material (Table S3.1). For MBPI gels, a TGase concentration of 
0.5 wt.% resulted in a significant increase in the intensity of the stress coefficient (γ0Gk) 
in comparison to 0 and 0.1 wt.% (Figure 3.5B). Furthermore, at a TGase concentration 
of 0.5 wt.%, the relaxation behaviour of MBPI gels shifted towards shorter relaxation 
times. PPI gels, on the other hand, showed a decreased intensity at 0.1 wt.% TGase 
compared to 0 and 0.5 wt.% TGase (Figure 3.5B). No differences in average relaxation 
times were found for PPI gels upon increasing TGase concentration. 

The constant (γ0G∞) in the multi-model standard solid model (Eq. 3.2) is defined as the 
residual elasticity which is left after relaxation (Salimi, Abbassi-Sourki, Karrabi, & Reza 
Ghoreishy, 2021). MBPI gels have a higher residual elasticity than PPI gels (Figure 3.5C). 
Additionally, both MBPI and PPI gels show a slight dip in residual elasticity at 0.1 wt.% 
TGase compared to 0 and 0.5 wt.% TGase, although not necessarily significant. 

3.3.4  Macrostructure

The morphologies of gelled and sheared samples were analysed by manually deforming 
these samples and visually inspecting the gel structure and/or fibres (Figure 3.6). 
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Overall, MBPI gels were stiffer and crumblier compared to the more compact, elastic 
and uniform structure of PPI gels. This observation is further supported by a higher 
Young’s Modulus for MBPI gels compared to PPI gels (Supplementary Material: Figure 
S3.3). PPI gels did not break upon manual deformation when more than 0.1 wt.% TGase 
was added, whereas gels did break into two parts when no TGase was added (Figure 
3.6). Therefore, the macrostructure of PPI gels became more stretchable upon the 
addition of TGase. A similar observation was made when determining the critical strain 
of the LVR (Figure 3.4). The visual macrostructure of MBPI gels was hardly affected by 
any TGase addition. As TGase affected the physical properties of MBPI gels (Figure 3.4), 
but not the macrostructure, we suggest that the microstructure is what TGase changes 
in MBPI gels. 

FIGURE 3.6 Visual observation of gelled and sheared (39 s-1) sampl
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es of pea protein isolate (PPI), mung bean 
protein isolate (MBPI), PPI-wheat gluten (WG) blends and MBPI-WG blends with different concentrations 
of TGase (0.0-0.7%) incubated at 50 °C. Samples were deformed manually in the direction of the shear flow.

The addition of WG to PPI made the gel structure stickier and less uniform compared 
to the gel without WG (Figure 3.6). Beyond 0.3 wt.% TGase, the PPI-WG blend gel 
did not break, suggesting that TGase increased the stretchability of the gel. Similar 
to MBPI gels, MBPI-WG gel structures were not affected by TGase. For the formation 
of fibrous structures, blends of PPI-WG and MBPI-WG were sheared at 120 °C in the 
shear cell (Figure 3.6). The fibrous structure of PPI-WG without TGase was in line with 
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the previous observation by Schreuders et al. (2019). The fibrous structure of PPI-WG 
became less apparent when more TGase was added, which was previously also observed 
by Zhang et al. (2021) in the extrusion of peanut protein with TGase. Additionally, 
beyond 0.3 wt.% TGase, the structure became more deformable and did not break 
upon manual deformation. The fibres formed in MBPI-WG structures became thicker, 
crumblier, and easier to break compared to PPI-WG. The fibrous MBPI-WG structure 
also diminished upon increasing amounts of TGase. 

3.3.5  Mechanical properties in extension

TGase concentration and incubation temperature were expected to also influence 
the mechanical properties in extension of the gels and sheared gels. To test this, the 
shear cell samples were subjected to a tensile test, parallel and perpendicular to the 
direction of the shear flow. For gels, only results in the parallel direction are shown, 
because the results found in the perpendicular direction were similar. The tensile stress 
was measured as a function of tensile strain, and from these curves the fracture stress, 
fracture strain, Young’s Modulus, transition point stress and transition point strain 
were determined for all gelled samples and visualized in heatmaps (Figure 3.7). 

Fracture stress increased significantly for PPI gels with increasing incubation 
temperature and TGase concentration, supporting previous findings by Shand et al. 
(2008) (Figure 3.7). A maximum value for the fracture stress was found after incubation 
at 50 °C and 60 °C using 0.5 wt.% TGase. Previous research on soy protein gels also 
found major changes in textural parameters upon addition of TGase (Herz et al., 2021; 
Herz, Schäfer, Terjung, Gibis, & Weiss, 2021; Liu et al., 2021). In contrast, the effect of 
TGase on fracture stress of MBPI gels was limited under all process conditions tested. 
The fracture strain of PPI gels and MBPI gels was affected in a similar way as fracture 
stress (Figure 3.7): higher values were obtained for the fracture strain of PPI gels treated 
at 50 °C and 60 °C using 0.5 wt.% TGase. The fracture stress and strain reached an 
optimum at 0.5 wt.% TGase in both PPI and MBPI gels at 50 °C and 60 °C. At higher 
concentrations of TGase (0.7 wt.%), the fracture stress and strain slightly decreased in 
both PPI and MBPI gels at temperatures of 50 °C and 60 °C. Furthermore, the Young’s 
Moduli of MBPI gels were significantly larger than the Young’s Modulus of PPI gels 
(Supplementary Material). These results indicate that the MBPI gels are stiffer than PPI 
gels. The Young’s Modulus of PPI gels did not change upon addition of TGase, whereas 
in MBPI gels a decrease in Young’s Modulus was observed. As the Young’s Modulus and 
LVR of MBPI gels became smaller upon addition of TGase, while the macrostructure 
was not affected, we suggest that TGase changes the microstructure of MBPI gels 
(Figure 3.4 & Figure 3.6). 
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FIGURE 3.7 Change in fracture stress, fracture strain, Young’s Modulu
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The transition point is defined as the last linear point on the stress-strain curve. The 
transition point represents the transition from linear viscoelastic behaviour to plastic 
(non-linear) behaviour. TGase concentration and incubation temperature did not have 
a large effect on the transition stress of PPI gels, whereas the transition stress of MBPI 
gels increased with 80 kPa from 0 wt.% TGase to 0.7 wt.% TGase at 40 °C (Figure 3.7). 
Furthermore, significant effects were seen on the transition strain of MBPI (Figure 
3.7). Especially at 40 °C, there was a clear increase in transition strain at higher TGase 
concentration in MBPI gels. This suggests that the elastic portion of the tensile curves 
became longer, and thus suggests that the stretchability of the material increased. 
Increased stretchability could be a result of crosslinking. Thus, we can conclude that 
TGase changed PPI gels at large deformation tensile properties, while MBPI gels were 
changed at small deformation tensile properties. 

From the previous results, it was concluded to continue with an incubation temperature 
of 50 °C. To create a fibrous, meat-like structure, wheat gluten (WG) was added to 
the PPI and MBPI and the blends were gelled and sheared and the fracture stress was 
analysed (Figure 3.8). The fracture stress of gelled PPI-WG (84.02 ± 25.73 kPa) and 
gelled MBPI-WG (169.28 ± 30.16 kPa) (Figure 3.8) was lower than gels from solely 
PPI (163.21 ± 14.21 kPa) or MBPI (257.50 ± 27.13 kPa) without TGase (Supplementary 
Material: Figure S3.3).

FIGURE 3.8 A) Fracture stress of gelled, parallel direction sheared, and perpend
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TGase increased the fracture stress of gelled PPI-WG samples from 0 wt.% up to 
0.5 wt.% (84.02 ± 25.73 kPa to 350 ± 50.88 kPa), and to a lesser extent increased the 
fracture stress of gelled MBPI-WG samples (169.28 ±3 0.16 kPa to 234.72 ± 52.18 kPa) 
(Figure 3.8A). The fracture stress of sheared MBPI-WG and sheared PPI-WG increased 
in both the parallel and perpendicular directions to the shear flow up to an addition 
of 0.3 and 0.5 wt.% TGase. The difference between parallel and perpendicular samples 
at 0 wt.% TGase suggests an anisotropic material. The anisotropic index of PPI-WG 
at 0 wt.% TGase is much higher than previous results obtained by (Schreuders et al., 
2019), which may be because no salt was added and samples were incubated in this 
study. The fracture stresses in the parallel and perpendicular samples became more 
or less similar upon increasing TGase concentration for both MBPI-WG and PPI-WG. 
This corresponded to a decrease in the anisotropic index, which is observed from 0 
to 0.1 wt.% TGase (Figure 3.8B), and supports the decrease in fibrousness in the 
macrostructure analysis (Figure 3.6). 

3.4  Discussion

When combining all results, it can be concluded that transglutaminase (TGase) 
affected pea protein isolate (PPI) in a different way than it affected mung bean protein 
isolate (MBPI) gels (Figure 3.9). 

TGase was shown effective to change behaviour of PPI gels in the large deformation 
regime (macrostructure, non-linear part tensile test), while the behaviour of MBPI 
gels was mostly affected in the small deformation regime (stress relaxation, linear part 
tensile test). At 0 wt.% TGase, PPI gels had more free amino groups compared to MBPI 
(Supplementary Material: Figure S3.1). This result suggests better accessibility of the 
amino acid groups in the case of PPI, because the amino acid compositions of PPI and 
MBPI indicate around equal presence of glutamine and lysine (Table 3.1). Therefore, 
TGase should be able to crosslink amino acids in both PPI and MBPI. However, the 
structure and conformation of the proteins play a decisive role. Previous research on 
non-gluten proteins also showed that the effect of TGase was indeed influenced by the 
nature of the proteins used (Tomić, Torbica, & Belović, 2020). 

TGase affected the amplitude sweeps of both PPI and MBPI gels. The longer LVR with 
increasing TGase concentration in PPI gels was probably due to a larger density of 
crosslinks formed, making the material more ductile (Schreuders et al., 2021). The higher 
ductility with increased TGase concentration was also visible in the macrostructure of 
the PPI gels as a more stretchable gel structure (Figure 3.6). The LVR of MBPI gels 
becomes shorter with increasing TGase concentration, suggesting a change to a more 
brittle material. 
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FIGURE 3.9 Overview of effects of TGase on free amino gro
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The increased G’ values at higher TGase concentrations suggested that both PPI gels and 
MBPI gels are forming stronger networks by the addition of TGase (Sun & Arntfield, 
2011). At the same time, PPI and MBPI gels showed a lower loss factor, meaning that 
gels were formed with more elastic nature. This permitted a substantial elongation of 
the product under increasing strain before the structure was distorted. The increased 
elasticity at higher TGase concentration was also confirmed by the increased maximum 
stress in stress relaxation tests. Furthermore, the increased elasticity was visible in the 
macrostructure of PPI gels (Figure 3.6). TGase addition led to a lower value for the 
flow transition index in PPI gels, which indicates that PPI gels transitioned from a 
weak network to a stiff and elastic material upon the addition of TGase. This effect 
was explained as a closer packing of the gel network by Corker, Ng, Poole, & García-
Tuñón (2019) and Dabbaghi et al. (2021). On the other hand, MBPI gels transition 
gradually to flow, as the flow transition index increased with addition of TGase. This 
behaviour is characteristic of a gradual stretch or disentanglement of the polymer 
network (Dabbaghi et al., 2021). The increase in stress coefficient combined with a shift 
towards smaller relaxation times for MBPI gels might suggest that TGase produced 
smaller aggregates instead of creating a more crosslinked network in MBPI. Here the 
connection can also be drawn to the limited effect of TGase on tensile parameters for 
MBPI gels. Tensile tests are large deformation tests and focus on the whole network 
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FIGURE 3.9 Overview of effects of TGase on free amino gro
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The increased G’ values at higher TGase concentrations suggested that both PPI gels and 
MBPI gels are forming stronger networks by the addition of TGase (Sun & Arntfield, 
2011). At the same time, PPI and MBPI gels showed a lower loss factor, meaning that 
gels were formed with more elastic nature. This permitted a substantial elongation of 
the product under increasing strain before the structure was distorted. The increased 
elasticity at higher TGase concentration was also confirmed by the increased maximum 
stress in stress relaxation tests. Furthermore, the increased elasticity was visible in the 
macrostructure of PPI gels (Figure 3.6). TGase addition led to a lower value for the 
flow transition index in PPI gels, which indicates that PPI gels transitioned from a 
weak network to a stiff and elastic material upon the addition of TGase. This effect 
was explained as a closer packing of the gel network by Corker, Ng, Poole, & García-
Tuñón (2019) and Dabbaghi et al. (2021). On the other hand, MBPI gels transition 
gradually to flow, as the flow transition index increased with addition of TGase. This 
behaviour is characteristic of a gradual stretch or disentanglement of the polymer 
network (Dabbaghi et al., 2021). The increase in stress coefficient combined with a shift 
towards smaller relaxation times for MBPI gels might suggest that TGase produced 
smaller aggregates instead of creating a more crosslinked network in MBPI. Here the 
connection can also be drawn to the limited effect of TGase on tensile parameters for 
MBPI gels. Tensile tests are large deformation tests and focus on the whole network 

of the material instead of smaller aggregates. This again confirmed that TGase mostly 
forms smaller aggregates in MBPI instead of the whole sample. Due to the formation of 
small, more compact aggregates, the effective volume fraction in MBPI gels decreased, 
decreasing the LVR as well (Figure 3.4). In PPI gels, effects were visible mostly at larger 
deformation, suggesting more intermolecular crosslinking of TGase. Intermolecular 
crosslinking created a strong PPI gel network, increasing the elasticity and therefore 
elongating the LVR (Figure 3.4). We, therefore, hypothesize that differences between 
the effect of TGase on PPI and MBPI arise from differences in location and accessibility 
of glutamine and lysine amino acid groups. In PPI, glutaminase and lysine groups 
are well accessible for TGase, enabling the formation of a complete network with 
intermolecular TGase-induced covalent bonds (Figure 3.10). This strengthens the 
overall gel network, especially visible in large deformation tests. Upon deformation, 
the covalent TGase bonds keep the gel network intact, until a maximum force is applied 
which finally breaks the bonds (Figure 3.10). In MBPI, there was only a minor change 
in free amino groups (OPA), so some crosslinks were formed. However, we believe that 
in MBPI mostly intramolecular covalent bonds were formed, which could be caused 
by the location and poor accessibility of glutamine and lysine groups (Figure 3.10). It 
can be expected that intramolecular crosslinks created more compact gel aggregates. 
Then, upon deformation, the hydrophobic interactions are the limiting factor 
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and will break first, enabling the protein chains to move away from each other and 
partly start to stretch (Figure 3.10). So although addition of TGase may lead to partial 
covalent crosslinking in MBPI, physical crosslinks (hydrogen bonds) will probably still 
dominate the rheological behaviour rather than covalent crosslinking. Therefore, some 
properties (such as tensile tests and macrostructure) did not change for MBPI, even at 
high enzyme concentrations. 

FIGURE 3.10 Hypothesized network formation of PPI and MBPI gels with trans
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The amount of TGase also played an important role in the structure formation of PPI 
and MBPI. At low TGase concentrations (0.1 wt.%), mainly intra-aggregate crosslinks 
could be formed. This could mean that the protein aggregates become more compact. 
With more compact aggregates, there will be a higher mobility in the system causing a 
lower residual elasticity in both PPI and MBPI gels. By adding more transglutaminase 
(0.5 wt.%), TGase can also form aggregate-aggregate crosslinks, increasing the residual 
elasticity again. On the other hand, very high amounts of TGase (> 0.5 wt.%) decreased 
fracture stress and strain in PPI and MBPI gels. Possibly, excessive crosslinking of 
glutamine and lysine inhibited a uniform development of the protein network and 
the improvement of gel breaking strength (Guo et al., 2013; Jong & Koppelman, 2002). 
Previous research on the addition of TGase to Bambara groundnut protein isolate also 
revealed a significant reduction in rheological properties upon higher TGase additions 
(Ruzengwe et al., 2020). 
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Upon the addition of wheat gluten (WG), we encountered changes in behaviour. In 
PPI-WG and MBPI-WG sheared gels, the fibrous structure as well as the mechanical 
anisotropy reduced at higher TGase concentrations. This result can be explained by 
the fact that TGase is able to form a heteropolymer gel between different types of 
proteins at high substrate concentrations (Gaspar & De Góes-Favoni, 2015; Motoki & 
Kumazawa, 2000). In this case, TGase could form crosslinks between amino groups of 
WG and PPI or MBPI. The two-phase separated system then changes to a single phase, 
preventing fibre formation. The reduction in visual fibrous structure is also confirmed 
on a mechanical level by the fracture stress in parallel and perpendicular directions 
that become more or less equal upon addition of TGase. This indicates a decrease in 
mechanical anisotropy. To conclude, in sheared PPI-WG and MBPI-WG samples, the 
application of transglutaminase does not seem beneficial at first glance. However, 
when using small amounts, we can use TGase application as a method to tailor the 
fibrous structure to fit certain meat analogue product groups. 



72

CHAPTER 3

3.5  Supplementary material

FIGURE S3.1 Amount of free amino acid groups (non-normalized) of PPI and MBP
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FIGURE S3.2 Amount of free amino acid groups (non-normalized) of gelled an
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FIGURE S3.3 Non-normalized fracture stress, fracture strain, Youn
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TABLE S3.1 Full 3 element fit data of stress relaxation experiments.

γ0 G1 γ0 G2 γ0 G3 λ1 λ2 λ3 γ0 G∞

PPI 0 wt.% 
TGase

10734±4931 11745±1169 13566±1001 0.8±0.3 5.8±1.2 51.2±9.7 32129±573

PPI 0.1 wt.% 
TGase

7583±1878 7689±452 9860±981 0.9±0.4 6.3±1.7 54.1±8.7 27396±2770

PPI 0.5 wt.% 
TGase

12035±4261 12668±789 16483±1336 0.8±0.3 6.1±0.9 51.6±2.9 39671±3880

MBPI 0 wt.% 
TGase

27907±5700 28066±2998 34078±7139 0.8±0.3 6.1±1.1 49.9±4.1 86562±20569

MBPI 0.1 
wt.% TGase

22912±729 27124±700 35664±1301 1.0±0.0 6.8±0.2 53.9±1.1 84482±5943

MBPI 0.5 
wt.% TGase

46834±3207 30696±4544 35735±2136 1.2±0.0 3.2±0.1 43.1±1.5 89355±1555
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Chapter 4

How fractionation procedure of mung bean 
protein affects transglutaminase crosslinking

This chapter has been published as Schlangen, M., Raak, N., Taghian Dinani, S., 
Corredig, M., van der Goot, A.J. (2023) How fractionation procedure of mung bean 
protein affects transglutaminase crosslinking. Food Hydrocolloids. 145, 109067.
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Abstract

Transglutaminase is often used to improve functional properties of plant proteins. 
Here, we report on the effects of the fractionation procedure on transglutaminase 
susceptibility of mung bean proteins at three length scales: molecular, colloidal, 
and bulk. Dispersions of 4 wt.% mung bean protein fractions were treated with 
transglutaminase. The four fractions were obtained through (1) dry fractionation (fine 
fraction); (2) dry fractionation with additional heating; (3) lab-scale wet fractionation; 
and (4) a commercial protein isolate. Analysis of rheological properties (at 9.5 wt.% 
dry matter) revealed that transglutaminase crosslinking formed tougher materials 
when using the fine fraction, the heated fine fraction, and the wet fractionated isolate, 
while the rheological properties of the protein isolate were hardly changed. Proteins 
in all fractions were crosslinked by transglutaminase at molecular scale, as confirmed 
by an increase in large molecular weight bands in gel electrophoresis, but the extent 
of crosslinking depended on the fraction used. The molecular changes also resulted 
in altered physical chemical properties for some fractions, as revealed by protein 
dispersibility, confocal laser scanning microscopy, and particle size distribution. At the 
colloidal scale, transglutaminase crosslinking led to an increased particle size in the 
fine fraction and heated fine fraction, while particle sizes of the wet fractionated isolate 
and commercial protein isolate were mostly unaffected. The differences between the 
fractions were explained by three mechanistic crosslinking routes. To conclude, protein 
fractionation procedure greatly affected susceptibility to transglutaminase.
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4.1  Introduction

In the past decade, plant proteins have become an important ingredient in foods, 
amongst other with the aim to replace meat and dairy products. Especially soy and 
yellow pea protein are used in plant-based foods, because of their favourable functional 
properties (Kyriakopoulou, Dekkers, & van der Goot, 2019; Vatansever, Tulbek, & Riaz, 
2020). Another legume that is gaining attention as a potential food ingredient is mung 
bean (Vigna radiata). Mung beans are inexpensive to cultivate in comparison to soy and 
are drought resistant (Brishti et al., 2021). Mung beans contain a high amount of protein 
(± 25 g protein / 100 g dry matter) that is rich in essential amino acids (Du et al., 2018; 
Mubarak, 2005; Yi-Shen, Shuai, & Fitzgerald, 2018). So far, the starch fraction of mung 
bean has been widely studied, while mung bean protein is still underexplored. Protein 
extracted from mung bean showed great potential to form structures in food, and in 
particular, in meat analogue applications (Brishti et al., 2021, 2017; Schlangen, Dinani, 
Schutyser, & van der Goot, 2022). However, mung bean protein, when combined with 
wheat gluten, generally gives weaker structures upon heating compared with soy protein 
when combined with wheat gluten, suggesting that more protein interactions occur in 
the soy based material compared with mung bean (Schlangen et al., 2023; Schreuders et 
al., 2019). The introduction of additional protein crosslinks in mung bean, for example 
through, heating, chemical treatment, or enzymatic treatment, could be a route to 
obtain higher viscosity and stronger gels, which enhances its potential as a value added 
ingredient in plant-based meat and dairy alternatives (Buchert et al., 2010; Singh, 1991). 

Transglutaminase (TGase) is an enzyme that is widely studied for crosslinking 
different plant proteins, such as soy, pea, and Bambara groundnut protein (Djoullah, 
Djemaoune, Husson, & Saurel, 2015; Liu et al., 2021; Mattice & Marangoni, 2021; 
Nivala, Nordlund, Kruus, & Ercili-Cura, 2021; Ruzengwe, Amonsou, & Kudanga, 2020; 
Shand, Ya, Pietrasik, & Wanasundara, 2008; Sun & Arntfield, 2011; Zhang et al., 2021). 
TGase catalyses intra- and inter-molecular crosslinking reactions between lysine (acyl 
acceptor) ε-amino groups and glutamine (acyl donor) γ-carboxamide groups and, thus, 
forms covalent bonds (Gaspar & De Góes-Favoni, 2015). The crosslinking of proteins 
by TGase can lead to high molecular weight proteins that can give stronger gels and 
increased water holding capacity (Gaspar & De Góes-Favoni, 2015; Shand et al., 2008). 
Recently, it was shown that TGase improved the mechanical and rheological properties 
of gels produced from pea protein isolate, while gels from mung bean protein isolate 
were relatively unaffected (Schlangen et al., 2023). Then, it was hypothesized that the 
lysine and glutamine amino groups in mung bean protein isolate were less available or 
accessible for TGase to crosslink. 
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The availability of amino groups is partly determined by the structure of the protein, 
which in turn is dependent on the protein fractionation procedure. Conventional 
wet fractionation, based on alkaline extraction and isoelectric precipitation, yields 
ingredients with a protein purity of 80 wt.% at least (Assatory, Vitelli, Rajabzadeh, & 
Legge, 2019; Rivera, Siliveru, & Li, 2022), but at the cost of protein structural changes 
and, thus, often a loss of native protein characteristics (Schutyser, Pelgrom, van der 
Goot, & Boom, 2015). An alternative to wet fractionation is dry fractionation. With 
dry fractionation, plant proteins are enriched in a fine fraction obtained via milling 
and air classification (Pelgrom, Boom, & Schutyser, 2015; Schlangen et al., 2022). An 
advantage of dry fractionation is that the protein native structure is preserved. The 
fraction enriched in proteins after dry fractionation often has a different technological 
and nutritional functionality compared with that of the commercial protein isolate 
counterparts (Opazo-Navarrete, Schutyser, Boom, & Janssen, 2018; Vogelsang-
O’Dwyer et al., 2020). This is because of the mild process conditions used during dry 
fractionation and the fact that the fractions obtained contain many other components 
next to protein. Therefore, the susceptibility of proteins to TGase is expected to be 
different depending on processing routes used to make the protein-rich fractions 
and molecular architecture, with a lower susceptibility in more aggregated protein 
structures. Indeed, the accessibility of TGase is determined by the steric availability of 
the lysine and glutamine residues. 

Pelgrom, Boom, & Schutyser (2015) and Schutyser, Pelgrom, van der Goot, & Boom 
(2015) showed that TGase can be used to crosslink mildly fractionated pea proteins and 
found that this resulted in a stronger heat-induced gel compared with un-crosslinked 
pea proteins. However, to date, there are no other studies that report on the use of 
TGase to crosslink plant proteins in fine fractions obtained through dry fractionation. 
Furthermore, there are no prior studies on the effect of fractionation procedure on the 
susceptibility of proteins to TGase crosslinking activity. The current work aims to fill 
the above research gaps. 

Thus, the aim of this study was to investigate the effect of mung bean protein 
fractionation procedures on the susceptibility of those proteins to TGase crosslinking. 
A fine fraction, a heated fine fraction, a pH precipitated wet fraction, and a commercial 
protein isolate were compared on their susceptibility to TGase crosslinking activity. We 
hypothesize that the dispersibility of the protein will affect the susceptibility to TGase. 
Susceptibility to TGase was studied at three different length scales: (1) molecular 
scale (gel electrophoresis), (2) colloidal scale (particle size, protein dispersibility, 
and microstructure), and (3) bulk scale (rheology). Here, colloidal scale refers to the 
nanometre to micrometre range and thus referring to protein present in particles that 
are solvated, but not in solution. 
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4.2  Materials & Methods

4.2.1  Materials

Dehulled mung beans (Vigna radiata) were obtained from Vladex (Middelharnis, the 
Netherlands). The average dry matter content was assumed to be the same as for flour 
from dehulled mung beans and was 91.5 wt.%. Mung bean protein isolate (UNIMUNG 
M70) was obtained from Barentz (Hoofddorp, the Netherlands). The protein content 
and dry matter content of the protein isolate were 68.9 wt.% (N x 5.7) on dry basis and 
94.3 wt.%, respectively. The supplier of the protein isolate reported a maximum fat 
content of 6 wt.%. 

Transglutaminase (ACTIVA wm) was obtained from Ajinomoto Co. (Ajinomoto, Tokyo, 
Japan). The composition of the enzyme preparation is 1% transglutaminase and 99% 
maltodextrin, and the activity was reported by the suppliers as 100 U/g. We use the 
term transglutaminase (TGase) in this study to refer to the enzyme preparation that 
includes both transglutaminase and maltodextrin. N-Ethylmaleimide (NEM) and 
sodium chloride were obtained from Sigma-Aldrich (Missouri, USA). 

4.2.2  Preparation of  the fractions

Four different mung bean protein fractions were used in this study. An overview of 
their fractionation pathways is visualized in Figure 4.1. Milling and air classification 
parameters used were based on previous research results (Schlangen et al., 2022). For 
preparation of the fine fraction, the legumes were first pre-milled into grits with a pin 
mill (LV 15 M, Condux-Werk, Wolfgang bei Hanau, Germany). Next, the grits were 
milled into a flour with a ZPS50 impact mill (Hosokawa-Alpine, Augsburg, Germany). 
The ZPS50 mill speed used was 8000 rpm, the classifier wheel speed was set to 
4000 rpm, the air flow was 52 m3/h, and the feed rate was ~500 g/h. A batch size of 3 kg 
mung beans was used. The obtained flour was separated into a fine (protein-rich) and 
coarse (starch-rich) fraction by air classification with a ATP50 classifier (Hosokawa-
Alpine, Augsburg, Germany). Here, a classifier wheel speed of 10,000 rpm, an air flow 
of 47 m3/h, and a feed rate of ~250 g/h were used. The heated fine fraction was prepared 
by mixing the fine fraction (either 9.5 wt.% dry matter for rheology, or 4 wt.% protein 
for other experiments) with MilliQ water on a vortex for 1 min, followed by heating this 
dispersion at 90 °C for 30 min. Subsequently, the dispersion was rapidly cooled with 
cold tap water. 
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FIGURE 4.1 Fractionation scheme of fine fra
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prepared from mung beans.

The wet fractionation process was based on an extraction process developed by Kornet 
et al. (2021). The fine fraction was dispersed under mild agitation in demineralized 
water and the pH was adjusted to 8 with a solution of 1.7 M NaOH. After 2 h, the 
dispersion was centrifuged at 10,000 x g for 30 min. The supernatant was taken for 
further purification by adjusting the pH to 4.5 with a solution of 1 M HCl. Then the 
dispersion was centrifuged again at 10,000 x g for 30 min. The obtained pellet was 
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separated from the supernatant and redispersed at pH 7. The resulting dispersion was 
agitated for at least 2 h. The dispersion was frozen and lyophilized with a Christ Alpha 
1-2-LD freeze dryer (Salm en Kipp, Breukelen, the Netherlands) at -48 °C and 0.75-
0.92 mbar. The wet fractionated isolate was used in dry powder form for all analyses. 
The fine fraction, heated fine fraction, and wet fractionated isolate were compared with 
a commercial protein isolate. The fractionation procedure of the commercial protein 
isolate is unknown. 

Protein contents of the fractions were determined using a Rapid N Exceed Dumas 
(Elementar, Langenselbold, Germany) in duplicate. Based on previous research, a 
nitrogen conversion factor of 5.7 was used for mung bean protein (Schlangen et al., 
2022). The dry matter content of the fractions was determined by drying around 1 g 
of sample overnight in an oven (Binder GmbH, Tuttlingen, Germany) at 105 °C. The 
ash content of the fractions was determined by drying around 500 mg of sample in a 
Nabertherm ash oven (Nabertherm GmbH, Lilienthal, Germany) at 500 °C for 3 h. An 
overview of the compositions of the fractions is shown in Table 4.1.

TABLE 4.1 Composition of mung bean fractions and pH of mung bean fractions dispersed in MilliQ at 9.5 wt.% dry 
matter.

Dry matter 
content

Ash content Protein content pH of 
dispersions

(g/100 g) (g/100 g dry matter) (g/100 g dry matter) (-)

Fine fraction 92.71 ± 0.05 7.06 ± 0.05 58.00 ± 0.23 6.05

Heated fine fraction 92.71 ± 0.05 7.06 ± 0.05 58.00 ± 0.23 5.89

Wet fractionated isolate 96.88 ± 0.25 4.72 ± 0.01 82.62 ± 4.73 6.75

Protein isolate 94.20 ± 0.12 3.68 ± 0.00 69.34 ± 0.11 6.87

4.2.3  Rheological properties of  the dispersions

The rheological properties of the samples with and without TGase were analysed by 
small angle oscillatory shear (SAOS) measurements and a strain sweep. The fractions 
were dissolved in demineralised water at a concentration of 9.5 wt.% dry matter with 
0 U/g protein (without) or 7.6 U/g protein (with) TGase. The samples were mixed 
vigorously with a vortex. The rheological properties of the samples were measured with 
a MCR301 rheometer (Anton Paar, Graz, Austria) combined with a CC-17 concentric 
cylinder geometry. Two SAOS measurements were performed: a temperature sweep 
and a frequency sweep. The temperature sweep was performed by subjecting the 
samples to an incubation step of 50 °C for 30 min (based on optimal conditions found 
in previous research by Schlangen et al. (2023) and controlled by a water bath) at a 
frequency of 1 Hz and a strain amplitude of 1%. Subsequently, the samples were cooled 
down to 20 °C at a rate of 3 °C/min and kept at 20 °C for 5 min to equilibrate. Next, the 
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incubated samples were subjected to a frequency sweep from 0.01 to 10 Hz (at a strain of 
1%). Straight after the SAOS measurements, a strain sweep was performed. The strain 
was varied from 0.1-1000% in a logarithmic manner (6 points per decade, at a frequency 
of 1 Hz). The storage modulus (G’) and loss modulus (G”) were recorded during all 
measurements. The end of the linear viscoelastic regime (LVR) was calculated for all 
curves and was defined as the maximum strain before a 5% G’ deviation from linear. 
The strain at the end of the LVR in the strain sweeps was expressed as the critical strain 
(γc). The critical strain and corresponding stress values were plotted in a texture map, 
as previously described by Schreuders et al. (2021). Rheological measurements were 
performed in triplicate, except for the wet fractionated isolate with and without TGase, 
which was analysed in duplicate, due to limited availability of material. 

4.2.4  Crosslinking of  diluted dispersions with transglutaminase

To study the susceptibility of the proteins to TGase under diluted conditions, the 
fractions were dissolved in MilliQ at 4 wt.% protein with a NaCl concentration of 
0.005 M. The diluted dispersions were treated with 0 or 7.6 U/g protein TGase and 
mixed vigorously with a vortex. The samples were then incubated at 50 °C for 30 min 
in a ThermoMixer F2.0 (Eppendorf, Hamburg, Germany). The enzyme concentration 
and incubation conditions were based on conditions used previously (Schlangen et al., 
2023). Subsequently, 8 mM N-ethylmaleimide (NEM) was added to all samples to stop 
the enzymatic reaction. 

Another set of samples was produced to study the effect of TGase on solely the protein 
fraction in the supernatants obtained after centrifugation. Here, the fractions were 
dissolved in MilliQ at 4 wt.% protein (NaCl concentration of 0.005 M) and centrifuged 
at 5,000 x g at 21 °C for 10 min. Next, the supernatant was treated with TGase as described 
before. Subsequently, 8 mM N-ethylmaleimide (NEM) was added to all samples to 
stop the enzymatic reaction. We refer to this set of samples with post-centrifugation 
treatment.

4.2.5  Gel electrophoresis

Gel electrophoresis under reducing conditions was performed to obtain insights on the 
crosslinking of different protein subunits, using an InvitrogenTM system according to 
manufacturer’s instructions (ThermoFisher Scientific, Waltham, MA, USA). The TGase 
treated dispersions were centrifuged (5,000 x g, 21 °C, 10 min), and the supernatants 
were analysed to investigate effects on the proteins induced by TGase. We refer to these 
samples as pre-centrifugation treatment. Additionally, the post-centrifugation treated 
samples were analysed as explained in section 4.2.4. The pre- and post-centrifugation 
treated samples, before and after TGase crosslinking, were first diluted to 2 mg protein/
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mL with MilliQ. Subsequently, 13 μL of the sample was mixed with 5 μL of NuPAGETM 
LDS sample buffer and 2 μL NuPAGETM reducing agent. The mixtures were heated at 
95 °C for 5 min in a thermoshaker (IKA-Werke GmbH, Staufen, Germany) and rapidly 
cooled in an ice bath afterwards. Aliquots of 7 μL were injected into a NuPAGETM precast 
gradient gel (4-12% polyacrylamide). The first and last well of the gel were injected with 
10 μL of Precision Plus ProteinTM Marker (Bio Rad Laboratories). The gel was run at 
200 V for 35 min using an XCell SureLockTM Mini-Cell filled with NuPAGETM MES 
SDS running buffer. The gel was stained with SimplyBlueTM SafeStain solution for 
4.5 h, rinsed in MilliQ overnight and subsequently digitalised with a ChemiDoc XRS 
(Bio Rad Laboratories, Inc., Hercules, CA, USA). 

4.2.6  Protein dispersibility

The protein dispersibilities of the dispersed fraction from section 4.2.4 with and 
without TGase were analysed. The term protein dispersibility is used instead of 
solubility, because it is possible that part of the protein is present in the supernatant as 
colloidal aggregates rather than fully dissolved. The dispersions were centrifuged at 
5,000 x g at 21 °C for 10 min. The protein contents of the dispersions and the supernatants 
were analysed using Dumas (Dumatherm, Gerhardt GmbH & Co. KG, Königswinter, 
Germany) with a protein conversion factor of 5.7. The protein dispersibility was 
calculated using Eq. 4.1. 

4.2.7  Microstructure characterization 

The microstructures of the dispersions without and with TGase were characterized 
using confocal laser scanning microscopy (CLSM) (Nikon C2, Nikon Instrument Inc., 
Tokyo, Japan). Rhodamine B (Sigma Aldrich, St. Louis, MO) was dissolved in MilliQ 
until a final concentration of 1 mg/mL. Approximately 60 μl of each dispersion and 5 μl 
of the Rhodamine B staining solution were loaded onto glass slides and mixed with a 
pipette tip. The stained samples were analysed using CLSM with a 20x objective and 
60x objective (data not shown). A laser line of 561 nm was used for excitation to induce 
fluorescence emission. Images were made using two samples taken from two separate 
dispersions. Representative images are shown. 

(Eq. 4.1)
Protein content in supernatantProtein dispersibility = 100%

Protein added
×
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4.2.8  Particle size analysis

The particle size distributions of the dispersions (pre-centrifugation) with and 
without TGase were measured using static light scattering with a Mastersizer 2000 
(Malvern Instruments Ltd., UK). A volume-based mode was used because of the multi-
component nature of the protein fractions. The particle size distribution of the post-
centrifugation treated samples with and without TGase was measured using dynamic 
light scattering with a Zetasizer Lab (Malvern Panalytical LtD., Malvern, UK). The post-
centrifugation treated samples were diluted to 1:8 (v/v) in MilliQ before analysis. The 
measurements of the diluted samples were carried out at 25 °C after 120 s equilibration 
time. A refractive index of 1.45 was used for the measurements with the Mastersizer as 
well as the Zetasizer. Particle size analyses were performed in triplicate.

4.2.9  Statistical analysis

All measurements were performed in duplicate unless stated otherwise. The mean 
values and standard errors were calculated and used as a measure of error. Significant 
differences of the measured dispersibility values were analysed by ANOVA with a post 
hoc Duncan test. Significant differences of the measured rheological properties were 
determined by an independent t-test. Equality of variances was analysed with Levene’s 
test, unequal variances were assumed when p>0.05. Significance was defined as p<0.05.
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4.3  Results & Discussion

4.3.1  Effect of  crosslinking at bulk scale

Bulk changes were studied with rheology at a standardized dry matter content of 
9.5 wt.%. The compositions of all fractions are presented in Table 4.1, which shows 
that the fine fractions contain most non-proteinaceous components. The development 
of the elastic modulus (G’) with time is shown in Figure 4.2, where the dispersions 
were incubated for 30 min at 50 °C with and without TGase. A frequency sweep was 
performed after incubation showing that G’>G” over the entire frequency range for all 
samples, indicating solid-like behaviour (Supplementary Material: Figure S4.1). 

FIGURE 4.2 Representative temperature sweep of A: fine fraction, B: heated fine fra
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isolate, and D: protein isolate without (light, open symbols) and with (dark, closed symbols) TGase. Black 
lines indicate incubation temperature profile. Horizontal dashed line indicates minimum torque limit, 
which was taken as a factor 10 higher than reported by the supplier.

During incubation, there were clear differences in the rheological properties of the 
samples depending on the composition and fractionation procedure of the fractions. 
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Without TGase, we observed an increase in G’ over time in the fine fraction, heated 
fine fraction, and protein isolate (Figure 4.2A, B, D). Thus, heating at 50 °C alone 
changed the rheological properties in these fractions. We believe that the increase in 
G’ was due to hydration and solvent inclusion of the protein aggregates at 50 °C and 
consequently the increase in particle-particle interactions. Comparing the G’ profiles 
of the fine fraction and heated fine fraction without TGase, we noted that the heated 
fine fraction had higher G’ values overall (Figure 4.2A, B). This suggests that the heated 
fine fraction forms a network-like structure at the start of the measurement already, 
which can be explained by the additional heating step in the fractionation procedure. 
The wet fractionated isolate without TGase showed a decrease in G’ during the heating 
period, and an increase in G’ started upon cooling. The decrease in G’ during the heating 
period may be due to a temperature-dependent decrease in viscosity. A decrease in 
viscosity normally occurs in materials, including gels, in case no additional interactions 
or crosslinks are created upon heating. The wet fractionated isolate had a relatively 
high G’ value (~ 100 Pa) at the start of the measurement, and might therefore already 
be in a certain gelled state. It is important to note that the fine fraction and heated fine 
fraction are multi-component ingredients, as they still contain other components, such 
as fibre. Fibre could increase G’ during incubation by holding water, but it might also 
interfere with protein network formation. 

The application of TGase resulted in distinct rheological effects amongst the various 
fractions. TGase crosslinking increased the G’ of the fine fraction, heated fine 
fraction, and wet fractionated isolate (Figure 4.2A, B, C), indicating a stiffening of 
the materials. On the other hand, TGase crosslinking decreased the G’ of the protein 
isolate (Figure 4.2D), indicating a softer material. In the fine fraction, we believe that 
TGase crosslinking within individual protein particles resulted in an enhanced G’ 
value. The same explanation may hold for the heated fine fraction. However, here the 
effect is smaller, because an initial network may already have been formed due to the 
processing applied to make this fraction. The highest G’ values with TGase were found 
for the wet fractionated isolate (Figure 4.2C). The decreased G’ in the protein isolate 
with TGase does not necessarily indicate a reduced susceptibility to TGase, as there is 
still a difference with the moduli without TGase. The limited effects of TGase on the 
protein isolate aligns with previous studies by Shand et al. (2008) and Pelgrom, Boom, 
& Schutyser (2015). They also demonstrated a limited effect of TGase on rheological 
properties in commercial pea protein isolate compared with native pea protein. The 
results were explained by considering partial or complete denaturation of the proteins 
in the isolate, which led to a decrease in solubility. 

The texture map depicts the properties of all fractions without and with TGase 
(Figure 4.3). The addition of TGase to the fine fraction, heated fine fraction, and wet 
fractionated isolate led to an increase in the critical strain and the corresponding stress 
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values, and thus resulted in tougher materials compared with those without TGase. 
The strongest and most stretchable material was obtained by addition of TGase to 
the wet fractionated isolate. Previous research by Shand et al. (2008) also showed 
that addition of TGase to pea protein isolate and soy protein isolate led to tougher 
materials. The addition of TGase to mung bean protein isolate in this study induced a 
more subtle change towards higher critical strain values. The small effect of TGase on 
rheological properties of the protein isolate is therefore considered to be a result of the 
fractionation procedure. 

FIGURE 4.3 Texture map at the end of the linear viscoelastic regime for fin

0.1 1 10 100
0.01

0.1

1

10

100

1000

10000

St
re

ss
(P

a)

Critical strain (%)

Brittle Tough

Mushy Rubbery
Fine

fraction

Wet
fractionated

isolate

Heated fine
fraction

Protein
isolate

a

a

a

a

a

b

b

a

e fraction, heated fine fraction, 
wet fractionated isolate, and protein isolate without (open symbols) and with (closed symbols) TGase. 
Different letters indicate significant differences (p<0.05) in stress between TGase treatment and the control 
within each fraction. Significance for critical strain (%) could not be determined, because at least one group 
had 0 variance. Arrows indicate the changes in behaviour when TGase is added and are solely provided to 
guide the eye.

One effect of the fractionation procedure is that it can alter the amino acid availability. 
However, we previously reported that mung bean protein isolate has a higher level 
of lysine and glutamine (70.3 mg lysine/g protein and 181.3 mg glutamine including 
glutamic acid/g protein) (Schlangen et al., 2023), compared with the mung bean fine 
fraction (64.0 mg lysine/g protein and 162.3 mg glutamine (including glutamic acid)/g 
protein) (Schlangen et al., 2022). It can thus be concluded that the differences in 
rheological properties between TGase treated fine fractions and protein isolates cannot 
be explained by amino acid availability. 
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4.3.2  Effect of  crosslinking on molecular length scale

The formation of crosslinked protein molecules through addition of TGase was studied 
using SDS-PAGE (Figure 4.4). Here, we analysed both the entire dispersion (pre-
centrifugation) as well as only the supernatant fractions after centrifugation (post-
centrifugation) to gain a better understanding of the difference of TGase treatment 
between all proteins compared to solely soluble proteins. The suspensions without 
TGase were also studied under non-reducing conditions to obtain insight on their 
natural molecular aggregation states. 

FIGURE 4.4 SDS-PAGE of the pre-(lane 2-3) and post-centrifugation (lane 4-5) tre
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Clear differences were visible in molecular composition between the different fractions 
without TGase (Figure 4.4) (Brishti et al., 2021; Rahma, Dudek, Mothes, Görnitz, 
& Schwenke, 2000; Zhong & Xiong, 2020). Here, the band patterns of the pre-
centrifugation treatment (full dispersion) without TGase (lane 2) and the treatment 
without TGase on the corresponding supernatant (post-centrifugation) (lane 4) 
were similar, as anticipated, given that both fractions have a similar history. The fine 
fraction, heated fine fraction, and wet fractionated isolate had a high intensity band 
at 50 kDa, indicating presence of vicilin (lane 2 in Figure 4.4A, B, C). Furthermore, the 
fine fraction and heated fine fraction contained albumin, indicated by the bands at ~ 
26 kDa (lane 2 in Figure 4.4A, B). Theoretically, the soluble albumins should have been 
removed in the fractionation process of the wet fractionated isolate and protein isolate, 
and should thus not be present in those fractions. The band patterns of the fine fraction, 
heated fine fraction, and wet fractionated isolate without TGase were relatively similar, 
but there was a clear difference compared with the composition of the protein isolate. 
The protein isolate consisted of mainly vicilin and α-legumin, as indicated by the clear 
bands at ~ 50 kDa and ~ 60 kDa (lane 2 in Figure 4.4D). The differences in molecular 
composition between the protein isolate and the other fractions can be related to the 
isolation and precipitation of the protein isolate (Figure S4.2). 

Crosslinking with TGase led to clear changes in the electrophoretic migration in all 
pre- and post-centrifugation treated samples (Figure 4.4). All samples had crosslinked 
proteins, which shows that TGase was able to crosslink all fractions. With TGase 
addition, the band intensities of the low molecular weight polypeptides decreased and 
new high molecular weight bands appeared, indicating crosslinking of proteins. This 
is in accordance with previous research on Bambara groundnut protein isolate, faba 
bean protein, and pea globulins, for which it was also described that addition of TGase 
led to the disappearance of most low molecular weight polypeptide bands (Djoullah 
et al., 2015; Nivala, Mäkinen, Kruus, Nordlund, & Ercili-Cura, 2017; Ruzengwe et al., 
2020). Most samples with TGase also showed a high intensity band retained at the 
bottom of the well. These bands indicate the presence of insoluble, high molecular 
weight compounds, induced by TGase, that are not able to migrate through the gel (for 
example lane 3 in Figure 4.4A). As the SDS-PAGE profiles of the pre-centrifugation 
and post-centrifugation treatments were relatively similar, it may be suggested that 
crosslinking is predominantly taking place between soluble protein subunits (Figure 
5).

Some protein subunits were found to be more susceptible to TGase crosslinking than 
others. More specifically, all low molecular weight bands in the fine fraction decreased 
in intensity upon addition of TGase except for the band at ~ 26 kDa (lane 2-5 in Figure 
4.4A). This result confirmed previous reports that the major albumin subunit at ~ 26 kDa 
is less available or less accessible for TGase to crosslink (Djoullah et al. 2015). This effect 
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was less evident for the heated fine fraction, suggesting that heating increased the 
availability of this subunit for TGase crosslinking, by for example facilitating exposure 
of its amino acid residues (Figure 4.4B). Earlier reports showed an increased reaction 
yield for pea albumin in denatured state due to improved accessibility to the lysine 
and glutamine groups (Djoullah, Husson, & Saurel, 2018). Thus, it could be concluded 
that the heated fine fraction had a higher total amount of proteins available for TGase 
crosslinking compared to the fine fraction. In the wet fractionated isolate, TGase 
addition mostly reduced the intensity of the band at ~ 50 kDa (Figure 4.4C), suggesting 
that crosslinking mostly occurred to the vicilin-like storage protein (Rahma et al., 
2000). Vicilin was also prone to TGase crosslinking in the fine fraction (Figure 4.4A 
lane 2 versus 3). Previously, Nivala et al. (2017) showed that vicilin was highly prone to 
TGase crosslinking in faba bean protein. They argued that vicilin is more soluble than 
legumin, which explained their increased availability for TGase crosslinking (Nivala 
et al., 2017). It is also worth noting that the less reactive albumins are lost in the wet 
fractionated isolate, due to the extraction process (Kornet et al., 2021). Therefore, the 
total amount of reactive protein subunits in the wet fractionated isolate may be higher 
than in the fine fraction and heated fine fraction. 

SDS-PAGE analyses proved that TGase crosslinking occurred at molecular length scale 
in all protein fractions independent of fractionation procedure applied. However, SDS-
PAGE is a qualitative measurement and only measures the soluble protein fraction. 
Therefore, protein dispersibility, microstructure, and particle size analyses were 
performed at the colloidal length scale to better understand the different effects of 
TGase on the change in rheological properties of mung bean protein. 

4.3.3  Protein dispersibility changes upon TGase addition

The next step to explain the effects above is to analyse the dispersibility of the protein 
fractions. It can be expected that dispersible protein has a higher susceptibility to 
TGase than protein that is not dispersible. Here, we use the term protein dispersibility 
rather than protein solubility, as the mung bean proteins may form colloidally stable 
aggregates that remain suspended after low speed centrifugation. 

There were clear differences in protein dispersibility values between the different 
fractions before TGase treatment (Figure 4.5). The protein isolate had the lowest 
dispersibility, while the wet fractionated isolate had the overall highest dispersibility. The 
latter is presumably due to the removal of water-insoluble compounds during protein 
extraction in the wet fractionated isolate. However, the prevention of agglomeration 
during freeze drying instead of spray drying may also explain the high dispersibility of 
the wet fractionated isolate. The greater availability of dispersible protein in the wet 
fractionated isolate may have resulted in a large increase in the G’ upon TGase addition 
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as shown in section 4.3.1. Further, it might be that crosslinking the low quantity of 
dispersible protein present in the protein isolate was not enough to induce a change in 
G’ and form a strong gel (Figure 4.2). Heating of the fine fraction increased its protein 
dispersibility compared to the non-heated fine fraction. This was probably due to the 
loosening of the native structures with temperature leading to increased hydration. 
Aggregation is less likely to have taken place in the heated fine fraction, because this 
would have led to a decrease in protein dispersibility. These results demonstrated that 
fractionation procedure changes protein dispersibility due to changes in colloidal 
interactions. Based on this information, it is thus plausible that denaturation and 
aggregation during the protein isolation process had reduced the protein dispersibility, 
thereby limiting the accessibility of the protein isolate reactive groups to TGase. 

FIGURE 4.5 Protein dispersibility at 4 wt.% protein, without (0 U/g protein) a
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To determine the possible changes with addition of TGase, we studied the amount 
of protein that was dispersible after the TGase treatment as well (Figure 4.5). Clear 
differences in protein dispersibility were observed when TGase was added to the protein 
fractions. We found that even though TGase crosslinking led to changes in molecular 
sizes (Figure 4.4), it did not always change the dispersibility of the samples (Figure 
4.5). The addition of TGase decreased the protein dispersibility of the fine fraction, 
heated fine fraction (though not significant), and the protein isolate, probably due 
to covalent TGase crosslinking. This aligns with the results of the gel electrophoresis, 
where TGase crosslinking resulted in an increase in molecular weight of the protein 
subunits (Figure 4.4). Previous research also showed a decrease in protein solubility of 
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faba bean protein upon TGase treatment (Nivala et al., 2017). Contradictory, the protein 
dispersibility of the wet fractionated isolate was not affected by TGase addition. Thus, 
the crosslinked proteins of the wet fractionated isolate remained dispersible according 
to this measurement. 

4.3.4  Microstructure changes upon TGase addition

Confocal laser scanning microscopy (CLSM) was used to determine possible changes in 
the microstructure of the protein aggregates without and with TGase. Without TGase, 
we observed clear differences in microstructure between the different protein fractions 
(Figure 4.6). The fine fraction and heated fine fraction had similar irregularly shaped 
particles, while the particles present in the wet fractionated isolate were slightly larger 
(Figure 4.6A, B, C). The microstructure of the protein isolate revealed distinct wrinkled 
surface particles at all conditions tested, which is typical for spray dried proteins (Brishti 
et al., 2020; Lan, Xu, Ohm, Chen, & Rao, 2019) (Figure 4.6D). To further understand 
protein-enzyme interactions, dispersions were prepared with 1 M NaCl, treated with or 
without TGase and their microstructure was studied with CLSM. The high concentration 
of NaCl can change protein dispersibility of the fractions, possibly exposing different 
amino acid groups and thus changing protein-enzyme interactions. Without TGase, 
the addition of NaCl to the fine fraction and the heated fine fraction decreased the 
size of the visible structures compared to the microstructure without NaCl (Figure 
4.6A,B). Thus, salt limited the swelling of the particles. The microstructures of the wet 
fractionated isolate and protein isolate before TGase treatment remained unchanged 
upon an increase in NaCl concentration (Figure 4.6). We conclude that those particles 
were denser and did not have the ability to swell and adsorb water. 

Treatment with TGase did not change the microstructure of all dispersions. The 
addition of TGase in the fine fraction and heated fine fraction induced aggregation, 
as visualized by larger particles, as well as larger voids in the CLSM images (Figure 
4.6A, B). This is in agreement with the increase in G’ (Figure 4.2A, B) and the decrease 
in protein dispersibility (Figure 4.5) upon addition of TGase to those fractions. No 
clear differences were evident between dispersions with and without TGase for the wet 
fractionated isolate and the protein isolate (Figure 4.6C, D). Previously, Nivala et al. 
(2021) also showed that addition of TGase to faba bean protein gels did not change 
the microstructure. They suggested that inter-molecular covalent crosslinks formed 
by TGase reinforced the particle structures without causing massive rearrangements 
in spatial distribution (Nivala et al., 2021). TGase crosslinks mostly soluble proteins, 
whereas mostly proteins captured in insoluble particles are visible as bright parts in the 
CLSM picture. This could explain the lack of discernible differences in the microstructure 
upon the addition of TGase to the wet fractionated isolate and protein isolate. At 1 M 
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NaCl, only the microstructure of the fine fraction was affected by TGase treatment, 
(Figure 4.6A). The microstructures of the heated fine fraction, wet fractionated isolate, 
and protein isolate at 1 M NaCl remained unchanged upon TGase treatment (Figure 
4.6B,C,D). Due to changes in colloidal state at high NaCl concentration, it seems that 
the proteins don’t swell and become less accessible for TGase. 

FIGURE 4.6 The microstructure of dispersions of A) fine fraction, B) heated fine fracti

A. Fine fraction B. Heated fine fraction

C. Wet fractionated isolate D. Protein isolate
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on, C) wet fractionated 
isolate, and D) protein isolate at low (0.005 M) NaCl concentration and high (1 M) NaCl concentration 
without TGase and with TGase. Protein is stained in red with Rhodamine B. Magnification 20x, scale bar 
represents 50 μm.
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4.3.5  Changes in particle size distribution upon TGase addition

To better determine potential enzyme-induced aggregation of protein particles, the 
dispersions before and after TGase crosslinking were tested for changes in their particle 
size distribution. Particle size distributions of the full dispersions with and without 
TGase are shown in Figure 4.7. 

FIGURE 4.7 Representative particle size distributions of dispersi
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Without TGase, the protein isolate contained larger size particles than the fine fraction 
and heated fine fraction, further supporting the differences in microstructure (Figure 
4.6). A profound effect of TGase addition on particle size distribution was observed: 
the particle size distribution of the fine fraction and heated fine fraction shifted to 
larger particle sizes (Figure 4.7A & B). This suggests that TGase is either forming inter-
aggregate crosslinks, or it is making individual particles more prone to aggregation. 
These results are in agreement with the decrease in protein dispersibility, the observed 
change in microstructure and the increase in protein subunit size as described previously 
(Figure 4.6). The particle size distribution of the protein isolate was unaffected by 
TGase addition. This implies that no changes in size occurred at the colloidal scale 
in the protein isolate, suggesting that these particles are mostly inert. It is important 
to acknowledge that crosslinking of protein subunits was observed at the molecular 
scale in the protein isolate (Figure 4.4). Consequently, even though crosslinking may 
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have occurred in the limited number of dispersible particles present in the protein 
isolate, they would not have grown to a size that would have been detectable by the 
Mastersizer. This can be partly a result from the fact that the Mastersizer analysis 
favours the detection of larger particles. 

As previously suggested, the limited effect of TGase in the protein isolate could be 
due to its relatively low dispersibility (Figure 4.5). To test this hypothesis, the post-
centrifugation treated samples (obtained as a supernatant by centrifugation) were 
treated with TGase and their particle size distribution were analysed by dynamic light 
scattering (Figure 4.8). 

FIGURE 4.8 Particle size distributions of the post-centrifugation treated fractio
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Here, without TGase, the post-centrifugation treated fine fraction had a slightly smaller 
particle size than the other post-centrifugation treated fractions. TGase crosslinking 
affected the various post-centrifugation treated fractions differently. The particle size 
distribution of the post-centrifugation treated fine fraction and protein isolate did not 
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change upon addition of TGase (Figure 4.8A, D). The reason for this could be that the 
soluble proteins are diluted and dispersible, lowering the chance of particle-particle 
crosslinking. On the other hand, the post-centrifugation treated proteins of the heated 
fine fraction were susceptible to TGase treatment (Figure 4.8B). By addition of TGase, 
the main peak in the particle size distribution broadened towards larger particle sizes 
in the post-centrifugation treated heated fine fraction. Here, TGase might induce 
inter-aggregate crosslinking between soluble proteins, increasing the overall particle 
size. Previous research showed that the particle size of TGase treated proteins will 
increase when inter-aggregate crosslinks are formed, while it may decrease when 
intra-aggregate crosslinks are formed (Djoullah, Krechiche, Husson, & Saurel, 2016). 
Therefore, the slight decrease in particle size in the post-centrifugation treated wet 
fractionated isolate by TGase addition is of interest (Figure 4.8C). When combined 
with the results of the protein dispersibility and microstructure, this observation may 
imply that the majority of crosslinks formed in the soluble wet fractionated isolate are 
intra-aggregate crosslinks. 

4.3.6  Proposed crosslinking mechanism

The protein isolate has a higher number of glutamine and lysine groups relative to 
the fine fraction, as previously reported (Schlangen et al., 2022, 2023). Therefore, this 
cannot account for the limited TGase crosslinking observed in the protein isolate as 
compared with the fine fraction. To explain the susceptibility of proteins to TGase, 
we hypothesize that the mung bean protein is present in three states, each having a 
different susceptibility to TGase (Figure 4.9). The first state is a dense inert particle that 
does not swell in contact with water. This could be the result of intensive heat treatment 
and lack of hydration when mixing the powder in water (for example in the case of the 
protein isolate). The second state is related to dispersed colloidal particles that have 
absorbed water, leading to swollen particles. The third state is that of the proteins that 
are soluble. Protein in dense inert particles are hypothesized not to react with TGase 
(mechanism 1). Protein present in swollen particles can react with TGase, and their 
crosslinking may lead to an increase in the density of the particles (Flory & Rehner, 
1943) and/or potentially crosslinking of particles (mechanism 2). Soluble protein can 
most easily react with TGase, forming protein aggregates that might remain in solution 
or form particles (mechanism 3). The specific mechanism(s) of crosslinking depend 
on the fractionation procedure of the fractions and their composition. Approximately 
80% of the protein isolate is not dispersible and particles appeared dense (Figure 4.5 
& 4.6), implying that protein is mostly present as the dense inert particles that hardly 
react as explained by mechanism 1. However, the roughly 20% of dispersible protein 
in the protein isolate will be crosslinked by TGase through mechanism 3, explaining 
the increase in molecular size (Figure 4.4D). Furthermore, the subtle decrease in 
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rheological properties may be due to densifying of the 20% dispersible protein, which 
then contributes less to the overall network upon crosslinking by TGase (Figure 
4.2D). The wet fractionated isolate is highly dispersible (Figure 4.5), suggesting that 
mechanism 3 is primarily responsible for TGase crosslinking. The fine fraction and 
heated fine fraction contain both dispersible and non-dispersible protein (Figure 4.5). 
TGase crosslinking of the dispersible protein mainly follows mechanism 3. For the non-
dispersible protein, we hypothesize that the proteins will be present in swollen particles 
after hydration that allow for the possibility for TGase to crosslink proteins inside the 
particles. The possibility that TGase would also crosslink the swollen particles with 
each other cannot be excluded, which would explain the increase in particle size upon 
TGase addition in the fine fraction and heated fine fraction (Figure 4.7). The hypothesis 
of swollen particles is supported by the effect of salt addition. Salt reduced the swelling 
of particles as shown in section 4.3.4, confirming that without salt, water and thus also 
the TGase can penetrate the particles. 

FIGURE 4.9 Schematic illustration of proposed mechanisms of TGase 
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4.4  Conclusions

This study describes the effects of mung bean protein fractionation on susceptibility to 
crosslinking by TGase and the consequences for its products at three different length 
scales. We showed that TGase crosslinking was independent of fractionation procedure 
at the molecular scale, but was greatly dependent on fractionation procedure at 
colloidal and bulk scale. To explain the different crosslinking effects of TGase on the 
various mung bean protein fractions, we hypothesized that mung bean protein can 
be present in different states. The first state is a dense protein particle, which does 
not swell upon hydration and is rather inert. The second state is a swollen particles in 
which TGase can diffuse, leading to both intra- and interparticle crosslinks. The last 
state is that of soluble proteins. These proteins can be readily crosslinked leading to still 
soluble aggregates or swollen particles. We concluded that proteins in the commercial 
protein isolate are mostly present as dense protein particles, which explains the limited 
effect on the rheological properties, despite some detected molecular crosslinks of the 
small soluble protein fractions present in this isolate. The fine fraction and heated 
fine fraction possess mostly swollen particles, which explains observed changes on 
all length scales. The relatively high dispersibility and high amount of highly TGase 
reactive globulins increased susceptibility to TGase in the wet fractionated isolate, 
explaining the large effect on the rheological properties, but limited effect on colloidal 
scale. We can conclude that changes in microstructure and protein dispersibility, as a 
result of fractionation procedure, affect susceptibility of the proteins to TGase. 
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4.5  Supplementary material

FIGURE S4.1 Representativ
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FIGURE S4.2 Protein dispersibility at 4 wt.% protein of the fine fraction, heated fine fraction, wet fracti
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fibrousness in meat analogues using 
automated image analysis
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Abstract

A desirable quality of plant-based meat analogues is to resemble the fibrous structure 
of cooked muscle meat. While texture analysis can characterize fibrous structures 
mechanically, assessment of visual fibrous structures remains subjective. Quantitative 
assessment of visual fibrous structures of meat analogues relies on expert knowledge, 
is resource-intensive, and time-consuming. In this study, a novel image-based method 
(Fiberlyzer) is developed to provide automated, quantitative, and standardized 
assessment of visual fibrousness of meat analogues. The Fiberlyzer method segments 
fibrous regions from 2D images and extracts fibre shape features to characterize the 
fibrous structure of meat analogues made from mung bean, soy, and pea protein. 
The computed fibre scores (the ratio between fibre length and width) demonstrate 
a strong correlation with expert panel evaluations, particularly on a per-formulation 
basis (R2 = 0.93). Additionally, the Fiberlyzer method generates fibre shape features 
including fibre score, fibre area, and the number of fibre branches, facilitating 
comparisons of structural similarity between meat analogue samples and cooked 
chicken meat as a benchmark. With a simple measurement setup and user-friendly 
interface, the Fiberlyzer method can become a standard tool integrated into formulation 
development, quality control, and production routines of plant-based meat analogue. 
This method offers rapid, cheap, and standardized quantification of visual fibrousness, 
minimizing the need for expert knowledge in the process of quality control. 
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5.1  Introduction

Sustainability, health, and animal welfare concerns have motivated consumers to 
replace their dietary protein sources from animals to plants, boosting the demand for 
plant-based meat analogues (McClements & Grossmann, 2022). As alternatives, meat 
analogues have the highest success rate when they deliver a sensory experience similar 
to the experience of consuming meat (Michel, Hartmann, & Siegrist, 2021). Texture, 
in particular a fibrous structure, is one of the most defining quality attributes of meat 
analogues for consumer acceptability (Elzerman, Hoek, van Boekel, & Luning, 2011). 
A fibrous and muscle meat-like texture can be produced through thermomechanical 
processing of plant proteins by, for example, high moisture extrusion (HME) cooking, 
low moisture extrusion (LME) cooking, or high temperature shear cell (HTSC) 
technology (Dekkers, Boom, & van der Goot, 2018; Grabowska, Tekidou, Boom, & Goot, 
2014; Kyriakopoulou, Dekkers, & van der Goot, 2019; McClements & Grossmann, 2022; 
Webb, Dogan, & Li, 2023). In recent years, LME, HME cooking and HTSC technology 
have produced meat analogues with a range of different structures containing various 
plant protein compositions (Kyriakopoulou et al., 2019; McClements & Grossmann, 
2022; Webb et al., 2023). 

To better compare between samples, fibrous structures of meat analogues are often 
characterized by mechanical, spectral, and imaging techniques (Mcclements, Weiss, 
Kinchla, Nolden, & Grossmann, 2021; Schreuders, Schlangen, Kyriakopoulou, Boom, 
& van der Goot, 2021). Mechanical anisotropy, measured through tensile testing, 
is generally used to describe fibrous structures of HTSC products, but does not 
always agree with visual observations of macrostructure (Barbut, 2015; Schreuders, 
Schlangen, Bodnár, et al., 2021). Only weak correlations were found between consumer 
visual assessment of fibrous structures and mechanical attributes in meat analogues 
(Godschalk-Broers, Sala, & Scholten, 2022). Thus, it remains uncertain whether fibrous 
structures of meat analogues can be fully characterized by mechanical anisotropy. 
Hence, relying solely on the mechanical anisotropy of meat analogues may not be 
sufficient to assess their textural quality. Spectral techniques, such as fluorescence 
polarization and light reflectance, can also indirectly characterize visual fibrousness 
of meat analogues. The fibre orientations (i.e. anisotropic structures) create unique 
light reflectance and fluorescence polarization patterns, which can be used to measure 
fibrous structures of meat analogues (Ranasinghesagara, Hsieh, Huff, & Yao, 2009; 
Ranasinghesagara, Hsieh, & Yao, 2006). However, such spectral methods require special 
instrumentations and algorithm development, which complicates the general use of 
this visual fibrousness characterization process. In practice, many studies relied on 
manual inspections of the fibrous structures of meat analogues (Dekkers, Nikiforidis, 
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& van der Goot, 2016; Grabowska et al., 2014, 2016; Jia, Curubeto, Rodríguez-alonso, 
Keppler, & van der Goot, 2021; Krintiras, Göbel, van der Goot, & Stefanidis, 2015; Osen, 
Toelstede, Wild, Eisner, & Schweiggert-Weisz, 2014; Schreuders et al., 2019). While 
reporting images of inner structures is a simple and effective way to compare the 
visual fibrousness of meat analogues, it limits the results to subjective and qualitative 
interpretations. A robust and quantitative measurement of visual fibrousness of meat 
analogues can provide objective characterization of fibre formation across different 
formulations and processing parameters, making subjective human evaluations 
less important. Furthermore, with an automated and quantitative measurement of 
fibrousness, it can monitor the production of meat analogues and provide feedback for 
structuring improvement.

A promising technique for developing such a method is computer vision (CV). CV is 
a collection of algorithms that allow digital interpretation of visual information from 
images and videos. CV has been widely used in agri-food applications, such as in meat 
analogue colour analysis, 3D food printing performance, and meat quality evaluation 
(Fan et al., 2013; Ma, Potappel, Chauhan, et al., 2023; Taheri-Garavand, Fatahi, Omid, 
& Makino, 2019). Furthermore, one study applied a CV algorithm, called Hough 
transformation, to calculate a fibre index for a set (n=9) of meat analogues produced 
through HME cooking (Ranasinghesagara, Hsieh, & Yao, 2005). The study found 
that fibre index calculated from image analysis correlated well with a non-invasive 
fluorescence polarization method. However, as Hough transformation only detects 
straight lines on an image, the method developed by Ranasinghesagara et al. (2005) 
may have limitations when detecting inner structures with curved or bended fibres 
as for example found in HTSC samples. Other CV techniques such as shape analysis 
have been applied to provide comprehensive morphological characterizations of barley 
kernels and wheat grains (Sharma, Kumar, & Alam, 2021; Zapotoczny, Zielinska, & Nita, 
2008). These morphological analysis methods can potentially be adopted to measure 
the visual fibrousness of meat analogues. Furthermore, while the conventional 
evaluations by human experts can only provide a single value to assess fibrousness, a 
CV-based method has the potential to offer visual similarity assessment, for example 
using real meat, because it can characterize multiple morphological features of the 
fibrous structures. A first step in the development of this tool is the validation of the 
quantitative measure of fibrous structure with a CV-based method and to place it into 
context with human evaluations, which can then establish practical significance of an 
automated method (Ma, Potappel, Schutyser, Boom, & Zhang, 2023). Eventually, such 
tool could replace time- and resource-consuming human evaluations for the quality 
control of meat analogues.

This study aims to develop an automated visual assessment method called “Fiberlyzer” 
based on CV to quantify fibrousness of meat analogues. Specifically, the Fiberlyzer 
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method utilizes image segmentation followed by shape analysis to calculate a robust 
fibre score to serve as an alternative to human evaluation. The computed fibre score is 
then validated by expert fibre scores collected from a survey. Additionally, the method 
generates a unique texture fingerprint for each image, allowing precise comparison 
between texture of meat and meat analogues.

5.2  Materials & Methods

5.2.1  Materials

Soy protein isolate (SPI) (Supro 500E), pea protein isolate (PPI) (NUTRALYS ® F85M), 
and mung bean protein isolate (MBPI) (UNIMUNG M70) were obtained from Solae 
(Dupont, St. Louis, MO, USA), Roquette Freres S.A. (St. Louis, Missouri, USA), and 
Barentz (Hoofddorp, NL), respectively. SPI, PPI, and MBPI were composed of 81.7 wt.% 
(N x 5.7), 74.5 wt.% (N x 5.4), and 68.9 wt.% (N x 5.7) protein on a dry weight basis using 
a rapid N exceed® analyzer (Elementar, Langenselbold, Germany). SPI, PPI, and MBPI 
had a dry matter content of 91.2 wt.%, 92.4 wt.%, and 97.3 wt.%, respectively. Cooked 
chicken breast (Scharrel Kipfilet, Albert Heijn, the Netherlands), tofu (Biologische tofu 
naturel, Albert Heijn, the Netherlands), and vegan chicken (De Vegetarische Slager 
Kipstuckjes, Unilever, the Netherlands) were purchased at a local supermarket (Albert 
Heijn, the Netherlands). 

5.2.2  Sample preparation

To obtain meat analogue samples with a variety of textures, plant proteins were 
structured using the high temperature shear cell (HTSC) technology (Wageningen 
University & Research, the Netherlands). First, protein doughs were prepared by 
manually mixing various amounts of demineralized water with SPI, PPI, or MBPI to 
achieve final dry matter concentrations of 35, 40, or 45 wt.% (Table 5.1). In addition, 
blended protein doughs were made by combining SPI and PPI or SPI and MBPI in a 
50:50 ratio (Table 5.1). Formulations made from MBPI and SPI with 45 wt.% dry matter 
are missing, as these could not be structured into meat analogues in preliminary 
experiments due to poor protein hydration. In total, 13 formulations were prepared for 
subsequent shear cell structuring. 
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TABLE 5.1 Overview of the dry matter composition of the doughs prepared from mung bean protein isolate (MBPI), 
pea protein isolate (PPI), soy protein isolate (SPI), and combinations of SPI-MBPI and SPI-PPI.

Protein 
ingredient(s)

MBPI 
(wt.%)

PPI  
(wt.%)

SPI 
(wt.%)

Total dry matter  
(wt.%)

MBPI 35 - - 35

40 - - 40

PPI

- 35 - 35

- 40 - 40

- 45 - 45

SPI
- - 35 35

- - 40 40

SPI-MBPI

17.5 - 17.5 35

20 - 20 40

22.5 - 22.5 45

SPI-PPI

- 17.5 17.5 35

- 20 20 40

- 22.5 22.5 45

The protein doughs were covered with parafilm and left to hydrate at room temperature 
(20 °C) for 30 min. The doughs were then loaded into a pre-heated HTSC to structure 
them into meat analogues. During the HTSC process, the materials were sheared at 
a rate of 39 s-1, 120 °C for 15 min (controlled by a Haake Polylab QC drive, Germany). 
Subsequently, the samples were cooled at 0 s-1 for 5 min, using an external oil bath with 
a temperature of 25 °C. The cooled sample was removed from the HTSC, tempered 
to room temperature, sealed in an air-tight bag, and stored in the freezer (-18 °C) 
until further analysis. Freezing can positively impact the fibrous appearance and has 
previously been applied to texturize animal and fish proteins and soy protein gels 
(Chantanuson, Nagamine, Kobayashi, & Nakagawa, 2022; Dekkers et al., 2018).

5.2.3  Image acquisition and pre-processing

The frozen HTSC sample was first thawed to 20 °C, and 3 squares of approximately 3 
× 3 cm were randomly cut out and manually folded open in the direction parallel to 
the shear flow to expose the inner structure. The folded sample was held in place by 
a clamp and imaged in a light-controlled photo booth with a digital camera (A6000, 
SONY, Japan) equipped with a 100 mm macro lens (Tokina, Tokyo, Japan). The camera 
was placed approximately 20 cm from the folded sample. Figure 5.1A and 5.1B provide 
an example image of the inner structure of the HTSC sample. After obtaining the raw 
images, a region of interest was manually selected by cropping out the background to 
allow assessment of the inner structure of the HTSC samples (Figure 5.1C). For samples 
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that were completely fractured (i.e. Figure 5.1B), region of interest was only focussed on 
half of the sample to avoid fracture edges (Figure 5.1D). 

FIGURE 5.1 Example im

10 mm

A B
C

D
10 mm

ages of samples produced for this study. A: an image of a folded sample made of 
soy protein isolate (35%). B: an image of a folded sample made of mung bean protein isolate (35%). C: the 
cropped image of soy protein isolate sample shown in A. D: the cropped image of mung bean protein isolate 
sample shown in B.

5.2.4  Expert visual assessment of  fibrous structures

Quantitative visual assessment was performed through an online survey designed in 
Qualtrics (Washington, USA). Twenty-six experts with prior experience in evaluating 
macrostructures of HTSC meat analogues were recruited for this study. The survey 
consisted of 13 images of HTSC meat analogues, three images of commercial samples 
(cooked chicken breast, tofu, and vegan chicken), and two mirrored images as quality 
control samples. The two mirrored images were included to check whether the experts 
rated products with identical fibrousness similarly. All images were acquired and pre-
processed as described in section 5.2.3. 

Experts were instructed to evaluate fibrousness of the samples on a visual analogue slider 
ranging from 0 to 100. The slider contained 5 labels (not fibrous, somewhat fibrous, 
fibrous, very fibrous, and extremely fibrous) at the 0, 25, 50, 75, and 100 positions. 
Furthermore, images of a non-fibrous and an extremely fibrous HTSC sample served as 
references and were presented to the experts at the beginning of each survey question. 
For every HTSC and commercial sample, 1 out of 5 images was randomly selected and 
presented to an expert. With 26 experts, this resulted in at least 5 evaluations per 
image. The median of the 5 scores was calculated and used as a measure for expert 
visual fibrousness. All experts were presented the same mirrored images to evaluate the 
consistency in fibrousness evaluations. 

5.2.5  Fiberlyzer: automated visual assessment of  fibrous structures

Fiberlyzer, a Python-based image analysis method, was developed to automate the 
visual assessment of fibrous structures of the HTSC meat analogue samples. The 
automated visual assessment pipeline consisted of image collection, segmentation, 
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and shape analysis (Figure 5.2). The image collection and pre-processing step was 
introduced in section 5.2.3, and the details of segmentation and shape analysis steps 
are introduced in the following sections. 

FIGURE 5.2 Fiberlyzer workflow consisting of collection, segmentation, and shape an
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5.2.5.1  Segmentation of  fibrous regions

To automatically identify the fibrous regions of an inner structure, a segmentation 
method is required. The saturation values of colour images have shown correlations to 
3D shape perceptions in the human visual system (Marlow, Gegenfurtner, & Anderson, 
2022). Therefore, a saturation-based technique was used to identify and segment 
potentially fibrous regions on the pre-processed image. The images were first converted 
into the HSV colour space, and a threshold level was set to create a binary image. The 
binary image was smoothed using the Gaussian pyramid construction and median blur 
with a filter size of 7 × 7 pixels. Connected component analysis was then performed to 
identify and locate the individual fibrous regions using a connectivity of 4. A minimal 
area of a connected component was defined as a fraction of the total image size and 
used to filter unwanted noise from the prior binarization step. 

5.2.5.2  Fibre shape analysis

Each isolated region was then analysed separately to obtain various shape features. For 
each region, image skeletonization was used to identify a set of curves that pass through 
the centre of connected regions known as the “skeleton”. The longest path (Lmax) was 
found by iteratively looping through all unique pairs of branches of the skeleton. 
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Meanwhile, the Euclidean distance (LE) between the start and end points of the longest 
path was calculated, and a curvature factor was then determined by taking the ratio 
between Lmax and LE. Only regions with a curvature factor of less than 1.2 were further 
analysed to avoid over-curved skeletons. The shortest distance from each pixel on a 
skeleton to the edge of the shape was then calculated for each isolated skeleton. These 
distances were averaged to obtain the width of the potential fibrous region. Image 
skeletonization was then performed on all isolated regions to obtain the length, width, 
area, and number of branches of the individual region. A fibre score, F, was calculated 
for each region with equation 5.1.

The average fibre score, F, was calculated among all isolated regions of one image and 
served as the main shape feature to quantify fibrousness of the meat analogue sample. 
To obtain the best segmentation parameters, a grid search was performed using a range 
of minimal area (from 0.005% to 0.05%) and saturation threshold (from 80 to 95 %) to 
calculate F of each image. 

5.2.6  Visual fibre similarity analysis

While the computed fibre score from Fiberlyzer gives a quantitative fibrousness 
assessment at the image level, additional fibre similarity analysis was carried out to 
measure how closely the fibrous structure from HTSC samples resembles cooked 
chicken breast. The obtained fibre shape features of HTSC samples were compared 
with those obtained from a reference image of cooked chicken breast. Distributions of 
fibre score, area, and number of branches were overlayed with those from the reference 
image, respectively. The overlapped area of the two distributions, f(x) for meat analogue 
samples and g(x) for the reference sample, was estimated by calculating the coefficient 
of overlapping (∆) using a method developed by Ridout & Linkie (2009) (Eq. 5.2). 

where x represents the individual shape feature of fibre score, fibre area, or number of 
fibre branches.

The ∆(f,g) of each shape feature was then averaged to obtain a collective similarity 
score between a given HTSC sample and the reference chicken breast. 

longest skeleton path length
average path width

F = (Eq. 5.1)

(Eq. 5.2){ }( , ) min ( ), ( )f g f x g x dx= ∫
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5.2.7  Data analysis and software availability

Pearson’s correlation tests were conducted using the R programming language. The 
Fiberlyzer method was developed in-house using the OpenCV, NumPy, Pandas, and 
Matplotlib libraries in the Python programming language. The software including a 
graphical user interface, raw scripts, and raw images used for the software development 
are open source and can be accessed through: https://git.wur.nl/yizhou.ma/fiberlyzer3. 
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5.3  Results & Discussion

In the following sections, the expert assessment of visual fibrousness is first introduced 
to understand structural differences among the high temperature shear cell (HTSC) 
samples produced in this study. We then highlight the shape feature measurements 
from the Fiberlyzer method. The aggregated measurement from the Fiberlyzer method 
was correlated with the expert assessment as a validation. A visual fibre similarity 
analysis between a reference cooked chicken image and HTSC sample images was also 
performed to select formulations with the highest potential to mimic chicken. Lastly, 
we discuss the limitations and future applications of the Fiberlyzer method. 

5.3.1  Expert assessment of  visual fibrousness 

Visual fibrousness of meat analogues and commercial products (tofu, vegan chicken, 
and chicken) were assessed in a survey of 26 meat analogue experts. Quality control 
samples (mirrored images of a HTSC sample) were included in the survey to check the 
consistency of the fibre scoring among the experts. No significant difference (p>0.05) 
in fibre score was found between the two quality control images (μmirrored image = 43.1, μnon-

mirrored image = 42.8), showing that the experts were consistent when assigning fibre scores. 
However, the expert fibre scores of the quality control samples had a large variation 
with a range between 0 to 85 (Figure S5.1). The large scoring variation is likely due to 
that the experts were untrained to specifically rate fibrousness of HTSC samples, so 
the fibre scores were not primed toward a certain range or calibrated with standards. 
Nevertheless, the expert survey revealed differences in fibrousness among the surveyed 
samples (Figure 5.3). MBPI 35 and 40 wt.% were found to exhibit no visual fibrousness, 
with median fibre scores of 0. The fibrousness assessment agrees with previous findings, 
where pure MBPI-based meat analogues were described as ‘gel-like’ and displayed no 
fibre formation (Samard & Ryu, 2019; Schlangen, Ribberink, Taghian, Sagis, & van der 
Goot, 2023). For PPI samples, at 35 and 40 wt.% , very minimal fibrousness was found 
from the expert survey. In previous studies, PPI was often blended with other ingredients, 
such as wheat gluten and pectin, to assist structure elongation and form anisotropy 
(Schreuders et al., 2019; Schreuders, Schlangen, Bodnár, et al., 2021). However, PPI 
alone has been texturized into a fibrous structure at high dry matter content (45 wt.%) 
using HME cooking before (Osen et al., 2014). This finding from Osen et al., (2014) 
agrees with the fibre scores rated by the experts in this study, showing the potential of 
producing fibrous structures of PPI at high dry matter content (45 wt.%). 
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FIGURE 5.3 Expert fibre scores of high temperature shear cell samples with var
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(35, 40, and 45 wt.%). SPI: soy protein isolate; PPI: pea protein isolate; MBPI: mung bean protein isolate. VC: 
vegan chicken. C: chicken.

SPI samples and SPI-PPI blends both showed higher fibre scores compared to the other 
HTSC samples (Figure 5.3). Typically, wheat gluten or pectin is added to SPI to induce 
fibre formation in shear structuring, as SPI alone was previously shown not to form 
a fibrous structure (Dekkers et al., 2016). However, freezing may have assisted fibre 
formation in this study. It is also worth mentioning that the blend of two non-gluten 
proteins (SPI-MBPI and SPI-PPI) could be structured into fibrous products, which 
was only reported from a previous HME cooking study (Wittek, Karbstein, & Emin, 
2021). Overall, the variations in expert fibre scores show that inner structures of HTSC 
samples exhibit differences. The wide range of expert fibre scores can therefore be used 
as references for the subsequent validation of the Fiberlyzer method. 

5.3.2  Fibre shape features in meat analogues

The image-based Fiberlyzer method can provide measurements of fibre shape features 
including the fibre score, fibre area, and number of fibre branches. For example, Figure 
5.4 highlights distributions of shape features of four images acquired in this study. 
Figure 5.4A shows the variation in computed fibre score among cooked chicken, MBPI 
with 35 wt.% dry matter, SPI-PPI with 35 wt.% dry matter, and tofu images. The chicken 
image had a bimodal distribution of the computed fibre score with peaks centres 
around 5 and 17. 
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FIGURE 5.4 Example measurements of fibre shape features of chicken, mung be

A

B

C

an protein isolate (35 
wt.%) (MBPI35), a blend of soy protein isolate and pea protein isolate (35 wt.%) (SPI-PPI35), and tofu. A: 
distributions of computed fibre score. B: distributions of computed fibre area. C: distribution of number of 
fibre branches. 

Such a broad range of fibre scores agreed with the hierarchical fibre presence of cooked 
chicken (Figure 5.4A) as meat muscle fibres occur at different length scales (van der 
Sman & van der Goot, 2023). MBPI with 35 wt.% dry matter had a narrow distribution 
with a low fibre score peak around 3. The narrow distribution of the fibre score 
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corresponded well with the image of the sample, of which the MBPI 35 wt.% dry matter 
sample appeared to be crumbly and grainy. On the other hand, the computed fibre score 
distribution of SPI-PPI with 35 wt.% dry matter was bimodal with a broad distribution 
of scores, similar to chicken. The fibrousness of the SPI-PPI 35 wt.% dry matter was 
also scored closer to chicken in the expert evaluation (Figure 5.3). The similarity in 
fibre score distribution between chicken and SPI-PPI 35 wt.% dry matter may explain 
the higher expert fibre score that SPI-PPI 35 wt.% dry matter received (Figure 5.3). The 
computed fibre score may therefore be an indication of the expert fibre scores collected 
from the survey.

However, the tofu image also yielded a computed fibre score distribution that was 
relatively similar to the HTSC samples (Figure 5.4A). Nonetheless, the computed fibre 
distribution of tofu disagreed with the expert panel results in Figure 5.3, where all experts 
gave a fibre score of 0 for the tofu image. Tofu may carry a different fractal appearance 
from HTSC samples upon folding, because of its relatively isotropic structure. Also, the 
surface moisture on tofu may have interfered with the fibre segmentation algorithm 
developed in this study. The unexpected high fibre score indicated that tofu was an 
outlier in visual fibrousness assessment using Fiberlyzer and was therefore discarded 
for subsequent analysis. 

For the area distributions (Figure 5.4B), MBPI with 35 wt.% dry matter showed a sharp 
distribution centred around a lower value compared to the broad distribution of chicken. 
The lower fibre area may correspond to the crumbly and granular texture observed in 
the image. The small granules were segmented and identified by the Fiberlyzer as small 
fibre areas. By comparing the area distributions, SPI-PPI with 35 wt.% dry matter had 
a similar fibre area range as the chicken image, indicating the potential similarity in 
visual fibrousness. Figure 5.4C illustrates distributions of number of fibre branches 
identified in the samples. Again, the SPI-PPI sample with 35 wt.% dry matter appeared 
to have a more similar distribution to chicken than the MBPI with 35 wt.% dry matter. 
The distinct fibre shape features of different samples showed the potential of using the 
Fiberlyzer method to characterize fibrous structures of HTSC samples. 

5.3.3  Validation of  computed fibre scores

Although fibre shape feature distributions can characterize the fibrous structures of 
HTSC samples, further analysis is needed to directly compare the computed fibre shape 
features to the expert fibre scores. The fibre shape features were averaged per image to 
produce aggregated representations of fibre score, fibre area, and the number of fibre 
branches. Because segmentation parameters during image analysis can impact the 
shape feature calculation, a grid search was performed to identify the best combination 
of segmentation parameters. The correlation of determination (R2) was used as the 
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parameter selection criterion when determining the segmentation parameters of 
threshold percentile and minimal fibre area. During preliminary experiments, we only 
found significant correlations between the averaged computed fibre score and the 
expert fibre score, so the subsequent validation focused on evaluating computed fibre 
score as an automated measurement to replace expert visual assessment. 

FIGURE 5.5 Parameter correlation on A) per image basis and B) per form
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The correlation between the computed fibre score and expert fibre score was influenced 
by both the threshold percentile and the minimal area (Figure 5.5A). A high threshold 
percentile reduced the R2 value, likely due to the exclusion of fibrous regions during 
the saturation-based segmentation step. Conversely, a low threshold percentile led to 
an overestimation of fibrous regions, including non-fibrous areas (i.e. noise) falsely 
identified as region of interests. When the minimal area was set below 0.03%, a 
decrease in correlation was observed, probably due to the inclusion of relatively small 
regions (i.e. noise) that are non-fibrous in nature but that were used in the calculation 
of the computed fibre score. The combination of an 82% threshold percentile and a 
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0.045% minimal area yielded the highest R2 value and were thus selected as the best 
segmentation parameters on a per-image basis. These parameters were used to plot 
the computed fibre score against the expert fibre score, resulting in a R2 of 0.66 on a 
per image basis (Figure 5.5C). This moderate correlation suggests that the Fiberlyzer 
method can partially replace the expert evaluation of visual fibrousness. The computed 
fibre scores effectively differentiated between the non-fibrous images (MBPI) and 
highly fibrous images (chicken). However, comparing the other samples remains 
inconclusive due to the variations in fibrous structure from image to image. 

To account for the image-to-image variations, Figure 5.5B and D present a formulation-
based comparison by averaging the scores of 5 images of the same formulation. Here, a 
higher threshold percentile (91%) and a lower minimal area (0.040 %) improved the R2 to 
0.93. From Figure 5.3 it already became evident that there were considerable variations 
in the expert fibre scores. Figure 5.5D reveals large variations in computed fibre score 
as well. The variations in computed fibre score can be attributed to the inhomogeneous 
fibre distribution within the meat analogues, which may be a desired property of the 
product. However, the variations could also be explained by variations in selecting 
of samples and/or imaging technique. The large inner structure variations were also 
reported in other studies based on x-ray tomographic characterizations (Nieuwland, 
Heijnis, van der Goot, & Hamoen, 2023). Similar to the expert survey results, chicken 
images scored higher than the meat analogue images, despite variations in computed 
fibre scores. Overall, the averaged result on a formulation basis improved the correlation 
(R2 = 0.93), suggesting that the Fiberlyzer is a practical method to replace expert fibre 
assessment digitally. 

5.3.4  Image-based similarity analysis

While the computed fibre score provides automated and direct quantification of 
fibrous structures, it is also important to understand how closely the HTSC samples 
can mimic the visual appearance of meat products. To quantify the similarity found in 
the three fibre shape features (fibre score, fibre area, or number of fibre branches), a 
similarity analysis method (Eq. 5.2) was implemented by considering the distribution 
overlapping between a HTSC sample image and a reference chicken image (Figure 
S5.2). Figure 5.6A shows the similarity analysis based on overlapping of averaged 
shape feature distributions. Four other chicken images were used as benchmarks to 
establish a threshold similarity score. In Figure 5.6A, the chicken similarity scores 
ranged from 0.64 to 1, indicating that a “chicken-like” sample should have a similarity 
score of at least 0.64. Among each formulation, a large variation was found again, 
due to the structural heterogeneity of the HTSC samples as discussed in section 5.3.2. 
Although with variations, MBPI samples were found to be the most dissimilar to the 
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chicken reference image (Figure 5.6A). Samples made from other formulations had 
no clear distinctions when comparing all three shape features to determine similarity. 
Several samples had a similarity score exceeding the threshold as indicated by the dash 
line, which suggests resemblance to the reference cooked chicken image according 
to the Fiberlyzer method. However, similarity score computed based on the average 
parameters may not provide the required resolution to differentiate fibrous structures 
among HTSC samples. 

FIGURE 5.6 Visual similarity analysis between high temperature shear cell samples and cooked c
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based on averaged shape features (A) and computed fibre score (B). SPI: soy protein isolate; PPI: pea protein 
isolate; MBPI: mung bean protein isolate. C: cooked chicken. Samples were produced at dry matter contents 
of 35, 40, and/or 45 wt.%. Dashed line indicates similarity threshold to cooked chicken.
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With no clear distinction in fibre similarity based on three shape features, Figure 5.6B 
evaluates fibre similarity using the fibre scores alone. A new similarity threshold (0.72) 
was determined based on the reference chicken images. A large range of similarity (0.35 
to 0.6) was found in the PPI samples, indicating large structural variations in terms 
of fibrous structures. Structural variation may be desired as it suggests heterogeneity. 
However, in practice, too large of a structural variation may not be desirable because it 
impacts perceived spatial uniformity (McClements & Grossmann, 2022). The SPI and 
SPI-MBPI samples had a similar trend to PPI samples, which agrees with the similar 
range of expert fibre scores received by these samples. A unique sample among the 
similarity analysis was SPI-PPI with 40 wt.% dry matter with a median similarity score 
of 0.70, very close to the similarity threshold found earlier (0.72). Therefore, from a 
formulation selection perspective, SPI-PPI with 40 wt.% dry matter may have the most 
potential of visually mimicking the cooked chicken appearance. 

5.4  General discussions

The Fiberlyzer method has demonstrated its potential as an alternative and automated 
method to assess fibrousness in HTSC samples. However, there are some limitations 
that the image-based Fiberlyzer method carries. First, as shown in Figure 5.4A, tofu was 
misidentified to have fibrous structures due to false fibre segmentations. Therefore, 
suitable samples for the Fiberlyzer method should be limited to meat analogues that 
are free of surface moisture to minimize interference of light reflection. In addition, a 
parameter search demonstrated in section 5.3.3 may be necessary to identify the best 
image processing parameters because the Fiberlyzer method relies on a saturation-
based segmentation method. Changes of lighting conditions and imaging devices may 
further impact the segmentation parameters, so calibrations may be needed when 
implementing the method with a new imaging setup. Lastly, the Fiberlyzer method 
requires to fold the HTSC sample to expose the inner structure. The folding leads to 
fracturing of the HTSC sample, making it impossible to assess fibrous structure non-
destructively for in-situ measurements.

Despite the mentioned limitations, the Fiberlyzer method can serve as a digital method 
to replace the conventional expert inspection of visual fibrousness of meat analogues in 
most of the cases. In addition to the immediate application in the assessment of visual 
fibrousness, the Fiberlyzer method may empower potential future applications. One 
potential future application lies in the optimization of formulations and processing 
conditions for meat analogues. The method can be used to precisely pinpoint 
differences between the meat products and the analogues. The use of the method can 
lead to valuable insights on the effect of different ingredients, dry matter contents, 
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temperature, shear rate, and other processing conditions on the visual texture of the 
products. This information can then be used to optimize and tailor the texture of meat 
analogues to fit consumer wishes. Additionally, with Fiberlyzer being a rapid method for 
quantification of visual fibrousness, it could serve as a valuable tool for quality control 
in meat analogue production industry. For example, deviations and inconsistencies in 
products are easily detected with the Fiberlyzer method. 

Furthermore, the unique fingerprint of visual texture provided by the Fiberlyzer method 
holds potential to be used in meat analogue research and development. By conducting 
comparative analyses between meat and meat analogues, a deeper understanding of 
the differences in textural properties can be achieved. This knowledge can then help 
to further develop meat analogues that exhibit a closer resemblance to the texture and 
visual appearance of animal meat. The similarity score in this study was calculated 
based on cooked chicken as a reference. In the course of time, alternative reference 
products can be used, such as fish, pork, or beef to allow a broader similarity assessment 
across meat types. 

In the future, the Fiberlyzer method has the potential to bridge the gap between 
visual fibrousness and mechanical texture properties of meat analogues. Previous 
studies showed that mechanical anisotropy was not always linked to a visually fibrous 
macrostructure (Schreuders, Schlangen, Bodnár, et al., 2021). By connecting the 
computed fibre scores with mechanical analyses, such as tensile testing, the relation 
between mechanical anisotropy and visual fibrousness can be further understood. 
Such a clear understanding of fibrous structures helps to develop meat analogues that 
can best appeal to consumers. 
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5.5  Conclusions

This study developed and validated an automated visual assessment method 
(Fiberlyzer) to quantitatively characterize fibrous structures in meat analogues based 
on image analysis. Fibre shape features were successfully segmented and measured in 
terms of fibre score (ratio between length and width), fibre area, and number of fibre 
branches. Among the fibre shape features, fibre score was found to be correlated to 
expert assessments of fibrousness both at the image (R2 = 0.66) and formulation levels 
(R2 = 0.93). A similarity analysis was performed to identify the most similar HTSC samples 
to a reference cooked chicken image, offering a new criterium of selecting visually-
mimicking samples for meat analogue applications. The Fiberlyzer method is open-
source and simple to be implemented into the current product development routine of 
meat analogues. Such a digital tool can further contribute to formulation development 
in the production of meat analogues and enhance the current understanding of visual 
and textural fibrous structures in meat analogues.
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5.6  Supplementary material

FIGURE S5.1 Expert fibre scores of the quality control sam
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FIGURE S5.2 Reference cooked chicken image used for the similarity analysis.
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Chapter 6

Advanced tensile testing as a new tool to 
quantify properties of food

This chapter has been published as Schlangen, M., Schlangen, E., van der Goot, A.J. 
(2023) Advanced tensile testing as a new tool to quantify properties of food. Current 
Research in Food Science. 7, 100577.
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Abstract

Mechanical properties of food products are regularly analysed by tensile tests. The 
aim of this study was to demonstrate the potential of using advanced tensile testing 
techniques to better understand the mechanical properties of anisotropic food products, 
such as meat analogues and certain dairy products. The effects of various tensile testing 
parameters, including tensile gauge length and deformation rate, on the interpretation 
of mechanical properties of meat analogues was studied. Additionally, digital image 
correlation, an image analysis technique, was used for true distance recording and 
analysis of fracturing behaviour of the products. An isotropic product was prepared 
from solely soy protein isolate, and an anisotropic product was prepared from soy 
protein isolate and pectin using the shear cell technology. The tensile properties of the 
products were studied with four different moulds with varying gauge lengths of 17.5, 15, 
11.5, and 8.5 mm, and at three deformation rates of 46.2, 23.1, and 11.6 mm/min. A smaller 
gauge length and slower deformation rate improved visualization and interpretation of 
the multi-stage descending branch in force – distance curves of anisotropic products. 
Additionally, tensile parameters, specifically toughness, proved to be more accurate 
at small gauge length and slow deformation rate, because overestimation due to rapid 
crack propagation was prevented. True distance data obtained with digital image 
correlation further improved the interpretation of the fracturing behaviour of the 
products. Inhomogeneous strain distribution in anisotropic products was shown with 
digital image correlation, in contrast to the homogeneous strain distribution observed 
in isotropic products. Furthermore, the Poisson’s ratio, obtained through digital image 
correlation, explained inherent differences in structure and plasticity between isotropic 
and anisotropic meat analogues. This study shows the importance of careful selection 
of testing parameters and techniques. Moreover, it advises the use of digital image 
correlation for better measurement of fracture mechanics and strain distribution.
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6.1  Introduction

Preparation and consumption of foods normally involve large deformations. The 
mechanical and fracturing behaviour of foods becomes complex at large deformations, 
but at the same time important to understand in product development (Lu & Abbott, 
2004). The mechanical and fracturing behaviour can be studied using various 
mechanical tests, such as compression tests, Warner Bratzler tests, and tensile tests 
(Schreuders, Schlangen, Kyriakopoulou, Boom, & van der Goot, 2021). Among the 
different methods, tensile tests are commonly used to characterize anisotropic 
structures of food products, such as certain dairy products and meat analogues (Ak, 
Bogenrief, Gunasekaran, & Olson, 1993; Ak & Gunasekaran, 1997; Dekkers, Nikiforidis, 
& van der Goot, 2016).

A tensile test is a mechanical analysis to study the resistance of a material against tearing. 
In a tensile test, a material is placed between two grips and extended in a uni-axial 
direction at a fixed strain rate. When a force is applied to a food product, it will fracture 
at the weakest points, which are often located at the interfaces between dispersed 
and continuous phases. Comprehending the fracture behaviour of food products can 
provide insights into their multi-phase structure, which makes it possible to tailor the 
fracture characteristics as desired. Previously, it has been shown that tensile testing is 
regularly used to evaluate the texture of meat and meat analogue structures as well as 
dairy products, such as mozzarella (Ak & Gunasekaran, 1997; Schreuders, Schlangen, 
Kyriakopoulou, et al., 2021). Currently, most studies on food that use tensile tests 
report a few tensile parameters: fracture stress, fracture strain, and Young’s Modulus 
(Chen, Zhang, Zhang, Kaplan, & Wang, 2022; Mcclements, Weiss, Kinchla, Nolden, & 
Grossmann, 2021; Pietsch, Werner, Karbstein, & Emin, 2019; Schreuders et al., 2019). 
Here, the fracture stress is defined as the maximum stress before a rapid decrease in 
stress, the fracture strain is defined as the strain at the fracture stress, and the Young’s 
Modulus is defined as the slope of the elastic part of the stress-strain curve. However, 
the potential of tensile tests for food products is not yet fully utilized. There is little to 
no effort in literature on finding the exact tensile testing parameters to use and how to 
obtain any additional tensile parameters such as Poisson’s ratio and local strain. 

We, therefore, analysed how the method is applied to non-food materials following 
material science rules. It has been established in related disciplines that the rate 
of tensile testing and the tensile gauge length can have a significant impact on test 
outcomes (Ak & Gunasekaran, 1997; Bate, Ridley, & Sotoudeh, 2008; Hertsberg, 
1996). The force – strain results of a tensile test always consist of two contributions: 
(1) the crack opening and (2) the elastic deformation over the total gauge length 
(Figure 6.1) (Hordijk, 1991). While the crack opening remains constant, the elastic 
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deformation changes when the gauge length is altered. When the gauge length is too 
long, the elastic contribution is large and will lead to unstable/undetailed fracture. An 
accurate measurement of fracture energies and analysis of the force-deformation curve 
requires a stable displacement-controlled experiment. Certain materials, such as meat 
analogues, are characterized by relatively high crack velocities and often exhibit brittle 
behaviour. To mitigate this issue, it is essential to minimize the elastic energy in the 
specimen. One possible approach is to reduce the size of the specimen (van Mier, 1997). 
Thus, a proper selection of the testing rate and gauge length will allow greater insights 
from the resulting data. These insights can, then, be employed to gain a comprehensive 
understanding of how to enhance meat analogue structures. 

FIGURE 6.1 Schematic illustration of the two contributions to the force – strain res
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Furthermore, conventional tensile testing uses linear variable differential transformers 
(LVDT’s) to precisely measure the deformation of (part of) the samples. However, 
the application of LVDT’s on soft samples is complex, and often unprecise. A virtual 
extensometer via, for example, digital image correlation (DIC) is an alternative 
for LVDT’s. Previously, it was proven that DIC correlated excellently with LVDT 
measurements in human tendons (Luyckx et al., 2014). However, the application of 
DIC for food materials is unexplored, except for one study on surimi gels (Park, Park, 
& Yoon, 2023). 

Therefore, the objective of this study is to show how testing conditions impact tensile 
testing results and to demonstrate the potential of DIC to facilitate better interpretation 
of mechanical properties of food products. Those findings will be presented as both 
raw and processed tensile data. It is important to mention that anisotropic structures 
of food products can be evaluated at different length scales. This study focusses on 
macroscopic properties of food products, but we acknowledge that structural properties 
over multiple length scales are important. Here, the extensive mechanical properties of 
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two distinct structures were studied: a homogeneous, isotropic product composed of 
soy protein isolate, and a heterogeneous, anisotropic product composed of soy protein 
isolate and pectin. The latter product has to be described as a water-in-water emulsion 
of pectin in soy protein isolate, and can be readily transformed into an anisotropic 
and often fibrous product through shear structuring. However, the chosen materials in 
this study are solely model products to demonstrate the potential of advanced tensile 
testing to get better insights in the mechanical properties of isotropic and anisotropic 
food products.
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6.2  Materials & methods

6.2.1  Materials

Soy protein isolate (SPI) (Supro 500E IP) was obtained from Solae (DuPont, St. Louis, 
MO, USA). SPI had a protein content of 81.7 ± 1.1 % based on dry weight (N x 5.7 as 
measured by Dumas). The dry matter content of SPI was 93.7 ± 0.2 %. Pectin from 
citrus peel (SLBQ6929V) (high methylated, 92.2 wt.% dry matter) was obtained from 
Sigma-Aldrich (Zwijndrecht, the Netherlands). White paint and black spray paint were 
obtained from Flexa (AkzoNobel, Sassenheim, the Netherlands) and OK (European 
Aerosols, Wolvega, the Netherlands), respectively. 

6.2.2  Preparation of  SPI and SPI-pectin blends

Two biopolymer mixtures (SPI and SPI-pectin) were prepared with a constant dry 
matter content of 44 wt.%. Previous research found that SPI alone forms an isotropic 
structure, while SPI combined with pectin forms an anisotropic structure (Dekkers et 
al., 2016). The addition of pectin was thus specifically chosen for its positive impact on 
the texture. The SPI blend comprised of 44 wt.% SPI (dry based) and 56 wt.% demi 
water. The SPI/pectin blend comprised of 41.8 wt.% SPI (dry based), 2.2 wt.% pectin 
(dry based) and 56 wt.% demi water. First, the SPI was mixed with the demi water with 
a spatula and left to hydrate for 30 min. Then, in the case of the SPI-pectin blend, pectin 
was added to the hydrated sample and mixed thoroughly. 

6.2.3  Shear-induced structuring with the high temperature shear 
cell

The prepared blends were structured into products with the high temperature shear 
cell (HTSC). The method for shear-induced structuring with the HTSC was based on 
previous research by Dekkers, Nikiforidis, & van der Goot (2016). SPI and SPI-pectin 
blends were placed into the pre-heated HTSC and not sheared at 0 s-1 for SPI and sheared 
at 39 s-1 for SPI/pectin for 15 min at 140 °C. Subsequently, the HTSC was cooled down to 
25 °C within 5 min, after which the samples were taken out and placed in plastic bags 
to prevent moisture loss. The samples were frozen at -18 °C before further analysis. 
HTSC samples were prepared in triplicate. The macrostructures of the isotropic SPI 
and anisotropic SPI-Pectin products are shown in Figure 6.2.
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FIGURE 6.2 Representative macrostructures of meat analogues with A. SPI in

A. SPI - parallel B. SPI - perpendicular

D. SPI-Pectin - perpendicularC. SPI-Pectin - parallel

 parallel direction to shear 
flow, B. SPI in perpendicular direction to shear flow, C. SPI-Pectin in parallel direction to shear flow, and D. 
SPI-Pectin in perpendicular direction to shear flow. Samples are approximately 1.5 cm in width.

6.2.4  Tensile strength analysis

Tensile strength analysis of the HTSC products was performed using a Texture Analyser 
(TA.XTPlusC, Stable Micro Systems, Surrey, United Kingdom) equipped with a 5 kg load 
cell. An incision was made in the HTSC product so that it could lay flat. Specimens were 
cut from the HTSC products in parallel and perpendicular direction to the shear flow 
with dog-bone-shaped moulds (Figure 6.3B, C). The dog-bone-shape was specifically 
chosen to direct the stress to the middle of the specimen for controlled fracture. These 
moulds were 3D printed in four different sizes (Table 6.1) (Figure 6.3A) to study the 
effect of the gauge length on tensile parameter extraction. Moulds were designed and 
printed with the intention of incorporating a sharp diagonal edge, thereby ensuring 
optimal cutting performance (Figure 6.3A). Specimens were given a dog-bone shape to 
ensure that crack propagation and eventually fracturing occurred in the measurement 
zone. The thickness and width of the cut specimen varied (due to the shape of the cone-
in-cone HTSC) and were, thus, measured and accounted for in calculation of stress and 
strain. The ends of the specimens were placed into the sandpaper-coated tensile grips 
with a gap width of 20, 23.3, 26 or 30.5 mm dependent on gauge length (Table 6.1). 

TABLE 6.1 Gauge length and gap width of 3D printed tensile moulds, and corresponding deformation rate.

Gauge length (mm) Gap width (mm) Deformation rate (mm/min)

Mould 1 17.5 30.5 70.4

Mould 2 15.0 26.0 60.0

Mould 3 11.5 23.3 53.8

Mould 4 8.5 20.0 46.2, 24.1, and 11.5
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Before implementing the tensile test, the frontal surface of the specimens was painted 
with a thin layer of white acrylic paint. Afterwards, black spray paint was used to create 
randomly distributed black dots on the white specimen for employing digital image 
correlation (DIC). A uni-axial tensile test was performed at room temperature with a 
deformation rate of 46.2, 53.8, 60 or 70.4 mm/min dependent on gauge length (Table 
6.1). The smallest mould (8.5 mm gauge length) was also analysed at 24.1 and 11.5 mm/
min. The force and displacement were recorded by the Exponent Connect Software 
(Stable Micro Systems, Surrey, United Kingdom). The true stress σ (Pa) was calculated 
with equation 6.1:

where F(t) is the force per unit of area A(t). Here, we assume that the specimen’s volume 
did not change during measurement, i.e. that the material’s Poisson ratio (transverse 
strain / axial strain) is equal to 0.5. The area A(t) is a dynamic value and is calculated 
with equation 6.2:

where h0 is the initial gauge length (m) at t = 0, h(t) is the gauge length at time t, A(t) 
is the cross-sectional area A (m2) of the tensile bar at time t, and A0 is the initial cross-
sectional of the specimen calculated by multiplying the thickness and width of the 
specimen. 

The true strain ε (-) was calculated with equation 6.3:

The fracture point was defined as the point following a sharp decrease in stress in the 
stress-strain curve. The Young’s Modulus, or stiffness, was defined as the slope of the 
linear part of the stress-strain curve. The toughness was defined as the area under the 
stress-strain curve. The anisotropy indices were calculated with equation 6.4.

(Eq. 6.1)[ ](t)(t) Pa
(t)

F
A

σ =

(Eq. 6.2)20
0(t) m

(t)
hA A

h
 = ×  

(Eq. 6.3)
0

(t)(t) lnh
h
h

ε =

(Eq. 6.4)Tensile parameter parallel to shear directionAnisotropy index = 
Tensile parameter perpendicular to shear direction
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FIGURE 6.3 Visual representation of A. 3D model of tensile mould, B. tensi

Gage length

3 mm

Gap width

15
 m

m

Shear �ow

A

B

C

le mould dimensions, C. 
position of specimen cut from meat analogue with full lines parallel to shear flow direction and dotted lines 
perpendicular to shear flow direction. Gauge lengths were 8.5 mm, 11.5 mm, 15 mm, 17.5 mm.

6.2.5  Digital Image Correlation

Digital Image Correlation (DIC) was utilized during tensile testing to obtain true 
deformation values and to further understand the fracture mechanics of the specimen. 
Prior to tensile testing, the frontal surface of the specimen was painted white (Wolkenwit 
Kleurtester, Flexa, AkzoNobel Decorative Coatings BC, Sassenheim, the Netherlands) 
and randomly distributed black dots were applied with black spray paint (OK Spuitlak 
Mat, European Aerosol s, Wolvega, the Netherlands) (Figure 6.4A). This pattern is 
necessary to enhance the contrast for DIC analysis. A Sony 4K FDR-AX53 equipped 
with a Zeiss 2.0/4.4-88 mm lens was utilized to acquire a video at 25 fps during the 
test process. The open source Ncorr2 and Ncorr_Post software were employed for DIC 
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analysis (Blaber, Adair, & Antoniou, 2015; Nežerka, Antoš, Sajdlová, & Tesárek, 2016). 
All frames of the video were loaded into the Ncorr2 software and analysed. The region 
of interest was specified manually and the software formed a virtual grid with subsets. 
The deformation of each subset, a set of pixels, was monitored based on the reference 
image. The reference image was the image taken before deformation was applied. The 
subset position of the reference image was described as P(x,y), while the position of the 
deformed image is described as P’(x’,y’). Monitoring of all subset movements occurred 
through correlation. Subsequently, the DIC results were loaded into Ncorr_Post to 
obtain displacement data. Here, a virtual extensometer was utilized to measure the 
displacement between two distinct sets of points on the reference image. The first two 
points were selected as the limits of the gauge section, while the second two points were 
selected in the vicinity of the crack area with a distance of 3 mm (Figure 6.4B). The 
true distance data for each analysed frame was synchronized with the corresponding 
time and force measurements recorded by the texture analyser. Due to the high 
computational intensity of DIC analysis, only one specimen per condition was analysed.

FIGURE 6.4 A) Example of painted specimen for tensile testing and DIC an

Gauge length

A

B

alysis and B) example of virtual 
extensometer points with grey points indicating the gauge length and black points indicating the area around 
the crack. The vertical lines in A) are an intrinsic property of the HTSC product due to grooves on the surface 
of the cones to prevent slip. These lines did not affect the measurements as far as the authors are aware. 
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6.3  Results & discussion

6.3.1  Effect of  gauge length 

The effect of gauge length was evaluated by interpreting the force-distance curves of 
isotropic and anisotropic products measured parallel to the shearing direction (Figure 
6.5). Here, the results are presented as individual curves rather than averages. The 
variation between the individual curves can be seen as a measure for heterogeneity in 
structure, which is a result of the anisotropy of the product. Gauge length affected the 
outcomes of the measurements of anisotropic products more than isotropic products. 
In isotropic specimen, we observed that force increased with distance until a fracture 
point, which was evidenced by a rapid decrease in force (Figure 6.5A). 

FIGURE 6.5 Force-distance curves of A: Isotropic and B: Anisotropic products with v
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In general, homogeneous materials tend to behave more brittle (van Mier, 1997). This 
agrees with the results of our isotropic product consisting of SPI, which is considered as 
a relatively homogeneous material. The curve shapes between different gauge lengths 
were similar in the isotropic specimen (Figure 6.5A). Furthermore, variance between 
triplicates was small for the 15 mm and 17.5 mm gauge length, while it was slightly 
larger for the 11.5 and 8.5 mm gauge lengths. The 8.5 and 11.5 mm gauge lengths also 
reached a larger distance and higher force at fracture (Figure 6.5A). While this was 
unexpected, we believe that this may be due to the extension outside the gauge section 
of the specimen. The contribution of the extension outside of the gauge section was 
larger in short specimen compared to large specimen. Additionally, there is the chance 
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that specimen with longer gauge sections contain more defects or inhomogeneities 
than the specimen with shorter gauge lengths (Liu, Shen, Yang, Zheng, & Zhang, 2017). 
Therefore, the longer specimen were more likely to suffer from fracture earlier in the 
tensile test procedure. In anisotropic specimen, the variance between triplicates was 
rather large, indicative of a heterogeneous material (Figure 6.5B). The tensile curve 
shape of anisotropic specimen was also dependent on gauge length. For a gauge length 
of 15 mm, we observed that the force increased with distance, and rapidly decreased 
after the fracture point. For smaller gauge lengths (11.5 and 8.5 mm), the material 
fractured in multiple stages. The fracturing process is then considered to be a zone of 
discontinuous microcracking ahead of a continuous macrocrack (van Mier, 1997). A 
long fracture process was expected for the anisotropic products, where inhomogeneities 
lead to both weaker and stronger areas in the sample. In tensile testing, the nucleation 
of microcracks is the first phase of the fracture process (Figure 6.6). 

FIGURE 6.6 Mechanisms of fracturing in A) homogeneous isotropic products an

MacrocrackingBridgingMicrocracking

MacrocrackingBridgingMicrocracking

A. Isotropic

B. Anisotropic

d B) heterogeneous 
anisotropic products. Black lines indicate cracks. 

Then, bridging of these microcracks occurs, which causes automatic propagation to 
a macrocrack (Figure 6.6A). In isotropic products, the propagation into a macrocrack 
proceeds quickly, as evidenced by the rapid decrease in stress at the fracture point 
(Figure 6.5A). However, the bridging of microcracks can be inhibited by the presence 
of a dispersed phase, such as pectin. The dispersed phase can delay the onset of 
macrocracking or fracturing (Figure 6.6B). This phenomenon is reflected in the 
distinctive shape of the descending branch observed in the force-distance curve of the 
anisotropic specimen, which exhibited a prolonged decline compared to the isotropic 
specimen (Figure 6.5B). The contribution of the elastic deformation was smaller 
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for shorter gauge lengths. Thus, the use of shorter gauge lengths provided a better 
approximation of the true fracturing behaviour of the products compared to longer 
gauge lengths (van Mier, 1997). 

It is important to take two considerations into account when deciding on the gauge 
length. First, the gauge length must be larger than the defects inside the material that 
will control the fracture (Luyten, Van Vliet, & Walstra, 1992). Defects of approximately 
750 μm were found in previous research on anisotropic meat analogues (Dekkers et al., 
2016). Thus, this sets a lower limit of gauge length. Second, the gauge length must be 
small enough to get continuously increasing deformation (van Mier, 1997). Here, gauge 
lengths of 8.5 mm were chosen for continuation of further experiments based on the 
considerations described above.

6.3.2  Effect of  texture analyser deformation rate

The effect of three different deformation rates (46.2, 23.1, and 11.55 mm/min) was 
evaluated by interpreting the force – distance curves in isotropic and anisotropic 
products with a gauge length of 8.5 mm (Figure 6.7). 

FIGURE 6.7 Force-deformation curves of A: Isotropic and B: Anisotropic products with
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at varying deformation rate. Measurements were performed in triplicate and individual curves are shown. 

Here, we observed that deformation rate had a different effect on the isotropic 
products than on the anisotropic products. In isotropic specimen, decreasing the 
deformation rate led to a more defined and rounded off fracture point (Figure 6.7A). 
In anisotropic specimen, decreasing the deformation rate led to a shorter fracture 
distance (Figure 6.7B). Furthermore, the fracture propagation was slower at 11.55 mm/
min, as evidenced by a more defined fracture zone. Propagation of microcracks 
into macrocracks probably proceeded slower at a lower deformation rate, which is 
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beneficial for understanding the fracture properties (Figure 6.6). The energy storage 
and dissipation mechanisms in viscoelastic materials are reliant on their relaxation 
times. Consequently, the measurements of the material properties are impacted by 
the rate of deformation (Ferry, 1980). This was for example evident in the isotropic 
specimen where a deformation rate of 11.55 mm/min induced a degree of relaxation 
in the product, as evidenced by a more concave curve shape (Figure 6.7A). This was 
not observed at the higher deformation rate of 46.2 mm/min (Figure 6.7A). Lower 
deformation rates provided more time for dissipating mechanisms to transpire, which 
led to lower stiffness. This relationship between deformation and material properties 
has been previously observed by Ak, Bogenrief, Gunasekaran, & Olson (1993), Schab, 
Tiedemann, Rohm, & Zahn (2022), and Sliwinski, Kolster, & van Vliet (2004) in tensile 
testing of mozzarella cheeses, caramel, and wheat dough, where lower deformation 
rates resulted in decreased fracture stresses. 

The observations described above suggest that the fracture process is composed 
of multiple stages. This indicates the heterogeneity of the product, which leads to 
weaker areas that fracture initially, and relatively stronger areas that fracture later. We 
can thus argue that increased anisotropy or heterogeneity of the product leads to a 
more extended descending branch. In the anisotropic specimen it was also clear that 
deformation rate did not change the linear part of the curve, but only affected the 
non-linear and fracture zone of the curve (Figure 6.7B). Specifically for anisotropic 
specimen, a slower deformation rate was, thus, beneficial for interpreting the tensile 
test results. Therefore, a gauge length of 8.5 mm and a deformation rate of 11.55 mm/
min were used in the following results.

6.3.3  Tensile parameters

Various tensile parameters exist that can be extracted from the stress – strain curves. 
Here, we will describe fracture stress, fracture strain, Young’s Modulus, and toughness 
for an isotropic product and an anisotropic product (Figure 6.8). There were clear 
differences in tensile parameters between the isotropic and anisotropic product. 
We found that anisotropic specimen had a lower fracture stress, fracture strain, and 
toughness compared to the more homogeneous, isotropic specimen (Figure 6.8A, B, 
D). However, anisotropic specimen did have a higher Young’s Modulus than isotropic 
specimen (Figure 6.8C). Thus, anisotropic specimen were weaker, yet stiffer, through the 
addition of a dispersed pectin phase to SPI to make the product anisotropic. Products 
with a high toughness, such as the isotropic specimen in this study, are considered 
to be ductile materials, while products with a low toughness, such as the anisotropic 
specimen in this study, are considered to be more brittle (Hertsberg, 1996; Schab et al., 
2022). 
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FIGURE 6.8 A) Fracture stress, B) Fracture strain, C) Young’s Modu
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an anisotropic product analysed with a gauge length of 8.5 mm and a deformation rate of 11.55 mm/min. 
Specimen were analysed in the direction parallel (closed symbols) and perpendicular (open symbols) to the 
shear flow. Tests were performed in triplicate and individual data points are shown. Horizontal line indicates 
mean value. 

However, the toughness results of the isotropic products have to be interpreted with 
caution. The absolute values of the toughness are probably overestimated in the case of 
(especially) the isotropic product, due to the static, continuous deformation rate (Figure 
6.9). If available, it would be better to use dynamic strain control in tensile testing to 
overcome this issue. In dynamic strain control, the controlling factor in tensile testing 
is the strain rather than the displacement, resulting in enhanced stability of the crack 
propagation (van Mier & van Vliet, 2002). 
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The anisotropy index of the fracture stress is often found to correlate with fibrousness 
in case of soy-based products (Dekkers et al., 2016; Schreuders et al., 2019; Schreuders, 
Schlangen, Bodnár, et al., 2021). Here, we observed that the anisotropy index of the 
fracture stress, Young’s Modulus, and toughness of isotropic products was approximately 
1 (Figure 6.10). This was as expected, because the isotropic products had not been 
sheared. Indeed, the fracture stress anisotropy index of the anisotropic products was 
higher than 1, confirming the anisotropic nature of the products (Figure 6.10). 

FIGURE 6.10 Anisotropy index of fracture stress, Young’s Modulus, and tough
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anisotropic products analysed with a gauge length of 8.5 mm and a deformation rate of 11.55 mm/min. 
Specimen analysed in the direction parallel to shear flow were divided by specimen analysed perpendicular 
to shear flow. Tests were performed in triplicate and mean values including standard deviation are shown.

Previous research by Dekkers et al. (2016) also showed an anisotropy index higher than 
1 upon addition of pectin to SPI and attributed this to weakening of the structure due 
to the orientation of the dispersed pectin phase in the perpendicular direction. They 
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suggested that the dispersed phase either forms weak areas in the composite, or the 
adhesion between the dispersed and the continuous phase is weak. We introduce the 
anisotropy index of the Young’s Modulus and toughness as new tensile parameters 
for meat analogue analysis. The Young’s Modulus anisotropy index of the anisotropic 
products was only slightly higher than 1. This was expected, because large deformation 
properties, such as fracture stress, are much more affected by weak areas in the sample, 
such as pectin, than small deformation properties (van Vliet, 1996). The occurrence 
of anisotropy in the linear region of the Young’s Modulus is, therefore, unlikely. A 
previous study, however, did show the importance of a high anisotropy index (~7.3) 
of the Young’s Modulus in cooked chicken (Schreuders et al., 2019). Quantifying 
anisotropy in the linear regime of the stress-strain curve is therefore still an important 
parameter to describe similarities and differences between meat and meat analogues. 
At low strains, the stress-strain curves for both parallel and perpendicular specimen 
show similar behaviour because primary deformation is taking place in the continuous 
phase gel network. However, as the strain exceeds the linear region, the perpendicular 
specimen exhibited lower strain values at fracture (Figure 6.8). This was likely due 
to the presence of relatively weak dispersed-continuous phase interfaces in this 
direction, as previously described by Dekkers et al. (2016). Conversely, the fracture 
of the anisotropic specimen in the parallel direction probably occurred within the 
continuous phase, since there were fewer weak interfaces in this direction. Fibrousness 
would thus be better detected by fracture parameters rather than Young’s Modulus. A 
fracture parameter is, amongst others, the toughness. The toughness anisotropy index 
of anisotropic specimen was higher than 2, further confirming the anisotropic nature 
of these products (Figure 6.10). This is striking because the absolute toughness in the 
parallel direction of the anisotropic specimen was rather low (Figure 6.8D). These 
results suggest that the anisotropy index of toughness may be a more effective metric 
for distinguishing variations in properties between isotropic and anisotropic products 
compared to the anisotropy index of fracture stress and Young’s Modulus. This would 
become even more evident once the overestimation of the toughness of the isotropic 
product would be reduced. 

6.3.4  Poisson’s ratio and true distance recording with DIC

In mechanical analysis studies that involve tensile testing, the deformation rate 
recorded by the texture analyser is generally used. However, in most cases, this leads 
to overestimations of certain tensile parameters. Furthermore, the deformation of the 
tensile grips and load cell contribute to the recorded distance, and are thus influencing 
the results. Therefore, we studied the difference between using the distance recorded 
by the texture analyser and the true distance from digital image correlation (DIC) 
(Figure 6.11). Here, the distance recorded by the texture analyser takes into account 
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the complete gap section between the tensile grips, while the distance recorded by 
DIC is determined over specified virtual extensometer points in the image, being the 
gauge section and the area around the crack (3 mm) (Figure 6.4B). For both isotropic 
and anisotropic specimen, we observed differences in distance recorded by the texture 
analyser compared to DIC (Figure 6.11A & B). 

FIGURE 6.11 Force – distance curves recorded by texture analyser (light colour), dig
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Isotropic and B. Anisotropic products. A gauge length of 8.5 mm was used for all specimen. Circles with 
numbers correspond to DIC images in Figure 6.14, with 1: start, 2: halfway, and 3: crack.

The force-distance curves obtained from the texture analyser and DIC were expected 
to be similar in terms of the overall trend of the graph, as both methods measure the 
same physical quantities. However, there may be differences in the details of the curves. 
The linear part of the force – distance curve was similar comparing the texture analyser 
and DIC of the gauge section (Figure 6.11A & B). From the point where the curve starts 
to deviate from linearity, the displacement was slower in DIC compared to the texture 
analyser. This may be explained by slippage between the specimen and the tensile grips, 
which is not recorded in DIC (Zhou, Liu, Shao, & Wang, 2013). However, the placement 
of the virtual extensometer points greatly affected the force – distance curve. When the 
virtual extensometer was placed around the crack area (Figure 6.4B), we observed a 
much steeper curve compared to the texture analyser and the DIC of the gauge section 
in both isotropic and anisotropic products (Figure 6.11A & B). This was due to the 
smaller distance when the virtual extensometer is placed around the crack area. Other 
than that, the ascending branch was relatively unaffected by using DIC. However, the 
descending branch of the force-distance curve recorded with DIC around the crack 
exhibited a more gradual decrease compared to both DIC over the gauge length and 
the texture analyser (Figure 6.11A & B). DIC can measure displacement at many points 
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along the surface of the material, providing a higher resolution of the displacement 
field. Independent of the product (isotropic versus anisotropic), distance recording 
with DIC enabled us to identify fracture properties that were otherwise not visible. 

In calculations of the tensile stress and strain, a constant volume (Poisson’s ratio of 0.5) 
is often assumed (van Vliet, 2013). However, a dynamic Poisson’s ratio during tensile 
testing can be calculated based on DIC-results. The Poisson’s ratio offers a consistent 
means to compare the structural capabilities of actual materials, irrespective of their 
homogeneity (Greaves, Greer, Lakes, & Rouxel, 2011). The Poisson’s ratio of both 
isotropic and anisotropic specimen decreased upon uni-axial extension in both the 
parallel and perpendicular direction to shear (Figure 12). This behaviour agrees with 
the nature of inelastic polymer materials (Zhou et al., 2013). The decrease in Poisson’s 
ratio was greater in anisotropic specimen (from 0.43 to 0.11) than in isotropic specimen 
(from 0.18 to 0.05). 

FIGURE 6.12 Dynamic Poisson’s ratio over distance during tensile test
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Overall, at small deformation, anisotropic specimen had a higher Poisson’s ratio than 
isotropic specimen, indicating that anisotropic samples were relatively elastic. The 
higher Poisson’s ratio of the anisotropic specimen may be attributed to greater porosity 
in these samples (Jahanbakhshian, Hamdami, & Shahedi, 2018). As the void spaces 
increase, there is a corresponding increase in the axial strain compared to the lateral 
strain. Previous research also showed that air bubbles in meat analogues produced 
from calcium caseinate played a crucial role in fibrousness (Wang, Tian, Boom, & van 
der Goot, 2019). Upon larger deformation, the Poisson’s ratio of anisotropic specimen 
quickly decreased to values below that of isotropic specimen. This agrees with previous 
research on rheological properties of isotropic and anisotropic products made from 
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soy, where anisotropic products exhibited a more plastic behaviour compared to a 
more elastic behaviour in isotropic products (Schreuders et al., 2021). Furthermore, 
the Poisson’s ratio of both isotropic and anisotropic specimen was dependent on 
measurement direction (Figure 6.12). Even though isotropic products were not sheared, 
the Poisson’s ratio in the perpendicular direction was higher than in parallel direction, 
suggesting probably less breakdown in this direction. In anisotropic specimen, after 
an initial period of overlap, the Poisson’s ratio decreased faster in the perpendicular 
direction than in the parallel direction. It is worth noting that the Poisson’s ratio was 
determined over the entire gauge length and width of the tensile specimen, including 
the crack area. The strain in the tensile direction (y) thus includes both elongation 
of the material and crack opening. The strain in the other direction (x) only includes 
elongation of the material. 

Figure 6.12 showed that the assumption of a Poisson’s ratio of 0.5 does not hold true for 
the materials in this study. Thus, the dynamic Poisson’s ratio was implemented in 
calculations of the stress-strain curves as shown in Figure 6.13. The contribution of the 
dynamic Poisson’s ratio was accounted for in the calculation of the stress by the cross-
sectional area (A(t)) with equation 6.5: 

where A(t) is the cross-sectional area dependent on time, widthDIC (t) is the width 
over time recorded by DIC, width0 is the width at t = 0, and thickness0 is the thickness 
at t  =  0. Here, we made the assumption that the thickness of the tensile specimen 
decreased with the same fraction as the width of the specimen. The use of two camera 
viewpoints would enable direct measurement of the decrease in thickness and, hence, 
an even more precise determination of the cross-sectional area. 

The use of a dynamic Poisson’s ratio instead of a static Poisson’s ratio (of 0.5) led to a 
decreased value for the stress in both the isotropic and the anisotropic products (Figure 
6.13A, B). Moreover, it became clear that in the anisotropic specimen mostly the non-
linear part of the graph decreased with a dynamic Poisson’s ratio. On the other hand, in 
the isotropic specimen, stress reduced from the curve’s onset when using the dynamic 
Poisson’s ratio. Similar to the force-distance curves (Figure 6.11), the placement of the 
virtual extensometer around the crack area influenced the stress-strain curves as well 
(Figure 6.13). Both the isotropic and anisotropic specimen showed a steeper increase 
in stress when analysing only the area around the crack. Furthermore, both products 
also showed a slower descending branch of the curve, facilitating the interpretation of 
fracturing behaviour. 

(Eq. 6.3)0
0

( )( ) ( ) DIC
DIC

width tA t width t thickness
width

 
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FIGURE 6.13 Stress-strain curves of A) isotropic and B) anisotropic products parallel t
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More specifically, the anisotropic specimen clearly showed a lag phase between 
maximum stress and fracture, where the stress only decreased slightly (Figure 6.13B). 
The stress in the isotropic specimen, on the other hand, decreased gradually after 
the maximum stress had been reached (Figure 6.13A). The placement of the virtual 
extensometer around the gauge section of the specimen provided a more representative 
measurement of the overall deformation behaviour of the material. On the other hand, 
the virtual extensometer placed around the crack provided information about the local 
deformation and can be useful to understand fracture mechanisms. 

6.3.5  The use of  DIC analysis to obtain information on fracturing 
behaviour

The starting, halfway and cracking DIC images of a isotropic and anisotropic specimen 
are shown in Figure 6.14. Regions in blue indicate areas that experienced less 
deformation, while regions in red indicate areas that experienced more deformation 
and are, thus, likely areas for fracture to occur. The starting and halfway images of 
the isotropic and anisotropic specimen were relatively similar, while there were clear 
differences in the cracking images (Figure 6.14). This suggests that differences between 
isotropic and anisotropic food products mainly occurred in the large deformation area. 
This observation aligns with the similarity in Young’s Modulus and differences in large 
deformation tensile parameters as previously described (Figure 6.8). The crack images 
revealed that the isotropic specimen had a homogeneous strain distribution, while the 
anisotropic specimen had a heterogeneous strain distribution. 
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FIGURE 6.14 DIC images of start, halfw

Is
ot

ro
pi

c
A

ni
ot

ro
pi

c

CrackHalfwayStart
ay and just before cracking of tensile test analysis of an isotropic and 

anisotropic products parallel to the shear flow direction. Images were taken based on the distances defined 
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The anisotropic specimen showed highly localized strain, depicting weaker areas 
in the sample that are more prone to cracking. This can be explained by the large 
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plastic deformation of the anisotropic specimen (Godara, Raabe, Bergmann, Putz, 
& Müller, 2009), as also observed in section 6.3.4. When a specific region within the 
anisotropic specimen undergoes plastic flow, it serves as a focal point for maximal 
energy absorption or accumulation of damage, thereby safeguarding other regions 
from experiences substantial damage (Godara et al., 2009). The plastic contribution 
is due to the addition of a dispersed phase in the anisotropic specimen, while the 
isotropic specimen were considered a more homogenous matrix consisting of a single 
continuous phase (Dekkers et al., 2016). The interfaces between the continuous and 
dispersed phase in the anisotropic products are relatively weak areas that are more 
prone to cracking. Previous research found that addition of egg white or whey protein 
to surimi gels led to higher local strain concentrations in tensile tests (Park et al., 2023). 
They suggested that an increase in particle-particle interactions decreased the water-
particle interactions, thereby decreasing the elasticity of the samples. 

DIC is computationally intensive, especially when working with large deformations. 
This is because DIC requires the analysis of large amounts of image data and is, 
therefore, time consuming. Currently, the use of DIC for large numbers of samples 
is not feasible, as it would take an unreasonable amount of time and computational 
resources to process all data. Therefore, DIC is typically used for a limited number of 
samples. Despite these limitations, DIC turns out to be a valuable tool for characterizing 
the mechanical properties of food materials, such as anisotropic meat analogues. 
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6.4  Conclusions

In this study, the effects of tensile gauge length, deformation rate, and digital image 
correlation on the interpretation of mechanical properties of food products were 
analysed. We showed that a smaller gauge length and a lower deformation rate led to 
better visibility of the multi-stage fracture zone, especially for anisotropic products. 
Toughness was an important parameter to characterize mechanical properties of food, 
as it showed profound differences between homogeneous, isotropic products and 
heterogeneous, anisotropic products. Furthermore, the true distance data obtained 
from DIC was found to be more accurate than the distance data obtained from the 
texture analyser. The placement of the virtual extensometer points around the crack 
area further increased the accuracy and interpretability of the results in DIC. The 
use of DIC allowed for a better differentiation between the isotropic and anisotropic 
food products from a strain distribution perspective. By continuously monitoring 
the strain in the gauge section of the sample during testing, DIC could be used to 
maintain a constant strain in the gauge section of the specimen. Overall, this study 
highlights the importance of careful selection of testing parameters and techniques 
in evaluating mechanical properties of meat analogues. Therefore, we recommend 
to use short tensile gauge lengths and DIC for a dynamic Poisson’s ratio and true 
distance recording in tensile testing of anisotropic foods. The placement of a virtual 
extensometer around the crack area is advised for obtaining information on fracture 
mechanics. Furthermore, a stable fracturing process and a better measurement of the 
descending branch can be obtained by controlling the deformation around the crack, 
as measured by a virtual extensometer. Last, we advise to examine various tensile 
deformation rates and to demonstrate the differences that emerge. It is important to 
emphasize that we are not claiming advanced tensile testing only is sufficient to draw 
conclusions about the fibrous nature of food products. Therefore, future work could 
involve systematically varying the ratio of pectin to soy protein isolate and coupling 
this to microstructure characterization to study the relationship between structural 
attributes and mechanical properties.
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Current meat analogues are often produced from highly refined protein ingredients, 
such as protein isolates from soy, wheat, and pea. These protein isolates are well 
characterized and possess desirable functional properties, such as gelation, that allow 
their use in meat analogues. Consequently, research in the field of meat analogues 
has been primarily conducted using these protein isolates. However, there is growing 
recognition that the use of protein isolates in meat analogues is not always necessary 
or desired. This explains why less-refined protein fractions, for example produced via 
dry fractionation, are being explored. Yet, the transition from protein isolates to less-
refined protein fractions is not trivial, as the relationships between the properties of 
these fractions and the resulting properties of the final meat analogues are not fully 
understood. The latter is further hindered by the lack of suitable analytical methods to 
quantify the properties of meat analogues. Mostly, macroscopic characteristics, such 
as visual fibrousness, are analysed subjectively. Mechanical properties, analysed using 
tensile testing, do present a quantitative measure of the macroscopic characteristics of 
meat analogues. However, tensile testing is often not used to its full potential.

The aim of this thesis was to investigate the potential of dry fractionation as a route to 
produce protein-rich ingredients for meat analogue product applications. This aim was 
divided into three objectives, which were: 1) to investigate dry fractionated ingredients 
for meat analogue applications, 2) to investigate the potential of enzyme crosslinking to 
enhance functional properties, and 3) to quantify textural and mechanical properties of 
fibrous products. We particularly focussed on mung bean, which is an alternative to soy 
and pea, as a protein source for meat analogues. This chapter first provides an overview 
of the main findings of this thesis before delving into a discussion on next generation 
ingredients for meat analogues and the techniques used for characterizing their 
texture. In addition, the concept of “fibrousness” is addressed. The chapter concludes 
with a discussion on science and applications of meat analogues of the future. 

7.1  Main findings and conclusions

Ideally, ingredients for meat analogues are produced in a sustainable manner, which 
is characterised by minimal use of water, chemicals, and energy. Therefore, dry 
fractionation is often considered a potentially attractive route. The possibilities of dry 
fractionation to produce functional ingredients from plants was explored in Chapter 2. 
Although conventionally (yellow) pea is often used for dry fractionation, in this 
chapter we described the use of mung bean and cowpea as crops to be processed by dry 
fractionation as well. 

Chapter 2 further describes the gelation and water holding capacity of the obtained 
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ingredients from dry fractionation. The fine fractions, obtained through dry 
fractionation, had higher water holding capacities and higher moduli upon gelation 
than the flour and coarse fractions. It was found that the fine fractions extracted from 
mung beans were highly functional with respect to water holding capacity, gelation 
concentration, and gel properties. Those properties makes mung bean an interesting 
candidate for inclusion in meat analogues. Nonetheless, initial experiments revealed 
that the gels formed with these ingredients lacked the necessary strength and cohesion 
to form a meat analogue with the shear cell technology. Additionally, no fibrous 
structures were identified. 

Therefore, we explored transglutaminase crosslinking of commercial mung bean and 
pea protein isolates to improve their gel strength in Chapter 3. Transglutaminase 
improved tensile strength and extended the linear viscoelastic regime of pea protein 
isolate gels. Further, transglutaminase changed the behaviour of pea protein isolate 
in the large deformation regime (macrostructure, non-linear part tensile test), 
while the behaviour of mung bean protein isolate was mostly affected in the small 
deformation regime (stress relaxation, linear part tensile test). Overall, the effect 
of transglutaminase on mung bean protein isolate was much smaller than its effect 
on pea protein isolate. Further it was found that incubation of commercial protein 
isolates with transglutaminase (> 0.1 wt.%) negatively influenced the fibrousness of 
the resulting products, most likely due to formation of a heteropolymer gel network. 

To better understand the limited effect of transglutaminase on mung bean protein 
isolate we studied how the fractionation route affects the ability of transglutaminase 
to crosslink mung bean protein as shown in Chapter 4. Molecular transglutaminase 
crosslinking occurred in mung bean protein irrespective of the fractionation procedure. 
However, the effects of crosslinking at larger length scales depended on the protein 
dispersibility of the fraction. The fine fraction, containing mostly swollen particles, was 
most susceptible to transglutaminase crosslinking. 

Meat analogue textures are often analysed using qualitative visual observations, making 
comparison of different samples challenging. In Chapter 5, an image analysis method 
to quantify fibrousness in meat analogues was presented. Three fibre shape features, 
fibre score (ratio between length and width), fibre area, and number of fibre branches, 
were successfully segmented and obtained from meat analogue images. We found that 
the fibre score positively correlated to expert assessments of fibrousness on an image 
level (R2 = 0.66) and on a formulation level (R2 = 0.93). 

Chapter 6 described that conventional tensile testing can be extended with digital 
image correlation. This method can be used to show differences in strain distribution 
and dynamic Poisson’s ratio of isotropic and anisotropic products. The anisotropic 
product was found to exhibit heterogeneous, multi-stage fracture patterns, while the 
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isotropic product exhibited homogeneous fracture patterns. We also demonstrated 
that tensile gauge length and deformation rate are crucial in interpretation of tensile 
test data. 

7.2  Dry fractionation as a route to create ingredients 
for meat analogues

Of all dry fractions produced in Chapter 2, the mung bean fine fraction was found to 
carry the highest potential for incorporation into meat analogues. However, processing 
a mung bean fine fraction into a meat analogue using the shear cell technology did 
not result in visual fibrous macrostructures (Figure 7.1A). While commercial protein 
isolates from mung bean were not very susceptible to transglutaminase (Chapter 3 & 4), 
the mung bean fine fraction was (Chapter 4). Therefore, under optimized conditions, 
we combined the mung bean fine fraction with transglutaminase and processed this 
blend into meat analogues in the shear cell. Notably, this combination yielded a visible 
fibrous structure (Figure 7.1B). We hypothesize that protein blends require a certain 
magnitude of continuous phase viscosity and local elasticity to facilitate dispersed phase 
elongation and to prevent the elongated phases from reverting back to a spherical shape. 
This is combined with the fact that the fine fraction consists of multiple components, 
which explains why a fibrous product could be obtained. We assume that the protein, 
fibre, and other minor components in the fine fraction form multiple phases within the 
hydrated dough. Thus dry fractionated ingredients can be tuned towards application in 
meat analogues. Dry fractionation is, therefore, a highly promising choice to produce 
protein-rich ingredients for application into meat analogues. 

FIGURE 7.1 A) mung bean fine fraction (40 wt.%), B) mung bean fine fract

A B

ion (39.5 wt.%) + transglutaminase 
(0.5 wt.%).

However, examining the efficiency of protein extraction processes is also important 
when considering dry fractionated ingredients for meat analogues. Therefore, we take a 
closer look at the protein yield of dry fractionated ingredients compared to conventional 
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isotropic product exhibited homogeneous fracture patterns. We also demonstrated 
that tensile gauge length and deformation rate are crucial in interpretation of tensile 
test data. 

7.2  Dry fractionation as a route to create ingredients 
for meat analogues

Of all dry fractions produced in Chapter 2, the mung bean fine fraction was found to 
carry the highest potential for incorporation into meat analogues. However, processing 
a mung bean fine fraction into a meat analogue using the shear cell technology did 
not result in visual fibrous macrostructures (Figure 7.1A). While commercial protein 
isolates from mung bean were not very susceptible to transglutaminase (Chapter 3 & 4), 
the mung bean fine fraction was (Chapter 4). Therefore, under optimized conditions, 
we combined the mung bean fine fraction with transglutaminase and processed this 
blend into meat analogues in the shear cell. Notably, this combination yielded a visible 
fibrous structure (Figure 7.1B). We hypothesize that protein blends require a certain 
magnitude of continuous phase viscosity and local elasticity to facilitate dispersed phase 
elongation and to prevent the elongated phases from reverting back to a spherical shape. 
This is combined with the fact that the fine fraction consists of multiple components, 
which explains why a fibrous product could be obtained. We assume that the protein, 
fibre, and other minor components in the fine fraction form multiple phases within the 
hydrated dough. Thus dry fractionated ingredients can be tuned towards application in 
meat analogues. Dry fractionation is, therefore, a highly promising choice to produce 
protein-rich ingredients for application into meat analogues. 
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protein isolates. The theoretical protein yield of the mung bean fine fraction produced 
at an air classification wheel speed of 10,000 rpm was approximately 0.62 g/g, but in 
practical terms, the yield was closer to around 0.45 g/g. This indicates that a significant 
amount of material always ends up in other fractions than the protein-rich fine fraction. 
The loss occurs due to fouling (Pelgrom, Vissers, Boom, & Schutyser, 2013), but also 
due to the fact that a considerable amount of protein ends up in the coarse fraction 
(protein content of ~13 wt.%). It has to be mentioned that the loss due to fouling will 
not be as relevant in a continuous industrial process. Previously, it was reported that 
the protein yield of soy protein isolate from soy flour by conventional isoelectric point 
precipitation ranged between 0.3 - 0.6 g/g (De Moura, Campbell, De Almeida, Glatz, & 
Johnson, 2011; Tamayo Tenorio, Kyriakopoulou, Suarez-Garcia, van den Berg, & van der 
Goot, 2018). The protein yield of mung bean protein isolate produced with isoelectric 
point precipitation was approximately 0.6 g/g (De Moura et al., 2011). Despite dry 
fractionation presenting a sustainable alternative to wet fractionation when considering 
water, energy, and chemical use, it may not necessarily improve resource efficiency. The 
coarse fraction, often considered as the rest stream of dry fractionation, is a non-pure 
starch fraction. To valorise this fraction, its purity should either be enhanced through 
further processing, or alternative applications should be found. In the case of mung 
bean, the starch holds significant value in Asia, particularly to produce glass noodles. 
Production of glass noodles could therefore be a potential application for the non-
pure coarse fraction. Other applications include incorporation in plant-based cheeses, 
which often contain starch, or incorporation into bakery products. 

7.3  Textural characterization of meat analogues and 
future options

Texture is one of the most important food quality parameters and includes the 
properties that can be seen and felt. The quantification of the texture, specifically the 
heterogeneous texture of meat analogues, is a challenging task, as it encompasses both 
visual and mechanical aspects. We elaborate on three texture characterization methods 
for meat analogues in the next sections.

7.3.1  Quantifying visual fibrousness

Visual fibrousness can be successfully quantified by the Fiberlyzer, which is an image 
analysis tool (Chapter 5). Even though the designed tool was rather robust, there are 
some limitations still. The application of this method to meat analogues produced 
using methods other than shear cell technology or using different lighting conditions 
for imaging will require calibrations for each product and preparation procedure. 
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Additionally, sample preparation for imaging should be standardized to further 
improve the method. For shear cell samples, the Fiberlyzer method requires an image 
of the inner structure of the sample. This involves folding the sample parallel to the 
direction of the shear flow, which ultimately leads to fracture. The act of folding the 
sample is a human action that potentially introduces a level of bias or subjectivity into 
the method. In the future, it would be beneficial to standardize the folding process by 
using a specifically designed device for this purpose. 

Furthermore, a comparison of the tool to other methods of quantifying visual fibrousness 
is recommended. For instance, previous studies on fibrous products produced through 
extrusion have successfully quantified the visual fibrousness using an optical fibre 
method based on the continuous time random walk theory (Ranasinghesagara, Hsieh, 
& Yao, 2006; Snel, Bellwald, van der Goot, & Beyrer, 2022). It would be interesting to 
investigate whether these methods result in similar trends in visual fibrousness or 
whether perhaps they capture different textural aspects. 

7.3.2  Digital image correlation

Digital image correlation (DIC) was used to obtain information on crack propagation, 
localized strain differences, true distance data, and dynamic Poisson’s ratio’s (Chapter 
6). However, we have only touched the surface of what is possible with DIC. The next 
step is to link the local strain data to local structure details. This has previously been 
shown by linking porosity of alloy die castings measured using X-Ray Tomography 
(XRT) to ductility of the material analysed by tensile testing coupled with DIC 
(Zhang et al., 2020). It may even be possible to perform 3D-DIC combined with XRT 
by embedding fiducial markers in the product. In-situ tensile testing using scanning 
electron microscopy (SEM) was successfully performed in the past to relate structural 
breakdown of aluminium alloy to mechanical failure (Xia et al., 2022). In-situ tensile 
testing using SEM can possibly be further extended by DIC to obtain local strain 
information. In the case of meat analogues, cryo-SEM or environmental-SEM would 
be preferred to avoid structural changes in the product due to drying and fixation. 
Alternatively, the fracture surface of the tensile test specimen could be examined 
with microscopy and scattering methods to obtain both structural and compositional 
insights into the areas of the sample that exhibit mechanical weakness.

Furthermore, we can turn to non-food applications of DIC and apply DIC in a similar 
manner to food. In fibre-reinforced epoxy, DIC has been applied to accurately show 
that strains in the structural fibres were smaller than strains in the matrix upon 
compression (Canal, González, Molina-Aldareguía, Segurado, & Llorca, 2012). It would 
be interesting to capture the strain differences in the dispersed and continuous phase in 
meat analogue products in a similar manner. In meat analogues, the interface between 
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the dispersed and continuous phases is often considered to be key in fibrous structure 
formation (Dekkers, Nikiforidis, & van der Goot, 2016; van der Sman & van der Goot, 
2023). Due to the smoothing nature of DIC, it is hard to capture the strain gradients 
at the interfaces (Canal et al., 2012). However, by decreasing the DIC subset size, it is 
possible to capture strain variations at interfaces in greater detail. For example, DIC 
was used to measure elastic and bonding properties of the interface transition zone in 
cement-based materials, as demonstrated by Gu, Kim, Kim, Seo, & Kim (2023) and Lee 
et al. (2013). Possibly, a similar approach can be interesting for meat analogues as well 
to gain a deeper understanding of the interface between the continuous and dispersed 
phase. 

7.3.3  Compression tests and multi point indentation

Compression tests are another mechanical testing method to characterize texture 
properties. In the context of meat analogues, compression tests have been primarily 
conducted on specimens created through extrusion cooking and on comminuted meat 
analogue products, like burgers and nuggets (Schreuders, Schlangen, Kyriakopoulou, 
Boom, & van der Goot, 2021). Compression tests have not been used on meat analogues 
produced with the shear cell, because the samples are too thin (~2-4 mm). Compression 
testing of those samples requires the use of a smaller probe and to conduct compression 
tests to a smaller depth.

On the macro-mesoscale, we can use multi-point indentation to gain insights on the 
spatial mechanical properties of meat analogues. Previous work already demonstrated 
the ability of multi-point indentation to capture and quantify spatial mechanical 
heterogeneity of meat analogues and animal meat (Boots et al., 2021). We measured 
the spatial heterogeneity in elastic modulus by performing multi-point indentation 
on meat analogues created from different ingredients (Figure 7.2). Meat analogues 
created from pea protein isolate alone and wheat gluten alone showed variations in 
elastic modulus across the sample (Figure 7.2A,C). These variations can be attributed 
to the inclusion of air pockets within the samples, which results in decreased resistance 
when this part of the product is subjected to indentation.

When combining ingredients, such as pea protein isolate with wheat gluten, we know 
from literature that a fibrous texture is achieved (Schreuders et al., 2019). In terms of 
mechanical properties, we observe horizontally oriented bands in the product with 
a relatively low elastic modulus (Figure 7.2B). This suggests that the elastic modulus 
varies directionally, aligned with the shear flow direction during processing in the 
shear cell (Figure 7.2B). The mechanical heterogeneity in the blend likely stems from 
the fact that pea protein isolate and wheat gluten possess different phase properties 
(Schreuders et al., 2020). However, the directionality of the mechanical variations is 
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thought to be a consequence of the processing method applied.

FIGURE 7.2 Multi-point indentation elasticity maps for different ratios of PP

A. PPI B. PPI-WG

C. WG

I-WG. A. PPI 40 wt.%, B. PPI-
WG 20-20 wt.%, and C. WG 40 wt.%. For all samples the shear direction is from left to right.

Multi-point indentation serves as a valuable technique to quantify mechanical 
heterogeneity at the macro/meso length scale. This technique holds more potential 
than currently used. For example, by varying the probe size it may be possible to 
investigate even smaller length scales. Furthermore, while the focus so far has been on 
elastic modulus as the primary mechanical parameter, the transition point from elastic 
to plastic behaviour can be quantified as well. The mechanical indentation test itself 
can also be modified to conduct a stress relaxation or creep test, for example.

7.4  Connecting visual fibrousness to mechanical 
anisotropy

Visual fibrousness and mechanical anisotropy represent two distinct aspects of the 
concept of texture. Visual fibrousness relates to the appearance of structures, including 
fibres. Mechanical anisotropy relates to the physical properties and behaviour of 
fibrous materials, like the tensile strength of a composite material. These differences 
demonstrate that the term fibrousness contains multiple aspects. 

Mechanical anisotropy is often used to describe fibrous structures of HTSC products, 
but does not always agree with macrostructure observations. For example, only weak 
correlations were found between consumer visual assessment of fibrous structures and 
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mechanical attributes in plant based hamburgers (Godschalk-Broers, Sala, & Scholten, 
2022). Thus, it remains uncertain whether fibrous structures of meat analogues can be 
characterized by mechanical anisotropy alone. To further study and understand the 
relationship between visual fibrousness and mechanical anisotropy, we subjected the 
samples from Chapter 5 to a tensile test and evaluated their mechanical properties. The 
obtained mechanical properties were then compared to the computed fibre score. The 
computed fibre scores showed a significant correlation with fracture stress (R>0.65) 
and fracture strain (R>0.73) measured both parallel and perpendicular to the shear 
flow direction (Figure 7.3). 

FIGURE 7.3 Pearson correlations of mechanical properties and computed fibre sc
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Furthermore, it becomes clear that parallel and perpendicular mechanical properties 
are highly correlated with each other and that anisotropy indices do not correlate 
with computed fibre score (Figure 7.3.). Figure 7.4 visualizes the positive correlation 
between the fracture strain in the perpendicular direction and the computed fibre 
score. It must be noted that the resulting mechanical data as well as the computed fibre 
scores exhibit relatively high standard deviations and that this is most likely due to the 
inherent heterogeneity of the meat analogues. In general, a higher fracture strain in the 
perpendicular direction resulted in a more visually fibrous inner structure of the HTSC 
sample. Samples from MBPI, for example, had low fracture strains and low computed 
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fibre scores. This matches our findings from Chapter 3 where we found MBPI-based 
meat analogues to be relatively crumbly and gel-like with low fracture strains. 

FIGURE 7.4 Computed fibre score versus fracture strain in the perpendicular dir
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The SPI-MBPI samples appeared as outliers in Figure 7.4. It could be that the mechanical 
properties of the SPI-MBPI samples tend to behave more as the MBPI only samples, 
so having a low fracture strain. The visual fibrous structure of the SPI-MBPI samples 
tends to behave more like the SPI only samples, with a higher computer fibre score. 
Nevertheless, for most samples the correlation between perpendicular fracture strain 
and computed fibre score seems relevant. 

The ratio between tensile strength in parallel and perpendicular direction to the 
shear flow is the anisotropic index (Figure 7.5). SPI-PPI 45 wt.% exhibited the highest 
mechanical anisotropy, while this sample had an average computed fibre score (4.31). 
Remarkably, SPI-PPI at 35 wt.% did not exhibit mechanical anisotropy, whereas it 
did have a relatively high computed fibre score (5.45). The relatively low dry matter 
content may have resulted in a gel network with low connectivity. Elongated phases 
may have formed, but due to the low connectivity of the network, the orientation of 
the phases was not possible, resulting in no mechanical anisotropy. MBPI 40 wt.% 
exhibited negative anisotropy, meaning that the material was stronger in the direction 
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perpendicular to the shear flow. Here, it could be possible that the gel network is partly 
disrupted in the parallel direction during shear structuring, decreasing the tensile 
strength in this direction. The MBPI 40 wt.% sample may therefore be too intensively 
processed. To verify this, a series of lower shear rates can be applied to the MBPI 
40 wt.% blend in the future. Furthermore, some samples with a positive mechanical 
anisotropy, such as PPI 35 wt.% and 40 wt.%, were accompanied by a low computed 
fibre score, suggesting that mechanical anisotropy and computed fibre score are not 
always correlated. This indicates that a visually fibrous structure may not always have 
a high mechanical anisotropy at fracture as characterized by the tensile test. This was 
previously also reported for meat analogues with pea protein isolate combined with 
wheat gluten (Schreuders et al., 2019). 

FIGURE 7.5 Anisotropy index map and computed fibre score of HTSC samples. MBPI: 
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Upon further visualization of the mechanical properties, it was found that even though 
anisotropy index of the Young’s Modulus is not correlated with the computed fibre 
score, it may have been impacted by extreme outliers of the SPI-PPI samples (Figure 7. 
6). In general, an increase of anisotropy index of the Young’s Modulus leads to higher 
visual fibrousness. In previous studies, mechanical anisotropy was often characterized 
at the fracture point, but Figure 7.6 suggests that differences in elasticity at low strain 
from the parallel and perpendicular directions possibly also indicate visual fibrousness. 
Previously, cooked chicken was characterized with a high anisotropy index of the 
Young’s Modulus (~7.3) (Schreuders et al., 2019). Therefore, anisotropy of the Young’s 
Modulus values may be an interesting future design criterion when striving to mimic 
animal meat. 
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FIGURE 7.6 Computed fibre score versus anisotropy index of Young’s Modu

0.8 1.0 1.2 1.4

2

3

4

5

6

C
om

pu
te

d
fib

re
sc

or
e

AI Young's Modulus

MBPI PPI SPI SPI-MBPI SPI-PPI
35 wt.% 40 wt.% 45 wt.%

lus. MBPI: mung bean protein 
isolate. PPI: pea protein isolate. SPI: soy protein isolate. 35, 40, and 45 wt.% indicate dry matter contents.

From these results we can conclude that visual fibrousness and mechanical anisotropy 
are related in some cases. The high correlation between fracture strain and computed 
fibre score and Young’s Modulus and computed fibre score suggest that visual 
fibrousness is dependent on elastic properties and deformability of the product. 

7.5  Use of knowledge from adjacent science fields

We start this section by further exploring the meaning of the word fibrousness. The 
Meriam-Webster definition of fibrous is “containing, consisting of, or resembling 
fibres”, “capable of being separated into fibres”, and “tough, sinewy”. This definition 
implies that fibrousness encompasses various aspects. The fact that fibrous means 
“capable of being separated into fibres” suggests the presence of interfaces between 
individual fibres in a product. The definition of fibrous being “tough, sinewy” in case 
of food products implies that the product has certain sensory properties. It has to be 
mentioned that tough has a mechanical definition as well, being the integral of the 
stress-strain curve. 

In an extensive literature search (conducted on 04-10-2023) through Scopus, we found 
that depending on the exact term, the term “fibrous” is used across different disciplines 
(Figure 7.7). The term “fibrous” is predominantly used in medicine, material science, 
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and physics & astronomy (Figure 7.7A). In the context of medicine, the term “fibrous” 
is used to describe various tissues within the human body. In material science, 
“fibrous” typically relates to the composition of materials with a fibrous or filament-like 
structure, such as composite materials reinforced with structural fibres. This implies 
that the material contains separate phases being the matrix and the structural fibres. 
Agricultural and bioscience studies generally describe products being “fibrous” at larger 
length scales compared to other science fields like material science and engineering. 

FIGURE 7.7 Literature search results for terms A) Fibrous, B) Fibrous AND stru
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The inclusion of a second search term “structure” leads to an increased number of 
papers in the material science and engineering fields (Figure 7.7B). This is probably due 
to the fact that these fields often involve studying structures of materials across various 
length scales, such as molecular and crystalline structures. In material science, fibre 
orientation and composition can be tuned to obtain products with desired mechanical 
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properties. For instance, in composite materials, a fibrous structure can enhance 
strength and durability. In engineering fields, like in civil engineering, the fibrous nature 
of reinforced concrete provides tensile strength, toughness, and flexibility, ensuring 
the stability of structures. The use of the term “texture” instead of “structure”, leads to 
a significant increase of number of papers from agricultural and biosciences (Figure 
7.7C). Here, texture is often associated with the physical properties of products, such 
as the mechanical strength upon deformation of food or plants. The term “fibrousness” 
is predominantly used in agricultural and biosciences (Figure 7.7D). In food science, 
fibrousness plays a crucial role in the development of meat analogues. Food scientists 
purposely engineer the fibrous structure of meat analogues to mimic the mouthfeel 
and appearance of animal meat. In essence, fibrousness is a multidimensional quality 
that encompasses both structural texture and mechanical properties. 

Fibrousness in case of meat analogues is a term that is related to structural properties 
across various length scales. On a nanoscale, protein aggregates can align in a shear 
flow direction (van der Sman & van der Goot, 2023). While protein alignment results 
in anisotropy on a nanoscale, it is unclear yet whether this is perceivable for humans 
while consuming these products. So it may very well be that the anisotropy at nanoscale 
does not necessarily contribute to fibrousness as a sensory property. On a microscale, 
fibrousness in meat, and potentially meat analogues, involves the presence of 
interfaces and the arrangement of individual fibres within the matrix. It has long been 
established that the formation of fibrous structures in meat analogues requires phase 
separation and elongation of the dispersed phase (Dekkers, Boom, & van der Goot, 
2018; Tolstoguzov, 2006; van der Sman & van der Goot, 2023). The presence of separate 
phases inherently implies the presence of interfaces in the material, aligning with the 
definition of “fibrous” as “capable of being separated into fibres”. However, the ability 
to separate these individual phases into fibres may be on a too small length scale for 
human taste perception, particularly in the case of shear cell and extrusion technology. 
The question therefore remains whether one should pursue structure formation of 
meat analogues at a micro- to nanoscale. Other technologies, such as 3D printing, can 
generate structures that are capable of being separated into fibres at larger length scales 
(such as macro). On a macroscale, fibrousness is mostly related to the overall texture 
of the product, which includes both visual and mechanical elements, as described 
in Section 7.1.4. In addition, these individual length scales may be interconnected. A 
change in structure on a small length scale is likely to result in a corresponding change 
in properties on larger length scales. Thus, future research should focus on finding the 
relationship between fibrousness at these length scales. 

Other science fields can teach us valuable insights on the role of fibrousness and 
anisotropy. We take concrete and metal science as an example. From concrete science, 
we know that structural fibres with defined properties included as a dispersed phase 
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improve the elasticity and toughness of the composite material. The contribution of 
structural fibres to concrete delays propagation of microcracks into a macrocrack, 
which explains the increased toughness of the composite material (Alimrani & Balazs, 
2023; H. Lee, Choi, & Kim, 2023). Inspired by this principle, we can deliberately blend 
ingredients to engineer meat analogues towards specific mechanical properties, such 
as increased toughness. To increase toughness, the structural fibres or dispersed phase 
should have lower Young’s Modulus, but higher fracture stress and strain compared to 
the continuous phase. In meat analogues based on soy protein isolate, the dispersed 
phase (acting as the structural fibres here) therefore requires a Young’s Modulus lower 
than 800 kPa, but a fracture stress and strain higher than 1300 kPa and 1.1, respectively 
(Schlangen, Schlangen, & van der Goot, 2023). Upon tension, the relatively weaker 
continuous phase will fracture first, after which the relatively stronger dispersed 
phase will take over the residual stress. The microcracks occurring in the continuous 
phase upon tension present themselves as a visual fibrous structure, a desired product 
property in meat analogues.

To increase the elasticity of a meat analogue, we can also turn to concrete science for 
inspiration. A product needs a dispersed phase with a higher Young’s Modulus than 
the continuous phase (matrix) to increase the elasticity (Alimrani & Balazs, 2023). In 
the case of meat analogues produced from a matrix of soy protein isolate, this implies 
a dispersed phase ingredient with Young’s moduli higher than approximately 800 kPa 
(Schlangen et al., 2023). It will be a challenge to find such ingredient. 

From metal science, we learn that loaded wires lengthen, generating a normal force, 
upon twisting. This is called the Poynting effect and is also described as the normal 
stress response of a material under shear, or ND = GNγ

2 (Poynting, 1909). The coefficient 
in the quadratic stress relation, GN, is called the Poynting modulus (Ghorbani et al., 
2021). Recently, it was shown that fibre orientation influences on Poynting modulus in 
meat and meat analogues (Giménez-Ribes, Oostendorp, van der Goot, van der Linden, 
& Habibi, 2024). Meat exhibited great differences in Poynting modulus when measured 
in direction parallel compared to perpendicular to fibre orientation (Giménez-Ribes 
et al., 2024). In the case of meat analogues, this difference was less pronounced. To 
bridge this gap and to make meat analogues more closely resemble real meat, valuable 
insights can be drawn from adjacent fields. In polymer gels, for instance, porosity greatly 
determines the Poynting effect (De Cagny et al., 2016). Furthermore, research in soft 
tissues has revealed that fibre orientation also affects the Poynting modulus (Horgan & 
Murphy, 2017). A recent study also showed that fibres oriented at 45, -45, and 90 ° had 
a higher (absolute) Poynting effect than those oriented at 0 ° (Araújo & Nunes, 2020). 
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7.6  Shaping meat analogues of the future

Meat analogue technology has come a long way since Protose in the 1890s, but there are 
still many possibilities to improve today’s meat analogues. The question is thus how we 
will shape the meat analogues of the future? Here, we propose three research areas that 
could contribute to the innovations in meat analogues: (1) ingredient requirements, (2) 
protein quality, and (3) data-driven solutions. 

7.6.1  Hypothesis on ingredient requirements for structure formation

As shown in Section 7.1.2, a mung bean fine fraction crosslinked with transglutaminase 
could be shear structured into a fibrous product, whereas a mung bean fine fraction 
alone could not. We hypothesize that the mung bean fine fraction alone lacks the 
necessary continuous phase viscosity and local elasticity to facilitate dispersed phase 
elongation. It becomes therefore evident that there are ingredient requirements for the 
formation of fibrous structures for meat analogues. The addition of transglutaminase 
increases protein-protein interactions, which in case of mung bean probably provided  
the necessary viscosity and local elasticity of the continuous phase to allow creation of 
a fibrous structure. 

Fibres are in principle interfaces that break up through an external force. This 
implies that at least two phases, a continuous and a dispersed phase, were present 
in the product. We previously hypothesized that the dispersed phase then deforms 
into elongated droplets upon shearing, resulting in an increased interface. The key 
question is how to achieve droplet elongation and how to maintain the droplet shape 
after elongation. We propose that elongation of the droplets relies on the viscosity of 
the phases. Furthermore, we propose that a certain magnitude of local elasticity of 
the continuous phase is required to prevent the elongated phase from reverting into a 
spherical shape. 

To further explore the viscosity requirements for structure formation, we employ the 
concept of the Grace curve (Grace, 1982). The Grace curve describes how droplet 
deformation correlates to viscosity ratio between the dispersed phase and the 
continuous phase. It is an empirical fit of the critical capillary number needed to induce 
droplet break up as a function of viscosity ratio (Grace, 1982). The capillary number is 
defined as the ratio of viscous stresses to interfacial stress following Eq. 7.1: 

(Eq. 7.1)c RCa µ γ
=

σ

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where Ca is the capillary number, μc is the viscosity of the continuous phase, γ̇  is the 
shear rate, R is the droplet radius, and σ is the interfacial tension. 

Within a viscosity ratio range of 0.1 and 1, the critical Ca is lower, meaning that droplet 
breakup occurs at lower shear rates in case of simple shear flow. As interpreted by 
Schreuders (2021), optimal deformation is then achieved when the viscosity ratio of 
the dispersed phase and continuous phases are well-matched. When the material is 
on the Grace curve threshold, the dispersed phase droplets undergo more substantial 
deformation during shear structuring, which is thought to be related to larger interfaces 
and thus enhanced fibrousness. It is plausible that the addition of transglutaminase 
to the mung bean fine fraction increases the viscosity of the protein-rich, continuous 
phase. As a result, the material moves towards a smaller viscosity ratio and higher Ca, 
approaching the Grace curve threshold (Figure 7.8). This explains why a fibrous structure 
was obtained for the transglutaminase crosslinked mung bean fine fraction, while it 
was not for the mung bean fine fraction alone. Furthermore, the increased viscosity of 
the continuous phase due to transglutaminase crosslinking increases the numerator 
in the Ca equation, implying that a lower shear rate is required for elongation of the 
dispersed phase. This can be further verified by treating the mung bean fine fraction 
with different concentrations of transglutaminase to directly influence the number of 
crosslinks and thus the viscosity of the continuous phase. 

FIGURE 7.8 Schematic illustration of grace curve including possible posi
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The Ca equation also contains the interfacial tension. In case of a high interfacial 
tension, there is a strong tendency to minimize surface area, causing droplets to adopt 
a spherical shape. In the case of lower interfacial tension, higher shear stresses are 
required for droplet deformation and break-up. A high interfacial tension, thus, resists 
droplet deformation, while a low interfacial tension allows for more deformation and 
possibly elongation of the phases. 

The local elasticity of the different phases present in meat analogue structures also 
affects the deformation of droplets during thermomechanical processing. Elasticity 
influences droplet deformation during both shearing and relaxation. A high 
elasticity ratio (dispersed/continuous phase) is reported to both reduce deformation 
(Lerdwijitjarud, Sirivat, & Larson, 2002; Mighri, Carreau, & Ajji, 1998) or enhance 
deformation (Mukherjee & Sarkar, 2009; Yu, Bousmina, Zhou, & Tucker, 2004) during 
shearing. These contradicting effects illustrate the complex behaviour of viscoelastic 
blends under flow. Upon and after shearing, interfacial tensions induce relaxation 
in deformed droplets. Schreuders et al. (2021) argued that a higher elasticity of the 
continuous phase can more effectively promote deformation and suppress the 
relaxation of the elongated dispersed phase back to a spherical shape. The relationship 
between matrix elasticity and deformation of a dispersed phase was also previously 
shown in non-food polylactide/polyamide blend extrudates, where a highly elastic 
matrix promoted deformation and extension of nodules into fibrils (Yousfi et al., 2018). 
In Chapter 4, we showed that transglutaminase improved the elasticity of mung bean 
fine fractions, which could thus be an explanation for the fact that fibrous products 
could be formed with the mung bean fine fraction after transglutaminase treatment.

Thus, to shape the meat analogues of the future, it is key to use a combination of 
ingredients that end up on the Grace curve threshold for optimal elongation of the 
dispersed phase. Additionally, a high local elasticity of the continuous phase helps 
to maintain droplet shape after elongation. We have speculated on the ingredient 
requirements based on results from a mung bean fine fraction, with and without 
transglutaminase. In the future, this analysis can be performed on other ingredients 
as well. 

7.6.2  Protein quality / fermentation

Plant proteins are often reported to have a lower protein quality than animal proteins, 
primarily due to the lower amount of essential amino acids and the lower digestibility 
(Davies & Jakeman, 2020). Meat analogues of the future should be shaped towards 
providing high quality protein with essential amino acids as a nutritious alternative 
to animal meat (Jiménez-Munoz, Tavares, & Corredig, 2021). A common strategy to 
enhance protein quality is blending several types of plant proteins to fill up to a complete 
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amino acid profile (Dimina, Rémond, Huneau, & Mariotti, 2022; Monnet, Laleg, 
Michon, & Micard, 2019). A well-known combination of cereal protein with legume 
protein in meat analogues is wheat gluten with pea protein (Schreuders et al., 2019). As 
demonstrated in Chapter 5, blends with more than one legume protein are also a good 
starting point to make fibrous products. Another strategy to enhance essential amino 
acids is fermentation and/or the use of fungi protein. Solid-state fungal fermentation 
can enhance plant protein quality by improving amino acid composition and protein 
digestibility (Fawale, Gbadamosi, Ige, & Kadiri, 2017; Giami, 2004; Zwinkels, Wolkers-
Rooijackers, & Smid, 2023). We propose two strategies to use fungal protein in meat 
analogues: (1) using the meat analogue as a substrate for fungal growth or (2) using 
fungal protein as an ingredient to produce the meat analogues.

Meat analogues produced through shear cell technology or high moisture extrusion 
cooking typically have a porous structure. If these pores form a network spanning 
the entire sample, they can be used to facilitate fungal fermentation, resulting in the 
growth of fungal threads throughout the product (strategy 1). This has both textural 
and nutritional benefits. From a textural point of view, it may enhance the fibrousness 
of the product, most likely at a smaller length scales than what we can reach through 
thermomechanical processing alone. Meat analogues can also directly be produced 
from the fungal protein source (strategy 2). Potentially, blends of conventional plant 
proteins, such as soy protein isolate, and fungal proteins can be made. The use of fungal 
protein was previously shown to improve textural and taste properties of meat analogues 
compared to meat analogues produced solely from soy protein (Kim et al., 2011). Given 
that these proteins likely have different water holding and functional properties, they 
may form different phases in the dough, potentially enabling the formation of a fibrous 
structure, similar to the ones found by combining two plant proteins in Chapter 5. In 
addition to improving texture, the combination of plant protein with fungal protein 
can theoretically yield an improved amino acid composition (Zwinkels et al., 2023). 

7.6.3  Data driven approaches

Currently, meat analogues do not always mimic animal meat on all length scales. 
Despite significant advancements, it is still challenging to replicate the fibrous 
structure of meat accurately, especially on multiple length scales. This is amongst others 
caused by a knowledge gap on how the fibrousness of meat analogues relates to their 
mechanical properties and texture, which hinders systematic product development, 
thereby limiting widespread consumer acceptance. To address this issue, we can take 
a data driven approach by mapping the fibrousness and mechanical properties of 
meat analogues onto a multidimensional space, which spans multiple length scales. 
This multidimensional space can be considered a parameter space covering all the 
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different aspects of fibrousness, with each axis describing the contribution of a specific 
parameter. Examples of such parameters are quantitative information on fibrousness 
on macroscale, anisotropy index of toughness, and quantitative shape parameters 
extracted from microscopy images. By placing both meat and meat analogues within 
the space, it can become possible to categorize and compare their similarities and 
differences systematically. This will reveal on which length scale differences between 
meat and meat analogues are present, which enables a targeted approach to improving 
meat analogues. Machine learning techniques will then be used to predict the optimal 
ingredients and processing to make specific meat analogues with structural properties 
in the multidimensional space. Moreover, the abundance of data on meat analogues 
generated over the past years bears a clear opportunity here next to the described 
AI-driven mapping of fibrousness. For example, in recent years, large amounts of 
data have been generated on the rheological properties of plant protein ingredients 
(Schreuders, Sagis, Bodnár, Boom, & van der Goot, 2022). However, we expect that 
the data carry more undiscovered information. Data driven approaches can help to 
interpret and correlate these data sets by identifying trends. Eventually, predictive 
artificial intelligence can be used to extrapolate the findings to other variables, such as 
other ingredients or processing conditions. 

7.7  Concluding remarks

This thesis aimed to engineer custom, protein-rich ingredients tailored for meat 
analogue applications. Indeed, this thesis describes that dry fractionation in 
combination with enzyme treatment is a suitable method to produce protein-rich 
ingredients with excellent structuring properties for meat analogues. Additionally, 
new insight was created on how to quantify both visual and mechanical fibrousness of 
meat analogues. In a next step, the multiscale structure of meat analogues should be 
completely characterized to understand where the differences with real meat originate 
from. This would also open up the possibility to actively structure towards a designed 
product texture. 
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Meat analogues, with high similarity to texture of animal meat, are a route to help 
consumers to lower their meat intake. Most commercial meat analogues are currently 
produced from highly refined protein ingredients made from soy or pea. However, 
the process to obtain these ingredients requires large amounts of water, energy, and 
chemicals. As an alternative, dry fractionation methods can be used to obtain protein-
rich ingredients. The overall aim of this thesis therefore was to investigate the potential 
of dry fractionation as a route to produce protein-rich ingredients for meat analogue 
product applications. Specifically mung bean was targeted as a crop to produce protein-
rich ingredients, due to its recognized protein functionality. 

Chapter 1 gives an overview of the history of meat analogues from the first meat 
analogue based on tofu in 965, to the first commercial meat analogue in 1890, and the 
new structuring technologies being developed nowadays. Furthermore, we outlined 
the fractionation procedures, functionality, and modification of meat analogue 
ingredients and the texture characterization of meat analogue products. 

In Chapter 2, dry fractionation of mung bean, yellow pea, and cowpea was explored 
as a method to obtain functional protein-rich ingredients. Dry fractionation yielded 
fine fractions with 42 to 58 wt.% protein, depending on crop and air classification 
processing settings. In addition to protein content, functional properties of the 
ingredients were also investigated. We highlighted that fine fractions formed stronger 
gels after heating than flours and coarse fractions. Furthermore, the water holding 
capacity of the resulting fractions was correlated to protein content. Dry fractionated 
fine fractions from mung bean exhibited specifically high water holding capacity, low 
least gelation concentration, and favourable rheological properties. Therefore, mung 
bean fine fractions were considered as promising candidates for incorporation into 
meat analogues.

We studied the potential of enzymatic crosslinking to enhance functional properties 
of mung bean protein and pea protein in Chapter 3 and Chapter 4. In Chapter 3, 
transglutaminase was added to mung bean protein isolate and pea protein isolate 
and processed into gels and meat analogues with the high temperature shear cell. 
We showed that transglutaminase affected pea protein isolate to a larger extent than 
mung bean protein isolate. In pea protein isolate gels, transglutaminase improved 
tensile strength and extended the linear viscoelastic regime. In both proteins, the 
extent of transglutaminase crosslinking was related to incubation temperature and 
transglutaminase concentration, with 0.5 wt.% transglutaminase and 50 °C being 
optimal. Enzymatic crosslinking negatively influenced the macrostructure of the 
produced meat analogues. Given that enzyme kinetics are highly dependent on protein 
structure, we studied the relation between protein fractionation procedure and the 
ability of transglutaminase to crosslink the proteins in Chapter 4. Four dispersions of 
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4 wt.% mung bean protein were incubated with transglutaminase: (1) a fine fraction, (2) 
a heated fine fraction, (3) lab-scale wet fractioned isolate, and (4) a commercial protein 
isolate. Molecular crosslinking induced by transglutaminase occurred irrespective of 
the fractionation procedure, but the extent of crosslinking depended on the fraction 
used, as shown with gel electrophoresis. Molecular changes also resulted in colloidal 
changes for the fine fraction and heated fine fraction, such as increased particle size 
distribution and decreased dispersibility. Transglutaminase crosslinking improved 
the rheological properties of dispersions of the fractions, with the exception of the 
commercial protein isolate. Three crosslinking mechanisms were proposed to explain 
the different crosslinking effects of transglutaminase on the protein fractions. The 
commercial protein isolate mostly belongs to the first mechanism; a dense particle that 
does not swell upon hydration and remains rather inert. The fine fraction and heated 
fine fraction mostly belong to the second mechanism: swollen particles in which 
transglutaminase can diffuse, leading to both intra- and intermolecular crosslinks. The 
wet fractionated isolate belongs to the third mechanism; soluble proteins that can be 
readily crosslinked leading to still soluble aggregates or swollen particles. 

The quantification of textural and mechanical properties of fibrous meat analogues 
was studied in Chapter 5 and Chapter 6. Chapter 5 describes the quantification of 
the visual internal structure of meat analogues through computer vision. Quantitative 
assessment of visual fibrousness of meat analogues relies on sensory data and is 
resource-intensive and time-consuming. We found that by segmentation and shape 
feature extraction of 2D meat analogue images we could characterize their fibrous 
structures. A strong correlation (R2 = 0.93) was found between computed fibre scores 
(the ratio between fibre length and width) and expert panel evaluations. Structural 
similarity of meat analogues was compared to cooked chicken as a benchmark based 
on the extracted fibre shape features, such as fibre score, fibre area, and the number 
of fibre branches. Quantification of the visual fibrousness of meat analogues was thus 
deemed possible through computer vision. Chapter 6 describes how advanced tensile 
testing can be used to quantify properties of food, more specifically, of meat analogues. 
Optimization of the tensile testing protocol was found to improve the interpretation of 
the resulting data due to prevention of rapid crack propagation. For example, a shorter 
tensile gauge length and a slower deformation rate provided additional insights in the 
fracture properties of the product. Additionally, digital image correlation, an image 
analysis technique, was used to obtain true distance data and a dynamic Poisson’s 
ratio. Anisotropic products were found to exhibit heterogeneous, multi-stage fracture 
patterns, while isotropic products exhibited homogeneous fracture patterns. 

Finally, in Chapter 7, we reflect on the results obtained in this thesis and take a look into 
the future. We demonstrated that dry fractionated protein-rich ingredients combined 
with transglutaminase can be successfully structured into fibrous meat analogues. 
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Thus, dry fractionation is a promising choice for the production of protein-rich 
meat analogue ingredients. Concerning the quantification of the structures formed, 
texture analyses of meat analogues so far was considered to comprise two elements: 
visual fibrousness and mechanical anisotropy. We found correlations between visual 
fibrousness (as characterized by computer vision) and fracture strain (as characterized 
by tensile testing). Additionally, we propose that fibrousness exists across multiple 
length scales. Finally, an outlook is given of how to shape the meat analogues of the 
future. Three opportunities were identified: ingredient requirements, protein quality, 
and data-driven solutions. 
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